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Abstract: An overview was made to understand the reguladigstem of a bacterial cell

such asEscherichia coli In response tonutrient limitation such as carbon, nitrogen,
phosphate, sulfur, ion sour¢eend environmental stresses such as oxidative stress, acid
shock, heat shock, and solvent stresses. It is quite important to understand how the cell
detecs environmental signalsintegrate such information, and how the cell system is
regulated As for catabolite regulation, F1,6B P (FDP), PEP, and PYR play important roles
in enzyme level regulatiotogether with transcriptional regulation by such transcription
factors as Crakis, CsrA, and cAMPCrp.UK G p | ay s a nin thempadinatedn t
control betweerarbon C)- andnitrogen \)-l i mi t at i ons, enhymel€l) UKG
of phosphotransferase systeRTQ, thus regulating the glucose uptake rate in accordance
with N level. As such, multiple regulation systems aweordinatedfor the cell synthesis

and energy generation against nutrient limitations and environmental strAssés:
oxidative stressthe TCA cycle both generaseand scavengethe reactive oxygen spes
(ROSs), where NADPH produced at ICDH and the oxidative pentose phosphate pathways
play an important rolén coping with oxidative stressSolvent resistant mechaniswas
alsoconsideredor the stresss caused blyiofuels and biochemicals productionthe cell.

Keywords: metabolic regulation; nutriertmitation; environmentalstress;intracellular
metabolite,global regulatorsenzyme level regulation; transcriptional regulation
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Abbreviations

PP pathwaypentse phosphate pathway; TCA cyctacarboylic acid cycle; PTSphosphotransferase
system; Elenzyme I; Elf enzyme IlI; HPrhistidine-phosphorylatable protein; Cyadenylate cyclase
CIT: citrate; E4P. erythrosed-phosphate; FDHructosel,6-bisphosphate; F6P, fructeSephosphate
G6P, glucose6-phosphate; GAR glycelaldehyde3-phosphate; GLC glucose; GOX glyoxylate;
ICI: isocitrate; KDPG 2-keto-3-deoxy6-p h o s p h o g | u ¢ Bketaglumrate; MKLGnalate;
OAA: oxaloacetate; PEPphosphoenol pyruvate; 6PG6-phosphogluconate; PYRpyruvate;
R5P. ribose5-phosphate; RUSRibulose5-phosphate; S7Bedoheptulos@-phosphate; SUGuccinate
X5P: xylulose5-phosphateAck: acetatekinase; Acsacetyl coenzyme A synthetas&gk: adenylate
kinase;Ald: aldolase; CScitrate synthase; En@nolase; Fumfumarase; G6PDHglucose6-phosphate
dehydrogenase; GAPDHjlyceraldehyde3-phosphate dehydrogenase; |ICDBbcitrate dehydrogengse
Icl: isocitrate lyase; LDHlactate dehydrogenase; MDkhalate dehydrogenase; Mendic enzyme;
MS: malate synthase; Pclphosphenolpyruvate carboxykinase; PDHbyruvate dehydrogenase;
Pfk: phosphofructokinase; PGDH-phosphogluconate dehydrogenase; Bgbsphoglucose isomerase
Pgk phosphoglycerate kinase; Ppghosmoenolpyruvate arboxylase; Ppsphosphoenolpyruvate
synthase; Ptaphosphotransacetylase, Pyyruvate kinase; Ru5Ribulose phosphate epimerase;
R5PL ribose phosphate isomerase; SDsiiccinate dehydrogenas8OD. superoxide dismutase;
Tal: transaldolase; Tktransketolase.

1. Introduction

Living organism must survive in responseaa®ariety of environmental perturbationSor this,
living organisms sensenvironmental changes by detectingxtracellular signals such as the
concentrations of nutrientsuch ascarbon, nitrogenphosphate, sulfur, iosources, and thgrowth
conditiors such as pHtemperaturepxygen availabilityor oxidative stress, osmotic streaadsolvent
stress Thesesignals eventually feed into the transcriptional regulatystems, whah affect the
physiological and morphologicahanges that enable organisms to adapt effectively for suftjval

Since environmental perturbations occur simultaneouslys roelt recognize the changes, integrate
such information, and adjust the metabwli systematicallyTo understand how the cell system
regulates fothe variety of perturbations, or how the glhtegrate such information, local molecular
knowledgealonemay not be sufficientlinstead, it is important to understand how the cedl sye mo s
behavior emerges from interactions between characterized molecules [2,3]. To understand suct
mechanismg, the coupling between recognition and adjustment aspects, and between enzyme
regulation and gene level regulation must be understotha: netwak context [4].

Biological systems are known to be robust and adaptaldelture environmenBuchrobustness is
inherent in the biochemical and genetic netwoi&sveral genes that are necessary to respond to
various environmental or nutritional changesquire specificrecognition by RNA polymerase
associated with alternativ®@gma factorsHere, we consider how environmental changes are detected
through signaling systems by modulating appropriate transcription falctawsthe metabolic pathway
genes ee regulated byhe corresponding transcription factoasd how the metabolism changes.
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Living organisms such as bacterial cells have compleefficient mechanisms to respond to the
change in culturenvironment. This is mainly achieved by thecsdled global regulatorsyhere they
generally act at transcriptional levél.two-component signal transduction system is considterdxgt
the important means of detecting extracellidggnals and transducing the signals into cytosol for
metabolicregulation. These involve a phosphelay from atransmembrandistidine protein kinase
sensor to the target response reguldtothe case of. coli, 29 transcription factors (TFshow such
regulation with 28 histidine protein kinase [5}here the genes encoditige two components are
usuallylocated within the same operon, enabling their coordinexpdessionNote that therenight
exista crosstalk between noncognate sensors and regulatars [6]

In additionto exogenous signals, the cell can recognize thé eell s tdatecteng theyintracellular
metabolites. The typical exampledatabolite repressor/activator prot€na @riginally called fructose
repressor proteifrruR) which binds a key intermediate suchfagtose 1,ebis phosphateHl, 6BPor
FDP) am regulates the carbon flow (Figure 1BPP plays an important role in flux sensing, which will
be mentioned laterThere exists a hybrid type of TFs whdley sense the metabolites that are
transported from theulture environment or synthesized endagesty. This can typically be seen in
regulating amino acidynthetic pathways, possibly because it is preferable faeth® import essential
metabolites whethey are freelhavailable rather than expend energy on their production [1].

In relation toglobal regulatorssigma factors also play important roles, where they aRiWA
polymerase to be recruited at specliblA sequences ithe promoter regions at which they initiate
transcription. InE. coli, seven sigma factors have been found so far,tlaese play important roles
depending on the environmental stim@li: ion transport ?*(extreme temperature *{flagella
genes *%theat shock *:(stationary phase or carbon starvatiem., >*Cnitrogen regulation :{
house keeping [7]. H-NS (histore-like nucleotide structuring protein) ianother type of global
transcriptional regulatonwhich regulates a variety gbhysiologicalfunctions such as metabolism,
fimbriae expressionirulence flagella synthesis, and proper function [8].

Other types of global regulators are signaling molecutesh as cyclitdAMP (cAMP) and
cyclic-di-GMP (bis-(3-5")-cyclic-dimeric guanosine monophosphd@)L0]. The cAMP is synthesized
from ATP by Cya (adenylate cyclase) at low glucose concentraitbranincrease in phosphorylated
ENA®"® (EIIA®°P) involved in phosphotransferase syster®TQ(Figure 1b) where EINA"-P
activates Cya activityThe cAMP binds to Crp (cCAMP receptor protein), alkoown as CAP
(catabolite activation protein), and cAMBRp complex becomes an activated transcription faator
relation to catabolite regulation as will be explained in more detail Mtge that cCAMPregulates not
only catabolite regulation, but also flagellusynthesis, biofilm formation, quorum sensing, and
nitrogenregulation[10i 13].

As another level of regulation, small noncoding RN&GRNAS) play important roles in the
posttranscriptionalregulation [14].The sRNAs are mainly involved in stresssponse regulation,
pathogenesis, and virulence. A singlBNA can affect multiple targets, where sRNAs modify the
translation or stability of the targets and chaper@re suclexample is SgrS if. coli, where it binds
to mRNA of pisG gene, which encodes EIB®“ for glucose uptake [15Another group of SRNAs
bind to proteinsywhere such example is CsrB & coli [16], and these sRNAggulate the activity of
CsrA, a global regulator for carbon storage regulatibhe sSRNAs are involved in the firtaning of
geneexpressiorby binding to target mMRNAs with meation of the RNA chaperon Hfd7,18. This
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expression depesdn the specific environmental conditions such as oxidative stress, cell envelope
homeostasis, and glucose starvation [19].

Figure 1. Main metabdic pathways and its regulatiotm) Control byTFs such as Crand
(b) transport of glucoseia PTS and notPTS transporters.
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Metabolic regulation mechanism is quite complex [20,21], but a wide variety of data are
accumulating together with molecular and biological knowledge, anddessableto appropriately
understand thesgulation mechanism of tivehole cell systemBelow, an attempt is made to overview
the regulation mechanism in responsé¢hi variety ofculture environmental perturbatigrkeeping in
mind the basic schemesmagntioned above for bacterial ceils particular forE.coli.

2. Transport of Nutrient Molecules and PTS

Microorganisms must uptake nutrients fraime external environment, where it is critical to
transport the nutrients rapidly across cell membranesnaaidtain enough nutrient levels in the
cytoplasm. Some of the nutrienssich as C@or NHz, can diffuse across membrasemewhataster
than water [22,23]. The driving force for such transport is the concentration differences between
cytosol and externadnvironment.Large membrane permeability givdee benefit of high ambient
nutrient levels, where passive diffasialone can supply enough nutriefdr the cell growth without
spending energyOn the other hand, if ambient nutrient level is low, intlat@ nutrient may diffuse
out, and thus active transport system must function to pump in scarce noiteigentin the external
environment for survival. Those examples are AmtB to capture scarce ammonium, Pst system to
capture scarce phosphaas will be explained later in more detail.

The gramnegative bacteria such &scoli have outer membrane amher cytoplasmic membrane
which act ashydrophobic barrier against polar compoun@lee aiter membrane contains channel
proteins, where the specifinolecules can only move across these channels. In thenoemelorane of
E. coli, 18 channels are formed by pofpnoteins [24] These ar®penbut regulatedvaterfilled pores
that form substratespecific, ionselective, or nonspecific channels tt@low the influx of small
hydrophilic nutrient molecules anthe efflux of waste products [25]They also exclude many
antibiotics and inhibitors that are large and lipophilic [ZBhe OmpC and OmpF are the most
abundant poringresent under typical growth aditions [27]. Their relative abundance changes
depending on osmolarity, temperature, amowth phaseUnder glucose limitation, outer membrane
glycoporin LamB is induced [28], where this protein permeasesh carbohydrates as maltose,
maltodextrins, andlucoseg29].

Porin genes are undehe control of the two-componentEnvZ-OmpR system, where EnvZ is an
inner membrane sensor kinase and OmpR is the cytoplagsponse regulatoFigure 2showshow
porin genesare regulated by twoomponent systemsn response to osmolarity, pH, temperature,
nutrients, andtoxins, EnvZ phosphorylates OmpRvhere thephosphorylatedOmpR (OmpRP)
regulategorin gene$25]. Acetyl phosphatéAcP) can functioras a phosphate donor for OmpR under
certain conditionOmpR comrols cellular processes such @semotaxis and virulence as well [30].
In terms of virulenceabolition of porin formation diminishes pathogenesis [25].
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Figure 2. Regulation of porin genes in response to culture environment
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The firststep in thanetabolism of carbohydrates is the transpotheée molecules intoytosol In
bacteria, variouscarbohydratesare taken up by several mechanisms [3The mostcommon
mechanism is the transport by phosphotransferarse system (PTS),ghlter®e can berdnsported
from periplasminto cytosolwhere PTS is widespread in bacteria and absent in arahdesukaryotic
organisms [32].PTS is composed of soluble and nonstgpacific componenisEnzyme | (EI)
encoded byptsI and phosphohistidine carrier protgiHPr) encoded byrsH, where they transfer
phosphoryl group from phosphoenol pyruvatePEP produced in the main metabolisto the
sugarspecific enzyme IIA and [IBAnother component of PTS is enzyme 1IC (in some calseslID)
which is an integral mebrane protein permeasiat transports sugar molecules, whereisit
phosphorylated by EIIB (Figure 1180 far,21 different Ell complexebBave been identifieth E. coli,
and thoseare involvedin the transport of about 20 different carbohydratesh agglucose, fructose,
mannose, mannitol, galactitaprbitol ezc. [33]. In E. coli, glucose can be transported Bj“' and
ENMa" The EIFis composed of soluble EIff§ encoded by and of integral membrane permease
ElICB®" encodedy pisG.

In ptsG mutant, glucose can keansported by EY*" complex, and the cell can grow witess
growth rate than the wiltype strain [34]Under glucosdimitation, galP is induced, where ttodes for
low-affinity galactoseH" symporter GalPThe genes in theig/4BC operon encode an ATBinding
protein, a galactose/glucose periplasmic binding proseid,an integral membrane transporter protein,
respectively forming Mgl system for galactose/glucose import [35] (Figure 1b). When extracellular
glucoseconcentrationis very low,the Mgl system together withamB attains higkaffinity glucose
transport [35]. The glucose molecule transported either e GalP or Mgl systems must be
phosphorylated bylucokinase Glk) encoded byglk from ATP to becomeglucose6-phosphate
(G6P [36] (Figure 1b).

The nonPTS carbohydratesuch asxylose, glycerol, galactose, lactose, arabinodgamnose,
maltose, melibioseand fucose are recognized through THR¢either transmembrane sensors nor
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regulatory proteins with sensirignction have been identified so far for organic acids such as acetate,
succinate, or malate, andistunclear how tbese carbon sources are recognized Wjile formate is
transported by Foc

3. Flux Sensor

In addition to the canonical nutrient sensarbich measure the concentrations of nutrients, the
concept offlux sensor may be usefak a novel impetus for metabolic regulation, where the metabolic
fluxes may be sensed by molecular systems as flux sensors [4,3NaBiely, if there is a strong
(linear) relationship between the specific flux and the specific metabolite concentration, flux changes
can be detected by the corresponding metabolite concentr&orexample, thdluxes of lower
glycolysis and the feedforward activation of FDP on RBylow such characteristicéFigure &).
Moreover, he interaction of this flwsignaling metabolite with Cra then leads to filependent
regulation (Figure &. Instead ofutilizing nutrient specific receptors to sense the environahaimgnals
which require the simultaneoespressiorof a large number of recepto@dimpos a large burden
on the cell, the flussensingsystem simply recognizes the fluxes by the intracellular metabolite as
integralsignal. Since the relationship between FIDE the lower part of glycolysis flux depends on the
allosteric regulation of FDP on Pyk, this relationship may not hold for certain mutants pucimagant

In general there might be a correlation between a certain metabolic flux and a parpicetatype
based on fluwdependent regulatiofzor example, there is a relationship between the specific glucose
uptake rate and thactivities of the respiratory and fermentative pathwafj&mely, there is a
correlation between the specific glucose uptakte and the ethanol production ratehe cultivation
of Saccharomyces cerevisiae, whereas there is no correlation between the specific growth rate and the
ethanol production rate [37In the case ofF.coli, acetate production has been considered tarbe
overflow metabolism with respect to the specific growth rate (or the dilution rate in the continuous
D-stat culture oraccderaing A-stat culture) [3941]. As far as wild type strain is considered, the
specific growth rate is correlated with tepecific glucose uptake rate by the yield coefficient [42].
However, if we consider the case of nitrogen limitation [43], the specific acetate production rate is not
correlated with the cell growth rate, but may correlate with the specific glucose uataké&srthe
specificglucose uptake rate increasesaccordance with the specific growth raiee phosphorylated
Eni A®°(E A®°-P) decreased#4,45] which in turn decreases the activity of Cya, and cAMP level as
well as cAMRCrp level decreasd&igure3b). The decreased cAMErp represses the glucose uptake
rate by the decreased expressiopf;, which forms the feedback regulation to the initial increase in
the glucose uptake rate [46] (FiguBe Figure 4shows how the categorized gene expressiam@bs
with respect to the dilution rate (the specific growth rate) [47,48]. Figure 4a abd 4c showwethat t
decrease in CAMErp transcriptionally represses the TCA cygkne expression as the cell growth
rate or the specific glucose consumption rateeases[39,47,48]. Although the TCA cycle gene
expressions repressed, and the relative flux in % decreases with respect to the specific glucose
consumption ratdg41,47] (Figure 4e), the absolute flux on the mmol basésy increasedue to
increased glucosep-take ratd47]. Consider why the TCA cycle has to be transcriptionally repressed.
As mentioned above, the specific NADH production rate increases as TCA cycle activity increases,
which in turn activates the respiration as far as enough oxygavaible.However, this causes
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high possibility of producing oxygen radicals, which gives the critical damage to the cell, where this is
protected by such transcription factors as OxyR and Soaffésting theexpressiorof such genes as

sodA andcat4 as will be explained later in the section of oxidative stré&ssis it may be presumed

that the TCA cycle hasnaupperbound to avoidthe production ofoxygen radicalsNote that the
minimum TCA cycle flux is always needed to supplyketo glutarate { K \5for ammonium
assimilationvia glutamate dehydrogenase (GDid)form glutamate (and also glutaminahd therthe
nitrogen sourceN) is spread aroundther amino acidby subsequent transanimations.

Figure 3. Feedforward and feedback controles by enzymeelleand transcriptional
regulations: 4) regulation by Cra, and) regulation by cAMFCrp.
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It may be considered that the dominance of catabolite regulation overrides many other regulation
processesvia crp, where the most relevant control mechanism is cAdEpendent catabolite
repressiorof the PERglyoxylate cycle with low TCA cycle fluxes based B8-flux analysis ofE. coli
mutants [42].In the cya and crp mutants that lack cCAMErp complex, glyoxylate shuntcavity is
essentially abolishe@nd such cycle will not appear.

In the case of carbon starvation, AMP and PEP increase forEhath and Yeast [49]Note that
cAMP is not the starvation signal for Yeashile it is for E.coli. AMP may reflect energyirhitation
for both organisms, where AMP is in equilibrium with ADP to ATP raiip adenylate kinase
Adk [49]. In both organisms, PEP level increases under carbon starvation, whereaRg&tesically
deactivated by the decrease in FDP, a posi@eedforward regulator as mentioned above (Fig@ae 3
The increased PEP in turn inhibits Pfk activity, reinforcing the blockage of glycobsd then
reduces the glucose uptake raie the case oft.coli, the decrease in FDP further activates Cra
activity, and transcriptionally repressgg4 and pykF geneexpression(Figure 3a) Moreover, the
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increase in PERoncentrationand thus PEP/PYR ratio increases phosphorylation wof AEand
activates Cya, resulting in the increase in cABIRIIn E.coli, while it is kept low in the case of Yeast

Figure 4. Effect of the growth rate (dilution rate in the continuous culture) on gene
expression and fluxesa) global regulators,b) glycolysis genes,cf TCA cycle genes,

(d) PP pathway genes, ang) TCA cyclefluxes and acetate formation rate. Open symbol
from [47], while filled symbol from [48].
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One of the mostimportant metabolic rearrangements is the transition from glycolytic to
gluconeogenetic carbon sousthat involve redirection of the carbon flow throutje main metabolic
pathways at the late growth phase oryeatationary phase ithe batch cultureThis phenomenon is
wide-spread to various organismehisdiauxic shiftin S. cerevisiae is accomplished by the following
three events: (1) a reduction in the glycolytic flwith production of storage compounds dref
glucose depletion, (2) upon glucose exhaustion, the reversion of carbon flow through glyttosis
activation ofthe glyoxylate pathway, and (3) shutting down of the pentose phosphate (PP) pathway
with a change in NADPH regenerationthe later stage®0].

4. Carbon Storage Regulation

The carbon storage regulator (Csr) system influences a variety of physiological processes such a:
central carbon metabolism, biofilm formation, motility, peptide uptake, virulence and pathogenesis,
guorum sensing, and oxidative stress responsei [g83$.1Csr is controlled by the RNBinding protein
CsrA, a posttranscriptional global regulator that regulates mRNA stability and translatibf][5vhere
CsrA is regulated by two sRNAs such as CsrB @wlC [5759]. CsrA represses glycogen
accumulation by regulating the expressiorgfCAP operon ang/gB of glgBX operon [8,60]CsrA
regulates the central carbon metabolism and glycogenesis such that glycogen synthesis pathway gene
as well as gluconeegic pathway genes are repressed, while glycolysis genes are activated [8,61]
(SuppkementaryTableS1).

From the practical application point of view, phenylalanine productian be enhanced by
manipulation of Csr, whei@r4 mutation causea significantincrease inntracellular PEP concentration,
since CsrA positively regulatesykF, while negatively regulategsck4d and ppsA. The precursor of
shikimate pathway for aromatic amino acids production are a single E4P and two PEP molecules, and thu
overexpresion oftktA with csrA gene disruption enhargghenylalanine biosynthesis [62].

The biofuels production can be improved by the egrpression of CsrB by activating native fatty
acid and heterologous-lbutanol and isoprenoid pathways [61h particular, CsrB-mediated
degradation of CsrA drives ovexpression oglgCAP operon, which resutin the accretion of the
storage polysaccharide glycogen. AcCoA and several amin@@oantrationgncrease with concurrent
decrease in acetate level with this mutation [61]. Moreover, CsrB impacts the expression of the stringent
response regulator DksA, where it is responsible for transcriptional activation of CsrB during stringent
response [63]. Thisuggests that CsrB directly regulates DksA through CsrA, thereby forming a positive
feedback loop, indicating the links between CsrA/B and the stringent response [61,63].

S. Nitrogen Regulation

Next to carbon (C) source metabolism, nitrogen rfi¢tabolismis also important in understanding
the metabolicregulation. InE. coli, assimilation ofN-source such as ammoniammonium (NH")
usingl -KG results in the synthestd glutamate and glutamin€&igure 5).Glutamine synthetaq&sS,
encoded bygind) catayzes the only pathway foglutamine biosynthesis. Glutamate can be
synthesized by twpathways through the combined actions of GS and glutasyatbase (GOGAT,
encoded bye/tBD) forming GS/GOGATcycle, or by glutamate dehydrogenase (GDH encoded by
gdhA) [64] (Figure 5). When extracellular NHc oncent r at i on ordess| ammoniam o u n
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enters into the cellia AmtB, and isconverted to glutamine by GS, and UT#&gedylyl transferase)
uridylylates bothGInK and GInB [65](Figure 5)Whenextracellular NH" concentration is more than
50 M, the metabolic demantbr glutamine pool rises, and UTase deuridylylates GInK @htB.
GInK complexes with AmtB, thereby inhibiting thensportvia AmtB, where GInB interacts with
NtrB and activatefts phosphatase activity leading to dephosphorylatfddtrC, and NtrCdependent
gene expression ceases [65]

Figure 5. NH3 assimilation pathways and the regulation unddinhtation.
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GInK binds to AmtB and inhibits its activityynder ammoniumrich corditions while GInK
dissociates from AmtB at low ammonium concentration, thereby setting AmtB freettdor
ammoniumtransport [6668] (Figure 5).Intracellular ammonium is assimilated into biomass in two
steps: Namely, it is first captured inthe formo gl ut ami ¢ aci d (Gl u) vimsi ng
GS/GOGAT cycle.Then Ngroup in Glu is transferred to synthesize amino acids thus incorporating
into biomass, while recyclindghetké& paobonwBikeh
imbalance between the ammonium assimilation flux and the biomass incorporation flux activate
AmtB [66i 68] via GInK. If the internal ammonium level drops, then the rate of ammonium
assimilation will drop immediatef hi s resul ts i n (Bigu@5accumul ati o

From the studieson interdependence of different metabolic routes, two of niagor signal
transduction systems of N andn@tabolisms have been identified as & small nitrogemegulatory
protein and PTSBecauseof the important roles inhe regulatory functions, Pand PTS can be
regarded as the central processing units @nN C metabolisms, respectivelyhe R protein senses
| KG and ATP, thus link the state of central carbon and energiabolism for the control of N
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assimilation [1]. Theglucose catabolism is modulated by the global regulatmxhk as Cra, Crp, Cya,
and Micas mentioned beforevhile N assimilation isegulated by RNtr system together with Crp,
providing a regulatory network betwedd and N assimilation inE. coli [72]. The C and N
metabolismgnay be linked by energy metabolismhereP; protein controls N assimilation by acting
as asensor of adenylate energy charge, which is the measerendy available for the metabolism.
Moreover| KG serves as a belar signalof C and N statysand strongly regulates,Punctions [73].
Gln and UKG are the signal met abolites for ni:
regulate GS adenylylation state and nitrogen regulator | (MRNtrC) phospbrylation state [74].
Nitrogen shortage is reflected by t hOp(Figue8uced
While the rati osiorespode to Nimitation) i€ ratio asrsubstantially constant
under Glimitation. Thisconstant ratio requires tuning the rate of ammonia assimilation to match exactly
the carbon uptake rat€his ratio is insensitive to variations in protein levels of the core circuit and to
the Nutilization rate and this robustness depends on bifunctienayme adenylyl transferases]7

During N-imitation, a sudden increase in nitrogen availability results in immediate increase in
glucose wuptake, and UKG plays an i mptbergiucaset rc
uptake under Nimitation by inhibiting EI of PTS Y6] (Figure 5).This implies several things:
(1) UKG inhi bit ifooall PtSfsugarsiby mhibiting fiut ack ecarbdhyarate specific
E, (2)this is performedvithout perturbing the concentrations of the glycolytitermediates such as
G6 P, PEP, and PYR, ( 3)stadredicedmmndut of phosplioryl&dd EGly U K C
and decreases CcCAMP |l evel, where the effect of
in En A® phosphorylation rather than afdrence in substrate availabilityg]. Moreover, UK G i s a
promiscuous enzymatic regulator that competitively inhibits CS of the TCA cycle and 3PG
dehydrogenase for serine biosynthesis, and further controls aspartate production by product inhibition
of transaminase under-Initation [76]. Note thatUK G noncompeti tively inhi
PtsP (EI homolog in the nitrogen PTS, which wi

6. The Role of PTS™"

In addition to carbohydrate PTS, masbteobacteria possess a paralogous system such as nitrogen
phosphotransferase system P¥Swhere it consists of Bf encoded byisP, NPr encoded byisO,
and B1 AN" encoded bytsN, which are paralogues of the carbohydrate PTS components such as El,
HPr, B1 A, respectivel[771 79].

E.coli PTS" plays a role in relation to Kuptake, where dephosphorylated ENtr binds to and
regulates the low affinity Ktransporter TrkA [8] and the K-dependent sensor kinase Kdpr®[81.
K* regulates global gene poession involving botli™- a n d-dependent promoters4B Moreover,
dephosphorylated iE AN" modulats the phosphate starvation response through interaction with
sensor kinase PhoR3B The dephosphorylated form of NPr interacts with and inhibits Lpwiich
catalyses biosynthesis of lipidA of the lipopolysaccharide (LPS) layér [8

Al t hough the physiological role of Ntr has n
regulate the phosphorylation state of the ¥Ti8/ direct effects on Ef autophosphorylationThis
implies that PTY" senses nitrogen availabilifg5].
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7. Regulation for S-limitation

At least threemetabolites such as (1) sulfide, the reduction product of sulfate, which is used
for cystein biosynthesis(2) N-acetylserine, the only precursor of cysteine, 8§l adenosine
5'-phosphosulphate (APS), the finsitermediate in sulfate assimilation are involved in perceiving
S-limitation [86,87]. The concentrations of sulfide and APS decrease, whibkcedtlylseine pool
increases under-Bnitation. The two regulators CysB and Cbl mediate homeostatic responses to
S-limitation, where these responses hélpol/i to scavenge trace amounts of cystein and sulfate,
preferred S sources, or the alternative S sourcésasuglutathione and various alkaline sulfonate including
taurin. Slimitation affectsmethionine metabolism, synthesis of FeS clusters, and oxidative stress

Like NtrC for N-regulation, CysB is the primary regulator for homeostatic responses to B,isnd
required for the synthesis of CbIg8 CysB is positively controlled by {dcetylserine and negatively
controlled by sulfide or thiosulfate T8 and Cbl is negatively controlled by AP[8It is of interest
thatchl gene is transcribed fronuc promder under Nlimitation [89]. Theddp operon is activated by
NtrC, and there might be a cross regulation betwelmig&tion and Nlimitation [90].

8. Phosphate Regulation

The phosphate (P) metabolism is also quite important thenenergy generation aptiosphorelay
regulation points ofview. The phosphorous compounds serve as major buildiocks of many
biomolecules and have important rolessignal transduction [§. Depending on the concentration of
environmentaphosphateE. coli controls phosphatmetabolism througRho regulon, which forms a
global regulatory circuit involvedn a bacterial phosphate managemeri,98. The PhoR/PhoB
two-component system plays an important roledetecting and responding to the changes of the
environmentaphoghate concentration 3.

When cells enter into;Rtarvation phase in the batchlture, the Pho regulon is activatedn ¢ @
starts to accumulatan the cytosol [9,94,95]. The promoters of th&ho genes are recognized by
GP-associated RNA polymeras&.mutation inrpoS, significantly increases the level of ARlkaline
phosphatase) activity, and the overexpressidit afhibits it [96]. Other Pho genes such @sE and
ugpB are likewiseaffected by(l®. The RpoSmay inhibit the transcriptions @fio4, phoB, phoE, and
ugpB, but not that opszS [96]. The pst may be transcribed by bofffand (. The Pho regulois thus
evolved to maintain a tradeoff between cell nutriéo cell survival duringPstarvation [9].

The Pho regulon and the stressponseamay beinterrelated [8i 100]. The presence of glucose or
mutations incya or crp leads to the induction gfzo4 gene inphoR mutatnt. This induction requires
the sensoPhoM (CreC) and the regulator PhoB 1.0

One R-independent control is thregulation by thesynthesis of acetyl phosphate (AcP), wheres P
incorporatednto ATP at Ack (acetate kinase) pathway. AcP may themdctectly on PhoB.

9. Regulation for Ion Uptake

The metal levels are often sensed by msg¢aising regulatory RNAyhich encodes metalensing
proteins involved in the transport and storage of ioéltular metals [1R,103]. In the native
environmentthe cell such a&. coli continuously faces iron deficiencwhere metal ioriunctiors as
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cofactor in many of the ceilar constituents such as flavoproteins, and therefioeecellfurnishes the
mechanisnfor iron uptake and storage system 41@5]. However, excess iron cawswxicity by
catalyzing the formation of reactive free radicals through Fenton/ Nabesreaction[106]. Aerobic
respiration generates superoxitms (Q'), with NDH Il as the main generator of endogenous
superoxide and NDH | and SDH as small contributorg][1& combination with inability to convert
NADH to NAD*, a decrease in endogenedds cause reductive stressand in turnactivates Fur
(ferric uptake regulat®i{108]. Fur generally represses ion transport and ion siderophore biosynthetic
genes when complexed with ferrous ion. Under ion limitation, ion dissociates frgmviere Fur
requires binding to P& to become active. £ deactivates Fur after its conversion taQdl by
superoxide dismutasgSOD), through Fenton reaction §8, + F€*Y HO + + &) [109].
Therefore, a decrease in endogeneogisr@reass the availability ofFe”, through a decrease in®
level, and in effect activaseFur [110]. Namely, Fur senses the reductive stress nodect Fe-S
clustersto besafe from damage by reactive oxygen species (RIDiS)essential for the cell to use iron
economically,and this is attained bgiderophores synthesediron transport regulation [1]. Iron
transport and siderophores (e gnterobactin) pathway genes such@B andentF are repressed by
Fur [112i 114], andenterobactin may be producedfitn mutantE.coli [115].

There are functional interactions between carbon and ion utilizatwoi€rp and Fur, where many
ion transport genes and sevetatabolicgenes are subject to dual contfbhe sodB gene encoding
SOD andaceBAK operon show opposite responsesing activated by the loss of Crp, and repressed
by the loss of Fur, while such genessaBCDAB, sucABCD, andfumA genes in the TCA cycle are
repressed by the loss of both TFs. Moreover, the loss of two TFs acéivaéerogenous group of genes
encoding Cfa, cyclopropane fatty acid synthase)YggB, the mechanosensitive channel proteit][11

10. Growth-Phase Dependent Fis Expression

In E.coli, Fis (factor for inversion stimulation) is a nucleotakesociated protein, and is the most
abundant dring exponential growth phase [d1 Fis levels peak during early growth phase, and
thereafter decrease until they become very low during stationary ph&ewhérefis transcription is
repressedy the stringent responselfd], andfis is subject to gowth rate control [1@]. Moreover, the
stringent control and the growth control all require the transcription factor Dk} [Ei2 seems to
play a widespread role in signaling conditions of high nutritional control and outfitting the cells for
efficient nutrient uptake, and rapid growthl1fd. Fis also plays a role in signaling poor nutritional
condition, where in response to amino acid starvaiidnis subject to severe and rapid negative
control by thestringent response [QR In relation to stringet response, (p)ppGpp and DksA interact
with RNAP [121].

11. Stringent Response to Nutrient Starvation

The rutrient limitation may be defined as hunger and starved conditions, where the hunger state is
defined to be irbetween feast (nutrient excess) dathine (starvation or without nutrignf122].
Bacteria generally have distinct strategies for the starvatiodifferent nutrient sourcesThe
individual hunger responses may be superimposed on a common protective starvation respjonse [12
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Carbon limitaion finally leads to amino acid limitation, which requiteg signaling pathwaysia
RelA and SpoT during carbon and amino acid limitation3[1Puring stringent responsautrient
limitation leads to accumulation of ppGpp (guanosih&-Bisphosphafe[124], which may bind to
RNA polymerase [12], where ribosomal RNA and proteins are negatively regulated by pp@pgh
implies that protein biosynthesis declines, and in turn the cell growth rate deci2aseg.amino
acid limitation, (p)ppGpp (inclding pentaphosphate pppGpp) is mediated by RélAe accumulation
of (p)ppGpp depends on the dual activity of SpoT as (p)pgtydpolase or ppGpp synthetas§poT
is activated in response to fatty acid starvation, carbon source starvation, diauxicpbbiishate
limitation, ion limitation, hypetosmotic shock, and oxidative stress [126].

Theal amone ppGpp i s i nvohthetdnsdriptional hne postteagsariptortali o r
level [127].Thee | ev atSinemy ad fi vie | $-deperdgnhduse keeming genes, such as TCA
cycle genes [128Moreover, ppGpp influences the competition between different seeéged sigma
factors in the binding of RNA pof fl28eanda BRNA c o
polymerase availability [13.

As implied before, Cra and cAMErp coordinately regulate the main metabolic pathways, and
these play important roles for a good economic balance between prdounsation for biosynthesis
and energy generation duringli@itation [123]. Catabolite controinvolves also the regulation of
chemotaxi s. This indicates that cells pursue i
available carbon sources [@20n the other hand, ppGpp concentration increases with lower growth
rates, and affects R, and ppGpp accumulates immediately after onset of nutrient starveten.
nucleotide ppGpp regulates the ribosome concentration and the reduction of the cell growth rate. This
mi g ht be regarded as Adef ensi veod hetwithdrawalgoy , b
precursors (and energy) from the central carbon metabfili2sh

12. Stationary Phase Regulation by RpoS

The cultue condition changefrom glucoserich to acetaterich conditiors, and changefurther to
carbonstarvedconditiors in the katch cultivation RpoS, the master regulator of the statiorargse
or stressnduced genes regulates such genedhase for the carbohydrate PT&y, glycolytic
pathway genesuch agbaB andpfkB, the acetatéorming genepoxB, the non-oxidative PP pathway
genes such aml/4 andttB, andTCA cycle genes such asnAd andfumC. In addition, some ofhe
amino acid and fatty acid metabolic pathway genes sualydsaroM, andyhgY, and energy metabolism
genes such asirY, appB, andldcC are alsoregulatedin anrpoS-dependent manner [18D35]. As the
cell utilizes glucose, acetate is producedtas major fermentative product under aerobic condition.
Then,the cellutilizes acetatas a carbon source during early stationary phageoafth. When acetate
is used upthe cellstarts to utilize amin@acids as carbon and nitrogen sources dutiegstationary
phaseRpoS regulates the expression of many genes antet of stationary phase or caristarved
conditionsaswell asother $ress conditions itk. coli [127,133,134]. RpoS stimulatethe expression of
several oxidative stress response genes suéhtskatG, sodC, anddps and osmotic stress response
genes such asmE, andosmY. Strains lacking a functiongboS gene alsdail to express the genes for acid
resistance such @adA4 andgadB, nearUV resistance gena:v, acid phosphatase genggpAR [127,131].
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Under normal situationwith roch medium RpoS is rapidly degraded by ClpX#oteases, and the
proteolyticactivity ofthis enzyme isonsiderably reduced2¥,133,134].

Although the roles of RpoS are originally described f@rious types of stress response,
the regulatory roles of Rpo&re not restricted to thstress response genes only. An coli,
RpoSdependent gassare found all over the chromosome, whose function rafigas DNA repair
and protein synthesis to the transpbigsynthesis andhetabolismof sugars, amino acids, and fatty
acids. RpoS regulasghe expression dDNA repair enzymes such as exonucleaseoded bwziA,
methyl transferase encoded lya, the genghat determines the cell morphology suchba®\, the
genesncoding transport, and binding proteins sucbua® andugpEC [132,136]

13. 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 andcedllladhesion to form microcolonies. This is useful
for the cell to protect against predetors and antibi¢1i8g]. The attachment of bacteria to abiotic and
biotic surfaces is made by motility, proteinaceous adhesion, andleuetl polysaccharide such as PGA
(poly-b-1,6-N-acetytD-glucosamine), where PGA is a ebtiund exopolysaccharide adhesioB871 As
mentioned before, Csr plays important roles for biofilm formation, whgr@peron is involned in PGA
formation and excretion, and it is negatively regulated by CsrA. As mentioned before, CsrA also
negatively regulates-di-GMP, a second messengeraiwed in biofilm formation and motility [39].

Curli are extracellular proteinaceous structures extending from the cell surface for attachment during
biofilm development [39]. Curli filaments are activated by CsgD, where it is inversely correlated with
flagella synthesis. The master regulator of flagella synthesis is@lhi@hich activates the genes
involved in motility and chemotaxis [0 McaS (multicellular adhesion sRNA) represses CsgD
expression, while activates FIhD and PgaAdJl4and thus regaltes the synthesis of curli flagella
andpolysaccharide.

As mentioned in the previous section, RpoS plays an important role during the stationary phase.
The csrA expression is also under control of RpoS1]j14Moreover, biofilm formation is under
catabolie repression by cAMP and Crp P4

Quorum sensing is a cel-cell communication [13], where the signal molecules are homoserine
lactones (AHL) synthesized by Lukype enzyme. At high cell density cultivations, Luifpe
regulator plays a role for thpositive feedback in association with AHL when its concentration
exceeds dhresholdlevel [8]. Thequorumsensing is considered to be the sensing of cell density,
where inE.coli, CyaR repressdsxS gene which encodes autoindu@synthase [1].

14. Death Phase and Long-Term Stationary Phase Metabolism

After the stationary phase in the batch culture, the death phase antklongtationary phase
follow [144]. During the stationary phase, nutrient becomes exhausted, and waste products gradually
accumtlate, which may become a stress to the cell, and this eventually leads to the death phase ir
which the number of viable and culturable cells decli@scethe majority of the cells in the death
phase are viable but naultuable or die, nutrients from@ortion of such cells are released into the
medium.The released nutrients support the survival of the remaining culturable cells, and viable and
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culturable cells can survive for months or years in the-teny stationary phase [2446]. The
GF-dependencell lysis is to eliminate damaged cells in the stationary phaBedh [146], where the

cell lysis proceeds in the cascadeidfY e x p r e misdiandmbBdXf r educti on in O
in the outer membr anmembrandld7 The tek Igsis aascade appeartbto o u t €
relatad to oxidative stress in the early stationary phadé&][1

15. Effect of Oxidative Stress on the Metabolism

The microbial cell responds to oxidative stress by indu@ngoxidant proteins such as superoxide
dismutasg€SOD) andcatalasewhere those are regulated ®xyR and SoxR [49]. SoxR is a member
of the MerRfamily of metatbinding transcription factors, and it exisis solution as a homodimer
with each subunit containing [2Fe2S] cluster. These clusteare in the reduced stateinactivated
SoxR, and their oxidation activates SoxR gmwerful transcription factor BD]. The active form of
SoxR activates transcription obx gene and itsproduct,SoxS, belongs to the AraC/XylS family of
DNA-binding transcription factorsOxygen derivatives such as superoxide' JOhydrogenperoxide
(H20,), and the hydroxyl radical (OH) are usualfjenerated as toxic kyroducts of aerobic
metabolsm in acascade of monovalent reductions from molecular oxy8khough these are not so
reactiveper se, O and HO, cause severe cell damageQd along withFe** via the Fenton reaction
produces OH, which reatwith any macromolecule such as protein, membrane constitusmds,
DNA [151,152]. O, exacerbates the Fentomaction by increasing the intracellular pool of free iron,
for instance, by releasing iron froM, -oxidized [4Fe4S] clustersDespite their toxicity, reactive
oxygen speciefROS) at low concentraticsrei nv ol v e d i mandftheeefore, sHtdinGtde | i1 f
entirelyeliminated. Potent basic defense systems maintain R@&8ratess levels but cannot deal with
sudden increases in R@&duction as oxidative stress.

The two enzymes involved in the oxidative PP pathva8RPDH and 6PGDH that pdaceNADPH
for biosynthesisare significantly affected in botkbxR and soxS mutants [B53]. The activities of
G6PDH and 6PGDH decrease siwR and soxS mutants, compared to the parent stdihe down
regulations of these two enzymes agree with slgrewth ratesn bothmutants, since these enzymes
are under growth ratdependent regulation [4h The downregulation ofzwf gene in bothmutants is
also due to theffects ofsoxS andsoxR genes deletion, sincavf'is amemberof soxRS and multiple
antibiotic resisince fuar) regulonsUnlike gnd, zwf expression is transcriptionally activateg SoxS
for oxidative stress B2,155] (Supplementary Figure S1). Therd (membrane bound transhydrogenase
transcriptswhich is involved in NADPH generation from NADH 8], are upregulated irboth soxR
andsoxS mutantsto backup the reduced NADPH production in these mutaimseNADPH plays a
significant role to reduce oxidative str¢$56)].

As the specific glucose consumption rate increases, and the respiration incEadRS is
activated as implied in Figure 4&hen, SoxSactivateszwf geneexpressionFigure 4d), where¢he
activation of theoxidative PP pathwaysay bedue to NADPH production for oxidative stress as well
asfor the cell synthesis (Figure 6).
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Figure 6. (a) Oxidative stress in the respiratiand p)metabolicregulation for NADPH production.
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In general, all aerobic organisms produce NADH and FADHthe TCA cycle, where these
reducing equivalents are oxidized in the respiratory chain, and the electrons generated from the
reducing equivalents are subsequently transferred to cytochromes whisreo@verted to kD. The
ATP is then generated by theroton motive force (PMF) with ATPase (Figure 6A)though this
process is universal among all aerobic organisms, inefficient electron transfehe respiratory
complexes results in one electron reduction of diatomic oxygen, a phenomenon knownrébegene
toxic ROS [B7]. Since NADPH plays an important role for detoxification of ROS, some prokaryotic
microorganisms such @coli produce NADPH at ICDH in the TCA cycle together with the reactions



Metabolites 2014, 4 19

at G6PDH, 6PGDH, and possibly at Mez (Figure &g.the oxygen level decreases with reduced
activity of the TCA cycle, less ROS is generated, and the NAD(P)H generated at ICDH varies in
genera[157].

UKG is a key participant i n,OtahdeQ with tomoomitarit c at |
formation of succinate, where it is a biomarker for oxidative stresg [(Figure 6b). Moreover,
NADPH producing ICDHs activated, while NADH producing KGDk4 deactivated in the cultivation
of Pseudomonas fluorescens [157]. This indicateshat 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 intracellular ROS (Figure 6Note that unlike ROS detoxifying agents such as SOD and
catalase which only decompose ROS withoatffecting their production [58], the TCA cycle can
regulate both their formation and decompositibhe concomitant accumulation of succinate may act
as a potent signal fahis [159] (Figure 6b).

16. Acid Shock Response

The cell such ag.coli has the regulation systems in responsacidic condition [59 162]. 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 gf-amino butyric acid (GBA) from cytoplasm to the periplasm liye
antiporter that also imports the original amino aci89l E. coli is acid resistanby such genes as
gadAB which encodes glutamate decarboxylaseguatd” which encodes glutamate/GABA aipibrter.
Glutamate degdéoxylase production increasén response to acid, osmotic, and stationary phase
signals.The gadA andgadB genes for glutamate decarboxylase isozymes form a glutatependent
acid response system, where the process of decarboxylation consumes altulatrgcoton and helps
maintain pH homeostasi¥here exists similar acid resistant systems for the case of using arginine
instead of glutamate by arginine decarboxylase, where the antiporter is AdiC in thisG3$6e4]1
and for the case of using lys by lysine decarboxylase M6 The cells grown in media rich with
amino acids such as LB are acid resistabf].1

In the typical batch culture, organic acids are tgostcumulated at the late growth phase or the
stationary phase, and GadA and GadBgns increase in responsethe stationary phase arat low
pH [165]. RpoS which increases at the late growth phase and the stationary phase as welliss Crp
involved in acid resistance $9]. As implied by the involvement of Crp, tlaeid resistah system is
repressed when glucose is presttdreover, ATPase is involved in this systensdl, whereATPase
is mainly utilized for the protons in the periplasm move into the cytosol across the cell membrane
producing ATP from ADP and; By the negative noton motive force (PMF)Since the basic problem
of acid stress is the accumulated proton in the cytosol, this pragbe pumped out throughTPase
by hydrolyzing ATPwith reversed proton move due to positive PMF at low pH such as pH 2 62]3 [1
Without amino acid in the media, this acid response system is activated by utilizing ATEFaseq 1
where the positive PMF pumps extra protond) ikbm the cytoplasm with consumption of ATF6PL
Namely, PMF is operated in the reverse direction as comiparhe case of producing ATP.

The acidc pH lowers cAMP levels in exponentially growing cells in the minimal glucose medium.
Since cAMRCrp represses RpoShis may elevate RpoSandincrease the expression ofgadX.
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However, GadW represses Rpegthesis at acidic condition, and in turn GadX synthesis. GadX,
when not repressed by GadW, is acid induced due to changes in ¢@® is also aciihduced
when it is not repressed by Gad®adX directly binds to thgad promoter region.The overall
regulation system seems to be quite comglexolving EvgS/A, B1500, PhoQ/PhoPd1].

As explained before, the tamomponent system of EnvZ and OmpR regulates porin expression,
where OmpR may be a key regulator for acid adaptation, and#tp® mutant is ensitive to acid
exposure [18]. The acidinducibleasr gene is regulated by the tveomponent system PhoR/B, and
thusphoR/phoB deletion mutant fails to induesr gene expression ¢8|

17. Heat Shock Response

The organisms respond to a sudden temperaipshift by increasing the synthesis of a set of
proteins. This phenomenon is called as heat shock response, where this does not restrict to th
temperature wghift, but also other stresses will be mentioned later in tleection ofsolvent stress.

The heat shock proteins playportantroles in the assembly and disassembly of macromolecular
complex such as GroE, the intracel | uf proteolysisan s |
such as Lon, and translation such as lysyl tRNA synthefdse heat shock response An coli is

me di at e* wherg E dedotes RNA polymerase holoenzyme. Among themL, dnaK, and

htpG encodemajor chaperones such as Hsp 60, Hsp 70, and Hsp 90. ClpP, Lon, and HtrC are involved
in the proteolysis. DnaK, 3, GrpE, and RpoH are involved in the autoregulation of heat shock
responseDnaK prevents the formation of inclusion bodies by reducing aggregation and promotion of
proteolysis of misfolded protein®\ bichaperone system involving DnaK and ClpB mediates
solubilization or disaggregation of proteinGroEL operates protein transit between soluble and
insoluble protein fractions and participates positively in disaggregation and inclusion body formation.
Small heat shock proteins such as IbpA and IbpBeptdheatdenatured proteins from irreversible
changes in associatiavith inclusion bodies [89,170].

Hoffmanner al. [171] investigated the metabolic adaptationfbicoli during temperature induced
recombinant protein productipnand showed that cAMP/Crpcontrolled LpdA of pyruvate
dehydrogenase complex (PDHc) and SdhA in the TCA cyclaighty induced.In E. coli, heat shock
protein synthesis rates peak at abdut®min after the temperature upshift and then decline to a new
steadystate level [I2] . isftself a heat shock protein, and the increase in its concentration after heat
shock may contribute to its decline in heat shock protein synttissd contributes to the shutodff
thehigh level synthesis of heat shoclof@ins [173].

Upon heat shockerp gene expression increasend lpd4 gene expression follasvthe similar
pattern.Moreover, mlc gene expression follesvthe smilar pattern as that ofpoH. °Eplays an
important role in balancing the relatigencentration of Mic and EIICB in response to the availability
of glucose in order to maintain inducibility of Mic regulon at higher temperatudg.[Ilie mic gene
is transcribed by two promoters; Bnd B, and has a binding site of its own gene prodwbereP,
promoter could be recognized by RNA polymerase containing the heat shock sigma factor.

Let us consider the production mechanism of acetate at higher tempefaietate excretion
occurs through PtAck pathway, or may possibly by Pox pathwAgetate utilization occurs through
Acs.Transcripti on ’‘ddemendens promotersmsuch asodistdl promaterP; and
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proximal promotercs P, [175,176]. Crp functiors directly as the critical transcription factazells
control tre acetate switclprimarily by controlling the initiation ofics transcription from the major
promoteracs P, [175,177]. Activation of acs transcription depends on cAMEBrp (Supplementary
Figure S). The cAMRCrp binds two sites within thecs regulatory region. However,ig-and Ihf
independently modulate Ggependent activation ats P, transcription [Z8]. As such, the activation
of crp may causecs to be upregulatedvhereacs gene is also under control of RpoS 9L

The respiration is activated during ttemperature upshift [Il], and superoxide dismutase gene
(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 temperastit [1480].

18. Tolerance to Various Stresses in Biofuels Production by Microorganisms

The biofuels production by microorganisms has been paid recent attention. However, many biofuels
are toxic to microorganisms, and reduce the cell viability through damage to the cell membrane and
interference with essential physiological procesSeseral attempts have been made to improve the
tolerance to biofuels, where biofuel export systems, heat shock praedrmembrane modifications
have been considereddl]. The effect of biofuels on the ¢ek through hydrophobicity of the
cytoplasmic membrane, where the accumulation of solvent in the cytoplamic membrane increases
permeability of membrane, diminishes energy transduction, interferes with membrane protein function,
and increases fluidity BLi 184]. This may cause the release of ATP, ions, and phospholipids, RNA
and proteins, and thus the cell growth is depressed due to disturbances on ATP production by
diminished proton motive force (PMHAYloreover, the increase in fluidity affects the nutrieansport
as well as energy transduction.

Toxicity levels vary depending on the microbes and the types of biofuels and biochemicals.
general, longer chain alcohols are more toxic than short chain alcéfftls. pumps are membrane
transporters thakecognize 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 solViérs.crAB-tolC pump
in E.coli provides tolerance to hexane, heptanes, octane, and ndi8&heEffflux pumps are effective
for increasing tolerance and production of biofuels, in particular, for long chain alcohols such as
alkanes, alkenes, and cyclic hydrocarbons, but those are not effective for exporting short chain
alcohols such a&propanolandisobutanol [B6)].

Theheat shock proteins are-upgulated in response to short chain alcohd3][wherethe sigma
factor for heat shockuch afRpoH is activated [10], and heat shock and protein refolding genes such
as rpoH, dnaJ, htpG, and ibpAB are up-regulated [88], while groESL, dnaKJ, hsplS8, hsp90 are
p-regulated in Chrostridium acetobutylicum [189]. Over-expression of heat shock proteins may
increase tolerance against biofuel8(191].

In general, solvents disrupt the cell mearke structure and have a strong impact on physiological
function, and eventually leading to the cell deat®2]1To overcome this problem, solvent tolerant
microbes change the composition of the fatty acids frinto trans unsaturated fatty acids cataéd
by cis-trans isomerasedi), thus decreasing membrane fluidipreventingthe entry of solvents into
the cell [18,194]. In addition, modifications to phospholipid headgroups or phospholipid chain length
increase solvent toleranceg[/].
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In relationto 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 p8iteias.
cytosolic membrane is also under stress condition, respiration and amamproteins as well as
general stresgesponse mechanism are affected4]1&everal transcription factorare affected by
isobutanol inE.coli [110]. The reactive oxygen species (ROS) highly increase in response to the stress
caused by 1butanol inE.coli [188]. Moreover,the improved tolerance againstbutanol can be made
by overexpression of ion transport and metabolism genes suehr@sand feod, as well as acid
resistanceelated genestE and inner membrane protein geeAd [191].

In orderto keep pH constant, alkali such as NaOH is supmligihg the cell growthn practice,
which results in the increase in sodium ion (Navhere nhad gene encoding N&™ antiporter
membrane protein andhaR gene encoding the NhaA regulatory proteam ke overexpressed ipfIB
mutant, showing performance improvement for lactate fermentaiifh [

RpoS plays important roles in response to the stresses caused by the accumulation of hihg€s [1
Some of the global regulators such as ArcA, Fur, BhdB are activatedorobably indirectly by
isobutanol [10].

19. Concluding Remarks

As seen above, the global regulatareresponsive to the specific stimulExamples of such
pleiotropic TFs inE.coli are Crp, a primary sensor for-@vailability, NtrBG a sensor for Mvailability,
PstSCAB and PhoRhe sensor for Rvailability, CysB, the sensor for-&ailability, and Furthe
sensor for ion availabilityrunctional interactionamongsuch regulators must coordinate the activities
of the metabolon sthat the supply of one type of nutrient matches the supply of other nutdér}s [

Thus, multiple links between C and N metabolisas been identifieflr7,19§. Other functional links
between C and S metabolisi9f], and between C and ion metabolisiil§,200] have been
identified.Moreover, the links between S and N limitati@me alsddentified [9Q].

In general, bacteria in nature live far away from the optimal growth conglit@mere multiple
stresses are imposed to the cé&kherefore, the cell mushavethe ability to sense, integrate, and
respond to a variety of stresses fsotrr essusrov,ipvradt
cross stresgependencies are ubiquitousghly interconnected, anchay emerge within short time
frames [D1]. In E.coli, pre-adaptation to C or N limitation increases survival rates after heat shock
or oxidative stresf202], wherea possible linkmay be made by heat shock regulator, RpoHJ3J.

Crp may play some rolm this, since it is commonly involveih the above stressels fact, a high
degree of overlap was observedhe transcriptional profiling for different stresses such as starvation,
osmotic and acidic stressek3f], where high osmolarity and high temperature induces the oxidative
stress reglons such as SoxRS and OxyR4205]. The responses to-hutanol share the same high
overlap with those in heat shock, oxidative, and acidic stre$88s [

As mentioned in this article, the specific mi
metabolic pathways play important roles for metabolic regulafibis implies that these metabolites
might play roles for the coordinated and integrated metabolic reguldtiote, however, that
metabolomics alone is inadequate to understand cellulabwiet activity [D6)]. It is quite important
to correctly understand the metabolic regulation in response to nutrient starvation and culture
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environmental stresses by integrating different levels of information such as fluxes, protein expression,
gene expession as well as metabolite concentratidibat we understand the metabolic regulation
mechanism so far is limited, and it may be important to get deep insight into the whole cellular
metabolic systems, and apply this for the next generation metabgireenng.
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