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Abstract Escherichia coli is one of the most widely used
hosts for the production of recombinant proteins, among
other reasons because its genetics are far better character-
ized than those of any other microorganism. To improve
the understanding of recombinant protein synthesis in
E. coli, the production of a model recombinant protein,
f-galactosidase, was studied in response to the constitutive
overexpression of the anaplerotic reaction afforded by PEP
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carboxylase. To this end, an IPTG wash-in experiment was
performed starting from a well-defined steady-state con-
dition for both the wild-type E. coli and a mutant with a
defective acetate pathway and a constitutively overex-
pressed ppc. In order to compare the dynamics of the fluxes
over time during the wash-in experiment, a method referred
to as transient metabolic flux analysis, which is based
on steady-state metabolic flux analysis, was used. This
allowed us to track the intracellular changes/fluxes in both
strains. It was observed that the flux towards fermentation
products was 3.6 times lower in the ppc overexpression
mutant compared to the wild-type E. coli. In the former on
the other hand, the PPC flux is in general higher. In addi-
tion, the flux towards f-galactosidase was higher (12.4
times), resulting in five times more protein activity. These
results indicate that by constitutively overexpressing the
anaplerotic ppc gene in E. coli, the TCA cycle intermedi-
ates are increasingly replenished. The additional supply of
these protein precursors has a positive result on recombi-
nant protein production.

Keywords Escherichia coli - Recombinant protein -
Transient MFA

Introduction

The growing environmental concerns and the awareness
that the world’s oil supplies are limited are factors
prompting the chemical and biotechnological industries to
explore nature’s richness in search of methods to replace
petroleum-based synthetics for the development of a bio-
based economy [1]. An entire branch of biotechnology,
known as industrial biotechnology, is devoted to this. It
uses living cells and enzymes to synthesize a wide range of
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products such as bulk and fine chemicals, food ingredients,
pharmaceutical ingredients, bio-fuels, bio-plastics, etc.,
from renewable resources, using a wide range of produc-
tion hosts varying from bacteria (e.g., Escherichia coli,
Corynebacterium glutamicum), yeasts (e.g., Saccharo-
myces cerevisiae, Pichia pastoris) to fungi (e.g., Penicil-
lium chrysogenus).

One type of these high-added value products is recom-
binant proteins. Since the introduction of recombinant
DNA technology, the production of these recombinant
proteins has become increasingly important. However, the
development of a production process for recombinant
proteins is not always straightforward. Common hurdles to
take are the choice of the production host (e.g., prokaryote/
eukaryote, strain), the choice of expression (e.g., consti-
tutive/inducible, length of protein), and the choice of the
protein purification procedure. An approach to handle these
difficulties is given in Grislund et al. [2].

The organism Escherichia coli is predominantly used for
recombinant protein production because it is biochemically
and molecularly well characterized, and it grows fast on
inexpensive substrates [3, 4]. However, besides the prob-
lems related to the post-translational modification of
eukaryotic proteins and the formation of inclusion bodies,
the production of acetate as a byproduct during fermentation
is a common difficulty when using E. coli.

Hence, many approaches to optimize the protein pro-
duction process focus on the reduction of acetate because it
severely hampers growth [5], inhibits protein formation [6]
and implies a waste of carbon [7]. It is believed that this
formation of acetate in E. coli cultures is caused by two
mechanisms: (1) the activation of the fermentation path-
ways by a (local) lack of dissolved oxygen (mixed acid
fermentation); (2) the imbalance between the rapid glucose
uptake and its conversion into biomass and products
(crabtree effect) [8].

The state-of-the-art strategies to reduce acetate forma-
tion anticipate these two mechanisms by modifying the
bioprocess conditions or the genotype of the production
host. The former strategies comprise the limitation of the
glucose uptake rate by applying specific glucose feeding
patterns, the application of alternative substrates, the
addition of supplements to the medium, the control of a
range of fermentation parameters and the application of
systems to remove acetate from the fermentation broth [7—
15]. The latter strategies are based on the alteration of the
central metabolism of E. coli. These strategies mainly
target the glucose uptake mechanism, the acetate pathway
and the pyruvate branch point (starting point to direct the
carbon flow to acetate) [7, 12, 13, 16-26].

Another strategy to increase recombinant protein pro-
duction is to preserve sufficient precursors of the amino
acids, the building blocks of proteins, in the central
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metabolism. Two main amino acid precursors are oxalo-
acetate and a-ketoglutarate, and they serve as precursor for
11 amino acids involved in protein synthesis. Moreover,
these intermediates play an important role in several
reactions resulting in key components of the cellular
metabolism such as glycolysis, gluconeogenesis and the
citric acid cycle. March et al. [7] proposed an approach to
increase protein production and reduce acetate formation
by providing the cell with improved metabolic means to
replenish these TCA cycle intermediates. They expressed
the heterologous anaplerotic enzyme pyruvate carboxylase
of Rhizobium etli in E. coli, which had a positive influence
on recombinant protein production [7].

An alternative approach to provide sufficient TCA-cycle
intermediates is to overexpress PEP carboxylase, the
principal anaplerotic pathway in E. coli, during growth on
glucose, which converts phosphoenolpyruvate (PEP) into
oxaloacetate. Mutants overexpressing PEP carboxylase
(coded by ppc) showed a significant reduction in acetate
excretion, and consequently these mutants are promising to
improve recombinant protein production in aerobic E. coli
cultures [13, 27].

Next to these biochemical and metabolic points of view,
model-based approaches such as metabolic flux analysis
(MFA) have also helped to analyze the phenotypic behavior.
Metabolic flux analysis permits calculation of the intracel-
lular fluxes by measuring the exchange fluxes with the
environment, assuming that the reactor is in a (pseudo)
steady state. Recently, it has been attempted to apply this
method to analyze cell cultures under transient conditions,
which are typically used for recombinant protein production.

Varma and Palsson [28] applied flux balance analysis
(FBA) in a non-stationary case (fed-batch) by iteratively
solving the model for maximal biomass production. At each
time point, the available substrate is calculated from the
results of the FBA model in the previous time step. In this
way, the time profiles of cell density, glucose and by-prod-
ucts could be quantitatively predicted. The concept of
dynamic FBA was further developed by Mahadevan et al.
[29]. They formalized the methodology of Varma and
Palsson [28] and named it static optimization-based DFBA.
They introduced a new method, called dynamic optimiza-
tion-based DFBA, in which the optimization is performed
over the entire time period of interest in order to obtain time
profiles of the cellular fluxes. The method of dynamic
optimization-based DFBA was combined with the concept
of minimization of metabolic adjustment (MOMA) to model
myocardial energy metabolism [30]. This alternative goal
function proposed by Segre et al. [31] aims at better pre-
dicting the behavior of mutated strains by assuming that a
mutant strain will not radically alter its behavior after a
genetic modification, but will behave as similar as possible
to the wild type. The results show that metabolic states of the
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metabolic networks are not always optimal, with respect to
growth maximization, during transient perturbations.

Hence, to improve the understanding of recombinant
protein synthesis in E. coli, we analyzed the production of
the model recombinant protein f5-galactosidase in response
to the constitutive overexpression of PEP carboxyl-
ase. Therefore, a ppc overexpressing mutant of E. coli
AackA-pta, ApoxB was created in which the natural ppc
promoter was replaced with a strong constitutive artificial
promoter [32].

In this work, transient MFA is applied to an over-
determined system under transient conditions, assuming an
intracellular pseudo steady state. At each time point, the
exchange fluxes are calculated and used as inputs for the
metabolic flux model. In this way, the intracellular fluxes
during the transient can be revealed.

Materials and methods
Bacterial strain and plasmids

Escherichia coli MG1655 [A~, F~, rph-1, (fur~ 267)del]
was obtained from the Netherlands Culture Collection of
Bacteria (NCCB). Escherichia coli MG1655 AackA-pta,
ApoxB, Apppc ppc-p37 [A~, F~, rph-1, (fur~ 267)del,
AackA-pta, ApoxB, Apppc ppc-p37] was constructed in the
Laboratory of Genetics and Microbiology (MICR) using
the method of Datsenko and Wanner [33]. Plasmid
pTrcHisTopoLacZ was obtained from Invitrogen (Mere-
Ibeke, Belgium). This expression plasmid contains the
model recombinant protein f-galactosidase coded by the
gene LacZ.

Culture conditions, sampling and sample analysis

Carbon-limited chemostat experiments of E. coli were
performed in 2-1 Biostat B culture vessels (Sartorius-BBH
Systems, Melsungen, Germany) with 1.5 1 working volume
as described before [27]. Sampling for CDW, extracellular
measurements and sample analysis was done as described
elsewhere [27].

Wash-in experiment

After the cells attained steady state, the medium was swit-
ched to the same medium that additionally contained 1 mM
IPTG (isopropyl-f-D-thiogalactopyranoside) to induce the
ptrc promoter on the pTrcHisTopoLacZ plasmid.

During the subsequent 7 h, samples for ODgqg, extra-
cellular measurements and f-galactosidase activity were
taken every 15 min using a rapid sampling loop and a cold

stainless bead sampling method, immediately followed by
centrifugation.

Data analysis

Glucose and organic acids were determined by High Per-
formance Liquid Chromatography (HPLC) on a Varian
Prostar HPLC system (Varian, Sint-Katelijne-Waver, Bel-
gium), and phosphate determination was performed as
described before [27].

Quantification of the total nitrogen content in the culture
medium was performed using the LCK238 kit from HACH
Lange GmbH (Mechelen, Belgium) as described by the
supplier.

f-galactosidase assay

Cell lysis using the EasyLyse ™-kit (Epicentre® Biotech-
nologies, BIOzymTC, Landgraaf, The Netherlands) was
performed as recommended by the supplier in the EasyLyse
Bacterial Protein Extraction Solution manual. f-galactosi-
dase activity was assayed as described by Miller [34] with
some modifications. Fifty microliters of sample was added
to 200 Wl 16 mM ortho-nitrophenyl-galactopyranoside
(ONPG) (in phosphate buffer: 100 mM phosphate, | mM
MgCl,, pH 7.4). The absorbance at 415 nm was measured in
a microplate reader (680 XR microplate reader, Bio-Rad,
Eke, Belgium) for 10 min. A calibration curve was made for
each batch of measurements using a stock solution of 1 U/ul
commercial f-galactosidase of Escherichia coli (Fluka,
Bornem, Belgium). This stock solution was used to make a
standard series from 0 to 0.003 U/pl.

Transformation

The expression plasmid pTrcTopoHisLacZ (Invitrogen,
Merelbeke, Belgium) was transformed in competent cells
of MG1655 and MGI1655 AackA-pta, ApoxB, Apppc
ppc-p37 using the simplified procedure of Hanahan [35].

Transient metabolic flux analysis

Transient metabolic flux analysis was used to analyze the
cellular behavior during the applied transient. This is
allowed assuming that the cells themselves are already in
pseudo steady state.

To this end, at each sampling time instant transient MFA
was performed. In order to calculate the intracellular flux
distribution using MFA, the exchange rates are required.
However, because during the transient the reactor itself is
not yet in a pseudo steady state, an additional term
reflecting the derivative of the concentration data to the
time has to be added to determine the exchange rates. The
exchange reaction rate can then be calculated as:
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l"p :d—C+D<C—Cin) (1)
dt

where C is the concentration of a component (g 1_1), D the

dilution rate (h_l), C;, the concentration of the component

in the influent and r, the exchange rate of the considered

compound (g 17" h™"). C and ‘é—i have to be estimated from

the measured data.

As the derivative of the concentration data to the time is
very sensitive to random variations on the measurements,
polynomials were fitted through it. A polynomial can be
represented as:

A d .
c=> aft (2)
i=0

where é‘ is the estimated concentration, t is the time, a; is a
parameter, and d is the degree of the polynomial. Besides
polynomials, also a sigmoid curve was used to fit the data:
A a3t

C=a,+aew. (3)

Again é is the estimated concentration, «; is a
parameter, and ¢ is the time. The time series of
metabolite concentration data (e.g., biomass, succinate,
glucose, etc.) was separately fitted to polynomials, of
which the degree varied between O and 30, and to the
sigmoid curve. Hence, a total of 32 curves were fitted for
each metabolite measured. Fitting was performed using
standard least square fitting algorithms as found in the
SciPy toolbox of Python [36].

The curve (polynomial or sigmoid curve) with the
smallest sum of absolute errors between the measured data
and the predicted data was retained (for very noisy data, the
selection of the curve was manually done). From this
selected curve, smoothened metabolite concentrations and
the change in metabolite concentration over time were
calculated, on the basis of which the consumption and
production rates (Eq. 1) can be determined.

The metabolic model used to analyze the transient is
described in De Mey et al. [27]. A f-galactosidase synthesis
reaction had to be added to the model. The final model
contains 138 reactions and 152 metabolites, of which 12
were considered exchangeable with the environment:
ammonia (NHj3), phosphoric acid (PiOH), biomass (Biom),
glucose (GLC), lactate (Lac), oxaloacetate (OAA), succinic
acid (Suc), oxygen (O,), carbon dioxide (CO,), water (H,0),
sulphuric acid (H,SO,) and f-galactosidase (BGalAse).

Results and discussion
To investigate whether blocking the acetate pathway and

constitutively overexpressing the anaplerotic pathway
afforded by PEP carboxylase have a positive effect on
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recombinant protein production in E. coli, a ppc overex-
pression mutant of E. coli AackA-pta, ApoxB was created in
which the natural ppc promoter was replaced with a strong
constitutive artificial promoter [32]. By using qPCR and an
enzymatic assay, it was proven that the mutant showed 4.49
(4.12-4.89) more ppc expression and 4.163 + 0.013 more
phosphoenol pyruvate carboxylase activity, respectively,
compared to the wild type. The capacity to produce
recombinant proteins of this mutant was compared to the
wild-type strain. Therefore, the commercially available
expression plasmid pTrcHisTopoLacZ was transformed in
competent cells of MG1655 and of MG1655 AackA-pta,
ApoxB, Apppc ppc-p37. Insertion of the plasmid was con-
firmed by antibiotic resistance and control restriction digest
on the purified plasmid with restriction enzymes Ncol (New
England Biolabs, The Netherlands) and Alwnl (New Eng-
land Biolabs, The Netherlands) in NEB Buffer 4 (New
England Biolabs, The Netherlands) at 37°C. The resulting
DNA fragment pattern was verified on a 1.2% agarose gel in
TAE buffer (50x stock solution, Invitrogen, Merelbeke,
Belgium) (data not shown).

This study thus clearly illustrates the usefulness of fine
tuning gene expression [32]. Instead of introducing a gene
encoding for a non-native protein on a plasmid, a more
potent promoter for ppc was introduced in the genome.
This is in contrast to March et al. [7], who used a plasmid
encoding for the non-native anaplerotic enzyme pyruvate
carboxylase of Rhizobium etli. In this way, typical prob-
lems related to the introduction of non-native genes can be
avoided, and the metabolic potential of the metabolism is
being fully exploited.

The pursued approach has several advantages over the
one followed by March et al. [7]. The development of
promoter libraries, consisting of constitutive promoters of
varying strength, has allowed the fine tuning of gene
expression. Whereas the approach discussed in this study
enables the direct use of each expression plasmid for the
production of a heterologous protein, the approach of
March et al. [7] consists of two plasmids with different ori,
one bearing the pyruvate carboxylase of Rhizobium etli
gene and one bearing the heterologous protein gene, in
order to maintain both plasmids in the cell and hence
expression of pyc and the heterologous protein. In addition,
two different antibiotics have to be used to keep selective
pressure on both plasmids. Moreover, the anaplerotic
enzymes used to enhance the flux towards oxaloacetate
catalyze different reactions, and as a consequence they
have different metabolic implications. Both enzymes yield
a bypass to oxaloacetate and inorganic phosphate. Whereas
the non-native pyruvate carboxylase of R. etli requires
pyruvate, bicarbonate and additional energy (ATP), the
native phosphoenolpyruvate carboxylase of E. coli has PEP
and CO, as substrate.
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Monitoring f-galactosidase production

For both strains an IPTG wash-in experiment was per-
formed to evaluate the potential advantageous effect of
the overexpession of phosphoenolpyruvate carboxylase
and the elimination of the acetate pathway on the pro-
duction of the recombinant protein f-galactosidase.
Therefore, a chemostat experiment at a dilution rate of
0.1 h~' was performed. Once the steady state was
established in the reactor, the medium was supplemented
with 1 mM IPTG, which induces the ptrc promoter of the
pTrcHisTopoLacZ plasmid, and the behavior of the
reactor was monitored during the subsequent 7 h by
sampling every 15 min. In what follows, all time refer-
ences are in relation to the moment of the medium switch,
which coincides with the continuous addition of IPTG to
the reactor and is indicated by O h. In Fig. 1, the evolu-
tion of the biomass, the % CO,, the (intracellular)
p-galactosidase activity and the residual glucose concen-
tration for the experiments with MG1655 and MG1655
AackA-pta, ApoxB, Apppc ppc-p37 during the 7 h moni-
toring period are depicted. The f-galactosidase activity
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Fig. 1 Evolution of biomass (cell dry weight, top left), % CO, (top
right), f-galactosidase activity (bottom left) and residual glucose
(bottom right) at the initial steady state (time # = O h) and during the

was also measured in the supernatant of the broth, but no
extracellular activity could be detected.

During the monitored time interval, the evolution of the
biomass concentration (Fig. 1a) is similar for both strains.
First, there is a slight increase in biomass concentration
followed by a stagnation. Subsequently, there is a second
increase followed by a decrease around 4 h after the start of
induction. Figure 1b shows for both strains a distinct
increase in % CO, during the first 30 min followed by a
gradual increase. After 3.5 h, a difference between the two
strains can be noticed for % CO,. While for MG1655 the %
CO, keeps increasing until 5 h followed by an exponential
drop to 0.65, the % CO, of MG1655 AackA-pta, ApoxB,
Apppc ppc-p37 drops immediately, but not as low as for
MG1655, and then fluctuates around 0.9%.

In both cases the cells gradually produce more
f-galactosidase during the first 2 h, which is reflected in
the increased enzyme activity, followed by a stagnation of
the f-galactosidase production (Fig. 1¢). This increase in
p-galactosidase production is due to the increasing con-
centration of IPTG in the reactor (wash-in experiment).
After about 2 h, the concentration of IPTG in the reactor
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(closed symbols), respectively
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reaches 0.18 mM. This concentration probably suffices to
saturate induction and consequently a further increase in
the IPTG concentration has no further positive effect on the
production of the recombinant protein (stagnation of
recombinant protein production both for the wild-type and
the mutant strain). This is in agreement with literature data.
For the induction of non-toxic genes, it is observed that an
IPTG concentration of about 0.1-0.2 mM is sufficient to
saturate induction, and higher IPTG concentrations do not
result in a higher expression. This increase in f-galacto-
sidase during the first 2 h is faster and more pronounced in
MG1655 AackA-pta, ApoxB, Apppc ppc-p37, which indi-
cates that this strain is a better recombinant protein pro-
ducer. Whereas the f-galactosidase production in MG1655
keeps constant after 2 h, the ff-galactosidase production in
MGI1655 AackA-pta, ApoxB, Apppc ppc-p37 keeps
increasing. At the end, after 7 h of induction the fS-galac-
tosidase production in MG1655 AackA-pta, ApoxB, Apppc
ppc-p37 is approximately five times higher compared to the
p-galactosidase production in MG1655.

In addition, differences in the glucose consumption
(Fig. 1d) can be observed between the two different strains.
After 4 h, the glucose consumption of MG1655 AackA-pta,
ApoxB, Apppc ppc-p37 slows down, whereas the glucose
consumption of MG1655 only decreases after 5 h.

A plausible explanation for the observed differences in
recombinant protein production between the two strains is
the following: at the start of the wash-in experiment, the
concentration of IPTG gradually increases in the broth and
consequently protein production increases. The increase in
protein production is higher in MGI1655 AackA-pta,
ApoxB, Apppc ppc-p37, suggesting that this strain is a
better recombinant protein producer compared to MG1655,
which is probably due to the larger pool of precursors in
the Krebs cycle as a result of the constitutive ppc
(over)expression. After 2 h, a suboptimal production
capacity of the cells is reached; the production capacity
thereafter declines a bit followed by a stagnation. During
the transient, MG1655 AackA-pta, ApoxB, Apppc ppc-p37
grows slower than MG1655, which is likely due to the ppc
overexpression because more PEP will be converted to
oxaloacetate [PEP carboxylase competes with the phos-
photransferase system (PTS) for the available PEP]. In
addition, it is likely that this strain is less affected by stress
as a result of the withdrawal of amino acids and their
precursors required for the IPTG induced recombinant
protein production, because of the superior means to fuel
the pool of oxaloacetate and o-ketoglutarate, two main
amino acid precursors. Hence, this strain probably adapts
better to the stress situation, resulting in a steady increase
in f-galactosidase production, whereas the f-galactosidase
production of MG1655 stagnates. This evolution and the
differences between the wild-type and the mutant are
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confirmed by the Western blot of the intracellular crude
cell extract (data not shown).

Transient metabolic flux analysis

To elucidate the altered flux distribution in the mutant
strain in comparison with the wild-type metabolic model-
ing, e.g., metabolic flux analysis is useful. However, met-
abolic flux analysis, which yields a snapshot of the
metabolic state in a particular condition, is typically used
under steady-state conditions (chemostat experiments), i.e.,
in conditions where all variables remain constant over
time.

In order to compare the flux distribution changes during
the transient, a method was used, which is referred to as
transient metabolic flux analysis, which is based on steady-
state metabolic flux analysis.

The application is permitted, because an intracellular
pseudo steady state can also be assumed under certain
dynamic conditions, because of the relatively small time
constants of cellular processes, e.g., mass action and the
metabolic adaptation to novel conditions, in comparison
with processes affecting the observed environmental con-
ditions. Perturbation experiments performed in E. coli [37-
40] showed that the intracellular metabolite pools reach a
new pseudo steady state already after 20 s. Hence, an
intracellular pseudo steady state can be assumed during the
transient; thus, though the environmental conditions vary,
MFA can be applied.

To this end, seven metabolites were measured: Biom,
GLC, Lac, Suc, O,, CO, and BGalAse. There are 144
independent equations in the model and 138 4+ 12 = 150
unknowns. Thus, at least six measurements should be
performed to solve the model. In this case there were seven
so that some measurements could be balanced [41].

Derivatives are very sensitive to random variations and
noise in the data. Therefore, rather than using raw data for
Eq. 1, polynomials were fitted to the data. It was opted to
fit one polynomial, since this seemed sufficient to capture
the dynamics in the measurements. Figure 2 shows the
polynomials fitted to the data.

Using the polynomials fitted to the measured data, the
measured metabolite concentration in the medium and in
the broth, the flux distribution can be calculated at each
time point similar to steady-state MFA. The most salient
results are depicted in Fig. 3. This figure displays the
dynamics in the relative fluxes of the central metabolism,
the fermentation pathways and the recombinant protein
synthesis pathway during the wash-in experiment.

As can be seen in Fig. 3a, the initial steady-state flux
(time = 0 h) through the phosphotransferase system (PTS)
was smaller in E. coli MG1655 AackA-pta, ApoxB, Apppc
ppc-p37 as expected, which is probably due to the ppc
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Fig. 2 The data collected during the 7-h monitoring period for
glucose (GLC), lactose (Lac), succinate (Suc), [-galactosidase
(BGalase), % CO2 and % O2 for the E. coli MG1655 culture and
the E. coli MG1655 AackA-pta, ApoxB, Apppc ppc-p37 culture

overexpression and the concurrently stronger competition
with PTS for the available PEP. This is in good agreement
with the literature where ppc overexpression mutants are
reported to have a reduced specific glucose consumption
rate [27, 42]. However, from 1 h after induction, the PTS
flux was higher in E. coli MG1655 AackA-pta, ApoxB,
Apppc ppc-p37, except for 2 h between 4 and 6 h.

The flux towards fermentation products (lactate) was
at steady state (time = 0 h) smaller in E. coli MG1655
AackA-pta, ApoxB, Apppc ppc-p37 (see Fig. 3d). This
was also observed previously for ppc overexpressing
E. coli strains grown on glucose during anaerobic [42]
and aerobic batches [27]. During the monitoring period,
the flux towards fermentation products followed roughly
the same dynamics in both strains until 4 h. From that
point on, the flux towards fermentation products was
maintained in E. coli MG1655 AackA-pta, ApoxB, Apppc
ppc-p37, whereas it first drastically increased in the wild-
type E. coli and then seemed to decrease again. After
circa 7 h protein production, the relative flux towards
fermentation products (lactate) is 3.6 times higher in the
wild-type E. coli than in MG1655 AackA-pta, ApoxB,

Apppc ppc-p37.

Time (h)

Time (h)

represented by an open circle and closed circle, respectively. The
curves represent the polynomial fit to the raw metabolite data. Time
t =0h refers to the start of the wash-in experiment and the
concurrent induction of f-galactosidase expression by IPTG

At the initial steady state, the flux through the ana-
plerotic pathway PEP carboxylase is as expected to be
two times higher in the mutant compared to the wild-
type E. coli, which is probably due to constitutive
overexpression of ppc (see Fig. 3f). These results are in
good agreement with the literature where a ppc overex-
pression mutant was described in which the flux through
PEP carboxylase was twice as high [42] and was 40% of
the specific glucose consumption rate. The differences
with these literature data are probably due to the con-
stitutive expression used in this study with a strong
artificial promoter [32] compared to the inducible
expression applied in [42]. During the wash-in experi-
ment, the flux through PEP carboxylase is in general
higher in the E. coli MG1655 AackA-pta, ApoxB, Apppc
ppc-p37 compared to the wild type, and after 7 h of
induction, it is 10.3 times higher. On the other hand, the
flux through pyruvate kinase is higher in the wild-type
strain at the initial steady state, which is likely due to
the increased availability of phosphoenolpyruvate (see
Fig. 3c). This is also reflected in larger lactate produc-
tion in the wild-type strain compared to the E. coli
MG1655 AackA-pta, ApoxB, Apppc ppc-p37 mutant (see
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Fig. 3 The evolution of the relative fluxes, calculated with transient
MFA, for the reactions phosphotransferase system (PTS) (subfigure
a), glucose-6P dehydrogenase (G6PDH) (subfigure b), phosphoenol
pyruvate carboxylase (PEPCB) (subfigure f), pyruvate kinase (PYRK)
(subfigure c), lactate production (Lac) (subfigure d), citrate synthase
(CitSY) (subfigure e) and f-galactosidase synthesis (BGalAse)
(subfigure g) at the initial steady state (time # = 0 h) and during the

Fig. 3d). In addition, the flux through the TCA-cycle is
higher in the wild-type strain compared to the E. coli
MG1655 AackA-pta, ApoxB, Apppc ppc-p37 mutant (see
Fig. 3e).

@ Springer

Time (h)

7 h monitoring period for the E. coli MG1655 culture (open circle)
and the E. coli MG1655 AackA-pta, ApoxB, Apppc ppc-p37 culture
(closed circle). Time t = 0 h refers to the start of the wash-in
experiment and the concurrent induction of f-galactosidase expres-
sion by IPTG. The central metabolism is represented by solid lines,
the pentose phosphate pathway is represented by dashed lines, and the
reactions towards f-galactosidase are represented by dotted lines

A limited production of f-galactosidase due to leak
expression can be observed before the start of the IPTG
addition (see Fig. 3g). At steady state (t = O h), the flux
towards recombinant protein production is 7 times higher
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in E. coli MG1655 AackA-pta, ApoxB, Apppc ppc-p37
compared to the wild type, resulting in a slightly higher
recombinant protein production. During the monitoring
period, the flux towards f3-galactosidase followed the same
dynamics for both strains during the first 4 h of induction.
From that point on, the flux towards f-galactosidase was
maintained in the wild type, whereas it steeply increased in
the E. coli MG1655 AackA-pta, ApoxB, Apppc ppc-p37.
After 7 h of induction of protein expression, the flux
towards f-galactosidase is 12.4 times bigger in MG1655
AackA-pta, ApoxB, Apppc ppc-p37. This indicates that the
overexpression of an anaplerotic pathway afforded by PEP
carboxylase has a positive effect on recombinant protein
production.

In contrast to March et al. [7], who used a plasmid
encoding for the non-native anaplerotic enzyme pyruvate
carboxylase of Rhizobium etli, we fully exploited the
metabolic potential of E. coli. The stoichiometry of these
reactions is different. Whereas the pyruvate carboxylase of
Rhizobium etli converts pyruvate, bicarbonate and ATP to
oxaloacetate and inorganic phosphate, the phosphoenol-
pyruvate carboxylase of E. coli converts PEP and CO, to
oxaloacetate and anorganic phosphate. Thus, the latter
directly influences both the glucose uptake rate, due to the
competition of Ppc and PTS for the available PEP, and
more efficiently avoids the production of fermentation
products, e.g., lactate, because PEP is converted to oxalo-
acetate rather than pyruvate, which is a direct precursor of
both lactate and acetate.

A detailed insight into the flow of carbon throughout the
metabolic network was obtained using transient metabolic
flux analysis. The results clearly demonstrate the correlation
between the Ppc flux and recombinant protein production.
This is in contrast to March et al. [7], who only obtained an
outside view about the cell’s functioning under the per-
turbed genotype. The obtained results confirm the premise
that by improving the metabolic capacity to replenish the
TCA intermediates, recombinant protein production can be
improved. An alternative to further improve heterologous
protein production is overexpression of the pck gene, which
encodes for phosphoenolpyruvate carboxykinase. This
enzyme catalyzes the conversion of phosphoenolpyruvate,
CO; and ADP to oxaloacetate and ATP, which is energet-
ically favorable for the cell compared to phosphoenol-
pyruvate carboxylase or pyruvate carboxylase. In E. coli,
however, this reaction occurs predominantly in the reversed
direction. In Anaerobiospirillum succiniciproducens and
Mannheimia succiniciproducens, in contrast, this reaction
occurs predominantly is the desired direction. A possible
strategy could be to delete the endogenous pck gene and to
knock-in the heterologous pck gene of A. succiniciprodu-
cens or M. succiniciproducens in front of an artificial con-
stitutive promoter.

Conclusion

To improve our understanding of recombinant protein
synthesis in E. coli, we analyzed the production of the
model recombinant protein, f-galactosidase, in response to
the constitutive overexpression of an anaplerotic reaction
(PEP carboxylase). To compare the production of recom-
binant -galactosidase of E. coli MG1655 with and without
the increased constitutive phosphoenolpyruvate carboxyl-
ase activity and cutting off the acetate pathway, a chemostat
experiment at a dilution rate of 0.1 h™' was performed for
both strains prior to protein induction. During the sub-
sequent 7 h, the ptrc promoter of the pTrcHisTopoLacZ
plasmid was induced with 1 mM IPTG. In order to compare
the dynamics of the fluxes over time during the induction of
recombinant protein production, transient metabolic flux
analysis was applied. This revealed that the relative flux
towards fermentation products was higher in the wild-type
E. coli than in MG1655 AackA-pta, ApoxB, Apppc ppc-p37.
In MG1655 AackA-pta, ApoxB, Apppc ppc-p37, on the
other hand, the flux towards f-galactosidase was signifi-
cantly higher in MG1655 AackA-pta, ApoxB, Apppc
ppc-p37, resulting in five times more protein activity.
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