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Abstract

The physiological and metabolic responses to gnd knockout in Escherichia coli K-12 was quantitatively investigated by using the '*C
tracer experiment (GC-MS/NMR) together with the enzyme activity analysis. It was shown that the general response to the gene knockout
was the local flux rerouting via Entner-Doudoroff pathway and the direction reversing via non-oxidative pentose phosphate pathway
(PPP). The mutant was found to direct higher flux to phosphoglucose isomerase reaction as compared to the wild-type, but the respiratory
metabolism was comparable in both strains. The anaplerotic pathway catalyzed by malic enzyme was identified in the mutant, which was
accompanied with an up-regulation of phosphoenolpyruvate carboxylase and down-regulation of phosphoenolpyruvate carboxykinase.
The presented results provide first evidence that compensatory mechanism existed in PPP and anaplerotic pathway in response to the gnd

deletion.

© 2003 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
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1. Introduction

Precise understanding of metabolic and physiological
responses to individual gene deletion can provide deeper
insights into the control and regulation of the central me-
tabolism of an organism. In the case of Escherichia coli,
such studies have been primarily focused on the deletion
of certain genes in the Embden—Meyerhof pathway (EMP)
[1,2]. The pentose phosphate pathway (PPP), a major
route of glucose utilization apart from EMP, has received
less attention in regard to metabolic regulation. So far, no
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detailed information on the metabolic responses to PPP
enzyme deletion is available except for certain phenotypic
characterization [3,4]. Therefore, the conclusions on PPP
were merely drawn based on qualitative interpretation of
these physiological analysis. To reveal cause and effect
relationships, however, it is important to further under-
stand PPP in view of carbon flux distribution and enzyme
expression.

Recent advances in isotopic tracer experiment enable a
more comprehensive analysis of cellular metabolism by
way of labeled cellular amino acids which are detectable
by either mass spectrometry (MS) [5] or nuclear magnetic
resonance (NMR) spectroscopy [6,7]. In the case of gene
disruption mutants, however, an independent use of only
one set of isotopic tracer data often could not fulfill the
requirement of this complicated metabolic system, since
either a rerouting of carbon fluxes or a reversing of pri-
mary direction might occur inside the mutants. To eluci-
date this complicated metabolic system, more information
is therefore needed as compared with the study of its par-
ent strain. The one possible solution is to combine 2D
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NMR tracer data with mass isotopomer analysis. Such
combination increases considerably the information ob-
tained, but necessitates a more complicated algorithm to
incorporate tracer data from different sources into the
metabolic network model; the other useful method is to
introduce in vitro enzyme activity analysis to the network
identification, by which the alternative pathways due to
gene disruption could be qualitatively identified and then
the flux distribution analysis could be performed based on
this identified network.

In the present study, we used complementary methods
of 3C tracer experiment (GC-MS and 2D NMR) together
with in vitro enzyme activity measurement to quantita-
tively investigate the control and regulation of the PPP.
We specifically targeted the 6-phosphogluconate dehydro-
genase (6PGDH) deletion, as this enzyme (coded by gnd
gene) plays a key role in the PPP due to its location at the
link between oxidative PPP and non-oxidative PPP as well
as its involvement in NADPH formation. The disruption
is expected to cause flux rerouting and trigger the compen-
satory mechanism, from which the regulation of PPP
could be quantitatively characterized and the metabolism
in response to such variation could be clearly known. This
could provide valuable information on the further gene
engineering for the metabolic pathways.

2. Materials and methods
2.1. Strains and growth conditions

Two E. coli K-12 strains — wild-type BW25113 (lacl®
I'I’l’lBT14 AlaCZW_né hsdR514 AaraBADAH33 ArhaBADng)
and its gnd gene knock-out mutant (JWK 2011) — were
used throughout this study. The mutant was obtained by
one-step inactivation of chromosomal gnd gene using PCR
primers [8] and was further confirmed by PCR strategy
and in vitro enzyme activity analysis.

All batch and chemostat cultivations were performed
with the same minimal medium prepared as described pre-
viously [9] with the exception for glucose concentration:
5 g 1I”! for batch cultivation and 4 g 17! for chemostat
culture. Batch and chemostat cultures were conducted at
37°C in a 2-1 reactor (Able Co., Japan) with pH controlled
at 7.0. The airflow was maintained at 0.5 1 min~!, and the
dissolved oxygen (DO) concentration was kept above 30%
air saturation. The dilution rate for chemostat culture was
0.2 h~L

Labeling experiments were initiated after the chemostat
culture reached a steady state, which was inferred from the
stable O, and CO, concentrations in the off-gas and stable
optical density in the effluent medium for at least twice as
long as the residence time. The feed medium containing 4 g
of unlabeled glucose per liter was then replaced by an
identical medium containing the mixture of 0.4 g uni-
formly labeled glucose [U-'3C], 0.4 g first carbon labeled

glucose [1-13C] and 3.2 g of naturally labeled glucose per
liter. Biomass samples for GC-MS/NMR analysis were
taken after one residence time, and the labeling measure-
ments were corrected for the remaining original (non-la-
beled) biomass that was still present at the end of the
labeling experiment [10].

2.2. Analytical procedures

Cellular dry weight (CDW) was monitored by ODygg
and calculated from previously determined OD-to-CDW
correlations. Glucose was determined with commercial kits
(Wako Co., Japan). Acetate concentration was determined
by HPLC (Waters Co., Milford, MA, USA). Protein con-
centration was measured by the method of Lowry et al.
[11]. Physiological parameters were calculated as described
previously [12].

Preparation of crude cell-free extracts and analysis of
key enzyme activities involved in the central metabolism
were based on standard or modified enzymological meth-
ods [13]. Specific Entner—Doudoroff (ED)-pathway activ-
ity was determined from the combined edd and eda reac-
tions [2].

Preparation of biomass hydrolysates and recording of
GC-MS (Perkin Elmer) and 2D-NMR (Bruker) spectra
were performed as described previously [9,14]. The pro-
gram Turbomass Gold (Perkin Elmer) was used for peak
assignment and MS data processing. Skewing effect of
natural isotopes was corrected based on the algorithm
proposed by Paul Lee [15]. In the case of the 2D-NMR
spectra processing, the assignment of carbon signals was
performed according to the previously described protocol
[16] and the program WINNMR (Bruker) was used to
quantify the relative contributions of singlet, doublet,
and doublet of doublet signals to the overall multiplet
patterns.

2.3. Mathematical modeling for flux calculation

The metabolic network considered is based on Neid-
hardt et al. [17] and Internet-accessible EcoCyc as well
as the additional enzyme activity analysis. The flux calcu-
lation was accomplished by a full isotopomer model [18]
together with a modified minimization model (Genetic al-
gorithm plus Levenberg—Marquardt algorithm) as de-
scribed previously [9]. The isotopomer model was used
to simulate expected measurements as a function of a giv-
en set of intracellular fluxes. The best-fit intracellular
fluxes can then be estimated by minimization of the devi-
ation between experimental data and the simulated results
using an iterative scheme within the minimization algo-
rithm. 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) was used to
perform all these complicated calculations.
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Table 1
Exponential growth parameters of aerobic E. coli batch cultures with
glucose as the sole carbon source

Parameter Wild-type gnd knock-out
BW25113 mutant
Hmax (h™1) 0.62 0.60
Qgic (mmol g~! h™1)? 5.64 6.08
Qace (mmol g=! h=1Hb 1.24 2.00
Qcoz (mmol g=! h=1ye 4.19 4.15
Qoz (mmol g=! h=1)d 6.50 6.62
Yxs (g gl 0.61 0.54

Results represent the average of two different experiments.
#Specific glucose consumption rate.

bSpecific acetate production rate.

¢Specific CO; evolution rate.

dSpecific O, consumption rate.

¢Yield of biomass on glucose.

3. Results and discussion
3.1. Physiological response to 6PGDH deletion

To investigate the physiological effects of 6PGDH dele-
tion, batch cultivation was used to determine the exponen-
tial growth parameters of the wild-type and the mutant
(Table 1). It was found that although a single deficiency
in gnd has little effect on the growth rate of E. coli on
glucose, the two strains showed difference with respect to
glucose consumption as well as acetate production rates,
both of which were higher in the mutant. The specific
oxygen consumption rate and CO, evolution rate varied
little between two different cultures, indicating that there
are only minor changes in respiratory metabolism.
Although more glucose remained unutilized for the wild-
type, the final cell concentration was almost the same in
these two cultures. Accordingly, the apparent biomass
yield (Yx/s) was lower in the mutant in spite of very sim-
ilar growth rates and respiratory activities. Hence, we con-
clude that the physiological consequences due to a gnd
deletion are mainly manifested in reduced carbon utiliza-

tion efficiency. The fact that the gnd deletion can poten-
tially be compensated for by cellular compensatory mech-
anism allows us to further investigate the metabolic
response in view of enzyme expression and carbon flux
distribution.

3.2. Enzyme expression in response to 6PGDH deletion

To investigate the metabolic consequences of 6PGDH
deletion, key enzymes participating in the central metabo-
lism were measured from cells under the condition of the
mid-exponential growth phase (Table 2). It was shown
that the levels of some key enzymatic activities varied
greatly in these two strains. The significant effect caused
by gnd deletion is the activation of Entner—Doudoroff
(ED)-pathway and induction of the malic enzyme, which
was accompanied by an up-regulation in phosphoenolpy-
ruvate carboxylase (ppc) and down-regulation in phospho-
enolpyruvate carboxykinase (pckA). Moreover, higher en-
zyme activity involved in the conversion of glucose-6-
phosphate to fructose 6-phosphate (phosphoglucose iso-
merase) was found in the mutant, indicating that more
carbon substrates were directed to EMP. This is supported
by the decrease in the level of glucose-6-phosphate dehy-
drogenase. Interestingly, the non-oxidative PPP was still
active, although the entrance via 6PGDH had been
blocked. Apparently, the non-oxidative PPP must then
proceed in an opposite direction from fructose-6-phos-
phate and glyceraldehyde-3-phosphate. Isocitrate dehydro-
genase and malate dehydrogenase activities were compa-
rable in extracts of both strains, which is consistent with
the finding in the physiological analysis that there were
only minor changes in respiratory metabolism when gnd
was deleted.

Since in bacteria, glucose may take the route of catab-
olism via glucose = gluconate = gluconate-6-phosphate =
ED (so-called GCD pathway) [19]. To check if the ED-
pathway activity in the mutant was induced by GCD path-
way, glucose dehydrogenase and gluconate kinase activity,

Table 2
Activities of key enzymes of E. coli BW25113 and its gnd mutant from exponential growth phase®
Pathway branch Enzyme Wild-type gnd mutant
glucose-6-phosphate dehydrogenase 354 248
Oxidative PPP 6PGDH 381 N.D.
Non-oxidative PPP transaldolase 909 393
isocitrate dehydrogenase 1205 1229
TCA cycle malate dehydrogenase 368 372
EMP P. isomerase 1277 1675
ED-pathway phosphogluconate dehydratase and KDPG-aldolase N.D. 398
malic enzymes N.D. 70
Anaplerotic pathway phosphoenolpyruvate carboxylase 406 497
Glucogenesis phosphoenolpyruvate carboxykinase 39 N.D.

2 Activities are given in nmol per min per mg protein except for the ED-pathway activity which was given as amount of pyruvate production nmol per
30 min per mg protein. Results represent the average of three different experiments.

PN.D.: Could not be detected by the employed enzyme activity analysis.
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Table 3

Experimental determined (Exp) and calculated (Cal) fragment mass distribution of N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide-derivatized

amino acids from wild-type and gnd mutant strains

Species Wild-type BW25113 gnd~ mutant
Amino acids fragment origin m0 ml m2 m0 ml m2
Val [M-571F Exp: 0.8230 0.0554 0.0645 0.8408 0.0511 0.0523
Cal: 0.8188 0.0594 0.0642 0.8427 0.0493 0.0523
Ser [M-159]" Exp: 0.9093 0.0278 0.0629 0.9107 0.0296 0.0597
Cal: 0.9083 0.0287 0.0630 09117 0.0284 0.0598
Phe [M-159]+ Exp: 0.7842 0.0435 0.0983 0.7874 0.0458 0.0935
Cal: 0.7805 0.0474 0.0977 0.7891 0.0440 0.0937
Glu [M-571+ Exp: 0.7747 0.1025 0.0978 0.7830 0.0979 0.0964
Cal: 0.7745 0.0992 0.1012 0.7872 0.0961 0.0949
Leu [M-159]" Exp: 0.7640 0.1079 0.1004 0.7822 0.1039 0.0914
Cal: 0.7653 0.1072 0.1003 0.7846 0.1018 0.0914
Ile [M-57]+ Exp: 0.7476 0.1196 0.0791 0.7470 0.1251 0.0827
Cal: 0.7462 0.1205 0.0793 0.7518 0.1231 0.0812
Thr [M-57]+ Exp: 0.8106 0.1168 0.0350 0.8056 0.1226 0.0435
Cal: 0.8102 0.1174 0.0351 0.8092 0.1202 0.0429
Ala [M-159]* Exp: 0.9088 0.0281 0.0631 0.9154 0.0273 0.0573
Cal: 0.9095 0.0277 0.0627 0.9178 0.0265 0.0557

The calculated values are from the estimated flux distribution given in Figs. 1 and 2. For brevity, only eight fragments derived from eight representative
cellular amino acids were shown in the table. The total experimental data comprised 16 fragments from 10 cellular amino acids. Results represent the
average of three measurements. Considering the standard deviation in the range from 0.002 to 0.006 for mass distribution, only mass signals of m,

m+1, and m+2 were compared.

which were responsible for the GCD pathway, were mea-
sured in the pellet fraction as well as in the supernatant
fraction of the cell extracts. It was found that no GCD
activity could be detected in both fractions, indicating that
GCD pathway is inactive in the mutant.

Although much valuable information on metabolic re-
sponse to gnd deletion could be obtained from the enzyme
activity analysis, the quantitative analysis of this metabolic
consequence cannot usually be inferred from in vitro en-
zyme activities, since not all in vivo effector concentrations
are clearly known. In spite of this limitation, the enzyme
activities offer the important information in identifying the
induced reactions for mathematical modeling in the meta-
bolic flux calculation.

3.3. Metabolic flux response to 6PGDH deletion

Here the '3C tracer technique was used to obtain the
detailed quantitative discrimination between the mutant
and its parent strain. While exponential growth parame-
ters and enzyme activities were obtained in batch cultures,
metabolic flux distribution was analyzed in chemostat cul-
tures for the sake of isotopomer balance under the well-
defined steady state as required by the mathematical mod-
eling [9,10]. Despite this difference in culture condition,
since a physiological steady state could also be attained
during the exponential growth phase in batch cultures [2],
the metabolic flux analysis obtained from continuous cul-
tures is expected to be able to interpret the cellular re-

Table 4
Measured and simulated values of the 2D HMQC NMR spectra of cellular amino acids
Atom Wild-type gnd mutant

measured simulated measured simulated

s d] dz dd S d] dg dd N d] d2 dd s d] dz dd
Ala: o 0.10 0.03 0.11 0.76 0.03 0.00 0.17 0.80 0.06 0.02 0.10 0.82 0.01 0.00 0.05 0.93
Ala: B 0.28 0.72 ~ ~ 0.30 0.70 ~ ~ 0.34 0.66 ~ ~ 0.32 0.68 ~ ~
Arg: 8 0.81 0.19 ~ ~ 0.87 0.13 ~ ~ 0.92 0.08 ~ ~ 0.88 0.12 ~ ~
Leu: 81 0.38 0.62 ~ ~ 0.30 0.70 ~ ~ 0.27 0.73 ~ ~ 0.32 0.68 ~ ~
Leu: 82 0.83 0.17 ~ ~ 0.90 0.10 ~ ~ 0.86 0.14 ~ ~ 0.91 0.09 ~ ~
His: B 0.06 0.09 0.05 0.80 0.01 0.05 0.00 0.94 0.05 0.22 0.03 0.70 0.00 0.17 0.00 0.83
Ser: B 0.35 0.65 ~ ~ 0.31 0.69 ~ ~ 0.29 0.71 ~ ~ 0.32 0.68 ~ ~
Thr: vy 0.92 0.08 ~ ~ 0.87 0.13 ~ ~ 0.80 0.20 ~ ~ 0.88 0.12 ~ ~
Asp: o 0.12 0.05 0.39 0.44 0.09 0.01 0.42 0.48 0.18 0.09 0.41 0.32 0.13 0.02 0.52 0.33
Gly: o 0.12 0.88 ~ ~ 0.07 0.93 ~ ~ 0.10 0.90 ~ ~ 0.01 0.99 ~ ~

The simulated values are from the estimated flux distribution given in Figs. 1 and 2.
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sponse as shown in the physiological and enzymatic anal-
ysis.

The modified minimization algorithm was used to esti-
mate net fluxes and exchange coefficients on the basis of
the experimental data. Totally 16 fragments from 10 cel-
lular amino acids and 26 multiplet patterns from 10 car-
bons of 8 cellular amino acids were used for GC-MS and
NMR spectra analysis. The deviation between experimen-
tal and predicted data is shown in Tables 3 and 4. For

brevity, only eight fragments from eight representative cel-
lular amino acids are shown in the Table 3 with others
omitted. In the case of all the data, there was no set of
measurements with particularly large deviation between
the predicted and the measured signals, proving that the
mathematical modeling which rigorously considered the
excessive information obtained with tracer experiments
was reliable for characterizing the metabolic fluxes in
vivo. There are two reasons for the relatively large differ-
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Fig. 1. Metabolic flux distribution in chemostat culture of E. coli BW25113 at a dilution rate of 0.2 h™!. Fluxes are given relative to the specific glucose
consumption rate (3.20 mmol g~' h™!) and are expressed as the net fluxes for the central metabolism. Arrowheads indicate the primary direction of
fluxes in a given reaction. Dashed lines indicate the relationships of cellular amino acids to their precursors. Shaded arrows indicate the withdrawal of
precursors for biosynthesis. The exchange coefficients are shown in brackets for the reactions that were considered reversible. Amino acids are indicated
by their three-letter code. Abbreviations: ACA, acetyl coenzyme A; CIT, citrate; E4P, erythrose-4-phosphate; F6P, fructose-6-phosphate; FUM, fuma-
rate; GO6P, glucose-6-phosphate; ICIT, isocitrate; MAL, malate; LAC, lactate; OAA, oxaloacetate; OGA, oxoglutarate; PYR, pyruvate; PEP, phos-
phoenolpyruvate; PGA, 3-phosphoglycerate; RSP, ribose-5-phosphate; RUSP, ribulose-5-phosphate; S7P, sedoheptulose-7-phosphate; SUC, succinate;
SUC-CoA, succinylcoenzyme-A; T3P, glyceraldehydes-3-phosphate; X5P, xylulose-5-phosphate; 6PG, 6-phosphogluconate; KDPG, 2-keto-3-deoxy
6PG; ACE, acetate; N.D., could not be detected by instrument analysis.
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ence between measured and simulated values of the B car-
bon of His in 2D HMQC NMR. The one attributed to the
low concentration of His after HCI hydrolysis of the bio-
mass protein, which reduced the signal-to-noise of NMR
acquisition characterized by relatively low sensitivity. The
other ascribed to the interference of long-range '3C-13C
scalar coupling on the measured one-bond 3C-13C scalar
coupling [20].

The best-fit flux distribution of two strains is given in
Figs. 1 and 2. Obviously, several noteworthy character-
istics have been found by this quantitative description of
the flux distribution. In the case of the PPP, the gnd defi-

GLUCOSE

100

ciency elicited three important differences between two
strains. First, the wild-type directed 20% of total carbon
flux through the glucose-6-phosphate dehydrogenase, but
the relative flux was decreased to the half in the mutant.
This reduction corroborates the tendency observed in the
analysis of P. isomerase and glucose-6-phosphate dehydro-
genase specific activities (see Table 2). Second, the block of
the 6PGDH pathway had consequence on the direction of
the fluxes involved in the non-oxidative pathway. The
highly reversible reactions catalyzed by transaldolase I,
IT and transaldolase were found in a direction opposite
to those of the wild-type. Third, evidence for the presence

<o ]

88.8
<0.65>

TCA CYCLE

Fig. 2. Metabolic flux distribution in chemostat culture of gnd knock-out mutant at a dilution rate of 0.2 h™!. Fluxes are given relative to the specific
glucose consumption rate (3.75 mmol g~! h™!) and are expressed as the net fluxes for the central metabolism. For figure description and abbreviations,

see the legend to Fig. 1.
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of the enzymes of the ED-pathway was confirmed by the
metabolic flux analysis. These differences are attributed to
the function of PPP in the central metabolism. Since oxi-
dative PPP is the main source for ribose and NADPH
formation during the cellular metabolism, the blockage
in 6PGDH reaction induced a compensatory mechanism
within PPP to compensate for this disturbance. The exis-
tence of the ED-pathway could reduce the 6-phosphogluc-
onate accumulation, thus keeping the glucose-6-phosphate
dehydrogenase still active so as to produce NADPH for
biosynthetic reactions. Normal cells produce ribose mainly
via oxidative PPP, while the mutant utilized intermediates
of EMP to synthesize ribose and E4P. In biochemistry,
this pattern of ribose formation only took place when
most of glucose-6-phosphate is converted to fructose-6-
phosphate and glyceraldehyde-3-phosphate. This is
strongly supported by the mutant with increased flux en-
tering EMP.

In addition to the flux rerouting and direction reversing
within PPP, another compensatory mechanism with re-
spect to anaplerotic metabolism was induced by the gnd
deletion. The inactivation of 6PGDH and the accompa-
nied decrease in the flux through glucose-6-phosphate de-
hydrogenase reduced the NADPH reaction. As we know,
these two reactions are the main sources for NADPH
supply inside the normal cells. Therefore, other
NADPH-producing reactions were expected to be active
so as to complement the reducing power used for the cell
growth. In the gnd knock-out mutant, this supplement was
manifested in the activation of malic enzyme, by which
NADPH was produced using malate, an intermediate of
the TCA cycle. This drain of carbon skeletons from the
TCA cycle enabled the cells to respond to TCA carbon
depletion by regulating the carbon flux through ppc and
pckA. This regulation was to respond to the depletion of
OAA in the TCA cycle resulting from the increase of the
carbon flux by way of malic enzyme. To increase the net
synthesis of OAA from phosphoenolpyruvate, ppc was
therefore up-regulated and pckA was down-regulated in
the mutant.

When considering all the fluxes that contributed to CO,
production and consumption, the CO, evolution rate rel-
ative to the specific glucose consumption rate for the wild-
type and the mutant was 2.56 and 2.64, respectively, con-
firming that there is only minor difference in respiratory
metabolism between the mutant and its parent strain.
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