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Functional classification of ORFsFunctional classification of ORFs
Total number of ORFs =Total number of ORFs = 4,388 4,388 orfsorfs /  4,641,433 /  4,641,433 bpbp

unpredictableunpredictableunpredictable 11 UncharacterizedUncharacterized 20882088 4949 (%)(%)
2 Transport/Binding proteins 410 10
3 Energy metabolism 388 9
4 Cell envelope 212 5
5 Outer membrane 157 4
6 Translation 145 3
7 Central intermediary metabolism 138 3
8 Biosynthesis of cofactors, prosthetic 127 3

group, carriers
9 Regulatory functions 119 3

10 Cellular processes 112 3
11 Amino acid biosynthesis 107 3
12 Purines, pyrimidines, nucleosides 107 3

and nucleotides
13 Replication 93 2
14 Fatty acid/Phospholipid metabolism 45 1
15 Transcription 38 1

uncharacterizeduncharacterizeduncharacterized



Gene disruptionGene disruption Gene FunctionGene Function

DNA DNA microarraymicroarray
Protein array etc.Protein array etc.

Gene networkGene network
ProteinProtein--protein interactionprotein interaction

BioinformaticsBioinformatics Analysis, PredictionAnalysis, Prediction

ClonesClones Molecular mechanismMolecular mechanism

Complete understandings of a cellComplete understandings of a cell
Cell simulationCell simulation
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ORFORF
Met

Ter#1

#2

PCR amplification

Archive vector

PT5/lacO SfiI
6 x His

GFPORF

SfiI

DNA fragment DNA fragment 
for DNA microarrayfor DNA microarray

DNA

33D structure D structure 
ProteinProtein--protein interactionprotein interaction

Proteins

NotI NotI

lacIq

Functional analysisFunctional analysis
Molecular geneticsMolecular genetics



Design of single gene deletion mutantsDesign of single gene deletion mutants
P1H1

21 bp

H2

P2
H2

Kanamycin resistance gene
FRTFRT FRTFRT

SD of downstream geneSD of downstream gene
geneB (target)geneAgeneA

H1

geneCgeneC
Met

FRT
21 bp

34 a.a. (102 bp)
MIPGIRRPAVRSSTSLGSIGTSKQLQPT+X(6aa)X

FRT

geneA

geneC
Deletion by homologous 
recombination at FRT sites

KanamycinKanamycin resistance gene FRTresistance gene FRTFRTFRT



Progress of “KO (Knock Out) Collection”

KO 
Collection

EssentialQuasi-
essential

Non-
essential

Quasi-non-
essential　　Evaluation

169 41 2635 2635 345 3190 3190 4390 Total

40 22 1450 166 1678 2024 y-gene

129 19 1185 179 1512 2366 Known-gene

Chromosomal structure checking by PCR

0just 1more than 2 out of 8
Number of candidates obtained

TestedE. coli
K-12gene

non-essential essential
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“KO Collection” will be open to IECA members via the database, “GenoBase”

(http://ecoli.aist-nara.ac.jp/).





TranscriptomeTranscriptome

Met
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GFPORF

ORFORF

PT5/lacO

PCR fragment 
for DNA microarray



TCA cycle TCA cycle 



Time course of dynamic change in a cell Time course of dynamic change in a cell 
TCA cycle as an exampleTCA cycle as an example

Time courseTime course

Condition ACondition A

Condition BCondition B

TakuTaku OshimaOshima



TwoTwo--component system in component system in Escherichia coliEscherichia coli

C
re

C
/C

re
B

-/
 A

rc
A

Ph
oP

/P
ho

B
- / F

im
Z

yb
cZ

/yb
cA

cit
A/ygaE

kdpD/kdpE

TorS/TorR

PhoQ/PhoP
NarX/NarL- / RssB

RstB/RstACheA/CheB/CheY

- / U
vrY

yedV
/copR

BaeS/BaeR

yehU
/yehT

- / N
arP

Y
ojN

/R
scC

/R
scB

A
toS/A

toC

Ev
gS

/E
vg

A

41
4#

6/
41

4#
6

N
ar

Q
/-

yf
hK

/y
fh

ABar
A/ -

ygiY/ygiX

ArcB/ -

EnvZ/OmpR

UhpB/UhpA

NtrC/NtrB

CpxA/CpxR
HydH/HydG

BasS/BasR
D

cuR
/D

cuS

E.coli
Sensor-Regulator Map

From KEGG databaseFrom KEGG database

Histidine kinaseHistidine kinase 2929
Response RegulatorResponse Regulator 3232
HPtHPt proteinprotein 11



Deletion of twoDeletion of two--component systemscomponent systems
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From literaturesFrom literatures



From experimentsFrom experiments



Protein Protein localzationlocalzation

GFP fluorescence from the cloneGFP fluorescence from the clone
Collaboration with Dr. Hironori Collaboration with Dr. Hironori NikiNiki, National Institute of Genetics, , National Institute of Genetics, MishimaMishima



Summary of GFPSummary of GFP--fusion libraryfusion library

Total screened cellsTotal screened cells 43514351

Cells with detected GFP signalCells with detected GFP signal 39963996

Cells without GFP signalCells without GFP signal 355355



ftsAftsA



ftsZftsZ



gsKgsK Nucleotide metabolism; INOSINENucleotide metabolism; INOSINE--GUANOSINE KINASE (EC 2.7.1.73)GUANOSINE KINASE (EC 2.7.1.73)



hupBhupB DNADNA--binding protein HUbinding protein HU--bb



yajKyajK



recRrecR Recombination protein Recombination protein RecRRecR



yaiCyaiC



yagQyagQ



prpRprpR Propionate catabolism Propionate catabolism operonoperon regulatory proteinregulatory protein



allAallA utilization of utilization of allntoninallntonin; ; ureidoglycolateureidoglycolate hydolasehydolase



ybbOybbO



(His)
6

CoCo--purified proteins with His tag proteinpurified proteins with His tag protein

(His)
6

(His)
6

(His)
6

Excised the copurified protein 
bands from SDS-Gel

Excised the copurified protein 
bands from SDS-Gel

Identification of interacting proteinsIdentification of interacting proteins

NiNi--NTA columnNTA column

Identification by Mass spectrometryIdentification by Mass spectrometry



Identification of interacting proteins by Mass SpectrometryIdentification of interacting proteins by Mass Spectrometry

7.5 ~ 15% 7.5 ~ 15% SDS PAGE Stained by CBBSDS PAGE Stained by CBB His tagged Protein
Identified 

RnhB DnaE AccA LdcC YaeR MesJ Rof

kd

175.0175.0

83.083.0
62.062.0
47.547.5

32.532.5

25.025.0

16.516.5

6.56.5



Protein identification by Mass spectrometryProtein identification by Mass spectrometry
PS1 program

Auto MS-Fit

MALDI-TOFMS (Applied Biosystems
Voyager DE-PRO)

Database

E.coli database Genobase
(http://ecoli.aist-nara.ac.jp)



Identification of interacting proteins by Mass SpectrometryIdentification of interacting proteins by Mass Spectrometry

7.5 ~ 15% 7.5 ~ 15% SDS PAGE Stained by CBBSDS PAGE Stained by CBB His tagged Protein
Identified 

RnhB DnaE AccA LdcC YaeR MesJ Rof

SdhA

LpxA

Pta
GroEL

PrsA / AccD

Crp

ClpA

GroEL TreC
Zwf

DinG

RpsA

RplB
RplA

Crp
RpsG
RplM / RplJ

SucA or RhsA
FusA or RhsC
RecG

Rho

kd

175.0175.0

83.083.0
62.062.0
47.547.5

32.532.5

25.025.0

16.516.5

6.56.5







Protein-protein interaction map

DnaK GroEL



DnaKDnaK

GrpEGrpE

DnaJDnaJ



GroELGroEL

GroESGroES



Complexes Detected in TCA Cycle
sucAsucA sucBsucB sucCsucC sucDsucDsdhCsdhC sdhDsdhD sdhAsdhA sdhBsdhB

From the literaturesFrom the literatures
SdhASdhA

SdhBSdhB SucDSucD

SucCSucC

SucBSucB

SucASucA

Our Our expreimentsexpreiments

• SucA, B, C & D form a large complexes.
• Proteins belong to the same operon are potentially prone to form complexes  

(especially Enzyme complexes). 

SdhASdhA

SdhBSdhB SucDSucD

SucCSucC
SucBSucB

SucASucA
SdhASdhA

SdhBSdhB SucDSucD

SucCSucC

SucDSucD

SucCSucC SucBSucB

SucASucA

oror ++



E3E3
LpdLpd

E2E2
AceFAceF

E1E1
AceEAceE

PdhR

AceE

AceF

LpdA

PdhR

aceE aceFpdhR lpd

PdhR

PdhR interacts the AceE, AceF & Lpd and repress
the transcription.

Proteins belong to same operon are form complexes 
(especially Enzymes). 

PyruvatePyruvate dehydrogenasedehydrogenase



1,3841,384Protein with no interaction observedProtein with no interaction observed

7.37.3Average number of interactionAverage number of interaction

13,37613,376Total number of interactionTotal number of interaction

1,8441,844Protein number with interaction observedProtein number with interaction observed



Pyruvic acid

GlucoseGlucose

AlanineAlanineValineValineLeucineLeucine

IsoleucineIsoleucine

HistidineHistidine

ThreonineThreonine

HomoserineHomoserine

MethionineMethionine

LysineLysine

AspartateAspartate

AspargineAspargine

PhosphoglycerinePhosphoglycerine

Glutamic acidsGlutamic acids

GlutamineGlutamine ProlineProline ArginineArginine

OrnithineOrnithine CitrullineCitrulline

HydroxyprolineHydroxyproline

TriptophanTriptophan

CysteinCystein

serineserine

GlycineGlycine

TyrosineTyrosine

PhenylalaninePhenylalanine

2-Oxogrutarate2-OxogrutarateOxysalo acetic acidOxysalo acetic acid

FumarateFumarate

TCATCA

Pyruvic acid

Acetyl Co-AAcetyl Co-A



GlycolysisGlycolysis
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Pi
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ATP
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Probable Phosphoglycerate mutase 2(gpmB)
2,3-bisphosphoglycerate-independent 
phosphoglycerate mutase (yibO)

Enolase(eno)

AMP

ATP

Phosphoenolpyruvate 
synthase(ppsA)Pyruvate kinase II (pykA)
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isomerase(pgi)
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isomerase(pgi)
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Kinetic Parameters of Glycolytic Enzymes
　　　　　　　Glucose
Inhibition
　　　　　GlucokinaseGlucokinase
　　　　 　(EC 2.7.1.2)

Glucose 6-phosphate

　　　　　PhosphoglucoisomerasePhosphoglucoisomerase
　　　　　(EC 5.3.1.9)

Fructose 6-phosphate

　　　　　 　　　　　PhosphofructokinasePhosphofructokinase
　　　　　(EC 2.7.1.11)

Fructose 1,6-P2
　　　　　AldolaseAldolase (Class II)(Class II)　
　　　　　 (EC 4.1.2.13)

　　　　　TrioseTriose phosphate phosphate isomeraseisomerase
Glyceraldehyde 3-phosphate           Dihydroxyacetone phosphate

Phosphoenolpyruvate

Ki=0.1mM

Km for MgATP  0.356 ± 0.073 mM
Glucose  0.093 ± 0.006 mM

Vmax          56.4 ± 2.4 μmol/min per mg

Km for Fru-1,6-P2 0.055 ± 0.003 mM
Vmax          7.023 ± 0.248 μmol/min per 
mg

Km for Fru-6-P   0.078 ± 0.009 mM
Vmax        132.9 ± 12.5 μmol/min per 
mg
Km for Glc-6-P     1.018 ± 0.142 mM
Vmax        251.1 ± 24.3 μmol/min per 
mg

Collaboration with Yoshino, Aichi Medical College, AichiCollaboration with Yoshino, Aichi Medical College, Aichi



unknown29

NADPH28

NADP27

NADH26

NAD25

ATP24

CTP23

GDP22

ADP21

CDP20

GMP19

AMP18

F1,6P17

PIPES(is)16

NADPH15

F6P14

G1P13

citrate12

3PG11

glycerol3p10

DHAP9

PEP8

2-oxoglutarate7

Malate6

Succinate5

Fumarate4

Lactate3

Pyruvate2

Glycolate1

Takaaki Nishioka  Prof.
Tomoyoshi Soga As. Prof.

Keio University

Metabolic intermediatesMetabolic intermediates



pykF

pflB

pfkB

gapC
tktB

decreased
increased

Glyceraldehyde-3P

Glycerate 1,3 diP

pfkBpfkB
Erythrose-4P

tktBtktB

gapCgapC

Deletion of metabolic enzymesDeletion of metabolic enzymes
GlycolysisGlycolysisXylulose-5P Frucose-6P
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Pyruvate
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pflBpflB



Deletion of nucleoid proteinsDeletion of nucleoid proteins

350

decreased

increased

Log phaseLog phase

Stationary phaseStationary phase
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Glyceraldehyde-3P

Phosphoenolpyruvat
e

Malate
Fumarate

Oxaloacetate

Erythrose-4P Ribose-5P

Ribulose-5P

pfk

fbp

pgk

pgm

pykA

Xylulose-5P
Glycerate-1,3P

gapB
gapA

fbaA

glpD

Glycerate-2P

eno

citAZ

yjmC

ywlF
tktywjH

rpe

gntZ, yqjI

sdhABC

citG

Phospho-
glycolate

ykrW

hprP

tkt

ywkA

1.39
pgi

Glucose-
1P

0.46

0.49

0.08

0.92
Dihydroxyacetone-P

1.11

Glycerol-3P

Glycerate-
3P

2.10

6P-gluconate
0.27

0.24

3.03

2.26

2.13
0.89 1.17

GlycolysisGlycolysisGlycolysis

zwf

Glucose ptGlucose sG

tpi

Fructose-6P Fructose-1,6PGlucose-6P
ybbT

Sedoheptulose-7P
13.83

Succinate

Pyruvate
ldh

2.04

2-Oxoglutarate
citC

1.84 0.31

11.50
Citrate

Pentosephosphate
cycleGlycolate

PentosephosphatePentosephosphate
cyclecycle

TCA-cycleTCATCA--cycle

46.51
Lactate

Acetyl-CoA
Iso-citrate cis-Aconitate

pdhABCDcitB

Succinyl CoA

odhAB

cycle
sucCD

0.23
citB

((Intracellular concentration in Intracellular concentration in mMmM))
Kindly provided by T. Kindly provided by T. NishiokaNishioka, Keio , Keio UnivUniv & Kyoto Univ.& Kyoto Univ.



pykFpykFpflBpflB

gndCgndCgapCgapC pfkBpfkB pflApflA

tktBtktB
GlycolysisGlycolysis



pykFpykF

pflBpflBpflApflA

pfkBpfkBgndCgndCgapCgapC

tktBtktB

TCA cycleTCA cycle



gapCgapC gndCgndC pfkBpfkB

pflApflA pflBpflB pykFpykF

tktBtktB PurinePurine biosynthesisbiosynthesis



pykFpykFpflBpflBpflApflA

pfkBpfkBgndCgndCgapCgapC

tktBtktB PyrimidinePyrimidine biosynthesisbiosynthesis



Toward modeling & simulationToward modeling & simulation

MetabolicMetabolic
Pathway

ProteinProtein
(Enzyme)DNADNA RNARNA (Enzyme) Pathway

発現変化発現変化

mRNAmRNA量

タンパク質濃度タンパク質濃度

酵素パラメーター

基質濃度基質濃度

反応経路量 酵素パラメーター 反応経路



Quantification of mRNA level energy metabolism related genesQuantification of mRNA level energy metabolism related genes
Towards the modeling of transcriptionTowards the modeling of transcription

CTgeneCTgeneCTgene
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