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ABSTRACT

It 15 quite mmportant to understand the effeet of culture environment on the cell metabolism.
where carbon. mitrogen. phosphate cte. as well as oxveen level. pIl temperature cte. mayv be
considered as mmportant environmental factors, In the present studyv. the effects of phosphate (P)-
limitation as well as actdie condition and nitrogen limitation on the metabolism in Eschericlia
coli were investigated. Moreover. the effects of several gencs knockout on the metabolism were

also investigated.

In the present studyv. the effect of phosphate (P) concentration on the metabolism in Eschericlina
colr was first mvestigated in terms of fermentation characteristics and gene transeript levels for
the acrobic continuous culture at the dilution rate of 0.2 h''. The result indicates that the specific
elucose consumption rate and the specific acctate production rate significantly inercased. while
the cell concentration decrcased at low P concentration (10%e of the N9 medium). The increase
in the specific glucose uptake rate mayv be due to ATP demand caused by limited ATP
production under P-limitation The lower cell concentration wax alse caused by less ATP
production. The lexs ATP production by H'-ATPasc mayv have caused less evtochrome reaction
affecting 1n quinone pool. and caused up-regulation of ArcA B. which repressed TCA cvele
genes and caused more acetate production. In the case of p/oB mutant (and also p/ioR mutant).
the fermentation characteristics were less affected by P-limitation as compared to the wild type
where the PhoB regulated genes were down-regulated. while plioR and phol’ changed little. The
pholl gene knockout caused plioB gene to be dovwn-regulated as well as PhoB regulated genes.
while phol’ and phod/ changed little The effect of pH together with lower P concentration on
the metabolic regulation was also mvestigated. In accordance with up-regulation of arcd gene
expression. the expressions of the TCA cvele genes such as sdiC and medlt were down-regulated
at acidic condition. The gene expression of rpoS was up-regulated. and the expression of gadd
was up-regulated at pH 6.0, In accordance with this, PhoB regulated genes were up-regulated in
the wild type under P-rich and P-limited conditions at pI1 6.0 as compared to those at pH 7.0
Moreover. the effect of nitrogen limitation on the metabolic regulation was investigated. where
the result indicates that pfioB gene was up-regulated. and PhoB regulated genes were also up-

regulated under N-limitation. as well as nitrogen-regulated genes.

The effect of fin genc knockout on the metabolism of Esclherclna colr also investivated under
microaerobie condition based on gene expressions. enzyvme activities. and mtracellular metabolic
fluxes Under micro-acrobic condition. the flux through Pfl and Frd were reduced for the mutant.
which are due to i gene knockout. The decrcased flux through Pfl mav have caused
accumulation of PYR. which increased the flux through LDH. The pimr gene knockout caused
wreAd to be down-regulated. and thus the TCA evele was activated. and cvod and evdB genes
were up-regulated. The down-regulation of arc.d caused Jpdd to be up-regulated where the flux

through PDIe mcereased. The i gene knockout indirectly affected cra gene transeript level to



be decreased. which i turn caused the glveolvsiy genes to be up-regulated. which corresponded
to the inercase in the specific glucose consumption rate. The i gene knockout also caused crp
transeript level to be increased. where there might be come relationship between the two from the

eene structural similanty point of view

The effect of pIl on the fermentation characteristics was mvestisated by the batch and
continuous culture of Exchericiua coli at both acrobic and anacrobic conditions, It was found that
more acetate was formed with lower biomass vield and less specific glucose consumption rate at
lower pH as compared to the case at pH 7.0, The gene expressions indicate that the down-
regulation of the glucose uptake rate corresponds to the down-regulation of prs(; gene expression
caused by the up-regulation of m/e gene which 18 under positive control of Crp. In accordance
with up-regulations of arcd gene expression at acwdic condition. the expressions of the TCA
cvele-related genes such as reddd and glrdl and the respiratory chain gene crod were down-
regulated. whereas c1dlB gene expression was up-regulated The decrcased activity of TCA cvele
caused more acetate formation at lower pH. Under micro-acrobic condition. the fermentation
changed in such a wav that formate and lactate were more produced at lower pH duc to up-
regulations of pyld, 1D and Jdhl genes. whereas ethanol was less produced due to down-
regulation of adhE gene at lower pH as compared to the neutral pH. It was also found that prld
gene knockout mutant produced higher amount of lactate at lower pH compared to the case at pH
7.0 under micro-acrobic condition. The cffeets of both pIH and temperature were also
imvestigated. The overall metabolic regulation mechanisms under both pH down-shift and

temperature up-shift were clarified in view of gene expressions

Based on these results, it was implied that the effeets of culture conditions are interrelated. and 1t
18 strongly desirable to uncover the basie principal which govern the cell metabolism. NMoreover.

the present resull can be extended to other orgamisms than £ coli,
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Chapter 1 General Background

1.1 Introduction

Escherichia coli is an excellent free-lnving, single-celled. model oreanism  for
metabelic and bielogical studies as DNA replication and repaw. DNA transceription. metabolic
pathwavs, adaptive stress responses. signal transduction. and genetic regulation. since 1t 1s
one of the best-characterised prokarvotes. served ag a biological replica for cellular processes
Since the entire genome of £ coflr has been sequenced (Blattner et al . 1997). several kinds of
analvses have been applicd i order to reveal metabolic regulation. Netabolic engineering
can be defined as the dirccted mprovement of product formation or cellular properties
through maodification of the specific brochemical reaction(s) or the production of new one(s)
with the use of recombinant DNA technology, In many of these analvges. the aim has been to
determine how the different gencs interact with each other. enabling the cells to consume
nutrients. grow. divide. regulate. and respond to different stimuli. The different approaches
that have been used for these purposes can be classified as transeriptome. proteome.
metabolome analvses and metabolic pathwav analvsis. depending on the tvpe of compounds
measured. So. it ¥ quite important to understand how the culture environment affects cell
metabelism. With those backgrounds in mind. the aim of present thesix was to reveal the
metabolic regulation of Eschericlne coli by using some mutants as well ax by changing the

culture condition.

1.2 Signal Transduction and Two-Component Regulatory Systems
(=) - . .
Stgnal transduction  svstems  transmul environmental signals to the cell.  In
prokarvotes. most of the signal transduction svstems are two-component regulatory svstems
(Madigan and Martinko, 2006). by which prokarvotes regulate cellular metabolism in

response to environmental fluctuations. This two-component regulatory svstem made up of



two different proteins such as

a)

[$))]

Sensor  Kmase.  (cvtoplasmic  membrane)  detects  emvironmental  signal  and
autophosphorvlates
Response regulator (evtoplasm) DNA-binding protein that regulates transeription

(absent in bacteria that live ax parasites of higher organisms)
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Fig. 1.1 Signal transduction and two-component regulatory svstem in E.cols
Table 1.1 Examples of two-component regulatory svstems that regulate transerption
Escherrclng coli (Madigan and Martinko. 2006).
Syvstem Fnvironmental Sensor Response Activity of response
signal kinase regulator regulator®
Are svstem Lvigen ArcB ArcA Repressor Activator
Nitrate and nitrite Mitrate and mitrite MarN and  Narl Activator Repressor
(anacrobie regulation) Nart) NarP
(Nar)
[itrogen utilization MH," PRy the NR;, the Activates RIMA
(N (Shortage of organie product product of  polvmerase
nitrogen of gl glnG at promotores requirmg 7
Pho regulon Inorganie phosphate . PhoR Phol3 Activator
Porin regulation smolie pressure EmZ CmpR Activator Repressor
* Note that several of the response regulater prateins act as bath activators and repressors depending on the genes being regulated. Although

ArcA can function as either an activator or a repressor, it functions as a repressor on most operons that it requlates.

I



1.3 Role of Culture Condition on Metabolic Regulation

It s important to understand the cellular responses emanating from the environmental
perturbations to redesign the networks for practical applications as well as for theoretical
studies (Fuhrer and Sauver. 2009 Yuan ct al . 2009 Hua et al.. 2004) Microorganisms such as
Eschericing colr live in environments which are subject to rapid changes i the avairlability of
phosphate. carbon () and nitrogen {IN) sources (Magasanik. 2000: Zimmer et al . 2000), The
phosphate metabolism. carbon metabolism. nitrogen assimilation. and enerev generation are
mtegrated to mamntam the cellular integrity. The limitation of such nutrients stimulates hunger
state responses n bacteria, which tums the emphasis on scavenging substrates and induction
for stimulating nutrient acquisition (Peterson et al. 2005. Ferenci. 2001: Harder and
Dykhuizen. 1983). Nicrobes adapt to the low nutrtent conditions by maimntamning high
metabolic fluxes that mav reduce the energetic efficieney of overall metabolism (Molenaar et
al.. 20092 De Mattos and Negjssel. 1997).

In the case of phosphate regulation. the phosphorus compounds senve as major
building blocks of many biomolecules. and have mportant roles in signal transduction. The
phosphate 15 involved in many biochemical reactions by the transfer of phosphoryl eroups
All Iiving cells sophisticatedly regulate the phosphate uptake. and sunvive even under
phosphate-limiting condition. and thus phosphate metabolism 15 closely related to the diverse
metabolism including encrgv and central carbon metabolism. In particular. phosphoryvlation
mav plav important roles in the metabolie regulation at acidic condition and nitrogen limiting
condition. which tvpieally appears at the late growth phase in the batch culture. Moreover.
phosphate starvation iy a relativelv inexpensive means of gene induction in practice. and the
phod promoter has been used for overexpression of heterologous  genes. A better
understanding of phosphate regulation would allow for optimization of such processes.

In the case of M-assimilation. energv independent glutamate dehvdrogenase (GDH)

pathwav 18 used when suffictent amount of nitrogen 18 present. while enerev dependent



glutamine svnthetase-glutamate svnthase (GS-GOGAT) pathway s used under N-limitation
(Yuan ct al.. 2006 2009: Reitzer. 2003. Kumar and Shimizu. 2011). The ATP required for
the nitrogen assimilation using GS GOGAT cyvele under N-limiting condition accounts for
1596 of the total requirement in £ colr, The bulk of cnergv ix generated by the respirator
chain in £ colr under acrobic condition, and its efficiency depends upon the cumulative
activity of varous elements (Pramanik and Keasling, 1997: Negjssel et al . 1996: Varma et al.,
1993)  The acrobic respiratory chain consists of multple elements such as NADH
dehvdrogenases. catalvzing the generation of proton motive foree during NADH oxidation.
and quinine pool containing terminal oxtdases. transferring electrons to vxveen (Kumar and
Shimizu. 2011). Tt 18 also crucial for the maintenance of redox balance (Bekker et al.. 2009:
Vemurt et al.. 2006).

Oxvgen 1y another major factor to affect the metabolic activities. A variety of
pathwavs for carbon and electron flow in Ecolr are differentially expressed depending on
whether molecular oxveen 18 present in the cell environment. Different sets of cnzymes are
mduced or repressed by two major oxveen-responsne regulatory protemns. Far and ArcA.
Thirty one transeriptional units (including over 70 geney) have been recognized as membery
of the Fnr modulon. All of the geney in the For modulon encode proteiny that are mvolved in
cellular adaptations to growth in an anoxic environment (Lynch and lin, 1996} For functions
ax a transeriptional activator of frd4BCD. dmsABC. and nar(CiH T expression under ancrobic
conditions (Gunsalus. 1992).

The tricarboxyvlie acid (TCA) evele of Ecoli v highly operative only in acrobically
arown cells. with the kev regulatory control responsible for determining the levels of TCA
evele enzyvmes exerted at the transeriptional level The prineipal elements of this regulation
arc cneoded by the AreB-Arc A two-component signal transduction svstem (Lyvnch and Lin,
1996). The svstem comprises ArcB as the membrane bound sensor kinase and ArcA ay the

cognate response regulator. Under anacrobic or microacrobie conditions. AreB undergoes



autophosphorvlation and then catalvzes the trans-phosphorvlation of ArcA. Under acrobie
conditions. oxidized forms of quinine clectron carrters m the membrane mhibit the
autophosphorvlation of ArcB and therefore its mediation of the Are metabolic response
(Geogellis et al. 2001). About 30 operons are known to be contrelled by phosphorviated
ArcA (ArcA-P). most of which are involved in respiratory metabolism (Liu and Wulf. 2004,
The role of pH in gene expression in Ecolr and related enterie bacterta has been
studied extensivelv. but it has been studied largely under acrobic conditions, Relativels few
studies have addressed the relationship between pIl and ancarobiosis. the predominant
condition of bactertal growth: the best-studied cases melude anaerobic acid induction of
amine acid decarboxvlase, In the present studit we investigated how gene expressions pattern

changes in E colr at low pH under acrobie and microacrobic conditions

1.4 Research Target

The present investigation clarified the effeet of phosphate limitation. nitrogen
limitation. acidic condition and anerobic condition on the metabolism in view of gene
transeript levels. Norcover. the present studv implies that these metabolic regulations are
highlv interconnected and complex {(Chapter 3-Fig 3.7, Chapter 4-Fig 4.4 and Chapter 3-Fig
5.5) These phenomena occur at the late growth phase in the batch culture. The present result
i« useful for the analvsix of the metabolism changes during late growth phase and or

stattonary phase.

1.5 Thesis outline

In the present work. some single gene knockout E.coli strains were used for the
mvestigation of the overall metabolic regulatton mechanisms. The metabolic regulations
corresponding to envirenmental and genctic perturbations were studied by measuring gene

expression analvsis. enzvme activitics and fermentation data. The detaled works are



presented in the following chapters:

Chapter 3: MNetabolie regulation of Escliericlna coli and its phoB and phoR genes knockout
mutants under phosphate and nitrogen Iimitations as well ax at acidic condition was studied in
this chapter. By measuring gene expression and fermentation data analvsis under different
phosphate. pH and nitrogen concentration for different stramng (£ colr wild type and its phoB.
pholl mutant). the metabolic cffects of different nutrient-limitation conditions on the

metabolism were studied

Chapter 4: Thix chapter studied on metabolic regulation of frr gene knockout Esclericlua
colt under oxveen limitation The regulation mechanism for these metabolic changes was
studied based on enzvme activities. metabolic flux distributions. fermentation data and gene

expression analvsis on wild tvpe £ colr and 1ts fir mutant

Chapter 5: The effect of pH on the metabolie regulation of Esclericlna coli was studied
based on fermentation data and gene expression analvsis under different pH condition, The
metabolic regulation mechanism was studied on E cofr wild tvpe and its phoB, fin prld

mutant under acidic and neutral condition
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Chapter 2 Materials and Methods

2.1 Baeterial strains used and culture conditions

The strains used in the present study were Eschericihia colt BW25113 (lac!” irnBryy
AlacZ e 18R 14 AaraBAD g ArhaBAD 1p-g). its plioB gene knockout mutant (JW0389).
pholl mutant (TWO390). i mutant (JW1328). pf74 mutant (TWO883). The mutants were
constructed by one-step mactivation  of chromosomal phoB, phoR, fin; ptld - genes.
respectively (Baba et al. 2006). Batch and continuous cultivations were carrted out ina 2- I
fermentor (ZN-100. Tokvo. Rikakiki Co. Tokvo. Japan). where the temperature wayg
maintained at 37°C or more at 427C, The pH of the broth swwas maintained either at 7.0 £ 0.1
or less at 4.0 £ 0.1 with a pH controller by automatic addition of 2.0 N HCL or 2.0 N NaOFL
The acrobie condition was ascertamed by controlling the stiring speed at 350 rpm with the
constant air flow rate of 1 L min™. which has been shown to be 30-40°0 of air saturation. The
CO~ and Oaconcentrations were monitored using an off-gas analvzer (BNI-02 PL ABLE Co .
Japan), The inoculum was prepared by transferring cells from a glveerol stoek (0.1 ml) to 50
ml L-shaped test tube containmg 10 ml of LB medmum. The culture way mcubated overnight,
and 1 ml of culture broth was then transferred to a 500 ml T- shaped flask containing 100 ml
LB medium. The N9 minimal medium was used where it contamned 10 g of glucose per liter.
48 mN MNa-HPO, . 22 mN KI.PO,. 10 mM NaCl and 30 mN (NIL)-50, The following
components were filter sterilized and then added (per liter of final medium): 1 ml of 1 N
MeSO. 1 ml of 0.1 mM CaCls. 1 ml of | mg of vitamin Bl per liter. and 10 ml of trace
clement solution containing (per liter) 0.35 ¢ of CaCL.2H-0. 1.67 ¢ of FeCly. 0.10 ¢ of
ANnCla 4.0, 0.17 ¢ of ZnCla 0.043 ¢ of CuCl.2HL0. 0.06 ¢ of CoCl.6H-0 and 0.06 ¢
NaaMoO,. 2H-0. Continuous cultivations were performed at the dilution rate of 0.2 bl where
the feed glucose concentration was 10 o L. and several different phosphate concentrations

were conswdered: P-rich or 100% P concentration (2.99 oL of KH-PO, and 681 o1, of



Na-ITPO,) and P-limitation or 10%0 of P concentration (0.229 ¢ L of KI1.PO, and 0.681 ¢ L
of Na-HIPO,) Several other P concentrations in-between were also mvestigated For the
mtrogen lmuted condition. 6.0 mN of (NIT)-50, was used mstead of 30.0 mNL The
contimuous (chemostate) culture was controlled by adjusting the rotation speed of mput and
output pumps of the fermentor. where the rotation speed of output pump was adjusted to keep
the broth volume constant. while the rotation speed of nput pump was adjusted to set the
dilution rate In the present investisation. the dilution rate was set at 0.2 h''. where glucose
limitation was not observed at such dilution rate. If the dilution rate was decreased less than
about 0.1 b the glucose concentration becomes undetectable level, and both glucose and
phosphate limitation may oceur. and the changes of the transeript levels may be direet or
indirect. To avoid such situation. we set the dilution rate to be at 0.2 ™", The microacrobic
cultivation was inttiated by acrobic cultivation for 2 h followed by the microaerobic condition
without supplving awr and slowing down the agitation speed to around 100 rpm. so that the
cultivation was nearlv anaerobie. The triplicate samples were taken after 4-3 residence times

where the steady state was ascertamed.

2.2 Measurements of biomass and extracellular metabolite concentrations

Cell concentration was measured by the optical density (OD) of the culture broth at 600
nm wave length with a spectrophotometer (Lhet-300 Jasco Co.. Tokvo, Japan). and then
converted to drv cell werght (DCW) per liter based on the relationship between ODggou, and
DCW previeusly obtained (Peng and Shimizu. 20063, Glucose concentration was measured
using enzvmatic kit (Wako Co . Osaka, Japan) Acetate, formate. lactate. succinate. and
cthanol concentrations were also measured using enzvmatie kits (Boehringer Co L Mannheim,
Germany), Triplicate measurements were made for cach sample to compute the standard

deviation



2.3 RNA preparation, design of PCR primers

Total RNA was isolated from E. cofr cells by Qiagen RNeasy Mini Kit (QIAGEN KK ..
Japan) according to the manufacturer's recommendation. The quantity and punty of the RNA
were determined by the optical density measurements at 260 and 280 nm and by 1%
formaldehvde agarose gel clectrophoresis. Criteria for the design of the gene-specific primer
patrs wwere followed according to Sambrook and Russel (2001) The primers used in this
studv were deseribed elsewhere (Kabir and Shinmizu, 2003 Kumar and Shimiza, 20100
except those as given in Table 2.1 and Table 2,20 The primers used i this study were
svithesized at Hokkaido Svstem Science Co. (Sapporo. Hokkaido Japan): In all cases. the

primer-supplied company confirmed the absolute specificity of the primers

2.4 ¢DNA synthesis and PCR amplification

RT-PCR reactions were carrted out in a TaKaRa PCR Thermal Cyeler (TaKaRa
TP240. Japan) using Qiagen One Step RT-PCR Kit (QIAGEN K K. Japan). The reaction
mixture was wncubated for 30 mun at 507C for reverse transcription (¢DNA svnthesis)
followed by 15 min incubation at 95°C for initial PCR activation. Then the process was
subjected to 30 ceveles of amplification which consisted of a denaturing step (94°C for | min),
anncaling step (approximatelv 53°C below melting temperature. of primers for 1 min). and an
extension step (72°C for 1 min). and finally the reaction mixture of 25 pl was subjected for
10 min at 72°C for final extension. To cheek for nueleie acid contamination. one negative
control was run in every round of RT-PCR. This control lacks the template RNA in order to
detect possible contamiation of the reaction compenents 5 ul of amphified products were
mun on | 8 %6 agarose gel. Gels were stamed with 1 mg ml™" of ethidium bromide.
photographed using a Digital Image Stocker (DS-30. FAS TIL Tovebo, Osaka. Japan) under
[T\ ight and analvzed using Gel-Pro Analvzer 3 1 (Tovobo. Osaka. Japan) software, In order
to determine the optimal amount of mput RNAL the two-fold diluted template RNA was

12



amplified in RT-PCR assav under 1dentical reaction condition to construct a standard cunve
for each gene product. When the optimal amount of mput RNA was determined for cach gene
product. RT-PCR was camrted out under dentical reaction condition to detect differential
transeript levels of genes. The gene diree . which encodes E coli DNA polymerase and 15 not
subjected to vartable expression. 1e. abundant expression at relatnvely constant rate i most
cells, was used as an internal control in the RT-PCR determinations. The gene expressions
are given as relative values to that of éned The selection of genes was made based on global
regulator-metabolic pathway gene relationships { Appendix A)

To caleulate the standard deviation. RT-PCR was independently performed three times
under identical reaction condition. To ensure that the observed expression changes were

statistically stenificant. the Student's t-test was applicd



Table 2.1: A List of additional primers

phobB:

Left primer TTAAACCACGTCTGGGGAAC
Right pruner TAAAAGCGGGTTOAAAAACT

phod

Left primer. ACGAAAAAGATCACCCAACG

Right primer GATCCTTTTCCGCCTTTTTC

phoE:

Left primer TGGGGCCTATACCAACTCAG
Rught pruner GCCAGTTATTGGCGTCATTT

phoH:

Left primer AAGGAAGCCAACCCTCTGAT
Rught primer GGUCATACCAATGGCTTCTA

plmC:

P

Lett primer CUTACTGGAGAACGTGCTGA
Rught primer GTTUATCGGCCAGAATCACT

Left pnimer AGUTACCTGGUGAAAGTGAA

Rught prumer GUGTGTACGCUAGGTTGTTCT
ngph: Left primer CAAMGOAGOETATGACCTTGA
Ryght pruner GGTGTCTTCTTACCGGTCCA
| phod{ (creC): Left primer CTGGATAACGCCATCGATTT
Right pruner ATTTGCACGAGGCAAAGAGT
phoR: Left prmer TGGAATTTATTGOGCCTTTC
Right primer ACCAGAAAATACCGCCCTCT
phu L Left primer COTCAACATGATGGAAGTGG
Kight pruner CCAGCGACTCCAGACTTACY
asi Left prmer COGCTGCTATGGGTOTGTUTT

Rught pnmer TTTTGTTCAGGGGUTTTETS




Table 2.2: A List of additional primers (cont.)

e

left pruner AGCAGACCAACGCGGGCGCG
rrht primer GACTATACGCAGGAAGGGCC

wad-:

lett prumer CGGATAAACCAAACCTGGTG
rght primer GAATTTATCCAGCGCATCGT

110

left pruner AACTCTTTUTGGUTGOTGE 3
risht primer GATGGTCAGCTGUGGATAT

ompRR

left prumer GGTGAAGATGGCTTGTCGAT
right primer AGCAATTACCGCCTCTTCCT

Iz

omp(C':

left pruner ATATGGCGGCTGGTGTTAAG
nght primer TAAGATCCGCCATTTCCATC
left prumer CTACATGCGTCTTGGUTTCA
ryrht primer CGACCGETAGTCGAAAGAACT

ompF:

left prumer CAATGGUGACATGACCTATG

right primer TATTTAAGACCCGCGAATGC

gad\”

left pruner ATTGCGCGAAGAAGAGACAT
right primer ATACTCTGTGGGCGTCATCC

gadC'

left prumer CTAAAGTGGGCACCCTGGTA
rght primer TOGUAATAGACAAACCACCA




Chapter 3 Metabolic regulation of Eschericlua coli and its phoB and phoR
genes  knockout mutants under phosphate and nitrogen

limitations as well as at acidic condition

3.1 Introduction

The phosphorus compounds serve as major butlding blocks of manyv biomolecules. and
have mmportant roles in signal transduction (Wanner, 1996), The phosphate 1 contained in
lipids. nucleie acids. protemns, and sugars, and 15 involved in many bochemical reactions by
the transfer of phosphoryvl groups (Lamarche et al.. 2008). NMoreover. phosphate metabolism
15 closely related to the diverse metabolisms such as energv and central carbon metabolismy
(Ishige et al.. 2003y All livmg cells sophisticatedly regulate the phosphate uptake. and
sunvive even under phosphate-limiting condition (Back and Lee. 2006: Wendisch, 2006)
Exchericlna coli containg about 15 mg of phosphate (P) per g (dryv cell weight) (Damoglou
and Dawes. 1968). Depending on the concentration of environmental phosphate. £ colr
controls phosphate metabolism through Pho regulon. which forms a global regulatory cireuit
imvolved m a bactertal phosphate management (Wanner, 19930 1996). The PhoR-PhoB
two-component svstem plavs an important role i detecting and responding to the changes of
the envirenmental phosphate concentration (Stock ct al.. 1989: Parkinson. 1993 Baek and
Lee. 2007). It has been known that PhoR 15 an mmner-membrane histidine kinase sensor
protewn that appears to respond to vartations in periplasmie orthophosphate (P)) concentration
through mteraction with a phosphate transport svstem. and that PhoB 18 a response regulator
that acts asx a DNA-binding protein to activate or inhibit specific gene transeription (Wanner,
1996: Smith and Pavne. 1992 Harrs et al . 2001 Blanco et al L 2002). The activation si1gnal.
a phosphate concentration below 4 ud L trankmutted by a phospho-relay from PhoR to PhoB
Phospho-PhoB in tum controls Pho regulon gene expressions. PhoB i phosphorvlated by
PhoR under phosphate stamvation or by Phol (or Cre(’) in the absence of functional PhoR
(Torriant and Ludke. 19850 Makino et al.. 1985 198K 1989 Shinagawa ct al.. 1987 Wanner.
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1987: Amemura ct al.. 1990).

The E. coli Pho regulon includes 31 (or more) genes arranged in cight separate
operons  such as eda, plmCDEFGHIJKININOP, phod, phoBR, phoE, phoH, psiE,
pstSCAB-pholl, and ugpBAECQO (Hsich and Wanner, 2010). When P, 1x in excess. PhoR. Pst.
and Phol7 together tum off the Pho regulon. presumably by dephosphorviating PhoB. In
addition. two Prindependent controls that mayv be form of cross regulation tum on the Pho
regulon in the absence of PhoR. The sensor CreC. formerly called Pholl phosphorylates
PheB in response to some (unknown) catabolite. while acetsl phosphate mav directly
phosphorviate PhoB (Wanner, 1993). When P s 1n excess. Py s taken up by the low affinity
P transporter. Pit. Four proteins such as PstS. PstC. PstA and P<tB form an ABC transporter
important for the high-affinity capture of penplasmic norganic phosphate (P) and ity
loww-velocity transport into the cytosol (Van Dien and Keasling, 1998). These proteins arc
encoded together with Pholl ax the persCHAB-pho (7 operon PstS 15 a periplasmic protein that

binds P, with high affinity. PstC and PstA are mnnermembrane channel protemns for Py entrv,

from periplasm to cvtosol. When phosphate ix in excess. the Pst svstem forms a repression
complex with PhoR. and prevents activation of PhoB, PhoU and PstB are also required for
dephosphorvlation of phospho-PhoB under P-rich condition (Wanner, 1997) Indeed. Pholl iy
exsential for the repression of the Pho regulon under high phosphate condition (Wanner.
1996). It mav be considered that Pholl acts by binding te PhoR. PhoB or PhoR PhoB
complex to promote dephosphorviation of phosphorvlated PhoB or by inhibiting formation of
the PhoR-PheB complex (Oganesvan ct al . 2003).

It has been shown that p/wB mutant does not svnthesize alkaline phosphatase (gl
gene product) (Nesmewaneva et al. 1975 Pratt and Torriani, 1977 Zuckier et al.. 19801 Guan
ct al. 19830 Yamada ct al. 1989 Kimura et al.. 1989) and phosphate binding protein (psrs
gene product) (Pratt and Torriani, 1977, Yamada ct al.. 1989 Kimura et al. 1989} It was
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observed that phol” expression changed depending on phosphate concentration of the plioB
mutant (Nakata ct al.. 1984). Since the p/iod gene mutation leads to the decreased content of
membrane proteins or completely lacks them. mutations in the p/oB gene result in the loss of
alkaline phosphate and two membrane proteins (Tsfasman and Nesmeianova, 1981)
Mesmetanova et al. (1973) found that phoB mutation leads to loss of polyphosphate kinase
activity which catalvzes the syvnthesis of polvP in Ecolr Ault-Riche et al. (1998) also found
that the stramns with deletion of p/ioB failed to accumulate polyP in response to osmotic stress
or nitrogen himutation. Nutations in the p/ioB gene had no effect on pepN (Gharbi et al.. 1985)
and /v (10/B)y expressions (Lazzaron and Portailer. 1983).

The expressions of the genes under the control of the PhoR-PhoB two-component
svstem were found to be affected by the duration of P-limitation in response to phosphate
starvation in E cofr. This means that the roles of the PhoR-PhoB two-component regulatory
svstem seem to be more complex (Baek and Lee. 2007), Although molecular level regulation
by PhoR-PhoB under P-limitation has been mvestigated as stated above. little has been
imvestigated about the effect of P- limitation on the overall metabolism and fermentation
characteristics of Elcolt so far. In the present study. therefore. we mvestigated the effect of
phosphate limitation on the cell metabolism in E colr in view of fermentation characteristics
and gene transeript levels. since 1t ix quite important for the development of microbial cell
factortes to understand the fermentation mechanism at the late growth phase in the batch
culture. where nutrient stanvation oceurs. NMorcover. the effect of phoB gene (and also phoR
gene) knockout on the metabolism was also investigated under both P-rich and P-limited
condittonsy to clanfy the role of phosphate regulation Sinee 1t has been mmplied  that
phosphate regulation 1 interconnected with acid tolerance and nitrogen regulation, we also
investigated the effeet of pH downshift and nitrogen Iimitation together with P-Iimitation on
the metabolic regulation in E colt. where those phenomena also oceur at the late growth phase
of the batch culture. Since phosphate stamvation 18 a relatnvely mexpensive means of gene
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induction 1n practice. the phod promoter has been used for overexpression of heterologous
genes (Shin and Sco. 1990). A better understanding of the Pho regulon would allow for

optimization of such processes (Van Dien and Keasling. 1998)

3.2 Results
3.2.1 Effect of phosphate limitation on the metabolism

In order to make clear the effect of phosphate limitation on the metabolism. acrobic
contnuous cultivation was conducted at the dilution rate of 0.2 h' under different P
concentrations. Frg 3.la shows the cffect of P concentration on the fermentation
characteristics of the wild tvpe strain. where it indicates that the fermentation characteristics
stenificantly changed when feed P concentration became low around 10%6 of the M9 medium
In particular. the specific glucose consumption rate and the specific acetate production rate
became significantly higher. while cell concentration became significantly lower under such
P-limiting condition. Table 3.1 also shows the detadled values.

Figure 3.2 shows the effect of P concentration on the transeript levels. where Fig. 3.2b
mndicates that phoB transcript level inercased as P concentration decreases. and ploB
regulated genes such as phod, phoE, phoH, plmC, pstS, and wgpB were all inereased 1n a
similar fashion. and eda transeript level also changed m a similar fashion (Fig 3 2¢) Note
that phol7 and phol [ changed in a similar fashion as phoR. and also that the transerpt level of
rpoD.which encodes the RNA polymerase holoenzyme containing o °. increased 1n a similar
fashion as PhoB regulatory genes (NMakino et al.. 1993). Figure 3.2a also indicates that the
transeript level of wred mereased ay P concentration decreases. and those of sdn”" and mdh
genes decreased (Fig. 3.2¢ and Appendix A). Figure 3.2 alse shows that crg transenpt level
decreased. and thus the transeript levels of prs and prvAF mnercased (Appendix A) Those are
consistent with the mnereased specific glucose consumption rate (Table 31 and Figure 3 1a)
The decrease i cra transeript level mav be due to higher glucose concentration. The
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transeript level of frr is somewhat different from wre- but that of 1720 changed in a similar

fashion as frr (Appendix A) Moreover, Fig. 3.2a also indicates that soxR S transeript levels

mereased as P concentration deereases. and accordingly the transeript levels of rpol), nwfand

soeld changed m a smmilar fashion (Appendix A) The respiratory chamn genes such as arpd,

nddli. and nuedl also changed in a simular fashion. implyving that the respiration 18 activated
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Figure 3.1: Effect of phosphate concentrations on the fermentation characteristics of wild type

E'colr(a)and its plioB mutant (b).




Table 3.1: Fermentation characteristics of the wild type £ cofr and its p/ioB and plioR mutants in

the aerobic chemostat culture under different phosphate concentrations at the dilution rate of 0.2 b at pIl
7.0
P-r1ich P-lower P-limgted  P-lunited P-Limited P-lunited P-limted  P-lumte
. DRERLEY {55%a) (20%0) {153%) (12 3%:) (1020 (5% d
Fermentation
condition  condition  conditton condition  condition condition condition [1%a)
paranelers
conditia
I
SRR Wild 18564003 RE-EEN a7 & (s i+ nnk 2754003 169 & s B B
concertralion
(/1) o B LR RE LA+ Bt = il RIiz002 01054 +
) il R
MphoR . _ B ra o 17In&nlil B B
Crlueose Wild 0.660 = 0.760 + 0557 4+ [ 111 [P 074K + 1.585 =01 : :
condeniral u 0.004 n.no4 n.oirl innd oo
b D Al 1594029 166 £0.23 LOS0 £ thimbg LA+ 9,960 +
0.0 RLTT
ApoR = _ =, = 2 910 % (Lidg =, =,
Acetate Wild 0.046 = 0.042 & 0.410 & 43+ 00" .41 & 04k 40 =t B B
coneentration noo2 0001 0001
te) Npho B 0.255 & 0.233 4 ) _ _ 0.346 £0.010 0.440 & 0.002 &
0.130 0.030 0.010 .00
AphoR 0.0035 =
0.0010
Speaifie Wild 2.69 4 0.05 279 £0.02 3024 3350 & 371 5364001 B B
slucose uptake 0.002 0.001 0.002
rate Mo B 2724009 2.60+007 273020003 2970+ 0,890 +
(mmol'gDCWh) 0.001 0001
AfioR = = r o = 2.720 % 0004 r >
Specifie acetate Wild 0.040 & 0.0380 & 0.394 4 0.465 & 0.491 & 0.81 =002 B B
productionrate n.o02 n.non1 0.010 0.003 0.030
(umol'gDCWhY  AphioB 0.247 0218+ E " - 0.317 £ 0.001 0.452 & 0.133 &
0,080 0033 0010 0 002
o R = = F = - 0.0031 & = E
0.0010

Note: -

" indicates that no data was collected for this condition The standard deviation was

obtamed by triplicate measurements

I

—



Table 3.1 also shows the effect of phoB gene knockout on the fermentation
characteristics under both P-rich and lower P conditions. where it indicates that the glucose

concentration increased and cell concentration decreased for the p/oB mutant as compared to
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Figure 3.2 Comparison of the transeript levels of the wild type E.coli cultivated with different P
concentrations of the feed (100%0. 55%. 10%0) (a) global regulatory genes. (b) PhoB regulatory genes.

(¢) metabolic pathswway genes. (d) nitrogen regulatory genes. and (¢) respiratory chain genes




the wild tvpe. and that the specific acetate production rate swwas higher at P-rich condition and
35%0 of P concentration for the phoB mutant ax compared to the wild tvpe. It 18 surprising that
the fermentation characteristices were less affected even under P-limitation (10%e and 3%0) for
the phoB mutant. whereas the wild tvpe shows significant changes at 10°6 of P concentration
In the case of p/hoB mutant. cell could survive even at 1%e of P concentration (Table 3 1 and

Fig. 3.1b).

CphoB mutantatl rirh Sphal mutanta 1550 o limitarian BphoBmutantat 109GE limitation
6
ta)Glohalregulatorygrnes (MiPhuBrezulaweyzenes
s 4

£ ~ i e B R — Tl = -

SE j:l dAdl Mamadamma

% -

[

=

r;[ (]

SR S S S S . S S . ¢ . VI T R
il X A 0 o s o~ S N o o 2 o & &8 > &
& Vool et T T T T

»
Crenes
L (£)Mriaholic pathway genes :

gz " . _

T N xl.l.:l-- | I* R "I; “r|r¢-| ol Jl'-l 1’-1

E [ = -".l“] e - |_I L "

o

g
AT C RN SR T L SHEN S SN GRS, ST SN BRSNS SN SRVG . o I S S, NN
Q.\s. 'Q\H ﬂ&d Q‘}e- \QL %\ \\;b & ‘_}\'\ Qg RS Q‘[\ \&K \\\\ t‘.b“ Q} \&\ \\\ q}\h o ‘éf:\J N

Cirnes G

&

. () Nitrugenave ula wes gene teIResy lratwzy chaingrenes

.E : " ml -r —IIl | | r_

=, - T m

- % — f _ L

E |f- m. (0,0, o |k | ARG A IJ\X‘L A0 -a_.

o . L

g

3

-

et

3

~
P WO QDI DEOEFEE DD N
> . \ ! \ & N\ oot A Ak AL
P A R A o &

- - Genes - )

Figure 3.3 Comparison of the transeript levels of the phioB mutant £ coli cultivated with different P
concentrations of the feed (100%0. 33%. 10%): (a) global regulatory genes. (b) PhoB regulatory genes.

{¢) metabolic pathwayv genes. (d) nitrogen regulatory, and (e) respiratory chain genes.
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Figure 3.3 indicates that the transcript levels of PhoB regulated genes such as phod, ploFE,
phoH, pstS, ugpB and phol [ were down-regulated. whercas pliofRR and plhol” changed little. as
compared to those of wild tvpe. In a similar fashion as the wild type. the transeript level of
arecd inereased while ore deereased as P concentration decreased for the pfioB mutant. which
implies that those phenomena are phoB independent. The transeript levels of soaR and rpoS
mereased and sodd as well ay respiratory cham genes such as eveo, ndlr and o iereaged
i a sumilar fashion ax P concentration decreased for the p/ioB mutant. which implies that the

activation of the respiratory chan 18 phoB-independent. but P-concentration dependent.

CWildatl09oF-limitation Gpho Bmutamtat 10%0F limitation fAphoHmutantat 102 0P -limitation

PhoBregulatory genes

b

T TN, TG Tk T

)

Log Z(Helativemranscrip tlevel)

Genes

Figure 3.4 Comparison of the transcript levels of Pho regulon genes for the wild tvpe. pfioB and

phoR mutants cultivated at 10%0 P- concentration

In order to confirm the result for phoB mutant. the effect of phoR gene knockout on
fermentation characteristics and some selected gene transeript levels were also investigated
for the case of 10 %o of P concentration as given in Table 3.1 and Fig. 3 4 Table 3.1 indicates
that the cell concentration and the glucose concentration for p/ofRl mutant are similar to those
of phoB mutant. whereas acetate concentration became quite low at P-limiting condition for
the phoik mutant. Figure 3.4 indicates that the plioB regulated genes such as phod, phoE,
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phoH, plmC, pstS, ngpB swere more down-regulated for the phoR mutant as compared to

phoB mutant. whereas phiol”and phod [ (creC’) were less affected by phiofR gene knockout.

3.2.2 Effect of culture plI and phosphate limitation on the metabolism

Table 3.2 shows the cffeet of pH and phosphate limitation on the fermentation
characteristics in the continuous culture of Ecolr at the dilution rate of 0.2 h™'. where it
mdicates that more acetate was formed with higher glucose uptake rate. while the cell
concentration became lower at pIl 6.0 as compared to the case of pH 7.0. Note that the
fermentation charactenistics were  different even between 100% and 55% of phosphate
concentration under lower pH value. Figure 3.5 shows the cffect of culture pH on the
transeript levels, where it indicates that ared gene was up-regulated (P = 0 01) and the TCA
cvele genes such as sdhiCand melln were down-regulated accordingly (P = 0.01 and P = 0.01.
respectively) Note that redd gene was up-regulated (P < 0.001). which comneided with the
up-regulation of ¢ro gene (P - 0.01) (Appendix A). Figure 3.5 also shosws that the transeript
level of rpod swas up-regulated. and the expression of gadd (glutamate decarboxylase) gene
was up-regulated at pH 6.0 (Cheville et al. 1996). The 71D gene. which encodes
acid-inducible protemn (Wyborn et al.. 20023 was also up-regulated at lower pH. Figure 3.3
alse shows that phoB gene was up-regulated and the PhoB3 regulated genes such ax plied,
phoE, phoH, plmC, pstS. and ugpB as well ax phoR. phol’, pho)f and eda were up-regulated
(P - 0.01 for all genes). This means that acid stress and phosphate regulation are directly or
indireetly interconnected (Back and Lee. 20006).

Figure 3 35 also showy the effects of lower pH and lower P-concentration on the
transeript levels (3" barx). where phoB gene was further up-regulated. and the Pho regulon
genes such as pholk, phoH, plnC, pstS, ugpB, and phol were all further up-regulated at lower
P concentration at pH 6 0 The sposS gene further increased (P - 001 and gaddd gene way
also further up-regulated (P = 0.01). Figure 3.3 shows that aredl transernipt level tended to be
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up-regulated though not significant. and this mayv have caused down-regulations of se/2C" and
melli (P 0.01 and P 0.01. respectively) under P-limitation as compared to P-rich condition
at acidic condition. Table 3.2 shows the cffects of lowenng pH and P concentration on the

fermentation characteristics of phoB gene knockout mutant as well. where 1t indicates that the

Table 3.2: Fermentation characteristies of the wild tvpe £ coli and ity phoB mutant 1n the
acrobie chemostat culture under two phosphate concentrations (100%6 and $5°%0) and two pH

values (7.0 and 6.0) at the dilution ratc of 0 2 h*

Fermentation parameters P-rich condition Lower P

{100%e) concentration (33°0)
pH 7.0 pH60 pH 6.0
Biomass Wild 3.86=0.03 3.680 + 0.002 1.960 + 0.001
concentration (g
AphoB 3.44+0.04 _ 3.040 = 0.001
Glucose Wild 0.660 = 0.004 1.O53 £ 0.010 0.677 £ 0.050
concentration (g
AphoB 1.539+ 0.29 _ 1145 £ 0.020
Acetate concentration Wild 0.046 + 0.002 0.468 + 0.003 0.519 + 0.001
(e'D)
AphobB 0.255+ 0.130 _ 0.510 + 0.007
Specetfic glucose Wild 2.69 = 0.05 2.700 £ 0.001 5.285 £ 0.031
uptake rate
. : ) 72+ 0.08 24+ 0.
(mmol eDCW h) AphoB 2,72+ 0.09 B 3.24+0.01
Specific acetate Wild 0.040 = 0.002 0.424 £ 0.003 0.882 £ 0.001

production rate

(mmol eDCW h) AphoB 0.247 = 0.080

0.559 + 0.007

Mote: = indicates that no data was collected for this condition The standard deviation was

obtained by triplicate measurements.
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Figure 3.5 Comparison of the transeript levels of the wild tvpe and its p/oB mutant cultivated under
different pH condition and different P concentrations: (a) global regulatory genes. (b) PhoB

regulated genes. (¢) metabolie pathwayv genes. and (d) respiratory chain genes.

glucose concentration inereased for the p/ioB mutant ax compared to the wild tvpe under both
pI 7.0 and 6.0, Figure 3.5 shows the comparison of the transeript levels between the wild
tvpe (3“1 bars) and its plioB mutant (4”’ bars) at pId 6 0. where 1t mdicates that the phoB
regulated genes such as phod, phoE, phoH, plmC, pstS, wgpB (P < 0.01 for all genes) as well
ax phol, pholl, pholl and eda were all significantly down-regulated (P < 0.01 for all genes)
for the phoB mutant. The transeript levels of TCA evele genes such ax sdhC and el were

down-regulated for the p/ioB mutant as compared to the wild tvpe




3.2.3 Effect of nitrogen limitation

Table 3.3 showy the effect of nitrogen (N) limuation and lower P concentration on the
fermentation characteristies. where the speetfic glucose consumption rate and the speeific
acctate production rate inercased. while cell concentration decreased for the case of
N-limitation ax compared to N-rich condition. Those changes were further enhanced at lower
P concentration Figure 3.6 shows the effect of N-limitation on the transeript levels of several
genes, where 1t indicates that rpoN transeript level mereased and glnd, L. Go gltB. ginD, gink
and e genes were up-regulated (P 0.01 for all genes). while gmE gene was
down-regulated (P = 0.01). Figure 3.6 also shows that the transeript level of plioB gene was
up-regulated and PhoB regulated genes such ax phod, phoE phoH, plmC, psts were
mcreased (P < 0.01 for all genes) as well as phoR, phol’.and phod{ (P < 0 01 for all genes)
under N-limtation as compared to N-rich condition, The TCA evele genes such ay s7C and
mclly decreased (P 0 01 for both genes). which mayv have caused TCA cvele to be repressed.
which corresponds to the mercase 1n the specific acetate production rate. The preG. prsfd and
pricd gene expresstons mereased (P - 0.01 for all genes). which corresponds to the inerease in
the specific glucose consumption rate. The transeript levels of frr- and 171D were up-regulated
(P - 0 0lfor both genes) in a similar fashion. NMorcover soa? mereased and the respiratory
chain genes such ax cvod, cvdB. ndh and ool as well ax sodd were all up-regulated under
N-limitation (P - 0 01 for all genex)

Table 3.3 also shows the cffect of lower P oconcentration on the fermentation
characteristics of piwB mutant under N-limitation. where 1t indicates that the cell
concentration  decreased. while acetate and  glucose  concentrations  mnercased  under
N-limitation as compared to N-rich condition for the phoB mutant. Fieure 3.6 indicates (by
comparison of the 2 and 3" bars) that phold regulated genes such ax phod, plhoE, phnC, psis.
pholt, phol” (P 001 for all genes) ax well as phoff and phol/ were down-regulated (P
0.03 for the two genes) as compared to the swild type. Although rpoN transeript level changed
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0.01 for all genes ). whercas ghtD

little. such genes as ginld, ¢lnG, glol were up-regulated (P
0.01 for all genex)

5). and g/, g/nEl glnkl nac genes were down-regulated (P

(P- 0

3.3 Fermentation characteristics of the wild tvpe £ colr and 1ts p/ioB mutant in the

Table .
acrobic chemostat culture under different nitrogen and phosphate concentrations at the

dilution rate of 0,2 b at pH 70
M and P-rich B —limited (20°0) N-limited (20%6)
and P-rich

condition (100°e)

and lower P

condition concentration

Fermentation parameters
(55%0)
Biomass Wild 3.86+0.03 1.7583 + 0.005 1.68 £ 0.01
concentration (g/1)
AphoB 3.44+ 0.04 1.703 = 0.005 1.59 + 0.01
4.10 + 0.01

5.39 + 0.01

Glucose Wild 0.660 + 0.004
concentration (g/1)
AphoB 1.59+£ 0.29 2.890 = 0.006 +.81 + 0.01
Acetate Wild 0.046 + 0.002 0.486 = 0.002 0.502 + 0.004
concentration
(e AphoB 0.255+ 0.130 0.475 £ 0.004 0.495 £ 0.010
Specific glucose Wild 2.69 + 0.05 2.92 + 0.01 3.90 + 0.01
uptake rate
(mmeol gDCW h) AphoB 272+ 0.09 +4.64 = 0.01 3.63 £ 0.02
Wild 0.040 + 0.002 0.923 + 0.010 0.995 + 0.010
1.037 £ 0.020

Specific acetate
production rate

{mmol eDCW h) AplioB

0.928 + 0.010

0.247 + 0.080

Note: The standard deviation was obtamed by triplicate measurements
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3.3 Discussion

It was shown that the glveolvsis was activated under phosphate limiting condition by
the data of the specific growth rate (Table 3.1) and by the corresponding gene transeript
levels (Fig, 3.2) Thix mav be due to ATP demand caused by the decrcase in ATP formation
with limited amount of available phosphate as inplicd by Kobeman et al. (20023 who
imvestigated the effect of [ATP]  [ADP] ratio on the glveolvtic flux. The lower cell
concentration under P-limitation may also be due to lower ATP formation as we mvestigated
previously on the relationship between the cell growth rate and the specific ATP production
rate (Tova et al.. 2010: Abdul Kadir et al.. 2010).

Morcover, phosphate limitation causes less NTP production by H'-ATPase. which
causes less quinol oxidation by Cvo. which i turn affected quinone pool size. and thus
activate Arc A B, which represses the TCA cvele genes. and i turn produced more acetate.
The sinmular situation has also been seen in cved and ovdB genes knockout mutants 1 our
previous investigation (Kumar and Shimizu. 2011).

Frgure 3.2b mdicates that phioB genc transcript level mereased as P oconcentration
decreases in the wild type. and Fig. 3 2a mdicates that rpoD also imcreased as P concentration
decreases. The phod, phoE, phoH, plmC, psis, and vepB were all increased 1 a similar
fashion ay that of rpol) as mentioned in the result section. Figure 3.2a indicates that the
expression pattem of rpod 1s somewhat different. When celly enter into P-starvation phase m
the batch culture. the Pho regulon ix activated. and ¢° starts to accumulate in the evtosol
(Wanner. 1996, Gentry et al . 1993 Ruiz and Silhasy. 2003). The promoters of the Pho genes
are recognized b o” - associated RNA polvmerase A mutation in speS. siemficantly
mcreases the level of AP (Alkaline phosphatase) activity, and the overexpression of G’
inhibity 1t (Taschner et al . 2004) Tt has been reported that in rpod mutant. the expression of
AP was considerably higher than i wild-tvpe strain. implving that 6° 18 involved in the

regulation of AP, Other Pho genes such as plhoE and ngpB are likewise affected by . The



rpoS mayv ihibit the transeriptions of phod, phoB, phoFE, and ugpB. but not that of psrS
(Taschner et al. 2004). Figure 3 2ab indicates that Pho genes are highlv expressed as
compared to low rpoS transeript level in the case of P-limitation. In contrast. psr mayv be
transcribed by both ¢° and a” The Pho regulon 1% thus evolved to mamtam a trade-off
between cell nutnition and cell survival during P-starvation (Taschner et al.. 2004). The
previous reports suggest that the Pho regulon and the stress response are interrelated (Ruiz
and Silhavy. 2003 Taschner et al. 2004: 20060 Spira et al . 19930 1999: Schurdell et al.
2007).

E colr cells have been demonstrated to exhibit acid resistance by such genes as gaddB
which encode glutamate decarboxvlase and gadC' which encodes glutamate: v-amine butvric
acid (GABA) antiporter, Glutamate decarboxyvlase production hax been shown to inerease in
response to actd. osmotic and stationary phase signals (Castante-Comet et al.. 1999 De Biase
ct al. 1999) In the tvpieal batch culture. organic acids are most accumulated at the late
agrowth phase or the stationary phase. It was shown that gadd was PhoB-dependently
up-regulated 1n the present study (Fig. 3.5)0 and this indicates that this gene 18 indirectly
regulated by PhoB. Note that Fig. 3.3 indicates that gaeld gene expression decreased for the
phoB mutant under acidic condition (4% bar). while rpoS incrcased. Thix suggests that
phosphate starvation and acid stress responses mayv be imterconnected (Back and Lee. 2006)

Figure 3.3 also indicates that 1700 transeript level inereased at acidic condition. It hay
been shown that the expression of 17700 gene 18 induced at acidic condition. and this reduces
the accumulation of acidic metabolite and products (Wybom et al. 2002). The anacrobic
transeription factor For (Fumarate and nitrate reduction regulator) has been shown o be the
major regulator of 171D expression. and ArcA was shown to enhance anacrobic il
expresston (Wyborn et al - 2002) Figure 3.3 indicates that 17:0 transeript level changed i a
similar fashion as rpol) rather than wred and e Tt has been known that the transeriptional
regulator Frr of Ecolr functions as an Oa sensor. and the protem 15 1n the active form and

s



predominatelv exists as a homo-dimer with one [4Fe-45] cluster per monomer under anoxic
conditions. In the presence of oxveen, [4Fe-45] FNR 1x converted to [2Fe-2S5] FNR cluster
and finally to apoFnr. which 1 no longer active in gene regulation (Unden et al.. 2002.
Remhart et al.. 2008) Nevertheless. prr gene transeript level changed. which indicates that
Fnr does not plav 1ty conventional role. and mav have some role under acrobiosis. but it 18 not
clear at thiy stage. Figure 3 3 also indicates that sox/R increased at acidic condition, The acidic
condition mav affeet membrane properties such as lipid content. thus ceffectively changing the
proton permeability. The mercased expression of soxR regulates the removal of damaging
oxtdizing agents (Wamnecke and Gall. 2003).

As expected. the acid inducible asr gene transeript level increased at pH 6.0 as
compared to the case at pH 7.0 as shown in Fig. 3.5¢. The asr gene has been reported to be
under the transcriptional control of the PhoR PhoB two component svstem in £ colr
(Suziedeliene et al.. 1999). Figure 3.2¢ indicates that asr gene transeript level inercased as P
concentration decreases 1 accordance with the change in phoB transeript level. Asr s
thought to play a role similar to that of the £, colr periplasmic protem HdeA. which sernves ay
a proton sink or a chaperone for protecting periplasmic proteing from the deleterious effcets
at lower pH (Gajiwala and Burlev. 2000) Ax another example. the PhoR PhoB svstem hag
been suggested to sense external aciditv and regulate the transcription of gences that are
important for acid shock resistance (Suziedeliene et al.. 1999: Tucker et al.. 2002: Seputien’e
et al.. 2003 2004: 2006).

The presence of glucose or mutations in cve or ¢cAMP receptor protein (crp) gene
leads to induction of phod gene in phoR mutant. This induction requires the sensor Phold
(CreC) and the regulator PhoB (Wanner et al.. 1988) However, Phod {CreC) mayv not detect
glucose per se. where 1t mav detect an intermediate i the central metabolism. Therefore, eve
or crp mutation may indirectly affect PhoN (Cret?) - dependent control In addition to P,

control. two P-independent controls mayv lead to activation of PhoB. These two mav be



connected to control pathwavs 1n carbon and energv metabolisms. 1n which intracellular P, 14
meorporated into ATP. Once P, independent control 1s the regulation by the svathesis of AcP.
where P 15 incorporated into ATP at Ack (acctate kinase) pathwav, AcP mav act indirectly on
PhoB

In E.colr assimilation of N-source such ax NH,™ using 0-KG results in the svnthesis of
glutamate and glutamine. Glutamine svnthetase (GS encoded by glind) catalvzes the only
pathwav for glutamine oy vathesis, Glutamate can be svnthesized by two pathwavs through
combined actions of GS and glutamate synthase (GOGAT encoded by ghtBD) forming
GS GOGAT cvele. or by elutamate dehvdrogenase (GDH encoded by gdind). Under
N-limitation. ammonium enters into the cell via AmtB and 18 converted to Gln by GS. and
UTase (encoded by g/nE) urtdvlvlates both GlnK (encoded by g/nA7) and GInB (encoded by
@/nB) (Ninfa et al.. 2000). Figure 3.6d (1™ and 2 bars) indicates that rpolV increased under
N-limitation. and g/ LG ¢/nB, ¢/nk” as well ax mee genes increased ax stated above, On the
other hand. under N-rich condition. UTase deurvdvlvlates Glak and GlnB. GlnK complexes
with AmtB. thereby inhibiting the transporter via AmtB. where GlnB interacts with NtrB
(encoded by g/nl) and activates ity phosphatase activity leading to dephosphorviation of NtrC
(encoded by g/n(7). and NtrC- dependent gene expression ceases (Ninfa et al. 2000). thus the
nitrogen regulation 1k affected by the phosphorviation caused by the available P source

Figure 3.6d (2™ and 3" barx) indicates that ginB and g/wA transeript levels decreased.
and g/ transeript level became lower under P-limitation as compared to P-rich condition
under N-lmitation. In the case under N-limitatton. C'N ratio incrcases where u-KG 18
withdrawn via GDH. which affects the TCA evele flux. A decreased flow through the TCA
cvele would be expected to cause an merease 1 AcCoA pool and caused more acetate
overflon

Although little rexcarch hax been done. 1t 1 quite important 1n practice to analvze the

metabelism at the late growth phase and the stationary phase in the bateh culture. where the



medium 1% nutrient poor indicating carbon. phosphorous. and nitrogen limitations. as well as
lower pIL When a particular nutrient becomes limiting. the first response 1 scavenging
These scavenging regulons include cANP-Crp which allows for the use of alternative carbon
sources such as acetate. and the two-component regulatory svstems PhoR PhoB  and
NUuB Ntr€. which control scavenging for phosphorus and nitrogen. respectively. Both Crp
and Ntr svstems sunvev nutrient status through mtracellular metabolites. swhere Crp
recognizes CANMP. while Ntr€C responds to glutamine, The Pho svstem. on the other hand.
monitors moreanie phosphate levels via the activity of the Pst transport svstem (Wanner,
1996). The stgma factor responsible for the general stress resistance 18 RpoS (' upon
starvation. Mote that the housekeeping sigma factor RpoD (c7) is homolegous to RpoS
Carbon starvation iy one of the strongest imducers of RpoS. where regulation of RpoS occurs
at the level of proteolvsis by ClpXP This regulation v made by sprE. which encodes a
response regulator SprE {also called RxsB)Y (Pratt and Silhavy. 1996). RpoS plavs also an
mportant role under phosphate limiting condition. However. ity regulation mechanism s
different. Note that while carbon starvation completely shuts down the central metabolism. it
continues upon phosphate starvation (Ballesteros et al. 2001). In contrast to carbon and
nitrogen starvation, the PhoR PhoB two component svstem. cither direetly or indirectly
regulates the translation of rpoS mRNA (Ruiz and Silhavyv, 2003) Smece PhoB 1k a
transeriptional regulator. s effects on rpod translation mav be indirect. where small
noncoding RNAs (sRNAs) are important regulators of translation of mRNA. The sRNAs
require the RMA chaperone Hiy for the formation of the RNA-RNA duplex. and there are
several RMAs known to affect rpod translation (Peterson et al. 2006) Namelv. impeding
phosphorous starvation v sensed as diminished activity of the Pst transporter. which causes
autophosphorviation of PhoR. which then phosphorviate PhoB. The phosphorviated PhoB
directly or mdirectly activates transeription of an sRNA that stimulates translation of rpod

mRNA. thus clevating levels of RpoS (Peterson et al.. 2006). Note that the regulation mav be



more complicated. since Fig. 3.3a indicates that rpoS level inercased as P concentration
decreases even for the phoB mutant as also noted by Peterson et al. (20006).

Upon nitrogen starvation. pplpp levels were known to mcerease. and there nught be
some correlations between levels of ppGpp and RpoS levels RpoS ix not stabilized upon
nitrogen starvation like 1t 18 upon carbon starvation or phosphate starvation. and thus the
regulation mechanism mayv be different. suggesting an mcrease in the activity of RpoS
(Peterson et al. 2006). Similar protems are induced following starvation for carbon.
phosphorous and nitrogen (Groat et al.. 1986: NMatin. 1991). where RpoS-dependent genes are
induced upon starvation. Although the activity of RpoS seems to be eritical for nitrogen
starvation, there are manyv plavers that affect the competition between RpoS and Rpol.
mcluding Red. 65 RNAL and ppGpp (Peterson et al.. 2006). The role that the NtrB/ O nitrogen
seavenging svstem plavs in regulating RpoS 18 unclear.

The overall regulation mechanism mav be tllustrated schematicallv as Fig, 3.7

Siunlar mechanism might exist in phoB mutant Ecoli. and further ivestigation 1y
needed to clarfy this,

Finally. it seems to be surprising that phioB (and also ploR) mutant could survive even
under strict P limiting condition as compared to wild type as shown i Table 3.1 and Fig. 3.1
Figure 3.3 indicates that Pho regulon genes were insensitive to P concentration as expected.
whereas global regulatory genes (Fig 3 3a). metabolic pathwav genes (Fig. 3.3¢). and
respiratory chain genes (Fig. 3. 3¢) changed significantly, It has recently been reported that
phoB mutant was more sensitive to hvdrogen peroxide. but that p/ioB mutant was more
resistant to high osmolarity and acid conditions compared to the wild tvpe of Tibrio cholerae

(Sultan ct al.. 2010)
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3.4 Summary

The present mvestigation clarified the effeet of phosphate limitation. nitrogen

limitation. and actdic condition on the metabolism in view of gene transeript levels, Morcover.

the present studv implies that the metabolie regulations under phosphate limitation. nitrogen

limitation and acidic condition are interconnected. These phenomena oceur at the late growth

phase in the batch culture. The present result 1s useful for the analvsis of the metabolism

changes during late growth phase and or stationary phase
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Chapter 4 Metabolic regulation of an fir gene knockout Escherichia coli

under oxygen limitation

4.1 Introduction

It 1x mmportant to understand the cellular metabelism in response to environmental
perturbations to redesign the metabolic networks for practical applications. Nicroorganisms
such as Exchericfua ol adapt 1o the change in culture environments such as carbon sources.
nitrogen sources. oxveen avatlability ete. by regulating metabolic pathwav genes through
global regulators and signal transduction. In our laboratory previously. metabolie regulations
of Elcoli and its single-gene knockout mutants such as gl g/nl. ¢hB. and ¢/tD mutants
were investigated al vartous /N ratios under aerobie condition (Kumar and Shimizu, 2010)
From this studyv. 1t was found that transeript levels of terminal oxidases encoded by such
genes ax ovesl and ovdB. and the global regulatory genes such as frr and prer were
up-regulated in particular at higher C/N ratios (Kumar and Shimizu. 2010). Then the effeets
of cved and ovdB gene knockouts as well as fine and fire genes knockout on the metabolism
under acrobic condition were also investigated (Kumar and Shimizu, 2011). Guven that Far
plavs important role under anerobie condition. herem. we further investigated the metabolic
regulation of the frr mutant under oxvgen limiting condition.

Escherichia coli possesses sensing regulation svstems for the rapid response to the
avatlability of oxveen. redox state as represented by NADI NAD™ ratio. and the presence of
other electron acceptors. Those regulation svstemys channel clectrons from donor to terminal
acceptors. The pynidine nucleotides such as NADH and NAID function as the important
redox carriers involved i the metabolism. These cocnzymes not only serve ax electron
acceptors in the breakdown of substrates but also provide the reducing power for the redox
reactions in the anaerobie and acrobice respirations A balance for oxtdation and reduction of

these nucleotides 1 regulated for catabolism and anabolism. since the turnover of the
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nucleotides 18 very high compared to thewr concentrations (De Graef et al.. 1999). Under
anacrobic condition. the fermentation results in the reoxidation of NADI and the formation
of reduced compounds occure. whercas NADI oxidation 18 coupled to the respiration by
clectron transfer under aerobic or nitrate rexpiration In E.colio the genes which code for
cnzvmes specific to respiration and fermentation are mamly under control of three global
regulators. where those exert their effects depending on the redox state of the cell. One of
those 1x Fnr (fumarate. mitrate reduction). which i1x mvelved in the regulation of gene
expressions for fermentation-related enzvmes. while the others are the tswo-component
regulatory svstems such as Nar (nitrate reduction) and Are {anoxic respiration control).

The metabolic regulation 1v made by the binding of dimeric Fnr to the promoter
regions of the relevant genes with affimties depending on the redox state (Green and Guest.
1993). A model was proposed where the abilitv of For to bind DNA 1x regulated by the
change in equilibrium between monomerie apo Far (tnactive) and dimerie Far (active) vz e,
The active form of Far binds to DNA to regulate the corresponding genes under anacrobic
condition. Nolecular oxveen can oxidize the ton-sulfer cluster of the comresponding regron.
resulting in monomerization of the protein and subsequent loss of itk ability to bind DNA
(Kileyv and Reznikoff. 1991) Nar plavs a role when nitrate ix present. and belongs to the two
component redox regulation svstems. where 1t comprises a memebrane sensor (NarX) that
mayv act as a Kinase causing phosphorvlation of the regulator (Marll) under certain condition
The Nar svstem activates such genes as nitrate reduction encoding nitrate and nitrite
reductases. and represses such genes as fumarate reductase genes. The mechanism of Arc
svstem involves a transphosphorvlation from the sensor AreB to the regulator Are AL It has
been reported that there exists an Qs sensing mechamsm (Georgellis et al, 2001 and that
lactate and NADH stimulate the activation (phosphorvlation) of Are (Tuchi. 1993 Tuchi ct al .
1994) ArcA protemn s one of the important candidates for controlling the TCA cvele genes
under micro-acrobie condition (Alexeeva et al. 2000: 2003 Lvnch and Lin. 1996: Park ot al..
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1994: Park and Gunsalus. 1993). The respiratory chamm i E eolr can function with cither of
the two different memebranc-bound MNADIT dehvdrogenase 1 (o operon) and NADH
dehvdrogenase 11 (ndh). where those generate quinones. which serve as important electron
carriers for respiratory chain, where evtocrome boy (e [BCD) and cvtochrome bd (cvid4B)
utilize them for proton motive foree, Ubiquinone inhibits the kinase activity of ArcB
Pvruvate 18 the terminal product of glveolvsis. and a kev mtermediate in the
catabolism. and ity subscquent conversion by either pyvruvate dehvdrogenase complex
(PDHe) and pyruvate formate Ivase (Pfl) can be considered as a major switch point between
oxtdative routes such ay TCA cvele and subsequent respiration. and the fermentatne routes
such as mixed actd fermentation. In E.coli. PDHe 18 regulated by the Are svstem. while P11 1x
regulated by For and Are svstems. Tt has been shown that PDHe activity v not dependent on
the presence of oxvgen per se but rather on the external redox condition. and that 153
(Dihvdrolipoamide dehvdrogenase) subunit of PDHe 1x less affected. whercas El and E2
subunits are under control of Are svstem (De Gracf et al.. 1999}, If neither oxveen nor anv of
the alternative anacrobic clectron acceptors are present. the reducing equivalent such as
NADH generated during conversion of glucose to pyruvate cannot be reoxidized by electron
transport reactions. and must be reoxidized through fermentative pathwavs The cthanol
lactate and succinate must be formed along with the excretion of the other oxidation products
that include acetate. formate. hvdrogen and CO2(Bock and Sawers. 1996. Gunsalus and Park.
1992).
As stated abovel For and ArcA B play important roles in regulating the metabolism
under anaerobic and micro-acrobic conditions The detailed regulation mechanism 15,
however. more complicated. since other global resulators such asx Cra. Crp. RpoS. ete may
playv roles. We have previeusly mvestigated on the effect of fir gene knockout on the
metabolism under acrobie condition to discover the metabolic regulations under nitrogen
limitations (Kumar and Shimizu. 2010). Since Fnr plavs essential role under anacrobic
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condition. we further investigated the effect of frr gene knockout on the metabolism in the

present research,

4.2 Results and Discussion

Table 4.1 shows the comparison of fermentation parameters for the continuous culture

at the dilution rate of 0.1 h'' between wild tvpe Excherichia colt BW2S113 (Jac/* By

AlacZ g fsddiRS 14 AaraBAD sy AvhiaBAD 11y-g) and its fre mutant (TW1328) under micro-

Strains

Cell vield

Table 4.1 Comparigon of the fermentation parameters for E.colt BW235113 and ity prr mutant
. . . -1
under the microacrobic continuous cultivation at the dilution rate of 0.1 h.
Speetfic  rates (mmol gDCW h)
Glucose Acctate Formate Ethanol Lactate

BW25113

frr mutant

Strains

BwW25113

Jir mutant

(eDCW e)

009420002

0088 £ 0.001

Biomass
concentration

(g’

0726 + 0013

07300013

5.9320.01 1 07610050

6 2800001 1 05520002

Concentration (g 1)

066120073

0.620+0 080

048110 003

04610 100

0.116=0.030

0.59320.010

Glucose Acctate

223440010 04694£0.020

1 64020001 0 46820001

Formate

(0.22140060

021120 030

FEthanol

0.161+0.001

0. 15720040

Lactate

0.076+0.030

0.395+0.003

Note

: The standard deviation swas obtamed by triplicate measurements
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-acrobic condition. where 1t 18 essentially anaerobie condition without air supply at 100 rpm.
The pI was controlled at 7.0 = 0.1. Table 4.1 indicates that specific glucose consumption rate
was inereased. the specific lactate production rate way inereased. and the specific production
rates of formate. ethanol and acetate tended to decrease but not so stenificant for the mutant
as compared to wild tvpe. Figure 4.1 shows the gene transeript levels for the continuous
culture. where it indicates that the ared transeript level deereased (p - 001 and TCA evele
genes such as gled, sl sdhCoand melh were inereased (p= 005 p =005 p- 001l p - 0.1)
for fin mutant as compared to wild tvpe. This effect 18 compounded by the fact that ared
transeription 1% directly activated by For (Compan and Touati. 1994, swhich in turn s
essential for oxtadation of quinol (Constantinidou et al.. 2006)

It should be noted that cved and evedB were both iercased (p= 005, p = 0.01). where
cveqd 1k known to repressed by both ArcA and Fnro while evedB 1s activated by ArcA but
repressed by Fnr The mercased activities of evtochromes mayv have enhanced the oxidation
of quinol to quinon. which inhibits the phophorviation of ArcB. and in turn deercased the
phosphorvlation of ArcA. The Jpdd as well as ageeE, Fogene transernipt levels sienificantly
mereased {p = 0.01.p = 0.05. p < 0.01) for the frrr mutant as compared to wild tvpe. where 1t
may be due to decreased activity of ared.

Figure 4 1 alko mdicates that /efied gene transeript level significantly increased for the
Jir mutant ay compared to wild tvpe. The corg transeript level decrcased (p < 0.1). and prsH,
ptsG ptkl, pyhF, edd and edo as well as ppe were inereased for the fiir mutant as compared to
wild tvpe (p - 0.05.p - 00L.p = 00l.p~ 00L.p- 00l p- 001l .p- 001) The crp
transeript level nereased (p < 0 017, which mav be duce to lower glucose concentration (Table
4 1) Moreover. there might be some relationship between Far and Crp. The sequence of the
frr gene revealed that 1t encodes a protein which shows significant homology to Cap Crp (for
catabolic activator protein), However. a number of significant differences between the two
proteins have been mvestigated. Far 18 a monomerie protem. and o does not have the
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conserved group of surface residues that interact with cvelic ANP It contains an oxveen
labile iron-sulfur center as a sensor element for anaerobiosis (Lynch and Lin. 1996, Salmon et
al.. 2003 Williams et al.. 1991 Zicgelhoffer and Kilev. 1993). Several studies have been
conducted on the structure and gene sequence for For and Crp proteins. From those studies. 1t
was found that both Fnr and Crp protein possess almost similar structure and gene sequence.
The genes that are controlled by these two global regulators have similar binding sites (Kiley
and Reznikoff. 19917 Lynch and Lin. 1996 Willlams ct al.. 1991 Bell et al.. 1989: L1 Bo ct
al.. 1998 Unden et al.. 2002). Even if some mutation changed the structure of proteins. the
mutation in Fnr protein could convert to Crp protein. and similarly Crp protein could convert
to For protein (Sipro et al.. 1990). It mayv be also considered that both Crp and Fnr protein can
form heterodimer, which might not allow both of them to function properly (Williams et al..
1991 Ziegelhoffer and Kilev. 19950 Bell et al.. 1989). Then the absence of Fnr protein or

gene allows Crp protein to bind more effectively to the target gene sequence
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Figure 4.2 Comparison of enzvmes activities during micro-acrobie batch culture between
(0O Ecolr BW2SL1I3 () Ecolr for mutant. Glyeeraldehvde 3 phosphate dehvdrogenase
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Although continuous culture 18 suitable for comparison of gene expressions between
the wild tvpe and 1ts mutant. batch fermentation 1x better for the analvsis of a distribution of
the metabolites formed from the practical application point of view. Batch fermentation
results indicate that the production rate of extra-cellular metabolites such ay acetate. formate.
and cthanol swere reduced. while the production rate of lactate swas inereased for i mutant as
compared to the wild type, The enzyme activities were also measured for both strains under
micro-acrobic condition as shown in Fig. 4.2 MNost of the glveolytic enzvmes such as Pei.
GADPH and Pvk showed higher activities mn the fims mutant as compared to its parent stram,
The mereased activities of GAPDIH and ICDIT in the mutant are consistent with the results of
other researchers (Park et al.. 1994 Park and Gunsalus. 1995: Chao et al.. 1997) Since Fnr is
Known to act as an activator of the p7 gene. significant reduction of PI1 activity swas obsenved
for the fr mutant. The reduction of Pfl activity caused inercased activity of the other
fermentative pathwayv enzyvmes such as LDH in the mutant as compared to the wild type
Other fermentative enzyvme such as Frd that produces succinate from fumarate under
anacrobic condition was found to be reduced in the mutant. which i consistence with lower
suceinate production rate in the mutant (data not shown), The flux distributions through the
central metabolic pathwav of the parent stram and the fr mutant swere then estimated baged
on mass balances, The analvsis was performed based on the measurement of the specific rates
and the pseudo-steadv-state assumption for mtracellular metabolites. A total number of
measured flux & 7. and it i1x higher than the degrees of freedom for the corresponding
metabelic netswwork As a result. the svetem 1 an over deternuned svstem The best estimates
for all of the measured and extimated {luxes were then calculated {Tsat and Lee. 1988). where
the comparison of metabolic fluxes between wild tvpe and prr mutant 18 shown i Fig, 4.3,
where 1t mdicates the lower flux through Pl and the mcreased flux through LDH. The

increase in the flux through Ack and decrease in the flux through Frd for the mutant are
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consistent with enzvme activitics, Acctyl CoA has two alternative fates. The energy in the
thicester bond can be conserved i the form of ATP by the action of Pta-Ack pathwas. but ity
formation does not result in the consumption of any reducing equivalents. Alternatively. the
cnergy can be sacrificed by reducing AcCoA to ethanol through tweo dehvdrogenation
reactions catalvzed by ADIL The inereased activity of LDIH in the mutant caused the reduce
flux through ADH pathway.

In summary. the overall regulation mechanism for /77 mutant mayv be expressed as
Fig. 4.4 Since Far iv known to activate fid and pyl genes. the pirr mutant produced less
succinate and formate ag expected. Although ared iv known to be activated by Fnr. the
regulation mechanism i1s somewhat complicated as shown i Fig 4 Namelv, oo and ovd
genes are repressed by Frr while ove s repressed and v 1 activated by Arc AL The present
result indicates that the e mutant shows decreased gene expression of ared. and increased
gene expressions of both cyod and evdB. This mplies that the activated evtochrome oxvdase
mereased quinine pool. which inhibited ArceB phophorvlation. and in tum  deereased
phosphorviation of AreA. where ared gene expression also decrcased due to prir gene
knockout. The down-regulation of wied caused up-regulations of TCA evele genes as well as
Ipdd and aeeE, F which code for PDIL Although mdirect effect. i mutant caused less
growth rate. which caused less biomass concentration. which in turn caused more glucose
concentration to be inereased. This mayv have caused cre gene to be down-regulated and thus
activated glveolvyix genes. and eventually caused up-regulation of the specific glucose uptake
rate The merease of glucose concentration mayv cause decrease of ¢ ANP and ¢ ANP-Crp
complex for catabolite regulation. but ¢rp gene expression was up-regulated. This might have
been caused by s gene knockout. but 1t 1 not clear at this stage. The mnercased lactate
formation mayv be due to higher NADI NAD' ratio caused by reduced Frd activity. and

higher pyruvate concentration caused by the down-regulation of Pf1 and inercased flux of Pyvk.



although PDH activity mav be inereased.
In conclusion. the present rescarch result clarified the metabolie changes caused by
Joegene knockout based on different levels of information. and this mayv contribute the

cfficrent metabolic engineering and process optimization for culture condition
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Chapter 5 Effect of pH on the metabolic regulation of Esclierichia coli

4.1 Introduction

Eschericlng colr 1s a facultative anacrobe that uses transeription factors to control gene
expressions in response to the change in the growth environment such as carbon and nitrogen
sources. pH. temperature, oxveen level cte. Among them. the effect of pH on the metabolism
1 of practical mnterest. since the culture pH 1 often not controlled i mdustry. Moreover, the
change in the culture pH 1% of practical importance for the variety of applications such ag
heterelosous protein production. simultaneous saccharification and fermentation (SSF) cte.
where culture pH has to be lower i SSF due to enzvmatic hvdrolyeis of cellulose 1n the
ferementor (Olofsson et al.. 2008). In the present research, we mvestigated the effeet of pIl

on the metabolism of Escherrcfna cofr under acrobic and anacrobic conditions

The effect of pH on protein expressions has been investigated for E coli
(Blankenhorn ct al. 1999). Bacteria have a number of strategics for surviving at low pId,
Growth in a moderatelyv acidic environment triggers the svnthesis of proteins that protect the
cell from more extreme acidic conditions. Acid resistance. acid tolerance. and acid
habituation arc used to deseribe survival at low-pH condition (Bearsen et al.. 1998). Three
proteins associated with glutamate-dependent actd resistence have been identified in the past.
where they are glutamate decarboxyvlase cncoded by gadl and gadB and a putatinve
glutamate y- anmuno butvrie actd(GABA) anti porter encoded by goudC (Foster. 1995). It has
been shown that gadd and gadB genes mercased in response to the stationary' phase at low

pH n the bateh culture (Castante-Cornet and Foster. 2001 ).

Although several studies have been reported ax stated above. little attention has been

focused on the effect of pH on the metabolism. This 18 important from the practical



application point of view. In the present studyv. therefore. we investigated how the metabolism
changes in £ colr at low pH in view of fermentation data and gene expressions under acrobic

and microacrobic conditions

The sequences of the primery used in the present study are given elsewhere (Kabir
and Shimizu. 2003) except theose mentioned n Table 2.2 (Chapter 2- Materials and Methods

section),

5.2 Results
5.2.1 Effect of eulture pH on the metabolism

. . . . . . . -1
I'he acrobic continuous cultivation was conducted at the dilution ratc of 0.2 b . where

A1

Table 3.1 and Fig. 5.1 shows the effect of culture pH on the fermentation characteristies.
Table 3.1 indicates that acctate was more formed (p- 0.05). the cell vield was lower (p
0.03). and the specific glucose consumption rate was lower (p= 0.1) at pIL 3.3 ax compared
to the casc at pHL 7.0

In order to make clear the metabolism of £ coli under acidic condition. gene
expresstons were measured by RI-PCR. where Fig, 5.2 compares the gene expressions at
two different pH values. Figure 3.2 indicates that the transeript level of rpoS was
up-regulated (p= 0.10). and the expressions of gud- {(glutamate decarboxvlate gene), and aes
were up-regulated (p- 0.05 and p= 0.05. respectnvely). where these genes are known to be
under control of RpoS (Cheville et al.. 1996). Figurc 3.2 also shows the up-regulation of
arcAd gene expression (po 013 where ared gene product functions ax a repressor of such
genes ax involved in the TCA evele under microacrobie condition {Appendix A) Namelv. in
accordance with up-regulation of ared, some of the TCA evele genes such as redd (p- 0.1)
and g/ were down-regulated (p 0.05). Figure 5.2 also indicates that the expressions of the

respiratory chain gene such av ovdB wax up-regulated {p= 0.1} whereas cvod was down



Table 5.1 Fermentation characteristies of the wild type £ cofr and its plioB and fi- mutants in the

acrobic chemostat culture under different phosphate concentrations and different pl

conditions at the dilution ratc of 0.2 h

-1

Fermentation

I-rich

P-Limited

(100 condition (1%
paramecters
condition
Culture pil 7.0 6.0 5.0 4.3 4.0 7.0 5.0
J1omass Wild 3864003 3680+ 244+ 0.03 1204 = (i 0.0475 & 169+ 0.03 1,46 0,011
concentration n.002 n.0160
(1) AphoB - 344£0.04 3.3640.11 2.05 £ 0.06 3 ~ Y64 0ol LEsanog
Afnr 188+0.03 2694003 0415 = ik
Glucose Wild 0.660 4 1053 & 0.964%0.08 1,59 & ik 2i1%&402 1854 0.0l 3EY 2002
coneeniratien n.n04 0010
ta Aphob 1.59+0.29 0917 % 1074 0.24 1,050+ 0.001 4244 0.00
0.324
N 1.00 0,001 = 0.868.L0.080 1.85 + 0.001 = = =
Acetate Wild 0.046 + 0.468= 0,483 £ 0.200 0.252:0.010 ZAE0 0] 1414 0,02 0434 =
concentration 0.002 0.003 0.001
LU Aphob 0.255 4 0.003 £0.02 497 & i = - M6 4 000 0417 &
0.130 0.001
Afm 0.0003L0,10 _ 0.525:023 0.26740.024 B B ~
Specifie Wild 2694005 2,700+ 111+003 762001 1541 £ 002 £ M+ 0,00 485+ 002
mlucose 0.001
uptake rate AphoB 2714008 30042011 4844013 = - 37404 000 1154 nng
Gumel aD W hY Afnr 2,58 3774003 21,74£0.003
Speeifie Wild 0.040 4 0424 GEY 202 069720024 L60an.n n.4140.02 005 & LML
acetate 0.002 0.003
L oductlon __\phr_'JB 0.247 % 0.003 = IWEOT = i ihd AT+ ool 091 = ol
rate 0.080 0.020
(mmel el W hy Ay 0.00026 & [T T 21450 1)

0.0850

Mote:

obtained by triplicate measurements.

" indicates that no data swas collected for this condition

The standard deviation was



regulated (p= 0.1) (Appendix A). The fr- gene expression was also up-regulated as well ax
arcA. which caused the down regulation of /pd4 and geeE gene expressions. Figure 5.2 also

indicates that the transernipt level of crp gene. which codes for c ANP receptor protemn Crp.
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Table 5.2 Comparison of the fermentation parameters at different culture pH in the acrobic

condition
Fermentation parameters Culture pIl %5 of
7.0 zx change
Specetfic glucose uptake rate _ ) N
246003 208 +002 - 1544
immol gDUWh )
Specific acetate production rate _
z D185 +0 .02 (0.302 +0.04 F67.77
immol gD Wih)
Spectfic CER i
383+ 004 5124004 - 1217
immol gDCWh)
Specific OUR 2 - i _
. 57440 05 306£003 -16.21
immol gDCW h)
Biomasy vield _ _
) 0421 +£0 .01 pL6s 0 02 -61.92

(DWW g substrate)

MNote: The standard deviation was obtained by triplicate measurements.
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Fig 5.2 The effect of pI on gene expressions of the wild tvpe £, colt BW 23113 under acrobic

condition



was up-regulated (p - 0.1) and the expression of sa/iC. which i known to be under control
of Crp (Appendix A) was also up-regulated (p- 0.1) (Hoffmann et al.. 2002). Morcover. mle
gene expression was higher (p=0.03 ) and prets gene expression was lower (p~ 0.03). where 1t
has been reported that preGr 1s repressed by Mle (Kimata et alo 1998) (Appendix A) Fieure
3.2 also shows that cra (catabolite repressor activator) gene expression was up-regulated
(p-0.1). where c¢ra gene product regulates the carbon flow 1 such a wav that
gluconcogenesix 18 activated. whereay  glveolvsis 1 repressed  (Appendix A). The
down-regulations of pfkd, prk- and vy gene expressions were partly due to up-regulation of
cra. The gene expressions of fudR and 10/R were also lugher (p= 0.05. p= 0.1). where FadR

activates /e/R. and LelR 18 known to repress aceBAA

Table 5.3 Comparson of the fermentation parameters at different culture pHoin the

microacrobic condition.

Fermentation parameters Culture pH Ogof
7.0 6.0 change
Spectfic glucose uptake rate ) )
3194003 4254002 =181

fmmol gDOW )

Speetfic acetate production rate

e 026410 02 0.381 +0 03 +44.23
(mmelgDoWh)
Spectfic lactate production rate o
2231002 0 62 £30.50
immeol gDCWh)
Spectfic formate production rate . .
PR 132400 02 | 2740 03 1238
tmmol gDOW b
Specific ethanol production rate
034610 04 05301+ 0 03 =024

immol gDOWh

Biomass vield 0.201 = o
0.3021+0 .02 -28.890
(W substrate ) 03
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Fig 5.3 The effect of pH change on gene expressions of the wild tvpe £ colt BW23113

cultivated under microacrobic condition

Table 5.3 shows the comparison of the fermentation data at different pt values under
microacrobie condition. wehere 1t indicates that acetate. formate. and lactate were more
produced. whercax cthanol wax lesy produced at pH 6.0 ay compared to the case at pH 7.0
Figure 5.3 compares the gene expressions at two different pH values. where the gene
expression patterns were almost the similar ax those shown in Fig 5 20 where 1t idicates
that gacdd gene expression inercased. and frr gene expression incrcased at pH 3.5 ay
compared to the case at pll 7.0 (p-0.1. p= 0.05 respectivelv). The ared gene expression
mereased {(p 0.1) and the expressions of red-, veeE and mddh genes deereased (p- 0.05.p
01, p= 01 respectively) The corp gene expression inercased (p-0.3) and mle gene
expression nereased (po 0.03) while the expressions of such genes as prsG prsH, Iped |
decreased (p~ 005, p=0 1. and p- 01, respectivelyy In the microacrobic condition.
additional changes were observed, MNamelvo 17100 and prld gene expressions imereased (p
(.03, p= 0.03 respectivelv) where these are imvolved in formate formation. The /dhi-l gene

(RIS



expresston inercased whercas adiE gene expression deercased at pll 6.0 as compared to

those at pH 7.0 (p- 0.05 and p- 0.1 respectively)

5.2.2 Effects of both pII and temperature on the metabolism

Table 5.4 ghows the cffects of pH and temperature on the fermentation characteristies.
where the specific glucose consumption rate decreased. and the specific acetate production
rate inereased The specific COx production rate decreased and the cell vield signmificantly
decrecased at pH 6.0 and 427 C as compared to those at pH 7.0 and 37°C. Since the cell
growth was significantly depressed at pH 3.5 and 42°C. the culture pH was set at 6.0 at 4270
The gene expressions were compared ax shown in Fig. 5.4, where it indicates that rpof gene
expression inereased. and the heat shock genes such as dnak, grol, groS and 1hpB were all
up-regulated (p= .05, p= 005 p-0.05 and p- 0.05 respectvely) at pH 6.0 and 4270 ax
compared to those at pH 70 and 37°C. The wed gene expressions as well ax fir gene
expression inercased (p 0.5 and p= 0.1y . and redd and gl expressions decreased (p= 0.05
and p= 0.1). and e1dB gene expression inereased (p- 0.3y at pH 6.0 and 427C ax compared to
those at pH 7.0 and 37°C. The orp gene expression increased (p-0.03). and wmic gene
expression mercased (po 0.03) and prsG gene expression decreased (po 0.05). and /peld and
se/hC gene expressions increased (pe 0.1 and p 0.03). The pr&F. and owy gene expressions
were down-regulated (p-0.053. and p- 0 [ respectively) at pH 6.0 and 427°C as compared to

those at pH 7.0 and 37°C

|



Table 5.4 Comparison of the fermentation parameters at pH 7 and 377 and pH 6.0 and 42°C

for the acrobic condition.

Fermentation parameters Culture pH & Temperature ©o of
change
7.0 & 37 6.0 & 42
Specific glucose uptake rate
246 +0.02 228 +002 - 7.31

(mmol gDOWh)

Spectfic acetate production rate

018 = 12 0.307 =003 + G505

immel gDCWh)

Specific CER

5832004 5.02=0.04 - 1389
immol ' gDCW h)
Specific OUR ,
. 3.72+0 03 518 £0.04 -9
immaol ' gDCW h)
Biomass vield
) 0.425£0 .01 0.163 =0 .02 -6l17

(aDUW g substrate)

Note. The standard deviation was obtamed by triplicate measurements.
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Fig 5.4 The effect of both pH and temperature change on gene expressions of the wild tvpe £
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5.2.3 Effects of pH on the metabolism of pfl1 mutant

We have previeusly shown that prld B mutants overproduced lactate (Zhu and
Shimizu. 2004). Here we also investigated the ceffect of lower pH on the fermentation
characteristies of prld mutant E.coli. Table 5.5 showsy the cffect of pH on the fermentation
characteristics of pf74 mutant in the continuous culture at the dilution rate of 0.2 h'. where
the specific glucose consumption rate inercased. and the specific lactate production rate
mereased whereas ethanol production rate decrcased . Thig indicates that 1t 18 not necessary

to control pl for lactate production by pfd mutant £ colr.

Table 5.5 Comparison of the fermentation parameters at different culture piT in pf7-f mutant

under the microacrobic condition

Femmentation parameters Culture pIl Ogof
70 6.0 change
Specific glucose uptake rate o o
. 5.56 = 0.03 58720.02 +5.57
immol gDCW h )
Spectfic acetate production rate ) ) ]
244 +0 02 204 +0.03 - 1630
immoligDCW h)
Spectfic lactate production rate ;
. 8§77+0 02 10.92+0 02 2451
immol gDiWh
Specific ethanol production rate _ ; :
] 25020 .02 230 £0 .03 -T.ul
(mmol/ gDUCWh)
Biomass vield , o , o —
0702 =0 02 0571 £0.03 -I8066

(r[0W g substrate )

Note. The standard deviation was obtained by triplicate measurcments



5.3 Discussion

Acid resistance 18 considered to be an important virulence factor of pathogenic £ colr
straing such as O1537 H7 (Castanie-Comet et al.. 1999). It 18 well known that Gad s needed
for survival under low pH (FHersh, 1996: Castanie-Cormnet et al.. 1999). Cells possess specific
defense mechanisms against acid environments in which Gad svstem has been studied for its
major role in the detoxification of acid-induced stress in £ coli. Figures 5.2 and 5.3 indicate
that gadl gene expression mercased at lower pH as compared to the case at pH 7.0. GadA
and GadB are known to be mduced at lower pH ax compared to the case at pH 7
(Castante-Comet et al.. 1999). Under actd stress. the product GABA 18 exported by GadC
(Castanie-Comet and Foster. 2001) Anacrobiosis amplifies the acidic mduction of amino
actd decarboxvlases (NMeng and Bennett. 1992: Slonczewskr and Foster, 1996). It has been
noted that the acid-induced expression of amino acid decarboxvlases is enhanced under
anacrobic condition (Meng and Bennett, 19920 Neely et al. 1994). The guad system
(Gad ABC) neutralizes acidity and enhances survival in extreme acid: ity induction during
anacrobic growth may help protect alkaline-grown cells from the acidification resulting from
anacrobie fermentation, Fig, 5.2 shows that gadd is also up-regulated even at acrobic

condition

It hay been shown that Far 1 the major activator of 17100 expression. but that the extent
of Fnr-mediated activation can be modulated by the indirect oxvgen sensor Arc A Moreover.
in accord with the proteomic analvsis. the expression of vl Jace reporter fusion and the
mtracellular content of YD were found to be high during the growth at low pH for both
acrobic and anacrobic cultures (Neil et al. 2002). Figures 5.2 and 3.3 show higher expression
of 1/:D at both aerobie and microacrobic conditions. Expression of 11D 1s activated by For
acting at -40.3. a conventional activation position, but 1t 1 down-regulated by a second Fur
dimerat -93.5. which leads to maximal 171D expression during microaerobic growth (Green

in



and Baldwin, 1997). Tt has been shown that YHiD. a homologue of pyvruvate formate lvase,
was induced to high levels at pIH 4.4 and induced two-fold more by propionate at pIl 6
(Blankenhom et al.. 1999y Both of these conditions cause internal acidification. At neutral
or alkaline pH. YfiD was virtuallv abgent and YD 1. therefore. a strong candidate for

response to internal acidification.

It has been reported that the expression of evtochrome o 15 repressed by acid stress
(Cotter et al. 1990 Figures 3.2 - 34 also mdicates the down-regulation of c1o gene
expression. which mayv be also partly due to up-regulation of ared gene expression (Appendix
A). Thercefore. there 18 a complex relationship between 11D, cved, pH and oxveen level

(Blankenhorn et al.. 1999)

The up-regulation of sd/iC 15 also partlyv due to up-regulation of crp gene (Appendix A).
The prsCG gene expression was down-regulated at lower pH as compared to the case at neutral
pH (Fiex 52 - 5 4). which mav be due to up-regulation of m/c gene expression. Thig

phenomenon was also observed at temperature up-shift (Fasan and K. Shimizu. 2008).

Figures 5.2 and 3.3 show that aeed 18 up-regulated under acidic condition as compared
to the case at pH 7 0. Thix mayv be repressed by the up-regulation of wred gene expression.
Cne of the reason why geed mercased mav be due to the fact that wocitrate Ivase way
induced and showed substantiallyv greater induction in acid or in base condition than at pll 7

(Blankenhorn et al.. 1999y,

Figures 3.2 and 5.3 also indicate the up- regulation of rpod at lower pH. At low pH.
acctate 1s driven the cell by the pH gradient. Acetate and other acidic fermentation products
induce stationarv-phasc stress proteins (Arnold and Kaspar, 1995, Kirkpatrick ct al.. 2001) as
well as the auto inducer synthesis protemn LuxS (Kirkpatrick et al. 2001, Schauder and
Bassler, 2001). The growth-phase dependent sigma factor RpoS (Lange and Hengge- Aronis,

7l



1991) regulates several components of resistance to both acid and base (Fersh et al.. 1996.
Lazar ct al.. 1998: Small et al.. 1994; Waterman and Small. 2003). The E.coli cells mitially
produce fermentation products such as acetate and formate under microacrobic condition,
which can reenter the cell and reach deleterious concentrations at extremely low pH
(Russell and Diez-Gonzalez. 1998: Kihara and Nacnab. 1981). Under acidic condition. /peld
was repressed. whercas pfld as well as wekd genes were activated which caused more formate
and acetate production Note that /died 1 mnduced by acid 1in order to produce more

lactate instead of acetate (Bunch ct al.. 1997y (Table 3.3).

Figure 5.5 shows the overall regulation mechanism we found in the present studyv. Note
that some are the direct effect of pH down-ghift. whereas some are indirect due to the change
i culture environment such as dissolved oxvgen for wred gene expression cte. It should be
noted that Table 3.3 indicates the promising feature that lactate production can be enhanced
at lower pH. This suggests that the fermentation mav be started at pH 7.0 under acrobic
condition to enhance the cell growth followed by decrcasing pH (Just swithout pH control)

under anacrobie condition for lactate production by pfld B mutant

5.4 Conclusion

E. coli 1y capable of sensing difference in external pH and reacting to these changes.
Ay shown 1 Figo 53,50 the present rescarch result clarified the mechanism of metabolic
changes upon pI down shift based on gene expressions of global resulators and the
metabolic pathwav genes. In particular. the pH down-shift caused the up-regulation of ipoS
gene. which i turn caused the up-regulation of gadd gene expression. and finally protect
from intraccllular acidification. It was also found that the pE down-shift also caused the
up-regulation of g gene expression. and activated 1710 and prld gene expression which
caused higher formate production. NMoreover. 1t was shown that the pH down-shift caused

72



other TCA cvele genes to be repressed due to up-regulation of arcd gene indirectly caused
bv lower disselved oxvegen concentration and caused higher acctate production. This
information is uscful for the varietv of applications such as temperature-induced
heterologous protemn productions. SSF cte, In particular. it 18 suggested to use low pH and
high temperature in SSF for higher lactate production as /dfzd gene is induced upon phl

down-shift
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Appendix A: Global Regulators and their Regulated Genes

ArcA/B:
+ pfl oveddB
— 1 aceBAK, accEF aend, fumAC, ghtd, wodd, Ipdd, mdh, prsG, sdhCDAB, cvo
pdhR:
+racceEF, ndh, vjiD
CevodBCD
Fur:
+ o hmp
coevoAdBCD, ompF
Cra:
+ acedd, aend, thp, wed, pokdl, ppsd, ovdB
—acnB, eda, edd, eno, gapd, pfkd, ptsHI, vk F
Crp/Cya:
+ e, accEF, acndB, oy fumd, gled, mdh, pekd, prsG ptsHI sdbhABCD, sucABCD, o,
ompE, rpos
Cpdd aceBAR, acnl, evod, gdd, elndL, gl medh, sdhCDAB, sodd, sucdBCD, ugpd,
Fnr:
+ o pred, pil, ackd, ndh, nuod, psiSCAB-pholi, 11D
cacnd, pmAC, wedd, Ipdd, prs( sdhCDAB, tald, evodBCD, evd-B
PhoB:
+ o phoBR, pho-l-psiF, asr, psiSCAB-pholl
= phoH, plmCHN, ugpd, argl
RpoS:
+ gadd, ¢adB, osmB, sodC, rald, tk1B, acs, poxB, acn, fumC
SoxR/S:
+ sodd, owt rpoD, rpos, timCrolCLonncE mard
crob
Mle
+ o ldil
—cern prsCs prsH L man\'YZ, malT
GadFL
+ : gadf, gad\1l”
covodBCDE, ¢liB



Appendix B: Table of cach Gene and 1ts Associated Function

(a) Global regulatory genes

Gene names Description {(function as encoded protemn)
are- Anoxie redox control

cra Catabolite repressor activator

cry cANP receptor protemn

Jur Fumarate and nitrate reductase
rpoS RNA polvmerase sioma factor
rpold RNA polvmerase. sigma 70 subunit
$OXN Dual transeriptional activator

[AAVA Superoxide Responsce protein

mic Making laree colontes protein
JadR Fatty acid degradation regulator
iR Lsocitrate Llvase repressor

aced Isocitrate Ivase

acs AcCoA svnthetase

acnb Aconitase B

JumAd Fumerasc

(b) PhoB regulatory genes

(Gene names Description (function ax encoded protein)
phoB Dual transeription regulator

Sensor kinase of the PhoRB two component signal transduction

pliolk

pathwav

phod Alkaline phosphatase precursor



phioE
phof
plmc’
pss

nugpb

phol’

pholliereC)

Quter-membrane pore protein

PhoH protein {phosphate starvation induceible protein Psil)

ATP binding component of the alkviphosphonate ABC transporter
Subunit of phosphate ABC transporter

Subunit of glveerol-3-P ABC transporter

Phosphate transport svstem regulatory protein

Sensor  histidine  kinase of the CreCB  two-component  signal

transduction svstem

(c) Metabolie pathway genes

(Gene names

Description (function as encoded protem)

pIsH
prsGs
pricd
PYEF
Iped
wlrd
eell
s
sl
miclh
o
and
rhrd

thtB

Phosphohistidinoprotein-hexose phosphotransferase
Glucose phosphotransferase enzvime 1TBC[Gle]
G-phosphofructokinasc

Pyvruvate Kinase

Lipoamide dehvdrogenase

Citrate synthase

Isocitrate dehvdrogenase

u ~ketoglutarate dehvdrogenase

Succeinate dehvdrogenase

Malate dehvdrogenase

Glucose 6-phosphate-1-dehvdrogenase
0-phosphogluconate dehvdrogenase
Transketolase 1

Transketolase 11



terl-l
talB
edd
eda
lelh -
viD
asr
e
ack-

ple

Transaldolase A

Transaldolase B

6-phosphogluconate dehvdratase

Entner-Doudoreft aldolase

D-lactate dehvdrogenase

Stress-induced alternate pyruvate formate-lvase subunit
Acid shock RNA

Glutamate decarboxviase A

Acctate kinase

Phosphate acetvltransferase

(d) Nitrogen regulatory genes

(GGene names

Description (function as encoded protein)

rpoN
wditl
wltB
wltD
gl
¢inB
ginD
ginE
gl
ik
ahil

s

RNA polvymerase. stgma 34 (stgma N factor

Glutamate dehvdrogenase

Glutamate svnthase. large subunit

Glutamate syvnthase. small subunit

Glutamine svnthetase

Protein PIl-control the level and activity of glutamine svnthetase
Uridvlvltransferase uridvlvl-removing enzvme
Glutamine svnthetase adenvivltransferase [multifunctional |
NtrC transeriptional dual regulator

Nitrogen regulatory protein

NtrB sensory histidine kinase

Nae DNA-binding transeriptional dual regulator



(e) Respiratory chain genes

(GGene names

Description (function as encoded protein)

cvod
cvelB
atp
1t

i

veochd

Cyvtochrome bo terminal oxidase subunit 11
Cvtochrome Ad-1 terminal oxtdase subunit 11
ATP svnthase u- subunit

Ubiquinone oxtdoreductase 11

NADEH: ubiquinone oxtdoreductase

Superoxide dismutase (MNn)

(f) Fermentative pathway genes

Gene names
adhE

lelh

Pl

poxB

Description (function as encoded protein)
Alchol dehvdrogenase

D-lactate dehvdrogenase

Pyvruvate formate lvase

Pyvruvate oxidase

(g) Heat shoek and related genes

Gene names

Description (function as encoded protein)

chiak’
ol
arol

Itpis

Hsp70 molecular chaperonc
Chaperonin Cpn60
 haperonmn Cpnl0

Heat shock chaperone
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Appendix D: List of Abbreviations

u-KG 2-Ketoglutarate:

AclloA Acetvl-Coenzyvme A:

Ack Avcetate kinase:

AcP: Acctyl Phosphate:

ADH: Aleohol dehvdrogenase:

AmtB: Ammonium transport protein:

AP Alkaline phosphatase:

ATP: Adenosine Tri-Phosphate:

cAMP: Cvelic adenosine monophosphate:

cAMP-Crp:

cANP receptor proteimn:

DCW:
[4Fe-4S]:

Drv Cell Weight:

In a number of iron-sulfur proteins:

Frd:

Fumarate7uh reductase:

GABA: v-Aminobutyrie avid.

GAPDH: D-glveeraldehvde-3-phosphate dehvdrogenase:
GDH: Glutamate Dehvdrogenase:

Gln: Glutamine:

GOGAT: Glutamate Syntheses:

GS: Glutamine Svathetase:

HdeA: Periplasmie protein:

[CIOH: Icocitrate dehvdrogenase:

LD Lactate dehvdrogenase:

N: Nitrogen:

OQAA Oxaloacetic Acid:

P: Phosphate:

PDHe: pyruvate dehvdrogenase complex:
PEP: Phospho-enol-pyruvate:

ppGpp: Cruanosine tetraphosphate:

Pta- Ack:

Phosphotransacetvlase- Acetate kinase A

Pfl: Pyvruvate-formate Ivase:
PYR: Pyruvate:

TN Tri-carboxvlic acid:

PTS Phosphotransferase Svstem.

UTase

UrnidvIvitransferase
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