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Metabolic Regulation and Coordination
of the Metabolism in Bacteria in Response
to a Variety of Growth Conditions

Kazuyuki Shimizu

Abstract Living organisms have sophisticated but well-organized regulation sys-
tem. It is important to understand the metabolic regulation mechanisms in relation to
growth environment for the efficient design of cell factories for biofuels and
biochemicals production. Here, an overview is given for carbon catabolite regulation,
nitrogen regulation, ion, sulfur, and phosphate regulations, stringent response under
nutrient starvation as well as oxidative stress regulation, redox state regulation, acid-
shock, heat- and cold-shock regulations, solvent stress regulation, osmoregulation,
and biofilm formation, and quorum sensing focusing on Escherichia coli metabolism
and others. The coordinated regulation mechanisms are of particular interest in
getting insight into the principle which governs the cell metabolism. The metabolism
is controlled by both enzyme-level regulation and transcriptional regulation via
transcription factors such as cAMP-Crp, Cra, Csr, Fis, Py(GInB), NtrBC, CysB,
PhoR/B, SoxR/S, Fur, MarR, ArcA/B, Fnr, NarX/L, RpoS, and (p)ppGpp for
stringent response, where the timescales for enzyme-level and gene-level regulations
are different. Moreover, multiple regulations are coordinated by the intracellular
metabolites, where fructose 1,6-bisphosphate (FBP), phosphoenolpyruvate (PEP),
and acetyl-CoA (AcCoA) play important roles for enzyme-level regulation as well as
transcriptional control, while a-ketoacids such as a-ketoglutaric acid (aKG), pyru-
vate (PYR), and oxaloacetate (OAA) play important roles for the coordinated
regulation between carbon source uptake rate and other nutrient uptake rate such as
nitrogen or sulfur uptake rate by modulation of cAMP via Cya.
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Abbreviations

Metabolites

CIT Citrate

E4P Erythrose-4-phosphate

FBP Fructose-1,6-bisphosphate
F1P Fructose 1-phosphate

F6P Fructose-6-phosphate

Go6P Glucose-6-phosphate

GAP  Glyceraldehyde-3-phosphate
GOX  Glyoxylate

ICI Isocitrate

KDPG 2-keto-3-deoxy-6-phosphogluconate
aKG  o-ketoglutarate

MAL  Malate

OAA  Oxaloacetate

PEP Phosphoenolpyruvate

6PG 6-phosphogluconate

PYR  Pyruvate

Protein and enzymes

Ack
Acs
Adk

CS

Cya

EI

EIl

Fdp
FDH
Fhl
GAD
G6PDH
GAPDH
GOGAT
GS

HPr
Hyc
ICDH
Icl
KGDH
LDH
Mez
MS
NOX

Acetate kinase

Acetyl-coenzyme A synthetase
Adenylate kinase

Citrate synthase

Adenylate cyclase

Enzyme I

Enzyme 11

Fructose bisphosphatase

Formate dehydrogenase

Formate hydrogen lyase
Glutamate decarboxylase
Glucose-6-phosphate dehydrogenase
Glyceraldehyde-3-phosphate dehydrogenase
Glutamate synthase

Glutamine synthetase
Histidine-phosphorylatable protein
Hydrogenase

Isocitrate dehydrogenase
Isocitrate lyase

o-ketoglutaric acid dehydrogenase
Lactate dehydrogenase

Malic enzyme

Malate synthase

NADH oxidase
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Pck Phosphoenolpyruvate carboxykinase
PDH Pyruvate dehydrogenase

Pfk Phosphofructokinase

PGDH  6-phosphogluconate dehydrogenase
Pgi Phosphoglucose isomerase

Pox Pyruvate oxidase

Ppc Phosphoenolpyruvate carboxylase
Pps Phosphoenolpyruvate synthase

Pta Phosphotransacetylase

Pyk Pyruvate kinase

SOD Superoxide dismutase

Others

ED pathway  Entner—Doudoroff pathway
EMP pathway Embden—Meyerhof—Parnas pathway

PMF Proton motive force

PP pathway Pentose phosphate pathway
PTS Phosphotransferase system
ROS Reactive oxygen species

TCA cycle Tricarboxylic acid cycle
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1 Introduction

The living organisms on earth survive by manipulating the cell system in response
to the change in growth environment by sensing signals of both external and
internal states of the cell. The complex signaling networks interconvert signals or
stimuli for the cell to function properly. The transfer of information in signal
transduction pathways and cascades is evolved to respond to the variety of growth
environment. Metabolism is the core for energy generation (catabolism) and cell
synthesis (anabolism). Metabolic network, defined as the set and topology of
metabolic biochemical reactions within a cell, plays an essential role for the cell to
survive, where it is under organized control. The set of enzymes changes dynam-
ically in accordance with the change in growth environment and the cell’s state. The
enzymes that form the metabolic pathways are subject to multiple levels of regu-
lation, and it is becoming more and more important to deeply understand the overall
regulation mechanism. This may be made by integrating different levels of OMICS
information with the help of systems biology approach. Although huge amount of
information is embedded in genome, only a subset of the pathways among possible
topological networks is active at certain point in time under certain growth con-
dition. The keen interest is how it is managed by the cell with coordination of the
metabolism in response to the change in growth condition.

Recent investigation on the metabolism is widespread ranging from bacteria to
human, where much attention is focused on cancer cell metabolism [1-4]. The
metabolic capabilities allow various organisms to grow in various limiting condi-
tions and environmental niches in the ecological biosphere [5—7]. Many efforts have
been focused on the emerging challenges in sustainable energy, and green society,
as well as pharmaceuticals for human health by modifying the metabolic pathways
[8-15].

Deep understanding on the metabolic regulation mechanism is essential for all
these efforts for manipulating and redesigning the metabolism, and it is critical to
understand the basic principles which govern the cell metabolism [16-20]. Such
principles may be in common to various organisms, or some set of organisms, while
some are the specific to the organism of concern.

Biochemical logic of metabolic pathways may be determined based on key
biochemical constraints such as thermodynamic favorability, availability of enzy-
matic mechanisms, and physicochemical properties of pathway intermediates [16].
More specifically, there might be a connection between an organism’s growth
environment and thermodynamic and biochemical properties for the determination
of pathways [17]. How do organisms select the pathways among available path-
ways? For example, there are several glycolysis pathways such as Embden—-Mey-
erhof-Parnas (EMP) pathway and Entner—Doudoroff (ED) pathway, but how is the
pathway selected among them? The glucose metabolism may reflect a trade-off
between a pathway’s energy (ATP) yield and the amount of enzymatic protein
required to catalyze the pathway flux. From this point of view, some microor-
ganisms such as Zymomonas mobilis and Pseudomonas sp. mainly utilize ED



Metabolic Regulation and Coordination ... 5

pathway instead of most popular energy-intensive EMP pathway due to less
requirement of enzymatic protein together with thermodynamic preference [17].

In fact, the decision may be made not only by the above consideration, but it is
also made by transcriptional regulation together with global regulators or tran-
scription factors. Moreover, some specific metabolites are also involved for the
coordinated regulation of the metabolism. Here, an overview is given for the
metabolic regulation of microbes with special interest on the coordination of
regulation systems.

2 Transport of Nutrient and Waste

The gram-negative bacteria such as Escherichia coli have two concentric mem-
branes called outer and inner (or cytosolic) membranes surrounding the cytoplasm
with the space called periplasm between these two membranes (Fig. 1). These
membranes constitute a hydrophobic barrier against polar compounds. The outer
membrane contains channel proteins, called porin proteins, where porins are sub-
strate-specific, ion-selective, or nonspecific channels that allow the influx of small
hydrophilic nutrient molecules and the efflux of waste products, antibiotics, and
inhibitors [21, 22]. Among porins, OmpC and OmpF are the most abundant porins
under typical growth condition. Their relative abundance changes depending on the
osmolarity, temperature, and growth phase. Glucose is transported through these
porins by diffusion when glucose concentration is higher above 0.2 mM [23, 24],
while under glucose limitation, another porin LamB is induced, where LamB has
high affinity to glucose [24].

The porin genes are under control of two-component system such as EnvZ-
OmpR system, where EnvZ is an inner membrane sensor kinase, and OmpR is the
cytoplasmic response regulator. In response to the environmental signals such as
osmolarity, pH, temperature, nutrients, and toxins, EnvZ phosphorylates OmpR

Fig. 1 Glucose transport via Glucose
PTS and other transporters e e e
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(OmpR-P), and OmpR-P activates the expression of such porin genes as ompC and
ompF [21]. The outer membrane is important to protect the cell from harsh envi-
ronmental condition.

The first step in the metabolism of carbohydrates is the transport of these
molecules into the cytosol through inner or cytosolic membrane. Various carbo-
hydrates can be transported by several mechanisms in bacteria [25]. The CO, and
ammonia (NHz)/ammonium (NH,*) may be transported through membrane by
diffusion, where AmtB, which has the high affinity to ammonia, is induced and
plays an important role for ammonia uptake under ammonia limitation. Without
such a system, the important N-source, ammonia, is diffused out of the cell.

Primary transport of sugars is driven by ATP, while secondary transport is
driven by electrochemical gradients of the translocated molecules across the
membrane via symporters or anti-porters [26]. Sugar uptake by group translocation
is unique for bacteria and is involved in the phosphotransferase system (PTS) as
explained in the next section. So far, 21 PTSs have been identified in E. coli, while
others are transported by non-PTS transporters [27]. The transporters for acids are
rarely identified except formate (Foc) and acetate (ActP, YjcH), where other acids
may be transported by diffusion. It is of interest to recognize [16] that charged
compounds such as pyruvate, glycerate, and lactate may not be easily pass through
hydrophobic lipid membrane [28-30]. On the other hand, uncharged molecules
such as glucose, fructose, dihydroxyacetone, and glyceraldehydes can diffuse more
freely through membrane [30-32]. Thus, a charged moiety such as phosphate group
serves to reduce or prohibit their escape from the cell [33, 34]. From this point of
view, it is of interest to see the fact that all the glycolysis, pentose phosphate (PP)
pathway, and ED pathway metabolites are phosphorylated except pyruvate, while
TCA cycle metabolites are not phosphorylated.

3 PTS and Carbon Catabolite Regulation

In the metabolic regulation, carbon catabolite regulation (CCR) plays far important
roles from the points of view of energy acquisition and biomass synthesis, where
PTS pays an important role [35]. In PTS, the phosphate is transferred from phos-
phoenolpyruvate (PEP) via successive phosphorelay reactions in turn by EI, HPr,
EIIA®", and EIICB®" to glucose (Fig. 1) [36]. Unphosphorylated EITA®' inhibits
the uptake of other carbohydrates by the so-called inducer exclusion [37, 38], while
phosphorylated EITAS" (EITA®'°-P) activates adenylate cyclase (Cya), which gen-
erates cyclic AMP (cAMP) from ATP, and leads to an increase in the intracellular
cAMP level, where cAMP combines with the global regulator Crp (cAMP receptor
protein) yielding cAMP-Crp complex, and plays an essential role for catabolite
regulation. If the concentration ratio between PEP and pyruvate (PYR) (PEP/PYR)
is high, EITAS" is predominantly phosphorylated, while if this ratio is low, phos-
phorylated EIAS" (EITA®"-P) is dephosphorylated [39]. Catabolite repression
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occurs not only by PTS-oriented regulation, but also by such catabolites as o-
ketoacids as will be explained for the metabolic coordination.

Consider how the catabolite regulation affects the metabolism in response to the
change in glucose consumption rate or the perturbation in the glycolysis activity.
For this, it is useful to consider the continuous culture. In the continuous culture, as
the dilution rate or the specific growth rate was increased, the glycolytic flux or the
specific glucose consumption rate increases, and fructose 1,6-bisphosphate (FBP)
concentration increases [40, 41]. The increased FBP allosterically enhances the
activity of Pyk and Ppc by feed-forward control (Fig. 2a). Then, PEP concentration
tends to be decreased due to the activation of Pyk and Ppc. PEP molecule allos-
terically inhibits Pfk activity by feedback regulation, and thus, the decrease in PEP
concentration causes Pfk activity to be increased, and the glycolysis flux further
increases, and in turn, FBP concentration increases more. Roughly speaking, in
accordance with the increase in the glucose uptake rate, the intracellular metabolite
pools of the upper glycolysis from glucose 6-phosphate (G6P) to glyceraldehydes
3-phosphate (GAP) increase, while those lower glycolysis from GAP to PEP
decreases [40]. As stated above, there is a one-to-one relationship between the
upper glycolysis flux and the FBP concentration. Moreover, the fluxes of lower
glycolysis and the feed-forward activation of FBP on Pyk show the similar

Glucose Glucose
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Fig. 2 Catabolite regulation of the central metabolism: a enzyme-level regulation, b overall
enzyme-level and transcriptional regulations
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relationship in the case of wild-type strain, where the metabolic fluxes may be
considered to be sensed by molecular systems as “flux sensors” [41-43]. The
meaning of this notion is that instead of preparing many nutrient-specific receptors
for the cell to sense the variety of environmental signals, the flux-sensing system
simply recognizes the fluxes by the specific intracellular metabolite as integral
signal.

On the other hand, the decrease in PEP makes PEP/PYR ratio to be decreased.
This causes EIIA“'“-P to be dephosphorylated and in turn less activates Cya, and
thus, cAMP is less formed. As a result, cCAMP-Crp level decreases, which
decreases the expression of ptsG (Table 1), and this causes the decrease in the
glucose uptake rate. This forms a negative feedback loop for the initial increase in
the glucose uptake rate [44, 45] (Fig. 2b). This indicates that PTS plays an essential
role from the robustness point of view. Moreover, the decrease in cAMP—Crp also
represses the expression of the TCA cycle genes (Table 1) (Fig. 2b).

In addition to cAMP-Crp, the catabolite repressor/activator protein (Cra) plays
also an important role in the control of carbon flow in E. coli [46], where the carbon
uptake and glycolysis genes are repressed, while gluconeogenic pathway genes are

Table 1 Effect of global regulators on the metabolic pathway gene expressions

Global Metabolic pathway genes
regulator
Cra +: aceBAK, cydB, fbp, icdA, pckA, pgk, ppsA

—: acnB, adhE, eda, edd, pfkA, pykF, zwf
Crp (cAMP- +: aceEF, acnAB, acs, focA, fumA, gltA, IpdA, malT, manXYZ, mdh, mlc,

Crp) pckA, pdhR, pfiB, pgk, ptsG, sdhCDAB, sucABCD, ugpABCEQ,
—: cyaA, IpdA, rpoS
ArcA/B +: cydAB, focA, pflB

—: aceBAK, aceEF, acnAB, cyoABCDE, fumAC, gltA, icdA, IpdA, mdh,
nuoABCDEFGHIJKLMN, pdhR, sdhCDAB, sodA, sucABCD

Mic —: crr, manXYZ, malT, ptsG, ptsHI
PdhR —: aceEF, IpdA
CsrA +: eno, pfkA, pgi, pykF, tpiA
—: fbp, glgC, glgA, glgB, pgm, ppsA, pckA,
Fur —: entABCDEF, talB, sodA
RpoS +: acnA, acs, ada, appAR, appB, argH, aroM, dps, bolA, fbaB, fumC, gabP,

gadA, gadB, katE, katG, 1dcC, narY, nuv, pfkB, osmE, osmY, poxB, sodC,
talA, tktB, ugpE, C, xthA, yhgY,

: ompF
SoxR/S +: acnA, cat, fumC, fur, sodA, sox, zwf
OxyR +: ahpC, ahpF, katG:
PhoR/B +: phoBR, phoA-psiF, asr, pstSCAB-phoU
—: phoH, phnCHN, ugpA, argP
Fnr : acs, focA, frdABCD, pfiB, yfiD

|+

: acnA, cyoABCDE, cydAB, fumA, fnr, icdA, ndh,
nuoABCEFGHIJKLMN, sdhCDAB, sucABCD
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activated by Cra (Table 1). As mentioned above, the increase in the glucose uptake
rate causes an increase in FBP concentration, where FBP inhibits Cra activity [47].
This causes the increase of the expression of the glycolysis genes such as pfkA and
pykF, while it represses the expression of gluconeogenetic pathway genes such as
fbp, ppsA, and pckA (Table 1), which implies acceleration of the glycolytic fluxes
(Fig. 2b). The decrease in Cra activity also affects TCA cycle genes such that icdA
and aceA gene expression is repressed, and thus, TCA cycle is further repressed by
this mechanism (Fig. 2b). The increase in the glycolysis activity and the decrease in
the TCA cycle activity cause more acetate production (Fig. 2b). This is the
mechanism of acetate overflow metabolism in E. coli. The decrease in cAMP-Crp
level also represses acs expression (Table 1), and this also causes acetate
accumulation.

The question may arise as to why TCA cycle activity must be repressed in
accordance with the increased activity of glycolysis. The cell growth rate might be
more enhanced if the TCA cycle is not repressed, gaining more ATP from the
increased NADH production at the TCA cycle. In fact, although the TCA cycle
activity is repressed as mentioned above with the increase in glucose uptake rate
[48-50], the absolute TCA cycle fluxes on the mmol basis tend to increase because
the specific glucose consumption rate is increased [50]. This means that the res-
piration is activated with the increased production of NADH, and more reactive
oxygen species (ROS) are generated in the respiratory chain and cause damage to
the cell. This is the reason why the TCA cycle has to be repressed at higher glucose
consumption rate. Of course, the cell furnishes a detoxifying system for ROS,
where the transcription factors such as SoxR/S and OxyR play important roles for
such oxidative stress regulation as will be mentioned later. The reducing equivalent,
NADPH, plays an important role for detoxification of ROS as implied by the fact
that SoxS activates zwf gene expression (Table 1). In the case of yeast and higher
organisms, glutathione plays the similar role, where its production is enhanced by
NADPH. The 6PGDH and G6PDH activities have been known to be the growth
rate dependent [51], where the activation of the oxidative PP pathway is considered
to be due to NADPH requirement for biosynthesis. However, the oxidative stress
may also affect the activation of the oxidative PP pathway at higher cell growth rate.
Moreover, some microbes such as E. coli produce NADPH at ICDH as well
(instead of NADH) in the TCA cycle, where this is also related to the oxidative
stress regulation as will be mentioned later.

4 Acetate Overflow Metabolism and the Reduction
of Acetate Formation in E. coli

A major obstacle for the commercial scale production of useful recombinant pro-
teins is the undesirable by-products formation. Among them, acetate formation is
by far crucial in the case of E. coli, because it retards the cell growth, and it inhibits
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protein formation. Moreover, such by-product formation causes a diversion of
carbon that might otherwise have generated biomass or protein product [52].

The living organisms utilize energy in a highly efficient manner. However, some
portion of energy is utilized for the cell maintenance, thus affecting the biomass
yield. Recent studies on exact carbon balance together with thermodynamic argu-
ments indicate that cells might have another avenue for energy utilization, where
such phenomenon is called “energy spilling” [53, 54]. Under aerobic condition,
E. coli mainly converts carbon source into biomass and CO,, where the production
of CO, is the loss of carbon, which determines the cell yield. A notable amount of
carbon is also lost as acetate in particular at higher cell growth rate [49, 50, 55].
Another carbon wasting occurs toward pyrimidine pathway intermediates such as
dihydroorotate, carbamoylaspartate, and orotate [54].

In E. coli, acetate is formed from acetyl-coenzyme A (AcCoA) by phospho-
transacetylase (Pta) and acetate kinase (Ack) and from pyruvate by pyruvate oxi-
dase (Pox) [56]. Acetate can be metabolized to AcCoA either by the reversed
reactions of Pta—Ack or by acetyl-CoA synthetase (ACS) (Fig. 3a). Acetate for-
mation has been known to be due to metabolic imbalance, also known as overflow
metabolism as mentioned before, where the rate of acetyl-coenzyme A (AcCoA)
formation via glycolysis surpasses the capacity of the TCA cycle in E. coli [57].
The mechanism of reducing the accumulated AcCoA, thus reducing acetate for-
mation, is embedded in the cell metabolism. Namely, the anaplerotic pathway
enzyme Ppc is allosterically activated by FBP and AcCoA [58], where the accu-
mulated AcCoA activates Ppc, thus reducing PEP concentration, and in turn, the
incoming flux through Pyk—PDH reduces, while the outgoing flux through citrate
synthase (CS) increases caused by the increased OAA due to the activated Ppc

(a) Gluclase
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Fig. 3 Acetate metabolism: a acetate producing and consuming pathways, b homeostasis of
AcCoA
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(Fig. 3b). This means that AcCoA pool is in principle kept constant by such
homeostatic regulation.

Since recombinant protein production is related to biomass formation, much
attention has been paid on high cell density culture with reduced acetate formation
[59]. The conventional approach to avoid or reduce acetate formation and attain
high cell density culture is to reduce the glycolysis flux by keeping the substrate
concentration at low level by fed-batch operation. The similar approach has been
considered for baker’s yeast cultivation to avoid ethanol production caused by
Crabtree effect. The typical fed-batch culture is performed by employing feed-
forward-type exponential and constant feeding profile [60], or feedback type of DO-
stat [61, 62] and pH-stat [63]. In any case, feed-forward strategy must be com-
pensated by feedback control. However, DO-stat and pH-stat strategies are based on
the signals of substrate limitation, and the substrate-limited growth causes excessive
energy consumption for the cell maintenance [64]. Moreover, in large-scale fed-
batch culture, the substrate is distributed in space in the culture broth, and the
gradients of substrate concentrations affect the cell growth, product formation, and
cell viability [60, 65-67].

Another approach to reduce the glucose uptake rate is to modulate the substrate
uptake pathway such as PTS, where the PTS mutation together with activation of
other transporters can contribute for recombinant protein production with reduced
acetate formation [52]. However, the cell growth rate inherently decreases in such
mutants. Moreover, the regulation system as illustrated in Fig. 2b is not guaranteed
for the robustness.

Since the main reason of acetate overflow metabolism is the repression of the
TCA cycle caused by the increased substrate uptake rate as explained above, one
idea is to activate TCA cycle by the knockout of arcA gene which codes for ArcA,
and activate Acs by pka gene knockout [68]. However, the cell yield decreases and
the cell growth rate decreases as will be also mentioned later for the roles of redox
regulators such as ArcA/B.

5 Catabolite Regulation for the Uptake of Various Carbon
Sources

The metabolite regulation differs depending on the carbon sources used, and this
also affects acetate metabolism. Here, consider this for the typical carbon sources
often used for biofuels and biochemicals production such as glycerol, xylose,
fructose, and arabinose.

Glycerol, a rather “energy-poor” carbon source, has been paid recent attention for
the production of biofuels and biochemicals such as 1,3-propanediol, 2,3-butanediol,
ethanol, n-butanol, organic acids, and polyol, since it is a by-product of the biodiesel
production [69-73]. In E. coli, glycerol is transported and phosphorylated to produce
dihydroxy acetone phosphate (DHAP) of the central metabolism via the pathways
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encoded by glpF, glpK, and glpD, where ATP (or in certain cases PEP) is used for the
phosphorylation at GIpK reaction, while NADH is produced at GlpD reaction
(Fig. 4a). These genes are under catabolite regulation by cAMP—Crp, so that glycerol
is assimilated after glucose was depleted if glucose coexists. In the case of using
glycerol as a single carbon source, cCAMP-Crp increases by the mechanism as
mentioned before due to the increase in the phosphorylated EITAS", where cAMP—
Crp induces glpF, glpK, and glpD genes via glpR. Proteomic and enzymatic assay
studies for the case of using rich media, fructose bisphosphatase (Fdp), the gluco-
neogenesis enzyme in the upper glycolysis is activated for the fluxes toward PP
pathway, while glyoxylate shunt is repressed [74]. Since FBP concentration
decreases in the case of using glycerol as a carbon source, Cra is activated, and this
together with up-regulation of cAMP-Crp causes pckA gene expression as well as
TCA cycle gene expression to be up-regulated [75]. Moreover, pykA gene expression
is activated instead of pykF gene in the case of using glycerol [75], where pykF is
repressed by Cra, while pykA is activated by AMP.

The metabolism slightly changes depending on the strain. For example, in E. coli
JM101 cultivated in minimal medium using glycerol as a carbon source, co-con-
sumption of acetate and glycerol occurs, where the acetate produced via Pox is
utilized via Acs and glyoxylate shunt, and little acetate is produced [73]. This may
be caused by the higher levels of cAMP—Crp and Cra.

In the case of using glycerol as a carbon source, the glycerol uptake rate is low,
and thus, the cell growth rate is also low. This is the main drawback of using
glycerol as a carbon source in practice. The slow uptake rate of glycerol is due to
allosteric inhibition of GlpK by FBP, where this may be considered to avoid the
toxic methylglyoxal production caused by the accumulation of DHAP (Fig. 4a)
[76]. The glycerol uptake rate can be increased by modulating GlpK by evolutional
mutation with relaxing of feedback inhibition of GIpK by FBP [76]. However, as
the glycerol uptake rate is increased, and the cell growth rate is increased, the
phosphate of PEP or EI-P may be used for the phosphorylation at GlpK reaction,
and thus, the phosphorylation level of EIIAC* decreases, and in turn, cAMP level
decreases and represses TCA cycle, causing acetate overflow metabolism [77].

In the case of using fructose, it is transported by fructose PTS, which has its own
HPr-like protein domain called FPr. Namely, the phosphate of PEP is first trans-
ferred to EI (as EI-P), but then, this phosphate is transferred to FPr instead of HPr,
and in turn, the phosphate is transferred via fructose-specific EIIA™ and EIIBC™
to fructose, where phosphorylated fructose becomes fructose 1-phosphate (F1P),
where F1P inhibits Cra activity [47]. The fruBKA operon is under the control of
cAMP-Crp, and thus, glucose is preferentially consumed by glucose PTS when
glucose coexists, while this operon is repressed by Cra (Fig. 4b) [78]. Because of
this, Cra gene knockout enables co-consumption of glucose and fructose with
fructose to be consumed faster as compared to glucose (Fig. 5) [79]. Why was the
fructose consumed faster than glucose, although the glycolysis activity increases
upon Cra gene knockout [80, 81]? The possible scenario might be as follows:
Namely, the activated FPr in Cra mutant competes with HPr (for glucose phos-
phorylation) for the phosphate of EI-P. Since phosphorylation of ETA®' via HPr
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becomes lower [82], the glucose uptake rate decreases as compared to the wild-type
strain [79]. However, it is not still clear about the detailed mechanism on why
catabolite repression is relaxed by Cra gene knockout.

In the case of using xylose as a carbon source, it is transported either by an ATP-
dependent high-affinity ABC transporter encoded by xy/[FGH or by ATP-inde-
pendent low-affinity proton symporter encoded by xylE (Fig. 4b) [83, 84]. In the
case of xylose utilization, the transcription factor XyIR regulates xylAB/xylFGH
[85], where xyIR is under the control of cAMP-Crp, and thus, catabolite repression
occurs when glucose coexists, where glucose is preferentially consumed first. In the
case when fructose coexists, phosphorylation of fructose is made via FPr, reducing
the phosphorylation of HPr, and cAMP-Crp level becomes lower due to less
phosphorylation of EITAS", and in turn, fructose is consumed faster as compared to
xylose consumption (Fig. 5) [79]. In the case of anaerobic fermentation, NADH
reoxidation and substrate-level phosphorylation for ATP generation are important,
and ATP generation by Ack pathway is critical for survival in the case of using only
xylose as a carbon source [86].

As for the assimilation of arabinose, the transporters are encoded by araF,
araFGH, and araJ [87-89], while araBAD encodes arabinose catabolic enzymes.
The arabinose system is under control of cAMP-Crp and AraC, where araC gene
expression is activated by L-arabinose [90, 91].

As mentioned previously, the selective carbon source assimilation among
available carbon sources forms a hierarchy, where glucose utilization is the highest
priority in E. coli. Among pentose sugars such as xylose and arabinose, arabinose is
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the preferred carbon source as compared to xylose [92, 93], where the transcription
factor AraC represses xylR, while araC is under control of cAMP—Crp (Fig. 4c)
[93]. This hierarchy changes by the specific gene knockout such as Cra gene
knockout as mentioned above.

6 Transition of the Metabolism During Batch Culture

Since most of the industrial fermentations are conducted in batch mode, it is
important to understand how the metabolism changes with respect to time, where
various nutrient limitation and environmental stresses change and affect the
metabolism [18, 19]. The '*C-metabolic flux analysis is useful to track the change
in the metabolic flux distribution during batch cultivation [94]. The typical growth
condition changes from glucose-rich to acetate-rich condition and changes further
to carbon-starved condition in the batch culture (Fig. 6). This requires a significant
reorganization of the central metabolism. Since it invokes network-wide metabolic
adaptation, it is one of the current targets of systems biology [42, 95].

Although the molecular mechanism underlying the metabolic transition from
glucose to acetate has been extensively investigated in E. coli [56], its dynamics
with respect to the sequence and timing of the molecular events have been poorly
understood. Recently, this has been clarified to some extent, where the timescales
for gene expression and enzyme regulation with metabolites are different [96].
Since it is critical for the cell to efficiently and quickly reprogram the metabolism
for efficiently assimilating the nutrients under ever-changing environmental con-
dition, the cell must have the elaborate managing system to cope with the envi-
ronmental changes. In particular, enzyme-level regulation plays an important role
for this, where Pyk and Ppc are allosterically activated by FBP as mentioned before.
After glucose depletion, FBP concentration decreases accordingly, and Ppc and Pyk
activities decrease by allosteric regulation, and PEP consumption is almost com-
pletely turned off. These make PEP concentration to be increased, and this buildup
of PEP is kept nearly constant during certain period, and this may serve to quickly
uptake the glucose by PTS if it becomes available again (Fig. 6b) [94, 97]. This
mechanism is important for the fed-batch culture compensated by DO-stat or pH-
stat, where carbon limitation often occurs periodically, and the uptake of carbon
source can be made quickly and efficiently without delay giving little damage to the
cell, while this may not be the case for the cells without having such regulation
mechanism.

During batch culture, several transcription factors such as cAMP—Crp, Cra, Fis,
Csr, RpoS, RpoD together with RelA and SpoT play important roles for catabolite
and nutrient regulation in coordination among them depending on the growth
phases. Considering the roles of such transcription factors, where cAMP—-Crp and
Cra have already been explained, carbon storage regulator (Csr) is explained in the
next section.
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In E. coli, Fis (factor for inversion stimulation) is the most abundant during
exponential growth phase [98]. Fis levels peak during early growth phase and
thereafter decrease until they become very low during stationary phase [99], where
Fis transcription is repressed by the stringent response [100], and Fis is subject to
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growth rate control [101]. The stringent control and the growth control all require
the stringent response regulator DksA [101], where (p)ppGpp (guanosine 3',5'-
bisphosphate including penta-phosphate pppGpp) and DksA interact with RNAP
[102]. Fis plays a widespread role in signaling conditions of high nutritional control
and outfitting the cells for efficient nutrient uptake and rapid growth [99]. Fis also
plays a role in signaling poor nutritional condition, where in response to amino acid
starvation, Fis is subject to severe and rapid negative control by the stringent
response [101].

Bacteria generally have distinct strategies for the starvation in different nutrient
sources. The individual hunger responses may be superimposed on a common
protective starvation response [103]. Carbon limitation occurs at the onset of the
stationary phase and leads to amino acid limitation, which requires the signaling
pathways via RelA and SpoT during carbon and amino acid limitation [60]. During
stringent response, nutrient limitation leads to the accumulation of ppGpp [104],
which may bind to RNA polymerase [105], where ribosomal RNA and proteins are
negatively regulated by ppGpp, which implies that protein biosynthesis declines,
and in turn, the cell growth rate decreases. During amino acid limitation, (p)ppGpp
is mediated by RelA. The accumulation of (p)ppGpp depends on the dual activity of
SpoT as (p)ppGpp-hydrolase or ppGpp synthetase (Fig. 7). SpoT is activated in
response to fatty acid starvation, carbon source starvation, diauxic shifts, phosphate
limitation, ion limitation, hyper-osmotic shock, and oxidative stress [106].

The alamone ppGpp is involved in the regulation of ¢° on the transcriptional and
posttranscriptional level [107], where ppGpp concentration increases with lower
growth rates and affects RpoS, and ppGpp accumulates immediately after onset of
nutrient starvation. The elevation of 6> negatively regulates °-dependent house-
keeping genes [108]. Moreover, ppGpp influences the competition between dif-
ferent stress-related sigma factors in the binding of RNA polymerase core enzyme
at the expense of 6" [109] and RNA polymerase availability [60]. RpoS plays an
important role at the stationary phase or carbon-starved conditions as well as other

° o ° ‘ Protein ‘ Cell

Ammo Acids

Fig. 7 Stringent response under amino acid limitation and regulation
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stress conditions in E. coli [107, 110, 111]. Under normal situation with rich media,
RpoS is rapidly degraded by ClpXP proteases, and the proteolytic activity of this
enzyme is considerably reduced [107, 110, 111]. RpoS tends to increase as the
cultivation proceeds from late growth phase to the stationary phase of the batch
culture [112, 113].

After the stationary phase in the batch culture, the death phase and long-term
stationary phase follow [114]. During the stationary phase, nutrient becomes
exhausted, and waste products gradually accumulate, which may become a stress to
the cell, and this eventually leads to the death phase in which the number of viable
and culturable cells declines. Since majority of the cells in the death phase are
viable but nonculturable or dying, nutrients from a portion of such cells are released
into the medium. The released nutrients support the survival of the remaining
culturable cells, and viable and culturable cells can survive for months or years in
the long-term stationary phase [115, 116]. The c"-dependent cell lysis is to elim-
inate damaged cells in the stationary phase in E. coli [116], where the cell lysis
proceeds in the cascade of 6© — expression of micA and rybB — reduction in Omp
proteins in the outer membrane — disintegration of outer membrane [117]. The cell
lysis cascade appears to be related to the oxidative stress in the early stationary
phase [118].

7 Carbon Storage Regulation

In the batch culture, the glycogen decreases during early growth phase or induction
phase and increases at the late growth phase (Fig. 6) [119]. In the typical batch
culture, glucose consumption rate is low during early growth phase or the induction
phase, which may be due to glycogen utilization during unbalanced nutrient con-
dition. Moreover, glycogen is accumulated at the late growth phase when the
carbon source is going to be limited, which may be due to the preparation of carbon
source as glycogen to be used under carbon source starvation. Csr plays an
important role for such phenomenon.

The Csr system influences a variety of physiological processes such as central
carbon metabolism, biofilm formation, motility, peptide uptake, virulence and
pathogenesis, quorum sensing, and oxidative stress response [120-123]. Csr is
controlled by the RNA binding protein CsrA, a posttranscriptional global regulator
that regulates mRNA stability and translation [123], where CsrA is regulated by two
sRNAs such as CsrB and CsrC [124-126]. CsrA regulates the central carbon
metabolism and glycogenesis such that glycogen synthesis pathway gene expres-
sion, as well as gluconeogenic pathway gene expression, is repressed, while gly-
colysis gene expression is activated [120, 127] (Table 1).

Two sigma factors such as 6’° and ¢° affect csrA gene expression [122, 128]. In
fact, the strong positive effects of ppGpp and DksA on csrB/C transcription and
negative effects of CsrA on RelA expression and (p)ppGpp accumulation during
stringent response [129]. This suggests that CsrB through CsrA directly regulates
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DksA, thereby forming a positive feedback loop, and also, DksA and ppGpp
activate the expression of csr genes [129], indicating the links between CsrA/B and
the stringent response [129, 130].

The csr gene knockout affects the central metabolism such that the glycolysis
activity is repressed (and the oxidative PP pathway is activated) together with
acetate formation in the case of using glucose as a carbon source [131]. In the case
of using gluconate as a carbon source, ED pathway is exclusively used for csrA
mutant [131]. In the above cases, FBP concentration decreases [131], and thus, Cra
may be activated and affects the metabolism by repressing glycolysis genes.

The csrA gene disruption also causes a significant increase in PEP concentration,
since CsrA activates pykF' gene expression, while it represses pckA and ppsA genes.
The precursors of shikimate pathway for aromatic amino acids formation are a
single E4P and two PEP molecules, and thus, over-expression of tktA with csrA
gene disruption enhances phenylalanine biosynthesis [132].

Moreover, biofuels production can be improved by the over-expression of CsrB
by activating native fatty acid and heterologous n-butanol and isoprenoid pathways
[130]. In particular, CsrB-mediated degradation of CsrA drives over-expression of
glgCAP operon, which results in the accretion of the storage polysaccharide
glycogen.

8 Nitrogen Regulation

Next to carbon (C) source metabolism, nitrogen (N) metabolism is important to
understand the cell metabolism. The N-regulation is controlled by ¢>* encoded by
rpoN. The main players in the hierarchical network for nitrogen metabolism and
regulation are the ammonia transporter AmtB and a glutamine transporter GInHPQ,
metabolic pathways such as glutamate dehydrogenase (GDH) encoded by gdhA,
glutamine synthetase (GS) encoded by ginA, and glutamate synthase (GOGAT)
encoded by gltBD, the two bifunctional enzymes such as adenylyl transferase/
adenylyl-removing enzyme (ATase) and uridylyl transferase/uridylyl removing
enzyme (UTase), the two-component regulatory system composed of the histidine
protein kinase, nitrogen regulator II (NRyp) encoded by ginL and the response
regulator I (NR;) encoded by glnG, three global transcriptional regulators such as
nitrogen assimilation control (Nac) protein, leucine-responsive regulatory protein
(Lrp), and Crp, the glutaminases, and the nitrogen phosphotransferase system [133].

N-source such as ammonia (NHz)/ammonium (NH4") is predominantly assim-
ilated at glutamate dehydrogenase (GDH) reaction, where a-ketoglutarate (aKG) is
converted to glutamic acid (Glu), where NADPH is required for this reaction
(Fig. 8). Then, glutamate is converted to glutamine (Gln) at glutamate synthetase
(GS) reaction, where NH3/NH," and ATP are required for this reaction. Thus, the
flux goes from aKG via Glu to GIn, and thus, Gln accumulates under excess
ammonia condition. Under N-limitation, the expression of gdhA, which encodes
GDH, is repressed by Nac, and thus, Gln concentration decreases, and aKG
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accumulates, where glutamate is formed from Gln by glutamate synthase (GOGAT)
reaction (Fig. 8). Namely, under N-limitation, GS/GOGAT cycle plays an important
role.

Intracellular ammonium is assimilated into biomass in two steps: Namely, it is
first captured in the form of glutamic acid using carbon skeleton of aKG via GS/
GOGAT cycle. Then, N-group in glutamate is transferred by aminotransferase
reactions to synthesize other amino acids thus incorporating into biomass, while
recycling the carbon skeleton back to aKG [134]. The aKG pool, which integrates
imbalance between the ammonium assimilation flux and the biomass incorporation
flux, activates AmtB [135—-137] via GInK. If ammonia level drops, then the rate of
ammonia assimilation will drop immediately, which results in aKG accumulation
[138]. When extracellular ammonia concentration is low around 5 uM or less,
ammonia is captured and transported into the cell via AmtB and is converted to
glutamine by GS, and UTase uridylylates both GInK and GInB [139] (Fig. 9).
When extracellular NH,* concentration is more than 50 uM, glutamine pool rises,
and UTase deuridylylates GInK and GInB. Then, GInK complexes with AmtB,
thereby inhibiting the transport via AmtB, and ammonia may enter by diffusion. Py
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(GInB) interacts with NtrB (NRy;) and activates its phosphatase activity leading to
dephosphorylation of NtrC (NRj), and NtrC-dependent gene expression ceases
(Fig. 9) [139].

Lrp regulates the expression of such genes as involved in catabolism and
anabolism of amino acids (AAs). In particular, leucine indicates AA sufficiency,
and it is affected by Lrp, where Lrp does not restrict to leucine but the other AAs
such as isoleucine, histidine, and threonine. Lrp may activate gltBD and pyridine
nucleotide transhydrogenase [133].

When arginine is abundant, the transcription factor ArgR binds to arginine to
repress arginine biosynthesis enzymes [140] and activates arginine degradation
enzymes [141]. This regulation is also subject to the NtrC regulation.

The GInHPQ enables active transport of glutamine into the cell with higher
specificity, where glnH is the structure gene for the periplasmic binding protein,
glnP gene codes for the membrane-bound glutamine permease, and ginQ codes for
the ATP hydrolyzing component of ABC transporter system [133].

Two of the major signal transduction systems of N and C metabolisms are
identified as Py; (GInB) and PTS. Because of the important roles in the regulatory
functions, Py and PTS can be regarded as the central processing units of N and C
metabolisms, respectively. The Py protein senses aKG and ATP and thus links the
state of central carbon and energy metabolism for the control of N assimilation
[142]. N assimilation is regulated by Py-Ntr system together with Crp, providing a
regulatory network between C and N assimilation in E. coli [143, 144]. The C and
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N metabolisms may be linked by energy metabolism, where Py controls N
assimilation by acting as a sensor of adenylate energy charge. Moreover, aKG serves
as a cellular signal of C and N status and strongly regulates Py functions [145]. Gln
and oKG are the signal metabolites for nitrogen and carbon status, respectively, and
these signals regulate GS adenylylation state and nitrogen regulator I (NR; or NtrC)
phosphorylation state [146]. Nitrogen shortage is reflected by the reduced Gln levels
and increased aKG level [138, 147]. This ratio is substantially constant under
C-limitation, where this constant ratio is the result of tight regulation of ammonia
assimilation to match exactly the carbon uptake rate. This ratio is insensitive to
variations in protein levels of the core circuit and to the N-utilization rate, and this
robustness depends on bifunctional enzyme adenylyl transferase [148].

During N-limitation, a sudden increase in nitrogen availability results in
immediate increase in glucose uptake, and oKG plays an important role for this,
where aKG directly reduces the glucose uptake under N-limitation by inhibiting EI
of PTS (Fig. 8) [149]. This implies the followings: (1) aKG inhibition of sugar
uptake is for all PTS sugars by inhibiting EI but not carbohydrate-specific EII; (2)
this is performed without perturbing the concentrations of the glycolytic interme-
diates such as G6P, PEP, and PYR; (3) inhibition of EI by aKG leads to reduced
amount of phosphorylated EITA®'® and decreases cAMP level, where the effect of
oKG on cAMP production is caused by the difference in EITA®' phosphorylation
rather than a difference in substrate availability [149]. Not only aKG but also other
a-ketoacids such as OAA and PYR play also the similar roles and affect not only
PTS but also the cAMP level by Cya [150]. Moreover, 0KG is a promiscuous
enzymatic regulator that competitively inhibits citrate synthase (CS) of the TCA
cycle and 3PG dehydrogenase for serine biosynthesis and further controls aspartate
production by product inhibition of transaminase under N-limitation [149]. aKG
noncompetitively inhibits EI and Pps, while PtsP (EI homolog in the nitrogen PTS)
is insensitive to oKG.

In addition to carbohydrate PTS, most proteobacteria possess a paralogous
system such as nitrogen phosphotransferase system PTS™", where it consists of
EIN" encoded by ptsP, NPr encoded by ptsO, and EINANY encoded by ptsN, which
are paralogues to the carbohydrate PTS components such as EI, HPr, and EIIA,
respectively [151-153]. E. coli PTSN" plays a role in relation to K* uptake, where
dephosphorylated EITAN" binds to and regulates the low-affinity K* transporter
TrkA [154] and the K*-dependent sensor kinase KdpD [153, 155]. K" regulates
global gene expression involving both 6’%- and cs-dependent promoters [156].
Moreover, dephosphorylated EITAN" modulates the phosphate starvation response
through interaction with sensor kinase PhoR [157]. Dephosphorylated form of
PTSN" interacts with and inhibits LpxD, which catalyzes biosynthesis of lipidA of
the lipopolysaccharide (LPS) layer [158].

Although the physiological role of PTS™ has not been well known, glutamine
and oKG reciprocally regulate the phosphorylation state of the PTSN" by direct
effects on EIN" autophosphorylation. This implies that PTSN" senses nitrogen
availability [159].
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9 Sulfur Regulation

Under sulfur (S) limitation, at least three metabolites such as sulfide, the reduction
product of sulfate used for cysteine biosynthesis; N-acetylserine, the only precursor
of cysteine; and adenosine 5’-phosphosulphate (APS), the first intermediate in
sulfate assimilation, are involved for the metabolic regulation [160, 161]. Under S-
limitation, the concentrations of sulfide and APS decrease, while N-acetylserine
pool increases. The two regulators CysB and Cbl mediate homeostatic responses to
S-limitation, where these responses help E. coli to scavenge trace amounts of
cysteine and sulfate, preferred S sources, or the alternative S sources such as
glutathione and various alkaline sulfonate including taurine. S-limitation affects
methionine metabolism, synthesis of FeS clusters, and oxidative stress.

Like NtrC for N-regulation, CysB is the primary regulator for homeostatic
responses to S, and it is required for the synthesis of Cbl [162]. CysB is positively
controlled by N-acetylserine and negatively controlled by sulfide or thiosulfate
[161], and Cbl is negatively controlled by APS [160]. It is of interest that cbl gene is
transcribed from nac promoter under N-limitation [163]. The ddp operon is acti-
vated by NtrC, and there might be a cross-regulation between S-limitation and N-
limitation [164].

10 Phosphate Regulation

The phosphate (P) metabolism is also quite important from the energy generation
and phosphorelay regulation points of view. The phosphorous compounds serve as
major building blocks of many biomolecules and have important roles in signal
transduction [165]. Depending on the concentration of environmental phosphate,
E. coli controls phosphate metabolism through Pho regulon, which forms a global
regulatory circuit involved in a bacterial phosphate management [165, 166]. The
PhoR/PhoB two-component system plays important roles in detecting and
responding to the changes of the environmental phosphate concentration [167].
Namely, under phosphate limitation, the phosphate is transferred by an ABC
transporter composed of PstSCAB for the high-affinity capture of P;, and the
phosphate is then transferred to PhoR (PhoR-P), and in turn, PhoB is phosphory-
lated by PhoR. The phosphorylated PhoB acts as the response regulator and reg-
ulates Pho Box genes such as eda, phnCDEFGHIJKLMNOP, phoA, phoR/B, phoE,
phoH, psiE, pstSCAB, phoU, and ugpBAECQ [168]. When P; is rich or in excess, P;
is taken up by the low-affinity transporter Pit, and PhoR, Pst, and PhoU together
turn off the Pho regulon by dephosphorylating PhoB. The sensor protein CreC
(PhoM) can phosphorylate PhoB, while acetyl phosphate can also directly phos-
phorylate PhoB [166]. The overall regulation mechanism is complex, and it is not
so clear how the phosphate limitation affects the metabolism [169].
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The promoters of the Pho genes are recognized by c-associated RNA poly-
merase. A mutation in rpoS significantly increases the level of AP (alkaline
phosphatase) activity, and the over-expression of ¢° inhibits it [170]. The Pho
regulon is thus evolved to maintain a trade-off between cell nutrition and cell
survival during P; starvation [170].

11 Metal Ion Regulation and Oxidative Stress Regulation

Iron is ubiquitous and the fourth most abundant element on earth and supports the
metabolism of living organisms on the planet [171]. Iron is involved in the for-
mation and destruction of ROS such as superoxide (O, ), peroxidase (H,O, and
ROOH), and free radicals (OH and OR) usually generated as toxic by-products of
aerobic metabolism in a cascade of monovalent reductions from molecular oxygen.
Although certain amounts of iron and ROS are required for the cell to survive, the
excess amounts cause stress to the cell leading to the cell death [172].

The metal ion levels are often sensed by metal-sensing regulatory RNA, which
encodes metal-sensing proteins involved in the transport and storage of intracellular
metals [173, 174]. In the native environment, the cell continuously faces iron
deficiency, where metal ion functions as cofactor in many of the cellular constit-
uents such as flavoproteins, and therefore, the cell furnishes the mechanism for iron
uptake and storage system [175, 176]. However, excess iron causes toxicity by
catalyzing the formation of reactive free radicals through Fenton/Haber—Weiss
reaction [177]. In combination with inability to convert NADH to NAD" in the
respiration, a decrease in endogenous O, causes reductive stress and in turn
activates Fur (ferric uptake regulator) [178]. Fur generally represses ion transport
and ion siderophore biosynthetic genes when complexed with ferrous ion. Under
ion limitation, ion dissociates from Fur, where Fur requires binding to Fe** to
become active. O, deactivates Fur after its conversion to H>O, by superoxide
dismutase (SOD) through Fenton reaction (H,O, + Fe** — HO + OH™ + Fe’*)
[179]. Therefore, a decrease in endogenous O, increases the availability of Fe’",
through a decrease in H,O, level, and in effect activates Fur [180]. Namely, Fur
senses the reductive stress and protects Fe—S clusters to be safe from damage by
ROS. It is essential for the cell to use iron economically, and this is attained by
siderophore synthesis and iron transport regulation [181]. Iron transport and sid-
erophore (e.g. enterobactin) pathway genes such as falB and entF are repressed by
Fur [182-184], and enterobactin may be produced in fur mutant E. coli [185]. There
are functional interactions between carbon and ion utilization via Crp and Fur,
where many ion transport genes and several catabolic genes are subject to dual
control [186].

The widely conserved multiple antibiotic resistant regulator (MarR) family of
transcription factors modulates bacterial detoxification in response to antibiotics
such as fluoroquinolones and p-lactams such as ampicillin, tetracycline, and
chloramphenicol, as well as toxic chemicals and synthesis of virulence
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determinants. [187]. MarR senses copper (II) as a signal to cope with stress caused
by antibiotics, etc., where copper (II) oxidizes a cysteine residue on MarR to
generate disulfide bonds between two MarR dimers, thereby inducing tetramer
formation and dissociation of MarR from its cognate promoter DNA [188].

The microbial cell responds to oxidative stress by inducing antioxidant proteins
such as SOD and catalase, where those are regulated by OxyR and SoxR/S [189].
SoxR is a member of the MarR family of metal-binding transcription factors, and it
exists in solution as a homodimer with each subunit containing a [2Fe-2S] cluster.
These clusters are in the reduced state in inactivated SoxR, and their oxidation
activates SoxR as a powerful transcription factor [190]. The active form of SoxR
activates transcription of soxS gene, where SoxS belongs to the AraC/XylS family.

Although the respiration is universal among all aerobic organisms, inefficient
electron transfer via the respiratory complexes results in one electron reduction of
diatomic oxygen, a phenomenon known to generate toxic ROS [191]. Since
NADPH plays an important role for detoxification of ROS, some prokaryotic
microorganisms such as E. coli produce NADPH at ICDH in the TCA cycle
together with the reactions at G6PDH, 6PGDH, and possibly at Mez.

The aKG is a key participant in the detoxification of ROS with concomitant
formation of succinate, where succinate is a biomarker for oxidative stress [191].
Moreover, NADPH-producing ICDH is activated, while NADH-producing KGDH
is deactivated in Pseudomonas fluorescens [191]. This indicates that for both
prokaryotic and eukaryotic cells, the TCA cycle acts both as a scavenger and
generator of ROS, and its modulation is important for regulating ROS [191]. The
TCA cycle can both regulate their formation and decomposition, where the con-
comitant accumulation of succinate may act as a potent signal for this [191].

The proper understanding on the regulation of ROS homeostasis gives a way for
medical applications [172]. Namely, iron- and ROS-dependent cell death may be
considered for cancer treatment. As mentioned above for bacteria, high NADPH
production with low ROS levels is essential for tumor cell proliferation and survival
[192-194]. NADPH is required for glutathione homeostasis, which indicates that
tumor cells require a highly reduced environment for survival. Therefore, one idea
for pushing cancer cells to sentence or death is the decrease of the glutathione levels
and/or the increase of the oxidative stress levels [195].

12 Redox State Regulation

Global regulators such as Fnr (fumarate nitrate reduction), Arc (anoxic respiration
control) system, and Nar (nitrate reduction) are mainly responsible for the regula-
tion under oxygen limitation and other electron acceptors in the culture environ-
ment, where Fnr directly senses molecular oxygen and plays a role under anaerobic
condition [196], in coordination with ArcA/B system, where Fnr activates arcA
gene expression. Under oxygen limitation, Fnr binds a [4Fe—4S]** cluster and
becomes a transcriptionally active dimeric form. Molecular oxygen can oxidize the
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ion—sulfur cluster of the corresponding region, resulting in monomerization of the
protein and subsequent loss of its ability to bind DNA [197]. The ArcA/B system
plays a role under both anaerobic and micro-aerobic conditions [198, 199], where it
is composed of ArcA, the cytosolic response regulator, and ArcB, the membrane-
bound sensor kinase. The ArcA/B two-component system responds to the redox
state of the membrane-associated redox carriers such as quinones in the respiratory
chain [200, 201]. The quinone pool decreases under oxygen limitation and causes
ArcB to be self-phosphorylated (ArcB-P), and then, ArcB-P transphosphorylates
ArcA (Fig. 10) [202]. The ArcA-P then represses the expression of the TCA cycle
and the glyoxylate shunt genes (Table 1). Moreover, the genes that encode the
primary dehydrogenases such as glpD, IctPRD, aceE,F, and IpdA are also repressed
by ArcA (Table 1). The cyoABCDE operon is repressed by both ArcA and Fnr,
while cydAB operon is activated by ArcA and repressed by Fnr (Fig. 10) [203].
The expression of pfl genes which encode pyruvate formate lyase, Pfl, is acti-
vated by ArcA and Fnr, whereas aceE,F and IpdA which encode PDHc are
repressed by ArcA under oxygen limitation (Fig. 10). The formate can be excreted
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F6P 47'TX5P
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Fig. 10 Respiratory and metabolic pathway regulation by ArcA/B and Fnr
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via Foc or converted to hydrogen via formate dehydrogenase, FDHy, and formate
hydrogen lyase, Fhl, and deletion of FocAB, FDHy, and hydrogenase Hyd (Fig. 10)
[204, 205]. Moreover, the flux from PYR to AcCoA is blocked in pfl mutants
(ApflA or ApflB), and pyruvate exclusively goes to lactate formation via LDH
reaction [206, 207]. Moreover, Fnr activates frd gene expression, while repressing
sdh gene expression, resulting in branched pathways for TCA cycle under anaer-
obic condition.

As mentioned before, the TCA cycle activity is repressed as the glucose con-
sumption rate was increased due to lower level of cAMP-Crp, which in turn causes
acetate overflow metabolism. This also occurs by the higher redox ratio [208]. This
phenomenon can be relaxed by activating TCA cycle by arcA/B genes knockout
[198, 204, 209]. The activated TCA cycle produces more NADH and allosterically
inhibits CS and ICDH activities [210]. Thus, the NADH oxidation by the expres-
sion of nox gene coding for NADH oxidase, NOX, in the arcA mutant further
reduces the acetate formation, resulting in the increased recombinant protein pro-
duction [211], while nicotinic acid and Na nitrate may also activate TCA cycle
[212]. The activation of the TCA cycle causes the decrease in the cell yield due to
higher production of CO, in the TCA cycle.

Many bacteria utilize oxygen as the terminal electron acceptor, but they can
switch to other acceptors such as nitrate under oxygen limitation. The reducing
equivalents such as NADH are reoxidized in the respiratory chain, where oxygen,
nitrate, fumarate, and dimethyl sulfoxide can be the electron acceptors. Nar plays a
role when nitrate is present under oxygen limitation. Nar belongs to the two-
component redox regulation systems, where it comprises a membrane sensor
(NarX) that acts as a kinase causing phosphorylation of the regulator (NarL) under
certain conditions [202]. The Nar system activates such genes as nitrate reduction
encoding nitrate and nitrite reductases and represses such genes as frd genes for
fumarate reductase.

13 Acid-shock Response

The cell such as E. coli has the regulation systems in response to acidic condition
[213-216]. Some of these depend on the available extracellular amino acids such as
glutamate, arginine, and lysine, where the intracellular proton is consumed by the
reductive decarboxylation of the amino acid followed by the excretion of y-amino
butyric acid (GABA) from cytoplasm to the periplasm by the anti-porter that also
imports the original amino acid [213]. E. coli is acid resistant by glutamate
decarboxylase system, where gadA and gadB encode glutamate decarboxylase
isozymes and gadC encodes glutamate/GABA anti-porter (Fig. 11). Glutamate
decarboxylase is activated in response to acid, osmotic, and stationary phase sig-
nals. The GADAB forms a glutamate-dependent acid response system, where the
process of decarboxylation consumes an intracellular proton and helps maintain pH
homeostasis. There are other similar acid-resistant systems for the case of using
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arginine instead of glutamate by arginine decarboxylase, where the anti-porter is
AdiC in this case [217, 218], and for the case of using lysine by lysine decar-
boxylase [218]. The cells grown in media rich with amino acids such as LB are acid
resistant because of the above mechanism [213].

Moreover, ATPase is involved in acid regulation system [216], where ATPase is
usually utilized for the protons in the periplasm move into the cytosol across the cell
membrane producing ATP from ADP and P; by the negative proton motive force
(PMF). Since the basic problem of acid stress is the accumulated proton in the
cytosol, this proton may be pumped out through ATPase by hydrolyzing ATP with
reversed proton move due to positive PMF at low pH such as pH 2 or 3 [216].
Without amino acid in the media, this acid response system is activated by utilizing
ATPase [215, 219], where the positive PMF pumps out extra protons (H") from the
cytoplasm using ATP (Fig. 11) [215]. This proton homeostasis by PMF is con-
served in large class of organisms.

RpoS that increases at the late growth phase and the stationary phase and Crp are
involved in acid resistance [213, 220]. As implied by the involvement of Crp, the
acid-resistant system is repressed when glucose is present. The acidic pH lowers
cAMP levels in exponentially growing cells in the minimal glucose medium. Since
cAMP-Crp represses RpoS, this may elevate RpoS and increases the expression of
gadX. The overall regulation system seems to be quite complex involving EvgS/A,
B1500, PhoQ/PhoP, GadX, GadW, etc. [221].
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OmpR may be a key regulator for acid adaptation, and thus, ompR mutant is
sensitive to acid exposure [222]. The acid-inducible asr gene is regulated by PhoR/
B, and thus, phoR/phoB deletion mutant fails to induce asr gene expression [223].

In order to keep pH constant, alkali such as NaOH is supplied during the cell
growth in practice, which results in the increase in sodium ion (Na*), where nhaA
gene encoding the Na*/H" anti-porter membrane protein and nhaR gene encoding
the NhaA regulatory protein can be over-expressed in pfIB mutant, showing per-
formance improvement for lactate fermentation [224].

14 Heat-shock Stress Response

The organisms respond to a sudden temperature upshift by increasing the synthesis
of a set of proteins. This phenomenon is called as heat-shock response, where this
does not restrict to the temperature upshift, but also other stresses such as solvent
stress. The heat-shock proteins play important roles in the assembly and disas-
sembly of macromolecular complex such as GroE, the intracellular transport such
as Hsp70, transcription such as 6’°, proteolysis such as Lon, and translation such as
lysyl tRNA synthetase. The heat-shock response in E. coli is mediated by o2
encoded by rpoH. Among them, groEL, dnakK, and htpG encode major chaperones
such as Hsp 60, Hsp 70, and Hsp 90. ClpP, Lon, and HtrC are involved in the
proteolysis. DnaK, Dnal, GrpE, and RpoH are involved in the autoregulation of
heat-shock response. DnaK prevents the formation of inclusion bodies by reducing
aggregation and promotion of proteolysis of misfolded proteins. A bichaperone
system involving DnaK and ClpB mediates the solubilization or disaggregation of
proteins. GroEL operates protein transit between soluble and insoluble protein
fractions and participates positively in disaggregation and inclusion body forma-
tion. Small heat-shock proteins such as IbpA and IbpB protect heat-denatured
proteins from irreversible changes in association with inclusion bodies [225, 226].
Hoffmann et al. [227] investigated the metabolic adaptation of E. coli during
temperature-induced recombinant protein production and showed that cAMP—-Crp-
controlled LpdA of pyruvate dehydrogenase complex (PDHc) and SdhA in the TCA
cycle are highly induced. Namely, the TCA cycle is activated due to increased level
of cAMP-Crp at higher temperature. In E. coli, heat-shock protein synthesis rates
peak at about 5—10 min after the temperature upshift and then decline to a new steady-
state level [228]. The 6’0 is itself a heat-shock protein, and the increase in its con-
centration after heat shock may contribute to its decline in heat-shock protein syn-
thesis. DnaK contributes to the shutoff of the high-level synthesis of heat-shock
proteins [229]. The heat shock activates crp gene expression, and in turn, Crp acti-
vates mlc gene which codes for Mlc [230], and thus, the glucose consumption rate
decreases (Fig. 12) [231]. This also causes cAMP level to be increased (Fig. 12).
Acetate production is affected by higher temperature. Transcription of acs gene
occurs from two o' -dependent promoters such as distal promoter acs P, and
proximal promoter acs P, [232, 233]. The cAMP—Crp binds two sites within the acs
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regulatory region. However, Fis and Ihf independently modulate Crp-dependent
activation of acs P, transcription [234, 235].

The respiration is activated during the temperature upshift [227], and sod is
induced in response to the oxidative stress imposed by dioxygen or by the redox-
active compounds such as viologens or quinones caused by the temperature upshift
[236]. This phenomenon may be also caused by the activated TCA cycle.

15 Cold-shock Response

Upon temperature downshift from 37 to 15 °C, the major cold-shock proteins such
as CspA, CspB, and CspG are induced, where cold-shock proteins are able to
bypass the inhibitory effect of the antibiotics such as kanamycin and chloram-
phenicol [237]. Although thermoregulatory mechanism is not well understood, the
adaptation of the cell to low temperature such as 20-23 °C requires coordinated and
multifunctional response, where RpoS and the small regulatory RNA DsrA are
involved in both cold-shock and biofilm formation genes [238] as well as flagella
biosynthesis and motility genes [239].
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16 Solvent Stress Regulation

The biofuels production by microorganisms has been paid recent attention. How-
ever, many biofuels are toxic to microorganisms and reduce the cell viability
through damage to the cell membrane and interference with essential physiological
processes. Several attempts have been made to improve the tolerance to biofuels,
where biofuel export systems, heat-shock proteins, and membrane modifications
have been considered [240]. The effect of biofuels on the cell is through hydro-
phobicity of the cytoplasmic membrane, where the accumulation of solvent in the
cytoplasmic membrane increases permeability of membrane, diminishes energy
transduction, interferes with membrane protein function, and increases fluidity
[240-243]. This may cause the release of ATP, ions, phospholipids, RNA, and
proteins, and thus, the cell growth is depressed due to disturbances on ATP pro-
duction by diminished PMF. Moreover, the increase in fluidity affects the nutrient
transport as well as energy transduction.

Toxicity levels vary depending on the microbes and the types of biofuels and
biochemicals. In general, longer chain alcohols are more toxic than short-chain
alcohols. Efflux pumps are membrane transporters that recognize and export toxic
compounds from the cell by PMF, where this is important for the cell to survive by
exporting bile salts, antimicrobial drugs, and solvents. The acrAB—tolC pump in
E. coli provides tolerance to hexane, heptanes, octane, and nonane [244]. Efflux
pumps are effective for increasing tolerance and production of biofuels, in partic-
ular, for long-chain alcohols, but those are not effective for exporting short-chain
alcohols such as 1-propanol and isobutanol [245].

The heat-shock proteins are up-regulated in response to short-chain alcohols
[180, 246], and heat-shock protein refolding genes such as rpoH, dnaJ, htpG, and
ibpAB are up-regulated [247], while groESL, dnaKJ, hspl8, and hsp90 are up-
regulated in Chrostridium acetobutylicum [248]. Over-expression of heat-shock
proteins may increase tolerance against biofuels [249, 250].

In general, solvents disrupt the cell membrane structure and have a strong impact
on physiological function and eventually leading to the cell death [251]. To
overcome this problem, solvent-tolerant microbes change the composition of the
fatty acids from cis to trans unsaturated fatty acids catalyzed by cis—trans isomerase
(cti), thus decreasing membrane fluidity, preventing the entry of solvents into the
cell [252, 253]. In addition, modifications to phospholipid headgroups or phos-
pholipid chain length increase solvent tolerance [246].

In relation to solvent stresses caused by the accumulation of biofuels in the
culture broth, the primary role to protect the cell from such stress is made by outer
membrane porin proteins. Since cytosolic membrane is also under stress condition,
respiration and membrane proteins as well as general stress response mechanism are
affected [243]. ROS highly increase in response to the stress caused by n-butanol in
E. coli [247].
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17 Osmoregulation

The bacterial cell is surrounded by the cell envelope, where the plasma membrane is
responsible for the transport of ions such as H*, Na*, and K*, and various substrates
or nutrients, and metabolites to maintain homeostasis. The bacterial cells exchange
such components together with energy and information with their surroundings by
the appropriate sensing and responding mechanisms [254]. Under osmotic stress
condition, a number of transport systems for ions such as K*, and compatible
solutes such as proline betaine and the precursor choline are activated [255]. The
typical two-component histidine kinase/response regulator system such as KdpD/
KdpE is ubiquitous in various bacteria [256], where it regulates kdpFABCDE
operon including the Kdp ATPase and active K" uptake system. Namely, KdpD/
KdpE system responds to K* limitation and salt stress [257-259]. As also men-
tioned before, EnvZ/OmpR two-component system regulates the expression of the
porin genes such as ompC and ompF encoding outer membrane porins in relation to
osmolarity.

The cytoplasmic or inner membrane is impermeable to most large and poler
solutes, while these are compensated for by freely diffusing water molecules, and
thus, the transmembrane concentration gradients are developed for such com-
pounds. The resulting changes in cellular volume and turgor pressure exert strong
mechanical force on the cytoplasmic membrane and associated proteins and pre-
clude the cell growth [260]. To cope with osmotic stress, bacteria adapt their
intracellular osmolarity [254] or increase the cell wall stability [261]. The salt stress
tolerance is mediated by flux control of water across the cell membrane, adjust-
ments of intracellular potassium levels, synthesis of disaccharide trehalose, and/or
transport of small molecule osmoprotectants [262].

In principle, bacterial cells respond to environmental or growth conditions by
immediate protein or enzyme-level regulation, and by slow gene transcriptional
regulation via transcription factors. In summary [260], in response to sudden
changes in osmotic pressure, E. coli controls in- and outflux of water and other
small molecules by activating aquaporins as an immediate response [263]. It reg-
ulates intracellular potassium concentrations by adjusting the potassium transport-
ers such as Kup, KdpFABC, or TrkA for transient adaptation to short-term osmotic
stress [264]. In the case of prolonged osmotic stress, E. coli takes up the osmo-
tolerants such as glycine betaine and proline from the environment via ABC
transporter encoded by proVWX or synthesizes glycine betaine from the extracel-
lular precursor choline [265-267]. If no extracellular compatible solutes are
available, E. coli induces expression of trehalose 6-phosphate synthase (OtsA) and
phosphatase (OtsB) to produce high intracellular concentrations of the nonreducing
disaccharide trehalose from the precursors such as UDP-glucose and G6P in
response to long-term resistance to sustained osmotic stress [268-270].

There is indeed an interaction between trehalose and membrane lipid head
groups, but this effect is insufficient to fully account for the resistance of membrane
against strong osmotic stress. Upon osmotic stress, bacteria adjust their intracellular
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osmolarity and modify their cell wall structure [260]. For this, polyisoprene lipids
may also contribute to osmoprotection by increasing resistance to high-salt condi-
tions in the cytoplasmic membrane and in the membrane bilayers of liposomes in
E. coli [260]. Coenzyme Q functions as an electron and proton carrier in aerobic
respiration and has an additional crucial role as a chain-breaking antioxidant [271].
The long polyisoprenyl tail of CoQ,, functions to anchor this lipid in the membranes
of cells (Fig. 13), where n designates the number of five carbon isoprene units such as
CoQg in S. cerevisiae, CoQg in E. coli, and CoQ;¢ in human [262]. In E. coli, CoQg
level becomes significantly high in response to high-salt condition (Fig. 13) [260].

18 Biofilm, Motility by Flagella, and Quorum Sensing

Biofilm formation is one of the important microbial survival strategies, where
biofilm development involves attachment of bacteria to surfaces and cell—cell
adhesion to form microcolonies. This is useful for the cell to protect against
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predators and antibiotics [272]. The attachment of bacteria to abiotic and biotic
surfaces is made by motility, proteinaceous adhesion, and a cell-bound polysac-
charide such as PGA (poly-B-1,6-N-acetyl-D-glucosamine), where PGA is a cell-
bound exopolysaccharide adhesion [272]. As mentioned before, Csr plays impor-
tant roles for biofilm formation, where pga operon involved in PGA formation and
excretion is negatively regulated by CsrA. CsrA also negatively regulates c-di-
GMP, a second messenger involved in biofilm formation and motility [273]. Curli
are extracellular proteinaceous structures extending from the cell surface for
attachment during biofilm development [274]. Curli filaments are activated by
CsgD, where it is inversely correlated with flagella synthesis. The master regulator
of flagella synthesis is FIhD,C,, which activates the genes involved in motility and
chemotaxis [275]. McaS (multicellular adhesion SRNA) represses CsgD expression,
while activates FIhD and PgaA [275], and thus regulates the synthesis of curli
flagella and polysaccharide. Moreover, biofilm formation is under catabolite
repression by cAMP and Crp [276].

Quorum sensing is a cell-to-cell communication [277], where the signal mole-
cules are homoserine lactones (AHL) synthesized by LuxI-type enzyme. At high
cell density cultivations, LuxR-type regulator plays a role for the positive feedback
in association with AHL when its concentration exceeds a threshold level [120].
The quorum sensing is the sensing of cell density, where in E. coli, CyaR represses
luxS gene which encodes autoinducer-2 synthase [278].

19 Systems Biology Approach

In order to deepen our knowledge on metabolic regulation and for the efficient
metabolic engineering, it is quite useful to develop the appropriate metabolic
models which describe the dynamic behavior of the intracellular metabolite con-
centration [279, 280]. Although kinetic models for the glycolysis and the PP
pathways have been developed for E. coli [281], it is better to include TCA cycle,
thus covering the whole main metabolism, which enables the simulation of the
aerobic batch and continuous cultivations. Since the fluxes of the main metabolic
pathways can be computed with respect to time by such a model, the cell growth
rate may be reasonably predicted by taking into account the experimental obser-
vation that the cell growth rate is correlated with the specific ATP production rate
[282]. More importantly, it is highly desirable to incorporate the effects of tran-
scription factors on the enzymatic reactions to simulate the transition of the
metabolism during the batch culture [42, 283, 284]. This type of model can be used
to simulate acetate overflow metabolism and co-consumption of multiple sugars in
relation to catabolite regulation [285]. As shown in Fig. 14, the trend of the tran-
scription factors such as cAMP-Crp and Cra, and the pathway activities can be well
predicted with such a model for the case of continuous culture as mentioned in
Sect. 3, and it is quite useful to understand the complicated metabolic regulation
mechanism [285].
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20 Concluding Remarks

As seen above, the global regulators are responsive to the specific stimuli. Exam-
ples of such pleiotropic TFs in E. coli are Crp, a primary sensor for C-availability;
NtrBC, a sensor for N-availability; PstSCAB and PhoR, the sensor for P-avail-
ability; CysB, the sensor for S-availability; and Fur, the sensor for ion availability.
Functional interactions among such regulators must coordinate the activities of the
metabolon so that the supply of one type of nutrient matches the supply of other
nutrients [286]. Thus, multiple links between C and N metabolism have been
identified [287]. Other functional links between C and S metabolism [288], and
between C and ion metabolism [289, 290] have been identified. Moreover, the links
between S and N limitations have been also identified [291].

In general, bacteria in nature live far away from the optimal growth condition,
where multiple stresses are imposed on the cell. Therefore, the cell must have the
ability to sense, integrate, and respond to the variety of stresses for survival.
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Although little is known about “cross-stress’ protection, cross-stress dependencies
are ubiquitous, highly interconnected and may emerge within short time frames
[292]. In fact, high degree of overlap was observed in the transcriptional profiling
for different stresses such as starvation, osmotic, and acidic stresses [293], as well as
starvation and heat-shock or oxidative stress [294, 295], where high osmolarity and
high temperature induce the oxidative stress regulons such as SoxRS and OxyR
[296, 297]. The responses to n-butanol share the same high overlap with those in
heat-shock, oxidative, and acidic stresses [298].

As mentioned in this article, the specific metabolites such as FBP, PEP, PYR,
OAA, AcCoA, and oKG in the main metabolic pathways play important roles for
metabolic regulation. This implies that these metabolites play roles for the coor-
dinated and integrated metabolic regulation. The regulation system ranges from
relatively rapid interactions such as enzyme-level regulation by allosteric binding of
the specific molecules or posttranslational modification to slow interactions such as
transcriptional regulation via transcription factors. It is important to get deep insight
into the whole cellular metabolic systems not only by molecular biology and bio-
chemistry, but also by systems biology approach, and apply this for the efficient
metabolic engineering.

Among intracellular metabolites, a-ketoacids such as aKG, OAA, and PYR turn
to be mater regulators for catabolite regulation and coordination of different regu-
lations [299]. Namely, when favoured carbon sources are depleted, o-ketoacid
levels fall, and cAMP increases to stimulate other carbon catabolite machinery.
When preferred nutrients are abundant, the cell growth rate becomes higher with
lower cAMP level, while if they are scarce, the cell growth rate declines with higher
cAMP level. This change in growth rate is accompanied by a change in cellular
composition, where ribosomes are needed for rapid protein production at higher
growth rate, while more metabolic enzymes for nutrient assimilation (catabolism)
are needed at lower cell growth rate [300, 301]. There is a linear relationship
between the total protein composition of a cell and its growth rate, where this can be
extended beyond ribosomes to metabolic enzymes [150]. Under N- or S-limitation
or other nutrient limitation, a-ketoacids such as aKG accumulate and inhibit carbon
assimilation, where there is less need for carbon catabolic enzymes and more
demand for those involved in such nutrient assimilation. When anabolic nutrients
are in excess, aKG concentration decreases, cCAMP level increases, and carbon
catabolic enzymes increase to accelerate carbon assimilation. In the end, the
physiological function of cAMP signaling goes beyond simply enabling hierar-
chical utilization of carbon sources, but also controls the function of the proteome
[150, 299]. The energy level also affects carbon uptake rate [20, 302].

As mentioned before, cAMP-Crp and Cra play important roles for carbon
catabolite regulation in E. coli, where either PTS or non-PTS sugars are ranked for
assimilation in a hierarchy [303—-305]. This may be caused by the cAMP-Crp level
and the promoter activities of the corresponding promoters of the transporters
[303-305].

The roles of cAMP-Crp are not only limited to carbon catabolite regulation.
Among many transcription factors, Crp plays significantly important roles in the
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wide range of regulations such as osmoregulation [306], osmotolerance [307],
oxidative stress [308], acid tolerance [309], acetate tolerance [310], ethanol toler-
ance [311], and butanol tolerance [312] as well as catabolite regulation. Therefore,
it may be of interest to modulate such transcription factors [313, 314] for the
development of next-generation cell factories.

It is of surmount interest to understand how the cell growth rate is regulated,
since such information gives us a hint for improving the cell growth rate, and thus
increasing the protein or metabolic production. For this, it is important to recognize
at which regulation levels affect the cell growth rate, where posttranscriptional
control of protein abundances and posttranslational control of flux rates are domi-
nated [315].

Moreover, it is also important to understand the effect of the specific pathway
gene mutation on the metabolic regulation in addition to the effect of growth
condition. In fact, ">C-metabolic flux analysis has been extensively employed for
the metabolic flux distributions of pathogens such as Mycobacterium tuberculosis
[316] and the specific gene knockout mutant E. coli [48, 317, 318], where the flux
information is located on top of different levels of information, manifested as the
result of metabolic regulation, and central to understanding the metabolism. It is,
therefore, of interest to investigate the effect of the specific gene knockout on the
metabolism as well in view of metabolic regulation for the design of next-gener-
ation cell factories.
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