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Since most bio-production processes are conducted in a batch or fed-batch manner, the
evaluation of metabolism with respect to time is highly desirable. Toward this aim, we
applied ">C-metabolic flux analysis to nonstationary conditions by measuring the mass iso-
topomer distribution of intracellular metabolites. We performed our analysis on batch cul-
tures of wild-type Escherichia coli, as well as on Pyk and Pgi mutants, obtained the fluxes
and metabolite concentrations as a function of time. Our results for the wild-type indicated
that the TCA cycle flux tended to increase during growth on glucose. Following glucose
exhaustion, cells controlled the branch ratio between the glyoxylate pathway and the TCA
cycle, depending on the availability of acetate. In the Pyk mutant, the concentrations of gly-
colytic intermediates changed drastically over time due to the dumping and feedback inhibi-
tion caused by PEP accumulation. Nevertheless, the flux distribution and free amino acid
concentrations changed little. The growth rate and the fluxes remained constant in the Pgi
mutant and the glucose-6-phosphate dehydrogenase reaction was the rate-limiting step. The
measured fluxes were compared with those predicted by flux balance analysis using maximi-
zation of biomass yield or ATP production. Our findings indicate that the objective function
of biosynthesis became less important as time proceeds on glucose in the wild-type, while it
remained highly important in the Pyk mutant. Furthermore, ATP production was the primary
objective function in the Pgi mutant. This study demonstrates how cells adjust their metabo-
lism in response to environmental changes and/or genetic perturbations in the batch cultiva-
tion. © 2010 American Institute of Chemical Engineers Biotechnol. Prog., 26: 975-992,
2010
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Although '*C-metabolic flux analysis (‘*C-MFA) is a
powerful approach for estimating intracellular metabolic
ﬂuxes,l_3 the conventional '*C-MFA method, based on iso-
tope labeling patterns of proteinogenic amino acids, cannot
be applied to industrially important batch or fed-batch cul-
tures in nature.* The reason for this limitation is that the iso-
tope labeling patterns of the proteinogenic amino acids
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sampled at any given time are composed of all past labeling
information, up to the moment of sampling. Therefore, most
conventional '*C-MFA has been conducted in continuous
cultures. However, batch culture, in which the state variables
such as the number of cells and the extracellular and intra-
cellular metabolite concentrations vary with respect to time,
is often employed in the fermentation industry. Although the
cell growth phase is of primary importance, many useful
metabolites are produced in the stationary phase.5 Thus, the
establishment of an effective method for evaluation of the
metabolic fluxes with respect to time as the culture environ-
ment changes is a very desirable goal.

Recently, the application of '*C-MFA to the nonstationary
state has attracted a great deal of attention. To apply '*C-
MFA to the nonstationary state, Antoniewicz et al. intro-
duced two theoretical parameters, the fractional contribution
of the feed to the production of labeled products and the
fraction of labeled products in the sample, as compensatory
parameters to account for the isotopic transients.® These pa-
rameters facilitate the determination of metabolic fluxes in
fed-batch cultures of Escherichia coli producing 1,3-pro-
panediol, based on the mass isotopomer distributions of the
proteinogenic amino acids obtained by GC-MS. Iwatani
et al. introduced a parameter for the effect of protein turn-
over and performed '*C-MFA using the mass isotopomer
distributions of intracellular amino acids measured by LC-
MS/MS in a fed-batch culture of E. coli.” A more straight-
forward approach would involve measuring the mass iso-
topomer distributions of intermediate metabolites. The pool
sizes of these compounds are much smaller than those of
proteinogenic amino acids, and changes in metabolic fluxes
are rapidly reflected in the labeling patterns of the intracellu-
lar metabolites.® Thus, as long as the isotopic quasi steady-
states of intermediate metabolites are achieved at each sam-
pling point, the 3C-MFA approach can be extended to the
nonstationary state in batch or fed-batch cultures. Some
recent studies have directly measured the mass isotopomer
distributions of intermediate metabolites’'' and simulated
the dynamics of the isotopomers.12 Of particular interest are
several studies that have been performed on nonstationary
state cells. Noh et al. conducted isotopically nonstationary
13C-labeling experiments and measured the mass isotopomer
distributions of intermediate metabolites using LC-MS/MS.
Their approach made it possible to determine a short time
response (within 16 seconds).® In addition, they simulated
the rapid dynamic behavior of isotopomers in fed-batch cul-
tures in which the fluxes were assumed to be constant during
the period of interest. Costenoble et al. also performed '*C-
MFA on a fed-batch culture of Saccharomyces cerevisiae
and analyzed the dynamic changes for the cell cycle.'?

In this study, we used capillary electrophoresis time-of-
flight mass spectrometry (CE-TOFMS) to estimate the flux
changes, as well as to measure the changes in metabolite
concentrations, in a batch culture environment. CE-TOFMS
analysis is a metabolomics technique that allows the simulta-
neous measurement of many charged, low-molecular-weight
metabolites in a high-throughput fashion.'*'> Previous study
has applied '?C-MFA, based on the mass isotopomer distri-
butions of intermediate metabolites measured by CE-
TOFMS, to the examination of steady-state in continuous
cultures of E. coli.'®

To improve the productivity of the useful compounds, it is
important not only to modify the biosynthetic reactions and
pathway, but also to control the whole metabolism. There-
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fore, it is necessary to understand the regulatory mechanism
of the central metabolism, and the analyses of metabolic
changes in response to specific gene knockouts provide valu-
able information for it. The metabolic flux analyses have al-
ready been performed for phosphoglucose isomerase (Pgi)
and pyruvate kinase (Pyk) mutants in the continuous culture,
and it has been reported that the knockout of pgi gene
caused the activation of the Entner-Doudoroff (ED) pathway
and the glyoxylate pathway to alleviate the overproduced
NADPH.'” The knockout of pyk gene caused the activation
of the anaplerotic reaction Ppc and the depression of Pfk by
the accumulated PEP.'® In Pgi mutant, NADPH is overpro-
duced, and thus the relevance of this mutation is recognized
for its application to poly(3-hydroxybutyrate) production,
propanol fermentation, heterologous protein production etc.,
where NADPH availability limits their production rates. In
Pyk mutant, its application to aromatic amino acid fermenta-
tion may be considered since the aromatic amino acid bio-
synthetic enzymes were significantly up-regulated, probably
caused by the increase in PEP and E4P concentrations."”
Moreover, Pyk mutant may be applied to succinate and ly-
sine fermentation, since OAA tends to be accumulated
through increased Ppc flux.

Although the Pgi and Pyk mutants have the potentials for
the bio-productions as stated above, the time-dependent
changes of intermediate concentrations and metabolic fluxes
have not yet been investigated in the industrially important
batch cultures. Although most of the investigations on B3c-
MFA have been conducted in the continuous cultures, the
glucose concentration in culture medium is low and constant
in the continuous culture, which is different from the batch
cultures, where the physiology changes with respect to time.
In this study, we extended I3C-MFA to the batch cultures to
obtain deeper insight into the dynamic metabolic changes
that occur in wild-type, Pyk and Pgi mutants. Additionally,
by employing FBA with appropriate objective functions, we
analyzed how the cell’s strategy changes with respect to
time.

Materials and Methods

Strains and culture conditions

The strains used were wild-type E. coli BW25113
(lacl%rrnBr1s  AlacZwyghsdR514  AaraBADayss — Arha
BAD;\ p7g), as well as Pyk and Pgi mutants of the same back-
ground strain. The Pyk mutant was constructed using P1-
phage-mediated transduction of pykF::kan®® with BW25113
carrying pykA:cat, which was constructed using the method
of Datsenko and Wanner.?' Batch and continuous cultivations
were performed using synthetic medium (48 mM Na,HPO,,
22 mM KH,PO,, 10 mM NaCl, 45 mM (NH4),SO,, 4 g/L
glucose) supplemented with 1 mM MgSO,, 1 mg/mL thia-
mine, 0.056 mg/L. CaCl,, 0.08 mg/L FeCl;, 0.01 mg/L
MnCl,-4H,0, 0.017 mg/L ZnCl,, 0.0043 mg/L. CuCl,-2H,0,
0.006 mg/L. CoCl,-2H,0, and 0.06 mg/L. Na,MoO,4-2H,O0.
Continuous cultivation of the wild-type strain was carried out
at 37°C in a working volume of 1 L in a 2 L reactor
(BMJO02-PI, Able, Tokyo, Japan) equipped with pH, dissolved
oxygen, and temperature sensors. The concentrations of O,
and CO, in the off-gas were monitored using an off-gas ana-
lyzer (DEX-2562, Able). The airflow rate was maintained at
1 L/min, and the pH was maintained at 7.0 by automatic
addition of HCI or NaOH throughout cultivation. The dilution
rate for the continuous culture was 0.5 h™". Batch cultivations
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of the wild-type strain and the Pyk and Pgi mutant strains
were performed under the same conditions, with the excep-
tion that the working volume of the reactor was changed to
1.2 L.

3C-labeling experiments

The '*C-labeling experiment was initiated in the continu-
ous culture after five residence times to ensure a steady-state
condition. The feeding medium containing 4 g/L of naturally
labeled glucose was replaced with the same medium contain-
ing 2 g/L. (50%) [U—13C] glucose and 2 g/L (50%) of natu-
rally labeled glucose. In the batch cultures, a mixture of 1.2
g/L (30%) [1-"°C] glucose, 0.8 g/L (20%) [U-">C] glucose,
and 2 g/L (50%) naturally labeled glucose was used as a car-
bon source. The Ist '>C labeled carbon originated from
[1-13C] glucose is released as CO, in the oxidative pentose
phosphate (PP) pathway, whereas it is conserved in the gly-
colysis. Thus, the flux ratio between the PP pathway and
glycolysis can be identified by the labeling pattern of the
metabolites in the lower part of glycolysis. On the other
hand, the [U-'?C] glucose provides information about the
fluxes of the anaplerotic and oxidative pathways in tricarbox-
ylic acid (TCA) cycle.

Measurement of biomass and extracellular metabolites

Dry cell weights were measured via optical density at 600
nm. The optical density of the culture broth was converted
to dry cell weight using a previously obtained conversion
coefficient (1 ODgoy = 0.3 g/L). The concentrations of
extracellular metabolites, such as glucose and acetate, were
measured by enzymatic assay kits (F-kit, Roche Diagnostics,
Germany).

CE-TOFMS analysis of intercellular metabolites

Sample preparation was carried out using the modified
method described by Ohashi et al. (2007).”> An aliquot of
culture broth containing 0.015 g of cells was passed through
a 0.45-um pore size filter (Millipore). The cells on the filter
were washed with 20 mL of Milli-Q water at 37°C and me-
tabolism was stopped by submerging in 4 mL of methanol at
4°C containing 2 uM 2-(N-morpholino)ethanesulfonic acid, 2
UM trimesate, 2 uM methionine sulfone and 2 M 3-amino-
pyrrolidine as internal standard. Quantities of 4 mL of chlo-
roform and 1.6 mL of Milli-Q water were added to the
solution, which was then fully mixed. The solution was cen-
trifuged at 2,300g for 5 min at 4°C, and the separated metha-
nol layer was filtered by centrifugation through a Millipore
5-kDa cutoff filter to remove high-molecular-weight com-
pounds. The filtrate was lyophilized and then dissolved in 50
uL of Milli-Q water before CE-TOFMS analysis. CE-
TOFMS experiments were performed on an Agilent CE cap-
illary electrophoresis system (Agilent Technologies, Ger-
many) and an Agilent G3250AA LC/MSD TOF system
(Agilent Technologies, Palo Alto, CA). The CE-TOFMS
conditions used for anionic metabolite analysis have been
described elsewhere.'*'3 All measurements were performed
three times.

CE-TOFMS analysis of proteinogenic amino acids

Biomass samples obtained from 5 mL of culture broth
were suspended in 3 mL of 6 M HCI and hydrolyzed at
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105°C for 16 h. After cooling, the HCl was evaporated on a
centrifugal evaporator (CVE-3100, Tokyo Rikakikai, Japan).
The dried hydrolysate was resuspended in 1.5 mL of water
and filtered through a 0.22-um pore size filter (Millipore).
Conditions for the CE-TOFMS analysis of cationic metabo-
lites have been described elsewhere.'*'> The effect of unla-
beled biomass in the inocula was corrected using the method
of Fischer and Sauer.*?

GC-MS analysis of the labeling information of
extracellular acetate

The supernatant of the culture (resulting from centrifuga-
tion at 9,100g for 5 min) was analyzed to determine the
labeling patterns of extracellular acetate. GC-MS analysis
was carried out to measure the isotopomer distribution using
an Agilent 5973C Series GC/MSD (Agilent) equipped with a
DB-FFAP column (30 m x 0.25 mm x 0.50 pum, Agilent).
An injection volume of 1 ul. was used, with the flow mode
in split control. The carrier gas flow rate was set at 1 mL/
min. The oven temperature was initially held at 100°C for 5
min. Following this first step, the temperature was raised at
a rate of 10°C/min until the temperature reached 250°C.
This final temperature was maintained for 12 min.

Calculation of isotopomer distributions of extracellular
acetate

To estimate the metabolic fluxes during the stationary
phase when acetate was consumed, it was necessary to iden-
tify the isotopomer distributions of the extracellular acetate
produced by the cell. Four stable carbon isotopomers exist
for acetate: CH;CO,H (Iy0), ">CH;CO,H (Iy;), CH;'*CO,H
(I10), and "*CH;"*CO,H (1,)). Iy; and I, cannot be distin-
guished from each other, as they share the same value of 61
for m/z. To discriminate between Iy, and I;o, information
regarding the fragment ions of acetate is required. Since ace-
tate cannot be fractionated by CE-TOFMS, GC-MS was
used to distinguish I, from Iy, as GC-MS can measure ace-
tate ions as well as the fragment ions [M—CH;] * and
[M—OH] *. The [M—CH;] © fragment ion has two iso-
topomers with m/z values of 45 (derived from Iyy and Iy;)
and 46 (derived from I;( and I;,). Because the GC-MS frag-
ment ratio is constant, the amount of I;; in the peak of the
m/z reading at 46 can be calculated from the amount in the
peak of the m/z reading at 62. The amount of I in the peak
of the m/z reading at 61 can then be determined from the re-
sidual of the m/z peak at 46 (i.e., I;o in the peak of m/z at
46). Because the residual in the peak of m/z at 61 measures
o1, the ratio between Ip; and I, can then be determined (see
Supporting Information Figure S1). We validated that this
method could determine the isotopomer distributions of the
standard mixture of unlabeled acetate, as well as of [1-'3C]
and [2-3C] sodium acetates (Wako Co., Osaka, Japan).

BC-Metabolic flux analysis

Stoichiometric reaction models were constructed for '*C-
MFA. The model for glucose consumption in the batch cul-
ture consisted of glycolysis, the PP pathway, the TCA cycle,
and the anaplerotic pathway. The ED pathway and the
glyoxylate shunt were considered only in the study of Pgi
mutant (Supporting Information Table S-I). The model for
acetate consumption was composed of the TCA cycle, the
anaplerotic pathway, the glyoxylate shunt, and part of the
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gluconeogenic pathway (Supporting Information Table S-II).
The same '*C-MFA procedures as previously described were
employed in this amalysis.24 It is important to note that, in
this study, the mass isotopomer distributions of the interme-
diate metabolites were used, instead of the mass isotopomer
distributions of the proteinogenic amino acids. The mass iso-
topomer distributions of F16P, DHAP, 3PG, PEP, PYR,
Ru5P, R5P, S7P, and MAL were used for 3C-MFA during
the glucose consumption phase (39 independent data points).
Likewise, the mass isotopomer distributions of MAL were
used for '?C-MFA during the acetate consumption phase.
The mass isotopomer distributions of the measured com-
pounds were corrected based on the method of van Winden
et al.,® taking into account the natural isotope abundances
of C, H, and O atoms. The fluxes for biomass synthesis were
calculated from the E. coli biomass content.”® The metabolic
flux distributions were optimized by iteratively determining
the mass isotopomer distributions computed from the
assumed fluxes as the best fits to the measured mass iso-
topomer distributions of the metabolites. A genetic algorithm
was combined with a sequential quadratic programming
method to perform these optimizations.”” The quality of the
fit was confirmed by the y*-test. The comparisons between
simulated and experimental data of wild-type, Pyk mutant
and Pgi mutant are given in Appendix Figure Al. All calcu-
lations were carried out using MATLAB R2006b with the
Genetic Algorithm and Direct Search Toolbox 2.0.1
(Mathworks).

FBA

FBA is a constraint-based approach used to predict
steady-state fluxes by applying mass balance constraints and
objective function(s). It has been described in detail else-
where.”® Although the stoichiometric reaction model of FBA
was almost the same as the model for 13C—MFA, the mass
balances of cofactors such as ATP, NADP, and NADPH
were also considered in this analysis. Therefore, the electron
transport chain reactions were added to the model (Support-
ing Information Table S-III). The P-to-O ratios were
assumed to be 2.5 and 1.5 for NADH and FADH,, respec-
tively. We applied two different linear objective functions,
specifically the maximization of biomass yield29‘30 and the
maximization of ATP production.31 In the case of the maxi-
mization of ATP production, the summation of the fluxes for
Pgk, Pyk, SCS, Ack, and ATP synthase was maximized, and
the specific growth rate was set to the experimentally deter-
mined value. Linear optimization was carried out using
MATLAB R2006b with the Optimization Toolbox 3.0.3
(Mathworks).

Results and Discussion

The dynamics of the mass isotopomer distributions in
continuous culture

To determine the different responses of mass isotopomer
distributions, we conducted a continuous culture of wild-type
strain BW25113 at a dilution rate of 0.5 h™"* After starting
13C-label, samples for the proteinogenic amino acids and for
the intermediate metabolites were taken at the same time
and the mass isotopomer distributions were measured. The
time-courses of the mass isotopomer distributions of the pro-
teinogenic amino acids and the intermediate metabolites are
shown in Figures la,b, respectively. The lines in Figure la
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were obtained by assuming the first-order washout kinetics,*
while the lines in Figure 1b were obtained through the meas-
ured concentrations of the intermediate metabolites with the
steady-state fluxes.'®

Figure la indicates that the responses of the mass iso-
topomers of all the proteinogenic amino acids were slow to
converge to the isotopic steady-state, with convergence tak-
ing more than 5 hours from the start of the '*C-labeling
experiment. In contrast, Figure 1b indicates that the
responses of the intermediate metabolites, such as 3PG,
PYR, MAL, and PEP, were much faster and converged
within minutes to the isotopic steady-state. The responses of
the isotopomers for Ru5P and S7P were slightly slower in
reaching the isotopic steady-state than the other isotopomers,
a fact that may be due to the effect of the low fluxes in the
PP pathway. Figure 1 indicates that the isotopomer distribu-
tions of intermediate metabolites response to flux changes
much faster than that of proteinogenic amino acids.

Batch cultivations

Aerobic batch cultures of the wild-type strain and the Pyk
and Pgi mutants were grown using glucose as a carbon
source. Figure 2a shows the time-courses for cell growth and
the extracellular concentrations of glucose and acetate, to-
gether with their corresponding specific rates in the wild-
type batch culture. During the initial cell growth phase, glu-
cose was consumed and acetate was produced. This growth
phase lasted for 7 h, after which the cell growth rate rapidly
decreased, in accordance with the depletion of glucose. The
specific acetate production rate gradually decreased from 5
to 7 h. After the extracellular glucose was depleted, the cells
began to consume acetate, and they continued to grow
slowly from 8 to 9 h (late growth phase). Although the cell
growth rate decreased during that time, the acetate consump-
tion rate increased from 8 to 9 h, and the cells entered the
stationary phase (a phase without cell growth) after the ace-
tate was depleted.

Figure 2b shows the results of the Pyk and Pgi mutant cul-
tures. The growth rate of the Pyk mutant was similar to that
of the wild-type. By contrast, the growth rate of the Pgi mu-
tant strain was much lower than that of the wild-type, dis-
playing a nearly constant specific growth rate of about 0.2 h™
! from 16 to 23 h.

Changes in mass isotopomer distributions of intermediate
metabolites and proteinogenic amino acids during batch
culture of the wild-type

Figure 3 shows the time-courses of the mass isotopomer
distributions of the intermediate metabolites and the protei-
nogenic amino acids during the batch culture of wild-type
E. coli. The mass isotopomer distributions of all proteino-
genic amino acids were nearly constant throughout the culti-
vation, thus preventing us from estimating the flux changes
during the batch culture. Conversely, the mass isotopomer
distributions of the intermediate metabolites changed in the
time-course, particularly during the late growth phase and
the stationary phase. Specifically, after depletion of the glu-
cose, the mass isotopomer distributions of the intermediate
metabolites changed quickly as acetate was consumed. This
change in the distributions implies drastic changes in the cell
metabolism with the shift to acetate consumption. Together,
our results imply that the metabolic fluxes were mostly
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Figure 1. The differences between transients to reach isotopically steady-states for (a) proteinogenic amino acids and (b) intermediate

metabolites.

All data are the averages of three measurements, and the error bars indicate the maximum and minimum values of the measurements. The concentra-
tions =+s indicate the standard deviations of the seven time point measurements during the 3C—labeling experiment for 3PG, PYR, MAL, Ru5P,
PEP, and S7P in the steady-state were 490 + 123, 122 £ 40, 150 £ 88, 150 £ 25, 130 £ 23, and 99 + 22 uM, respectively.

constant during the cell growth phase but changed drastically
in response to the change in carbon source from glucose to
acetate. Note that the mass isotopomer distributions of the
metabolites in the lower part of glycolysis and the TCA
cycle, such as DHAP, 3PG, PEP, PYR, and MAL, changed
during the late growth phase and returned to their original
values after entry into the stationary phase.

Dynamic changes of the metabolite levels and fluxes
during batch cultivation of wild-type

Metabolic fluxes were estimated using the mass iso-
topomer distributions of the intracellular metabolites meas-
ured by CE-TOFMS at 5, 6, 7, 8, 8.5, and 9 h. It was not
easy to analyze at 4 h, since the cell concentration was low
and the specific rates could not be accurately obtained. The
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physiology at 4 h may be similar to that at 5 h. In the case
at 10 h, acetate was depleted and the physiology may be
complicated in this period, which is beyond the scope of the
present article. When using glucose as the carbon source, the
fluxes of the ED and the glyoxylate pathways were negligi-
ble in the wild-type strain.®> Therefore, these reactions were
not included in the model. Initially, the exchange fluxes of
Pgi, Eno, Tkl, Tal, Tk2, MDH, and Ppc/Pck were consid-
ered. However, the xz values for the determined fluxes in the
batch culture were calculated as 870, 651, and 421 at 5, 6,
and 7 h, respectively. These high y* values were mainly
come from the errors in F16P, DHAP, and S7P. To over-
come this problem, we added the exchange fluxes of Fba,
Tpi, Rpe, and Rpi into the model (13 degrees of freedom; 28
net reactions, 11 exchange coefficients, and two constraints
as the acetate production rate and the growth rate). The
resulting )(2 values were improved to 168, 56, and 63 at 5, 6,
and 7 h, respectively. These low j* values ensured good
agreement between the simulated and experimental data
(Supporting Information Table S-VIII), indicating that the
estimated fluxes were reliable. Figure 4a shows the estimated
fluxes (mmol ng’1 h™) at 5, 6, and 7 h (from top to bot-
tom), the period during which glucose was consumed as a
carbon source. As can be seen in Figure 4a, the glycolysis
flux changed little, whereas the TCA cycle flux increased
from 5 to 6 h and decreased at 7 h. As we had previously
observed that the acetate production rate decreased with
respect to time (Fig. 2a), the increase of the TCA cycle flux

at 6 h may have been responsible for this decrease in the
formation rate of acetate.”*

When using acetate as a carbon source, it has been known
that the glyoxylate pathway becomes active, due to the acti-
vation of the aceBAK operon, which is caused by a decrease
in FadR and IcIR.*>*° For this reason, the glyoxylate path-
way was included in the model for the late growth phase at
8, 8.5, and 9 h. Since the labeling pattern of MAL provides
information on the flux ratio at the branch point between the
glyoxylate pathway and the TCA cycle, the flux ratio was
determined from the labeling pattern of the acetate in the
medium and the mass isotopomer distribution of MAL.
Since the concentrations of the intermediate metabolites in
the glycolysis and PP pathways were low, the fluxes for
these pathways were not included in the model of the late
growth phase. Figure 4b shows the estimated metabolic
fluxes at 8, 8.5, and 9 h, where the measured isotopomer
distribution [Igg, I, I19, I11] of acetate in the medium was
[0.667, 0.140, 0.003, 0.190]. As can be seen in Figure 4b,
the glyoxylate pathway flux was approximately constant at
1.2 mmol gDW_1 h! from 8 to 9 h. However, the ratio of
the glyoxylate pathway flux to the TCA flux decreased dur-
ing this time period. The glyoxylate pathway bypasses the
two decarboxylation reactions in the TCA cycle in exchange
for energy production. When the extracellular levels of ace-
tate decreased, however, the TCA cycle was activated, sug-
gesting that the cell was working to obtain energy for
survival during the stationary phase.
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Figure 3. Time-series mass isotopomer distribution of intermediate metabolites and proteinogenic amino acids during batch culture.

Red, intermediate metabolite; blue, proteinogenic amino acid; dashed arrow, amino acid synthetic reactions. The reason for not using G6P was that
the peaks of G6P and F6P could not be fully discriminated by CE. While the amounts of G6P were reliably determined because total amount of
F6P was much smaller than G6P, some of isotopomer quantification might be affected by the corresponding isotopomer of F6P. Thus the mass iso-

topomer distribution of G6P was not used for the flux analyses.

Figure 5 shows the time-courses of the intermediate
metabolite and free amino acid concentrations. Figure Sa
indicates that the intermediate metabolite concentrations all
remained low in the wild-type. Furthermore, the concentra-
tions of metabolites such as G6P, F16P, DHAP, Ru5P, R5P,
and S7P were maintained at relatively constant levels,
whereas the levels of 3PG, PEP, and MAL increased about

threefold, and the level of PYR deceased from 5 to 7 h (Fig.
5a); the former metabolites belong to the upper part of the
glycolysis and PP pathways. The changes in concentration of
these metabolites may be related to the decrease in the Pyk
flux and the increase in the Ppc and Mez fluxes. Specifically,
the Ppc flux increased from 16 to 28%, and the fluxes of
Pyk and PTS decreased from 100 to 83%.
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Figure 4.

Metabolic flux distributions of wild-type E. coli (a) during the glucose consumption phase at 5 h (top), 6 h (middle), and 7 h

(bottom), (b) during the acetate consumption phase at 8 h (top), 8.5 h (middle) and 9 h (bottom) in batch culture.

All fluxes are given as absolute values (mmol g~' h™, and the exchange coefficients are shown in angle brackets (< >). The relative flux values
for the specific consumption rates are shown in Supporting Information Tables S-IV and S-V.

During the late growth phase, the concentrations of all
metabolites were maintained at low levels, while the concen-
trations of many free amino acids, excluding His, Phe, and
Tyr, significantly increased from 8.5 to 9 h when the gluco-
neogenic pathways were activated (Fig. 5). The low concen-

trations of His, Phe, and Tyr may have been due to low flux
through gluconeogenesis. After the depletion of acetate, the
free amino acid concentrations decreased rapidly. As previ-
ously discussed, the mass isotopomer distributions of the in-
termediate metabolites (DHAP, 3PG, PEP, PYR, and MAL),
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which changed during the late growth phase, returned to
their original values during stationary phase (Fig. 3). These
changes might be the result of the degradation of proteins
into free amino acids by cellular autophagy to use those
amino acids for energy or cell maintenance.

Fluxes and metabolite levels in the Pyk mutant strain
during batch cultivation

Figure 6 shows the changes in metabolic flux in the Pyk
mutant strain during the batch culture at 5, 6, and 7 h. Pyk
catalyzes the conversion of PEP and ADP to PYR and ATP
in the final step of glycolysis. Although the Pyk reaction was
completely shut down in the pykF and pykA genes knockout
mutant, PEP can still be converted to PYR through PTS. In
addition, the ED and glyoxylate pathways are negligible in
the Pyk mutant.'® Therefore, those pathways were not
included in the model. Furthermore, the same exchange reac-
tions as wild-type were considered (12 degrees of freedom;
28 net reactions, 11 exchange coefficients, and three con-
straints as the deletion of Pyk reaction, the acetate produc-
tion rate, and the growth rate).

Figure 5a illustrates the accumulation of metabolites, such
as G6P, F16P, DHAP, Ru5P, R5P, and S7P, that peaked at 5
to 6 h. Since the concentrations of the metabolites closer to
PEP tended to be high, the accumulation of these metabolites
is likely due to dumping caused by the accumulation of PEP.

Concentrations of these metabolites stopped increasing and
began decreasing after 6 h, while the same shift for the PEP
and 3PG concentrations was delayed by from half an hour to
1 hour. This may have been caused by the reduced flux from
the previous steps in the upper part of the glycolysis path-
way. In particular, the accumulation of PEP may have
resulted in allosteric inhibition of Pfk, a rate limiting enzyme
in the upper part of glycolysis.”” Note that G6P accumulated
slightly at 6 h due to Pfk inhibition by PEP, which may
have resulted in a lower uptake rate of glucose.

Figure 5a also shows that the accumulation of PEP
resulted in the higher Ppc flux, which in turn increased the
concentrations of OAA and MAL, particularly from 5 to 6 h.
The increased concentration of MAL caused the Mez flux to
increase. Thus, the reduced amount of PYR backed up, and
the ratio of PYR provided via Mez (from 23 to 26%) was
larger in the mutant than the ratio seen in the wild-type
strain (from O to 11%). Furthermore, the exchange coeffi-
cient of MDH was significantly higher (>0.99) from 5 to 7
h. After 6 h, the concentration of MAL decreased, possibly
due to the reduced flux through the Ppc pathway. Since the
concentration of PEP changed little from 6 to 7 h, the con-
centration of ACoA, which is an important activator of Ppc,
may have decreased during this period as well.”®

Despite the dramatic changes in the concentrations of
many intermediate metabolites, the branch ratio between gly-
colysis and the PP pathway in the mutant strain was similar
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to that of the wild-type at 5 h. The glycolysis flux decreased,
but the PP pathway flux changed little from 5 to 6 h, the pe-
riod when most of the intermediate metabolites accumulated
significantly. At 6 h, G6P concentration rose slightly (0.85
mM), possibly due to Ptk inhibition, as previously discussed.
As a result, the accumulated G6P suppressed the glucose
uptake rate and activated the G6PDH flux in the oxidative
PP pathway.

It is important to note that the exchange coefficients of
Pgi, Fba, and Tpi in the Pyk mutant were higher than the
coefficients in the wild-type strain. For example, the

exchange coefficient of Pgi was 0.00 from 5 to 7 h in the
wild-type, while the same coefficient was substantially
higher, from 0.30 to 0.60, in the Pyk mutant.

Despite the changes in the intermediate metabolite con-
centrations, all the measured free amino acid concentrations
changed little from 5 to 7 h in the Pyk mutant. Moreover,
the concentrations of free amino acids in the mutant strain
were similar to those in the wild-type (Fig. 5b). This result
coincides with the similar growth rates between the mutant
and wild-type strains, and it suggests that amino acid synthe-
sis is very robust.
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Figure 6. Metabolic flux distributions of the Pyk mutant strain at 5 h (top), 6 h (middle), and 7 h (bottom) in batch culture.

The %> values were 49, 92, and 51 for the batch culture at 5, 6, and 7 h, respectively. The relative flux values of the specific glucose consumption
rates are shown in Supporting Information Table S-VI. The comparison between simulated data and experimental data is shown in Supporting Infor-

mation Table S-I1X.

Flux and metabolite levels in the Pgi mutant strain during
batch cultivation

Figure 7 shows the change in the metabolic fluxes at 16,
21, and 23 h in the Pgi mutant strain during the cell growth

phase. The same exchange reactions as wild-type except Pgi
were considered in the model (13 degrees of freedom; 30 net
reactions, 10 exchange coefficients, and two constraints as
the deletion of Pgi reaction, and the growth rate). Pgi
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Figure 7. Metabolic flux distributions of the Pgi mutant strain at 16 h (top), 21 h (middle), and 23 h (bottom) in batch culture.

The %> values were 197, 197, and 299 for the batch culture at 16, 21, and 23 h, respectively. The relative flux values of the specific glucose con-
sumption rates are shown in Supporting Information Table S-VII. The comparison between simulated data and experimental data is shown in Sup-

porting Information Table S-X.

catalyzes the conversion of G6P to FO6P during the initial
step of glycolysis. In the Pgi mutant, glucose uptake occurs
only through the PP pathway. The specific growth rate of the
Pgi mutant remained constant at ~0.2 h™' from 16 to 23 h
(Fig. 2b), and the overall fluxes and the intermediate metab-

olite concentrations changed little over time (Fig. 7). Fur-
thermore, these fluxes values, as well as the intermediate
metabolite concentrations (except for the concentrations of
G6P and 6PG), were similar to those in the continuous cul-
ture at the 0.2 h™' dilution rate.®® Since G6P was most
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Figure 8. Comparison between the specific growth rates and (a) the oxidative PP pathway flux and (b) NADPH production in both

the continuous cultures and the batch culture.

Open circle, the flux of wild-type in the continuous cultures; closed circle, the flux of wild-type in the batch culture; open triangle, the flux of the
Pyk mutant strain in the continuous cultures; closed triangle, the flux of the Pyk mutant strain in the batch culture; open square, the flux of the Pgi
mutant strain in the continuous cultures; closed square, the flux of the Pgi mutant strain in the batch culture; solid line, the linear approximation of
the flux of the wild-type strain in the batch culture; dashed line, the linear approximation of the flux of the Pyk mutant strain in the batch culture;
bold line, the specific amount of NADPH required, depending on the cell growth rate.

prominently accumulated, GOPDH reaction, which consumes
most of G6P in this mutant, could be considered to be the
rate-limiting step for growth. Although net flux of G6PDH
was lower than wild-type or Pyk mutant, expected higher
NADPH/NADP™" ratio could result in the lower maximum
flux of this enzyme in Pgi mutant. The higher NADPH/
NADP" ratio was expected because of the higher rate of
NADPH production/growth (see below), and had been con-
firmed at the exponential growth phase in batch culture.*

The blockage of the Pgi reaction in this mutant strain
resulted in low levels of accumulation of the intermediate
metabolites in the later steps of glycolysis, such as 3PG and
PEP, from 16 to 23 h. In particular, the concentration of
PEP was significantly lower than in the wild-type (<0.04
mM, compared with 0.20 mM in the wild-type) because PEP
is consumed not only by Pyk but also by PTS. The low con-
centration of PEP resulted in lower fluxes of Pyk and Ppc as
compared to the wild-type. Lower fluxes through Ppc may
have caused the OAA concentration to decrease. Further-
more, although the concentrations of many amino acids were
maintained at similar levels to wild-type, the concentrations
of amino acids such as Asp and Asn were lower in the mu-
tant than in the wild-type (Fig. 5b). This may be due to the
lower flux of the Ppc reaction. By contrast, the concentra-
tions of the aromatic amino acids Phe and Tyr were clearly
higher in the mutant than in the wild-type. Furthermore, the
levels of these two amino acids increased over time in the
mutant strain (Fig. 5b). Since Phe and Tyr are synthesized
from two moles of PEP, one mole of E4P, and one mole of
Glu via the shikimate pathway, the accumulation of Phe and
Tyr in the Pgi mutant may be related to the activation of the
PP pathway. Although the accumulation of E4P was not con-
firmed by measurement in the Pgi mutant, high levels of shi-
kimate were detected in the Pgi mutant, indicating the
activation of the shikimate pathway, whereas it was not
detected in the wild-type strain.

Relationship between growth rate and metabolic fluxes in
batch and continuous cultures

We have shown that the changes in flux during batch cul-
tures of Pyk and Pgi mutants could be estimated over time

based on the mass isotopomer distributions of intermediate
metabolites measured by CE-TOFMS. In the batch culture of
Pyk mutant, PEP and other glycolysis intermediate concen-
trations were much higher than those in the continuous cul-
ture, and changed with respect to time. By the information
on the metabolite concentrations and the '*C-metabolic
fluxes, we found that the glycolysis was affected by not only
the feedback inhibition by PEP but also the dumping of gly-
colysis intermediates in the batch culture. In the Pgi mutant,
the flux distributions as well as intermediate metabolite con-
centrations except G6P were similar between batch and con-
tinuous cultures at the same growth rate, where it was
considered that G6PDH reaction was the limiting step for
this mutant.

Once the changes in flux have been estimated, further
analyses can be performed. For example, let us consider
whether NADPH production is dependent on the growth
rate. Figure 8a shows the correlation between the specific
growth rate and the fluxes of the oxidative PP pathways
(G6PDH and 6PGDH), using the fluxes obtained in the pres-
ent study as well as data previously obtained from continu-
ous culture'®18:24394142 " ey growth requires a specific
amount of NADPH that depends on the cell growth rate.
NADPH is mainly produced by the oxidative PP pathway
and the ICDH of the TCA cycle. In batch cultures of wild-
type E. coli, the PP pathway flux increased in proportion to
the specific growth rate. Since the concentration of G6P did
not change substantially, the increase in these fluxes is likely
due to the increase in the enzyme activity of G6PDH* or
the decrease in the NADPH/NADP" ratio. Conversely, in
continuous cultures with dilution rates from 0.09 to 0.55 h™",
the oxidative PP pathway flux increased less than in the
batch cultures (~4 mmol g h™", even as the specific
growth rates increased in accordance with the dilution rate.
This difference may be caused by the low glucose concentra-
tion (less than 0.001 g/L) in the continuous culture, as
G6PDH activity is induced by glucose.** Thus, the PP path-
way flux was limited to ~4 mmol g~' h™" in the continuous
culture. The flux of ICDH increased in proportion to the spe-
cific growth rate in the continuous culture, suggesting that
the cells utilized ICDH instead of the PP pathway for pro-
duction of NADPH. Figure 8a indicates that the relationship



Biotechnol. Prog., 2010, Vol. 26, No. 4

989

1.5 200
Wild type Pyk mutant Pgi mutant Wild type Pyk mutant Pgi mutant
1.2 — f:\
_ = 150
- o
—— (_é _
09 flg £ -
< ° ° S 100 ° o
06 ® g ° °
° o s e °
0.3 & %
| ﬂ <
111 [ ulll H
0.0 0
5h 6h 7h 5h 6h 7h 16h 21h 23h 5h 6h 7h 5h 6h 7h 16h 21h 23h
(a) (b)
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sumption rate.

between the specific growth rate and the flux of the oxidative
PP pathway in the wild-type cultures was similar to the rela-
tionship observed in the Pyk mutant strain. The correlations

between the specific growth rate and the total NADPH pro-
duction rate are shown in Figure 8b. The line in Figure 8b
represents the specific amount of NADPH required for cell
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growth. It is worth noting that although the required amount
of NADPH was produced in both the batch and continuous
cultures of the wild-type strain, excess NADPH was pro-
duced by the Pyk and Pgi mutants in batch culture. It has
been reported that the overproduced NADPH in the Pgi mu-
tant is converted into NADH by the transhydrogenase.* The
Pyk mutant may also convert excess NADPH into NADH
using transhydrogenatse.41

Evaluation of BC-MFA by FBA

From the systems biology viewpoint, metabolic fluxes
may be predicted by optimizing a vector-valued objective
function consisting of objectives such as energy production,
biomass production, enzyme usage, and redox balance.®' The
weight for each objective function may change with respect
to time. Once the metabolic fluxes are determined through
the use of '*C-MFA, each objective function can be eval-
uated. Since FBA is a computational method used to predict
the flux distribution by optimizing a given objective func-
tion,”® we also performed FBA using two different objective
functions, specifically  biomass yield29’30 and ATP
production.31

Figure 9 shows the comparison of the maximum growth
rates (Fig. 9a) and the maximum ATP production rates (Fig.
9b) determined by '*C-MFA with those predicted by FBA.
The experimentally measured growth rates and the ATP pro-
duction rates estimated by '*C-MFA were smaller than those
estimated by FBA in the wild-type and the Pyk mutant
strains. However, the estimated and measured values were
similar in the Pgi mutant. The disagreement between the
estimated and measured values for the wild-type and the Pyk
mutant strains implies that each objective function is not
fully optimized, but may be utilized to some extent. The
good agreement in the case of the Pgi mutant strain indicates
that both objective functions were optimized for the Pgi mu-
tant, in which ATP production seems to be more critical.
Figure 10 shows the comparisons between individual fluxes
obtained by '>*C-MFA and FBA. Most of the fluxes obtained
by '?C-MFA were located between those obtained by FBA
using maximization of biomass yield and those obtained
using maximization of ATP production in both the wild-type
and Pyk mutant strains. For example, the Pgi flux estimated
by FBA was larger than the value determined by 3C-MFA
in the case of maximum ATP production. This may be due
to the fact that the PP pathway does not contribute to ATP
production, and thus the flux at G6P tended towards glycoly-
sis in the FBA. By contrast, as the PP pathway becomes im-
portant for cell synthesis, the flux toward the PP pathway at
GOP tends to be larger when using cell yield as an objective
function. Since the predicted growth rates were larger than
the experimental values, the Pgi fluxes were smaller than
those estimated by 13C-MFA in the case of maximizing bio-
mass yield.

A closer examination of Figures 10A—C suggests that the
cell gave higher priority to biomass production than to ATP
production at 5 h, while the priority of biomass production
declined gradually from 5 to 7 h, indicating physiological
changes from mid-log phase to end-log phase with glucose
as a carbon source.*® Figures 10D-F indicates that the Pyk
mutant consistently gave high priority to biomass production
from 5 to 7 h. Note that the acetate formations predicted by
FBA using both functions were zero for the wild-type and
the Pyk mutant, and they are different from those obtained
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by 13C—experimental fluxes (Figures 10A-F). Although the
acetate formation is associated with ATP production, more
ATP can be produced in the TCA cycle, and thus the opti-
mized flux at Pta-Ack pathway became zero. The acetate for-
mation may be considered to be a result of the overflow
metabolism, and thus this could not be addressed properly
by FBA. Furthermore, Figures 10G-I indicates that FBA
cannot predict the glyoxylate pathway flux for the Pgi mu-
tant strain, because this pathway is a part of the anaplerotic
pathway and does not contribute to ATP production.

In conclusion, the primary objective of this study was to
investigate the cellular regulatory mechanisms of E. coli
grown in batch culture based on the dynamics of both meta-
bolic fluxes and intracellular metabolite concentrations. The
integration of the fluxes estimated by 13C-MFA and metabo-
lite concentrations provides a better understanding of how
cells adjust their metabolism in response to environmental
changes and/or genetic perturbations in batch cultures over
time. Furthermore, it was shown that the objective function
for biosynthesis became less important as time proceeds in
the wild-type, while it remained important in the Pyk mu-
tant. Furthermore, it was shown that ATP production was
the primary objective function in the Pgi mutant.
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Figure Al. The comparisons between simulated and experimental data of wild-type, Pyk mutant and Pgi mutant.

All correlation coefficients were more than 0.99. The detailed values of the intracellular metabolite mass isotopomers of wild-type, Pyk mutant
and Pgi mutant are summarized in Supporting Information Tables S-VIII, S-IX, and S-X, respectively.

Table A2. Abbreviation of Reactions

Table Al. Abbreviation of metabolites Abbreviation Reaction

Abbreviation Metabolite 6PGDH 6-phosphpgluconate dehydrogenase
Ack acetate kinase

3PG 3-phosphoglycerate Eno enolase

6PG 6-phosphogluconate Fba fructose bisphosphate aldolase

oKG o-ketoglutarate G6PDH glucose-6-phosphate dehydrogenase

ACoA acetyl-CoA ICDH isocitrate dehydrogenase

AcOHex acetate extracellular Mez malic enzyme

DHAP dihydroxyacetone phosphate MDH malate dehydrogenase

E4P erythrose-4-phosphate Pck phosphoenolpyruvate carboxykinase

F6P fructose-6-phosphate Ptk phosphofructokinase

F16P fructose-1,6-bisphosphate Pgi phosphoglucose isomerase

FUM fumarate Pgk phosphoglycerate kinase

G3P glyceraldehyde-3-phosphate Ppc phosphoenolpyruvate carboxylase

GoP glucose-6-phosphate PTS phosphotransferase system

GLCex glucose extracellular Pyk pyruvate kinase

GOX glyoxylate Tal transaldolase

ICT isocitrate Tkl transketolase 1

MAL malate Tk2 transketolase 2

OAA oxaloacetate Tpi triosephosphate isomerase

PEP phosphoenolpyruvate Rpe ribulose-5-phosphate epimerase

PYR pyruvate Rpi ribulose-5-phosphate isomerase

RSP ribose-5-phosphate SCS succinyl-CoA synthetase

Ru5P ribulose-5-phosphate

S7P sedoheptulose-7-phosphate

SuC succinate Manuscript received Sept. 19, 2009, and revision received Dec. 28,

X5P xylulose-5-phosphate 2009.



