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Founded in 1858, Keio is 
the oldest institution of 

higher education in Japan…
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higher education in Japan…

The first “e-Cell”
(Tomita et al. 1997)

It has:
127 genes

4268 molecular species

495 reactions

It performes:
glycolysis
lipid synthesis
transcription, translation and 
degradation
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Lack of quantitative data:
Needs for Metabolome Project

Systematic and comprehensive analysis 
of metabolic data

Steady state concentration
Kinetic parameters
Flux rates etc.

High-throughput measurement devices

Integrative Systems Biology
Genome

Transcriptome

Proteome

Metabolome

Phenome
Data-Driven Biology

Institute for Advanced Biosciences
Keio University

Since 2001

$110M grant from
local government BiosimulationBiosimulation

Genome
Engineering
Genome

Engineering
Analytical
Chemistry
Analytical
Chemistry

Metabolic
Engineering
Metabolic

Engineering
Shimizu et al.

Nishioka et al. Mori et al.
Itaya et al.

Tomita et al.

Quantitative Metabolomics
CE/MS: Soga et al.
More than1000 peaks
in 30 minutes, 45 samples a day
Sample amount: 10 nl, Error rate: +-8%
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Buffer                Agilent Basic Anion Buffer (PN 5064-8209)
Sample             Cl 110 mg/l, carbohydrates 200 mg/l each, others 50mg/l 
each
Capillary fused silica, l=104 cm, L=1125.5 cm, id=50 µm
Injection            300 mbar*s
Temperature     15 ºC
Voltage              -30 ｋV
Detection          Sig. 350/20 nm, Ref. 230/10 nm
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Injection            300 mbar*s
Temperature     15 ºC
Voltage              -30 ｋV
Detection          Sig. 350/20 nm, Ref. 230/10 nm

Capillary Electrophoresis:
Organic acids, Amino acids, Sugars 2 4 6 8 10 12 14
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CE/MS: amino acids in B.subtilis
Cations

1 3-Am inopropionitrile m onofum arate salt 74 Nicotinam ide 147 4-Am inosalicylic acid 220 Phosphorylcholine chloride 293 Sulfathiazole 
2 1,3-D iam inopropane dihydrochloride 75 Picolinam ide 148 M esalam ine 221 C arbim azole 294 G anciclovir 
3 G lycine 76 3-C hloro-L-alanine hydrochloride 149 Dopam ine hydrochloride 222 Desethylatrazine 295 Tolm etin 
4 Sem icarbazide hydrochloride 77 Pyrazinam ide 150 Nw-Acetylhistam ine 223 Am rinone 296 L-a-G lycerophosphorylcholine 1:1 cadm ium  chloride 
5 Isopropanolam ine 78 5-M ethylcytosine 151 Pseudopelletierine 224 N8-Acetylsperm idine dihydrochloride 297 Albendazole 
6 Trim ethylam ine n-oxide 79 1-M etylhistam ine dihydrochloride 152 L-Histidine 225 Ne-Acetyl-L-lysine 298 N6-M ethyl-2'-deoxyadenosine 
7 C ysteam ine hydrochloride 80 Im idazole-4-acetate sodium  salt 153 L-b-Im idazolelactic acid 226 G ly-leu 299 4.4'-M ethylene bis(o-chloroaniline) 
8 Trim ethylsulfonium  iodide 81 M elam ine 154 3-Indoleacetonitrile 227 L-Hom oarginine hydrochloride 300 Adenosine 
9 Pyridine 82 Isoguvacine hydrochloride(RBI) 155 Buform in 228 Q uisqualate 301 2'-Deoxyguanosine 

10 4-M ethylpyrazole 83 L-Pyroglutam ic acid 156 Ibotenic acid 229 C astanosperm ine 302 DL-Hom ocystine 
11 3-Am ino-1,2,4-triazole 84 Isoquinoline 157 Allantoin 230 DL-α,ε-D iam inopim elate(D L-2,6-Diam inoheptaned 303 Inosine 
12 Piperidine 85 Q uinoline 158 Indole-3-acetaldehyde-sodium  bisulfite addition com 231 5-M ethoxytryptam ine 304 Eserine(physostigm ine) 
13 Piperazine anhydrous 86 1-Am ino-1-cyclopentanecarboxylic acid (Cycloleuci 159 N-M ethyl-N-propagylbenzylam ine 232 C arbendazim  305 G lu-glu 
14 Isoam ylam ine 87 L-Pipecolate 160 D-Ala-D-ala 233 Diethyl-2-phenylacetam ide 306 1-M ethyladenosine 
15 1,4-Butanediam ine 88 M etform in(1,1-Dim ethyl biguanide) hydrochloride 161 Dam inozide 234 C affeine 307 G uanosine 
16 L-Alanine 89 O ctylam ine 162 Tolazoline(2-B enzyl-2-im idazoline) hydrochloride 235 D-G lucosam inic acid 308 Xanthosine 
17 β-Alanine 90 N-Acetylputrescine hydrochloride 163 Tryptam ine 236 L-Tyrosine m ethyl  ester 309 Etodolac (1,8-D iethyl-1,3,4,9-tetrahydropyrano[3,4-b
18 Sarcosine 91 Agm atine 164 O -Acetyl-L-hom oserine hydrochloride 237 L-β-(3,4-dihydroxyphenyl)alanine(DO PA) 310 Atropine 
19 Aniline hydrochloride 92 L-Hydroxyproline 165 L-α-Am inoadipic acid 238 N-Acetyl-L-histidine 311 L-Hyoscyam ine hydrochloride 
20 2-Hydroxypyridine 93 C reatine m onohydrate 166 N-M ethyl-L-glutam ic acid 239 Hydroxyartazine 312 Trim ethoprim  
21 4-Hydroxym ethylim idazole 94 b-G uanidinopropionate 167 Indole-3-ethanol 240 9-Am ino-1,2,3,4-tetrahydoroacridine 313 Triadim efon 
22 1-M ethyl-2-pyrrolidone 95 e-Am ino-n-caproate (6-Am inohexanoate) 168 L-C arnitine 241 Thiabendazole standard 314 Diclofenac sodium  salt 
23 C yclohexylam ine 96 L(+)-Isoleucine 169 2-Deoxystreptam ine, dihydrobrom ide 242 Sim azine 315 5'-Deoxy-5'-M ethylthioadenosine 
24 1-Am inocyclopropane-1-carboxylate 97 L-Leucine 170 d-Hycroxylysine hydrochloride 243 L-Tryptophanam ide hydrochloride 316 (-)-Scopolam ine hydrochloride 
25 L-Azetidine-2-carboxylic acid 98 L-Norleucine 171 Anabasine 244 O -Acetyl-L-carnitine hydrochloride 317 Nopaline 
26 D-C ycloserine 99 Bis(3-am inopropyl)am ine 172 Nicotine 245 L-Tryptophan 318 Z-G ly-Pro 
27 C adaverine(1,5-Diam inopentane) dihydrochloride 100 L-Asparagine m onohydrate 173 Pterin 246 5-M ethoxy-3-indoleacetic acid 319 Nα-Benzenol-L-arginine ethylester 
28 Biuret 101 G ly-gly 174 3-M ethylguanine 247 L-Kynurenine (W ith no residual quantity) 320 3-Iodo-L-tyrosine 
29 4-Am inobutyrate (G AB A) 102 4-Am inoindole 175 7-M ethylguanine 248 M inoxidil 321 G lutathione, reduced form
30 a-Am inoisobutyrate 103 5-Am inoindole 176 Benzocaine 249 M ilrinone 322 Bestatin 
31 N,N-D im ethylglycine 104 L(+)-O rnithine m onohydrochloride 177 L(-)-Phenylalanine 250 Zalcitabine 323 Tim olol M aleate 
32 N-M ethyl-DL-alanine 105 L-Aspartate 178 Ethionam ide 251 Baclofen 324 C hloram phenicol 
33 2-C yanopyridine 106 2-Am inobenzim idazole 179 Pyridoxal hydrochloride 252 Phenazopyridine hydrochloride 325 Neam ine 
34 DL-2,3-D iam inopropionate 107 DL-Hom ocysteine 180 Epinine hydrochloride 253 Harm aline 326 M ethotrim eprazine m aleate salt 
35 L-Serine 108 Adenine 181 Phenylephrine hydrochloride 254 D-Desthiobiotin 327 Piroxicam  
36 N-M ethylaniline 109 Acetanilide 182 Synephrine 255 6-Furfurylam inopurine 328 Specitinom ycin dihydrochloride pentahydrate 
37 Phenylhydrazine 110 Hypoxanthine 183 M ecam ylam ine hydrochloride 256 β-Ala-lys 329 Berberine 
38 Hypotaurine 111 1-M ethylnicotinam ide 184 Pyridoxam ine dihydrochloride 257 Prim idone 330 Benzyl viologen dichloride 
39 4-Am inophenol 112 Pralidoxim e chloride 185 L-Noradrenaline hydrochloride 258 5-M ethoxy-N,N-dim ethyltryptam ine 331 5-Am inoim idazole-4-carboxam ide-1-β-D -ribofuran
40 2-Am inophenol 113 Anthranilate 186 Pyridoxine 259 trans-Zeatin 332 Tilt (TM ) 
41 3-Am inophenol 114 p-Am inobenzoate 187 3-M ethyl-L-histidine 260 5-Hydroxy-L-tryptophan 333 Palm atine 
42 C ytosine 115 Isonicotinic acid hydrazide 188 Diphenylam ine 261 2-Acetam ido-1-am ino-1,2-dideoxy-β-D -glucopyra 334 Protopine hydrochloride 
43 4-Fluoroaniline 116 DL-β-H ydroxyphenethylam ine 189 M etronidazole 262 N-Acetyl-D (+)-glucosam ine 335 L-Tetrahydropalm atine 
44 Histam ine dihydrochloride 117 Tyram ine 190 Deisopropylatrazine 263 L(+)-C ystathionine 336 E-64 
45 Uracil 118 Trigonelline hydrochloride 191 1-M ethyl-4-phenyl-1,2,3,6-tetrahydropyridine hydro 264 3-Hydroxy-D L-kynurenine 337 Allocryptopine 
46 C reatinine hydrochloride 119 Urocanate (4-Im idazoleacrylate) 192 Indole-3-acetam ide 265 Acyclovir 338 S-Lactoylglutathione 
47 2-M ercapto-1-m ethylim idazole 120 6-Hydroxynicotinate 193 N-Acetyl-L-ornithine 266 6-Benzylam inopurine 339 Thiam ine m onophosphate chloride 
48 b-C yano-l-alanine 121 Tropinone 194 N-Ethyl-L-glutam ine 267 C yprodinil 340 S-Adenosyl-L-hom ocysteine 
49 M uscim ol 122 Hexam ethylene tetram ine 195 L(+)-Arginine 268 M etyrapone 341 S-Adenosyl-L-m ethionine 
50 L(-)-Proline 123 L-Histidinol dihydrochloride 196 G ram ine 269 Deoxycytidine 342 Leu-leu-tyr 
51 G uanidoacetic Acid 124 Tropine 197 N-O m ega-m ethyltryptam ine 270 2'-Deoxyuridine 343 Blasticidin s 
52 5-Am ino-n-valeric acid 125 Ectoine 198 G uanidinosuccinic acid (N-am idino-L-aspartic acid) 271 Diazoxide 344 Leupeptin hem isulfate m onohydrate 
53 (S)-(+)-2-Am ino-2-m ethylbutanoic acid hydrate 126 4-M ethyl-5-thiazoleethanol 199 Indole-3-acetic acid 272 Am inopyrine 345 3,5-D iiodo-L(+)-tyrosine dihydrate 
54 Betaine,Anhydrous 127 Sperm idine 200 2-G uanidinobenzim idazole 273 M elatonin 346 Sisom icin sulfate salt 
55 L-Norvaline 128 L(+)-G lutam ine 201 L-C itrulline 274 Lidocaine 347 M ethotrexate 
56 L-Valine 129 5,6-D im ethylbenzim idazol 202 L-C anavanine 275 Sepiapterin(RBI) 348 Ribostam ycin 
57 Benzim idazole 130 L-Lysine 203 Serotonin hydrochloride 276 Keram ine hydrochloride 349 Psychosine 
58 L-2,4-Diam ino-n-butyrate 131 Acetylcholine chloride 204 Alliin 277 Pirim icarb 350 Tobram ycin 
59 DL-4-Am ino-3-hydroxybutyric acid 132 Trientine(Triethylenetetram ine) 205 C ys-gly 278 Bentazon 351 Purom ycin 
60 L-Hom oserine 133 L-G lutam ate 206 D(+)-G alactosam ine 279 5-M ethyl-2'-deoxycytidine 352 Bekanam ycin 
61 a-M ethyl-D L-serine 134 C arbachol 207 D-G lucosam ine hydrochloride 280 1.5-D iphenylcarbohydrazide 353 Kanam ycin m onosulfate gam m a-irradiated 
62 L-Threonine 135 (+/-)N ornicotine 208 D-M annosam ine hydrochloride 281 C ytidine 354 Apram ycin sulfate 
63 Purine 136 DL-threo-β-Hydroxyaspartic acid 209 Fusarate 282 Uridine 355 Doxorubicin 
64 Benzam idine hyrochloride hydrate 137 L-M ethionine 210 L-M ethionine sulfoxim ine 283 O ctopine 356 Streptom ycin sulfate 
65 L-C ysteine 138 D-Penicillam ine 211 Theophylline 284 Pyridoxam ine-5'-phosphate 357 Dihydrostreptom ycine 
66 Benzam ide 139 3-M ethyladenine 212 o-Phenanthroline 285 4-Am inophenylsulfone 358 G lutathione, oxidized form
67 2-Am ino-2-(hydroxym ethyl)-1,3-propanediol 140 6-M ethylam inopurine 213 3-Am ino-3-(4-Hydroxy-phenyl)propionic acid 286 M uram ic acid 359 Neom ycin Sulfate 
68 N,N-D im ethylaniline 141 1-M ethyladenine 214 L(-)-Tyrosine 287 2'-Deoxyadenosine m onohydrate 360 Parom om ycin sulfate 
69 2.6-D im ethylaniline 142 Triethanolam ine(2,2',2"-N itrilotriethanol) 215 Harm an 288 5'-Deoxyadenosine 361 3,3',5-Triiodo-L-thyronine
70 2.4-D im ethylaniline 143 2,6-D iethylaniline 216 H-α-D ifluoro-M e-D L-O rn-O H  289 Purine riboside 362 O leandom ycin 
71 DL(+-)-α-M ethylbenzylam ine (+-)-1-phenyl-ethyla 144 G uanine 217 Dacarbazine 290 Velpar 
72 β-Phenylethylam ine (Phenethylam ine) 145 1-Adam antanam ine hydrochloride 218 (±)Epinephrine hydrochloride (4-[1-Hydroxy-2-(m e 291 Penciclovir 
73 Isonicotinam ide 146 6-M ercaptopurine m onohydrate 219 N,N-D im ethyl-his-oh.hcl 292 Phospho-L-arginine 

1 M ES 53 M alate 105 Sulfanilate 157 2-D eoxyribose 1-phosphate 
2 Trim esate 54 Threonate 106 2-Q uinolinecarboxylate 158 4-Nitrophenyl phosphate 
3 Propionate 55 o-Hydroxybenzoate 107 N-Acetylleucine 159 Pantothenate 
4 G lycolate 56 p-hydroxybenzoate 108 cis-Aconitate 160 Porphobilinogen 
5 C rotonate 57 Phosphonoacetate 109 trans-Aconitate 161 3,5-D initrosalicylate 
6 Pyruvate 58 4-Fluorobenzoate 110 Phenyl phosphate 162 Ribulose 5-phosphate 
7 Butyrate 59 Ethanolam ine phosphate 111 Shikim ate 163 Ribose 1-phosphate 
8 O xam ate 60 cis,cis-M uconate 112 N-Acetylaspartate 164 D odecanedioate 
9 b-Hydroxypropionate 61 2-Thiopheneacetate 113 C arbam oylaspartate 165 Naproxen 

10 Lactate 62 C aprylate 114 2-Isopropylm alate 166 N-a-t-boc-asparagine 
11 C hloroacetate 63 Valproate 115 Allantoate 167 D ichlorprop 
12 M ethanesulfonate 64 2-O xoglutarate 116 N-Form ylm ethionine 168 M efenam ate 
13 Tiglate 65 Adipate 117 S-C arboxym ethylcysteine 169 2-D eoxyglucose 6-phosphate 
14 Isovalerate 66 G lutam ate 118 Hippurate 170 Biotin 
15 Pentanoate 67 C itram alate 119 Hom ovanillate 171 Pyridoxal 5-phosphate 
16 M alonate 68 4-M ethylthio-2-oxobutyrate 120 4-Pyridoxate 172 D iflunisal 
17 b-Hydroxybutyrate 69 trans-C innam ate 121 C helidonate 173 2,4,5-Trichlorophenoxyacetate 
18 a-Hydroxybutyrate 70 Tartarate 122 Serine O -sulfate 174 Ketoprofen 
19 2-Hydroxyisobutyrate 71 Benzoylform ate 123 O -Phosphoserine 175 G lucosam ine 6-phosphate 
20 (M ethylthio)acetate 72 2-C arboxybenzaldehyde 124 3-phosphoglycerate 176 G alactosam ine 1-phosphate 
21 G lycerate 73 3-Phenylpropionate 125 p-C hlorophenoxyacetate 177 Fructose 1-phosphate 
22 Pyrrole-2-carboxylate 74 N-M ethylanthranilate 126 Undecanoate 178 Fructose 6-phosphate 
23 M ethyl sulfate 75 Phenoxyacetate 127 Azelaate 179 G lucose 6-phosphate 
24 2-Furoate 76 p-Hydroxyphenylacetate 128 10-Hydroxydecanoate 180 G alactose 6-sulfate 
25 3-Acetylacrylate 77 C ysteine sulfinate 129 N-Acetylglutam ate 181 Sorbitol 6-phosphate 
26 Fum arate 78 Diethyl phsophate 130 2,4-D ichlorobenzoate 182 2,3-D iphosphoglycerate 
27 M aleate 79 2-C hlorobenzoate 131 N-C arbam ylglutam ate 183 G alacturonate 1-phosphate 
28 3-M ethyl-2-oxobutanoate 80 2,4-Dihydroxypyrim idine-5-carboxylate 132 N-Acetylm ethionine 184 6-Phosphogluconate 
29 Levulinate 81 2-O xooctanoate 133 Isocitrate 185 Sedoheptulose-7-phosphate 
30 Hexanoate 82 Pelargonate 134 C itrate 186 Argininosuccinate 
31 M ethylm alonate 83 a-ketoadipic acid 135 Q uinate 187 8-Anilino-1-naphthalene sulfonate 
32 2-Hydroxyvalerate 84 Pim elate 136 Phenaceturate 188 N-Acetylglucosam ine 1-phosphate 
33 Benzoate 85 2-Hydroxy-n-caprylate 137 trans-4-Hydroxy-3-m ethoxycinnam ate 189 N-Acetylglucosam ine 6-phosphate 
34 Isonicotinate 86 8-Hydroxyoctanoate 138 Isoferulate 190 N-Acetylgalactosam ine 6-sulfate 
35 1-Am inoethylphosphonate 87 N-Form ylaspartate 139 o-Hydroxyhippurate 191 N-Acetylneuram inate 
36 2-Am inoethylphosphonate 88 3-Hydroxy-3-m ethylglutarate 140 G luconate 192 Ribulose 1,5-diphosphate 
37 Isethionate 89 p-C oum arate 141 G alactonate 193 N-G lycolylneuram inate 
38 D ichloroacetate 90 C um ate 142 4-Hydroxy-3-m ethoxym andelate 194 Fructose 1,6-diphosphate 
39 C yclohexanecarboxylate 91 Terephthalate 143 Syringate 195 Bis(p-nitrophenyl)phosphate 
40 M esaconate 92 Phthalate 144 C ysteine S-sulfate 196 G ibberellate 
41 Itaconate 93 3-Ethoxybenzoate 145 Laurate 197 ProstaglandinE2 
42 C itraconate 94 3-(2-Hydroxyphenyl)propionate 146 4-Sulfobenzoate 198 ProstaglandinF2a 
43 4-M ethyl-2-oxopentanoate 95 3-(4-Hydroxyphenyl)propionate 147 Sebacate 199 O rotidine 5'-m onophosphate 
44 4-O xohexanoate 96 Phosphoenolpyruvate 148 3-Indolebutyrate 200 D igalacturonate 
45 4-Acetylbutyrate 97 4-Hydroxy-3-m ethoxybenzoate 149 Xanthurenate 201 C holate 
46 Heptanoate 98 4-Hydroxym andelate 150 6,8-Thioctate 202 Trehalose 6-phosphate 
47 N-Acetyl-b-alanine 99 C ysteate 151 Ibuprofen 203 Folate 
48 G lutarate 100 2-Am ino-3-phosphonopropionate 152 N-Acetylphenylalanine 204 Adenylosuccinate 
49 3-Ureido propionate 101 Dihydroxyacetone phosphate 153 Benzylsuccinate 205 G lycocholate 
50 a-Hydroxycaproate 102 4-C hlorophenylacetate 154 N-Benzyloxycarbonylglycine 206 G lycyrrhetinate 
51 6-Hydroxycaproate 103 G lycerophosphorate 155 M ucate 207 Phosphoram idon 
52 Aspartate 104 Decanoate 156 3-Indoxyl sulfate 

Anions CE-MS Standards Database
Total 788 （Cations 452, Anions 267, Nucleotides 69)

Compound Carbon m/ z MT MT/ MT(IS) Area Area/ Area(IS) S/ N Height
Glyoxylate 2 73 13.834 0.745 19156 0.026 4.515 3906
Propionate 3 73 14.868 0.773 37112 0.033 9.297 7397
Glycolate 2 75 10.099 0.784 59370 0.067 30.675 15631
Crotonate 4 85 15.709 0.817 52279 0.046 19.357 9868
Butyrate 2 87 16.625 0.849 58502 0.072 23.046 7469
Isobutyrate 4 87 17.668 0.853 98571 0.092 33.499 14884
Pyruvate 3 87 11.632 0.736 97905 0.089 10.317 9837
Oxamate 3 88 13.326 0.718 56725 0.025 47.119 13951
Lactate 3 89 14.976 0.796 157643 0.177 71.197 31706
Chloroacetate 2 93 10.198 0.792 17615 0.020 27.051 4739
Tiglate 5 99 20.897 0.844 148596 0.102 28.467 20205
Isovalerate 5 101 14.715 0.932 291806 0.230 25.713 52298
Valerate 5 101 16.847 0.907 166577 0.200 14.756 22547
b- Hydroxybutyrate 4 103 20.683 0.863 247710 0.170 74.924 24253
a- Hydroxybutyrate 4 103 11.647 0.904 164987 0.161 114.899 36482
2- Hydroxyisobutyrate 4 103 16.565 0.846 345230 0.390 260.227 69004
Malonate 1 103 11.008 0.531 18123 0.014 7.250 2338
Glycerate 3 105 15.332 0.815 315357 0.284 176.393 49048
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CE-TOFMS (2004)
CE-MS → CE-TOFMS

Accurate molecular weight
10 times higher resolution
2 to 100 times higher 
sensitivity

CE-TOFMS Data processing software
Metabolome-wide quantitative display
Metabolome-wide differential display 
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Analyzing cellular metabolites
Positively charged molecules – CE/TOFMS
Negatively charged molecules – CE/TOFMS
Nucleotides (weakly charged) 

– Pressure-Assisted CE/MS
Neutral molecules – LC/MS
Volatile and other molecules – GC/MS

“Metabolome Factory” at Keio-IAB

19 x CE systems
6 x LC systems
2 x GC/MS systems
9 x quadrupole MS systems
4 x ion-trap MS systems
2 x TripleQ MS/MS systems
6 x ESI-TOFMS systems
1 x Q-TOFMS system
1 x NMR

Institute for Advanced Biosciences

Keio University

E.coli Project
New Energy and Industrial Technology 

Development organization (NEDO) of the 
Ministry of Economy, Trade and Industry 

of Japan

Collection of integrated 
experimental data toward a dynamic 
model of E.coli Metabolism

Nobuyoshi Ishii, Tomoya Baba, Tomoyoshi Soga, Akio 
Kanai, Zhao Jiao, Miki Naba, Li Mai, Satoshi Harada, 
Aminul Hoque, Yuji Kakazu, Hisashi Kato, Yoshihiro 

Suga, Kazuharu Arakawa, Katsuyuki Yugi, Yoichi 
Nakayama, Martin Robert, Takaaki Nishioka, 

Kazuyuki Shimizu, Hirotada Mori, and Masaru Tomita

Institute for Advanced Biosciences 
Keio University

Derivatized amino 
acid fragments 

Mass 
distribution 

BW25113, 
% 
(2 labeling 
volume) 

GpmG, % 
(2 labeling 
volume) 

GapC, % 
(2 labeling 
volume) 

Ala [M-57]+ m+1 31.37  30.74 30.61  
 m+2 13.66  13.71 13.38  
Gly [M-57]+ m+1 25.82  25.88 25.84  
 m+2 17.53  17.90 17.61  
Val [M-159]+ m+1 29.74  30.17 29.27  
 m+2 24.40  24.73 24.38  
Leu [M-57]+ m+1 44.49 44.48 44.76  
 m+2 37.99 38.81 38.55  
Ile [M-57]+ m+1 44.41 45.13 44.84  
 m+2 29.15 29.46 28.90  
Ile [M-159]+ m+1 43.07 43.84 42.69  
 m+2 26.20 27.02 26.10  
Ser [M-57]+ m+1 47.32 46.74 46.86  
 m+2 25.13 25.74 25.35  
Phe [M-159]+ m+1 43.11 43.18 42.86  
 m+2 29.50  30.14 29.07  
Asp [M-57]+ m+1 55.95 56.28 55.62  
 m+2 35.68 35.06 35.62  
Asp [M-159]+ m+1 46.77  47.46 46.75  
 m+2 23.21  23.25 24.00  
Glu  [M-57]+ m+1 63.89 63.55 63.90  
 m+2 44.57 45.09 44.22 
Glu  [M-159]+ m+1 55.50 54.82  55.52  
 m+2 31.60 32.48  31.52  
 

Amino acid carbon 
positions 

Multiplets BW25113 
(2 labeling 
volume) 

gpmG 
(2 labeling 
volume) 

gapC 
(2 labeling 
volume) 

Ala C3 S 0.42 0.41 0.43 
 D 0.58 0.59 0.57 

Ala C2 S 0.19 0.17 0.17 
 D1 0.09 0.11 0.10 
 D2 0.08 0.06 0.05 
 DD 0.64 0.66 0.67 

Gly C2 S 0.31 0.31 0.31 
 D 0.69 0.69 0.69 

Leu C2 S 0.34 0.33 0.34 
 D1 0.53 0.53 0.56 
 D2 0.06 0.04 0.04 
 DD 0.07 0.10 0.06 

His C3 S 0.24 0.25 0.24 
 D1 0.00 0.00 0.00 
 D2 0.56 0.58 0.58 
 DD 0.20 0.17 0.18 

Asp C2 S 0.37 0.38 0.40 
 D1 0.33 0.35 0.36 
 D2 0.13 0.12 0.11 
 DD 0.16 0.15 0.13 

Asp C3 S 0.38 0.40 0.40 
 D1 0.34 0.35 0.35 
 D2 0.15 0.15 0.15 
 DD 0.13 0.10 0.10 

 

WT gpmGgapC

BW25113 gapC gpmG BW25113 gapC gpmG
pyr 0.594 1.707 0.537 Ala 0.912 2.059 1.879
lac 16.462 27.317 6.281 Ser 4.449 2.836 2.694
fum 0.181 0.156 0.179 Pro 0.381 2.207 1.733
suc 0.501 0.268 0.351 Val 1.454 4.356 2.438
mal 0.572 0.206 0.475 Thr 0.353 1.444 0.894
oxo 0.258 0.349 0.397 Cys
DHAP 0.138 0.412 0.743 Leu 0.058 0.062 0.059
A-gp 0.374 0.518 0.445 Ile 0.372 1.765 0.696
3pg 0.202 0.402 0.37 Asn 0.761 1.404 0.734
r5p 0.183 0.302 0.683 Asp 30.331 3.945 2.438
rib5P 0.091 0.147 0.265 Lys 2.661 2.206 2.892
g1p 0.016 0.016 Glu 19.509 81.944 63.749
f6p 0.123 0.206 0.234 Met 8.029 9.306 3.727
g6p 0.669 1.05 1.397 His 0.315 1.538 0.948
6pg 0.051 0.053 0.162 Phe 0.256 0.865 0.617
fbp 0.162 0.115 0.408 Arg 0.588 0.891 1.056
PEP 0.124 0.381 0.131
E4P 0.366 0.186 0.257
2,3-pg 0.006 0.018 0.019
glycolate 0.199 0.211 0.311
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菌株：Escherichia coli BW25113
Wild type (WT) および1遺伝子欠損株
炭素源：グルコース
連続培養（希釈率：0.1 or 0.2 [hr-1])
温度：37℃, pH：7.0

解析対象：中心炭素代謝経路
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Metabolic SnapshotMetabolic Snapshot

中心炭素代謝経路の各酵素（精製したHis-tagged protein）
を抗原として、ラットに免疫して抗体を作成した。
現在、得られた抗体を用い、ウェスタンブロット法によって
各酵素の菌体含量を定量中である。

基質グルコースに[1-13C]*1グルコースを10%、
[U-13C]*2グルコースを10%混合して培養を行った。
得られた菌体を加水分解し、アミノ酸をTBDMSで
誘導体化してGC-MSによる質量分布測定を行った[2]。
また、2D-NMRにてアミノ酸のスペクトル分布を調べた[2]。
これらのデータを利用して代謝流束分布を推定した。

m：分子量 S, singlet; d1 and d2, doublets with different scalar coupling;
dd, doublet of doublets

菌体よりメタノールにて代謝物質を抽出し、水および
クロロホルムによってリン脂質や高分子を除去して
サンプルを調整した。
キャピラリ電気泳動質量分析計(CE/MS)[1]により、
イオン性の細胞内代謝産物の定量を行った。

RNeasy Protected Bacteria Kit（QIAGEN)
を用い、菌体よりmRNAを抽出した。
現在、Real time RT-PCR法により、中心炭
素代謝経路の遺伝子の発現量を定量中で
ある。
また、DNAマイクロアレイによる全遺伝子の
発現量の解析を実施する予定である。

Real time RT-PCR 検量線

WTおよび1遺伝子欠損株の代謝流束分布

DNAマイクロアレイ
（WT, Cy3染色)

WTおよび1遺伝子欠損株加水分解物のアミノ酸同位体分布

CE/MSクロマトグラム
（四重極質量分析計, SIMモード）

細胞内代謝物質濃度(μ mol/g DCW)

標準酵素および菌体抽出物のウェスタンブロット

*1 1位の炭素を13Cで標識。
*2  全ての炭素を13Cで標識。

CO

TCA cycle (29/29)

sdhA,B,C,D

bGLC G6P
PGI

FBP

ATP ADP

GAP
TIS

DHAP

GAPDH

NAD NADH

BPG PGK

ADP ATP

3PG
PGM

2PG
ENO PK

PEP PYR

CIT

CS

ICT

ACN

AKG

IDH

NADP

NADPH
CO

SUCCoA KDH
NAD

NADH

SUC

MAL

ADP
ATP

FMA

SDH

FUM

FAD

FADH

MDH
NAD

NADH

GOX

ACoA
MS

G6PDH

6PG

NADP

NADPH

6PGDH

NADP

NADPH

S7P
R5PRu5P

RPI

RPE TKT I

X5P

TKT II TAL
E4P

PDH

NAD

NADH
CO

ACoA

PFL

ETH

ACP

EOR

ACT

PTA

AK
ATP

ADP

PPCK

CO

PPC

ADP

ATP

CO

FORM

LDH

LAC

F6P

OAA

ALD

ICL

pfkA, pfkB pykA,
pykF

aceE, aceF, lpdA

gltA

prpC

acnA,
acnB

icdA

sucA,
sucB,

thiokinase

fumB

mdh

ppc

pckA

aceAaceB,

fbaA, fbaB

Glycolysis (15/19)

PP cycle (9/9)

pgi

tpiA

gpmA, gpmB ppsA

ATPADP

glcB pta

ackA

zwf

gnd

gapA,
gapC

pgk

eno

fumA,
fumC

sucC, sucD,
lpdAfdrA

frdA,B,C,D

rpiA, 
rpiB

rpe tktA,  tktB

talA,  
talB

tktA, tktB

fbp

PFK

G1P

pgmATP ADP

glk

aGLC

galM

ldhA, 
dld, 
lldD

poxB

adhE

pflA, pflB,
pflC, pflD

Derivatized amino 
acid fragments 

Mass 
distribution 

BW25113, 
% 
(2 labeling 
volume) 

GpmG, % 
(2 labeling 
volume) 

GapC, % 
(2 labeling 
volume) 

Ala [M-57]+ m+1 31.37  30.74 30.61  
 m+2 13.66  13.71 13.38  
Gly [M-57]+ m+1 25.82  25.88 25.84  
 m+2 17.53  17.90 17.61  
Val [M-159]+ m+1 29.74  30.17 29.27  
 m+2 24.40  24.73 24.38  
Leu [M-57]+ m+1 44.49 44.48 44.76  
 m+2 37.99 38.81 38.55  
Ile [M-57]+ m+1 44.41 45.13 44.84  
 m+2 29.15 29.46 28.90  
Ile [M-159]+ m+1 43.07 43.84 42.69  
 m+2 26.20 27.02 26.10  
Ser [M-57]+ m+1 47.32 46.74 46.86  
 m+2 25.13 25.74 25.35  
Phe [M-159]+ m+1 43.11 43.18 42.86  
 m+2 29.50  30.14 29.07  
Asp [M-57]+ m+1 55.95 56.28 55.62  
 m+2 35.68 35.06 35.62  
Asp [M-159]+ m+1 46.77  47.46 46.75  
 m+2 23.21  23.25 24.00  
Glu  [M-57]+ m+1 63.89 63.55 63.90  
 m+2 44.57 45.09 44.22 
Glu  [M-159]+ m+1 55.50 54.82  55.52  
 m+2 31.60 32.48  31.52  
 

Amino acid carbon 
positions 

Multiplets BW25113 
(2 labeling 
volume) 

gpmG 
(2 labeling 
volume) 

gapC 
(2 labeling 
volume) 

Ala C3 S 0.42 0.41 0.43 
 D 0.58 0.59 0.57 

Ala C2 S 0.19 0.17 0.17 
 D1 0.09 0.11 0.10 
 D2 0.08 0.06 0.05 
 DD 0.64 0.66 0.67 

Gly C2 S 0.31 0.31 0.31 
 D 0.69 0.69 0.69 

Leu C2 S 0.34 0.33 0.34 
 D1 0.53 0.53 0.56 
 D2 0.06 0.04 0.04 
 DD 0.07 0.10 0.06 

His C3 S 0.24 0.25 0.24 
 D1 0.00 0.00 0.00 
 D2 0.56 0.58 0.58 
 DD 0.20 0.17 0.18 

Asp C2 S 0.37 0.38 0.40 
 D1 0.33 0.35 0.36 
 D2 0.13 0.12 0.11 
 DD 0.16 0.15 0.13 

Asp C3 S 0.38 0.40 0.40 
 D1 0.34 0.35 0.35 
 D2 0.15 0.15 0.15 
 DD 0.13 0.10 0.10 
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 m+2 17.53  17.90 17.61  
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 m+2 37.99 38.81 38.55  
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 m+2 29.15 29.46 28.90  
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 m+2 23.21  23.25 24.00  
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 m+2 44.57 45.09 44.22 
Glu  [M-159]+ m+1 55.50 54.82  55.52  
 m+2 31.60 32.48  31.52  
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positions 
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(2 labeling 
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gapC 
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volume) 

Ala C3 S 0.42 0.41 0.43 
 D 0.58 0.59 0.57 

Ala C2 S 0.19 0.17 0.17 
 D1 0.09 0.11 0.10 
 D2 0.08 0.06 0.05 
 DD 0.64 0.66 0.67 

Gly C2 S 0.31 0.31 0.31 
 D 0.69 0.69 0.69 

Leu C2 S 0.34 0.33 0.34 
 D1 0.53 0.53 0.56 
 D2 0.06 0.04 0.04 
 DD 0.07 0.10 0.06 

His C3 S 0.24 0.25 0.24 
 D1 0.00 0.00 0.00 
 D2 0.56 0.58 0.58 
 DD 0.20 0.17 0.18 

Asp C2 S 0.37 0.38 0.40 
 D1 0.33 0.35 0.36 
 D2 0.13 0.12 0.11 
 DD 0.16 0.15 0.13 

Asp C3 S 0.38 0.40 0.40 
 D1 0.34 0.35 0.35 
 D2 0.15 0.15 0.15 
 DD 0.13 0.10 0.10 

 

WT gpmGgapCWT gpmGgpmGgapCgapC

BW25113 gapC gpmG BW25113 gapC gpmG
pyr 0.594 1.707 0.537 Ala 0.912 2.059 1.879
lac 16.462 27.317 6.281 Ser 4.449 2.836 2.694
fum 0.181 0.156 0.179 Pro 0.381 2.207 1.733
suc 0.501 0.268 0.351 Val 1.454 4.356 2.438
mal 0.572 0.206 0.475 Thr 0.353 1.444 0.894
oxo 0.258 0.349 0.397 Cys
DHAP 0.138 0.412 0.743 Leu 0.058 0.062 0.059
A-gp 0.374 0.518 0.445 Ile 0.372 1.765 0.696
3pg 0.202 0.402 0.37 Asn 0.761 1.404 0.734
r5p 0.183 0.302 0.683 Asp 30.331 3.945 2.438
rib5P 0.091 0.147 0.265 Lys 2.661 2.206 2.892
g1p 0.016 0.016 Glu 19.509 81.944 63.749
f6p 0.123 0.206 0.234 Met 8.029 9.306 3.727
g6p 0.669 1.05 1.397 His 0.315 1.538 0.948
6pg 0.051 0.053 0.162 Phe 0.256 0.865 0.617
fbp 0.162 0.115 0.408 Arg 0.588 0.891 1.056
PEP 0.124 0.381 0.131
E4P 0.366 0.186 0.257
2,3-pg 0.006 0.018 0.019
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菌株：Escherichia coli BW25113
Wild type (WT) および1遺伝子欠損株
炭素源：グルコース
連続培養（希釈率：0.1 or 0.2 [hr-1])
温度：37℃, pH：7.0

解析対象：中心炭素代謝経路
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Metabolic SnapshotMetabolic Snapshot

中心炭素代謝経路の各酵素（精製したHis-tagged protein）
を抗原として、ラットに免疫して抗体を作成した。
現在、得られた抗体を用い、ウェスタンブロット法によって
各酵素の菌体含量を定量中である。

基質グルコースに[1-13C]*1グルコースを10%、
[U-13C]*2グルコースを10%混合して培養を行った。
得られた菌体を加水分解し、アミノ酸をTBDMSで
誘導体化してGC-MSによる質量分布測定を行った[2]。
また、2D-NMRにてアミノ酸のスペクトル分布を調べた[2]。
これらのデータを利用して代謝流束分布を推定した。

m：分子量 S, singlet; d1 and d2, doublets with different scalar coupling;
dd, doublet of doublets

菌体よりメタノールにて代謝物質を抽出し、水および
クロロホルムによってリン脂質や高分子を除去して
サンプルを調整した。
キャピラリ電気泳動質量分析計(CE/MS)[1]により、
イオン性の細胞内代謝産物の定量を行った。

RNeasy Protected Bacteria Kit（QIAGEN)
を用い、菌体よりmRNAを抽出した。
現在、Real time RT-PCR法により、中心炭
素代謝経路の遺伝子の発現量を定量中で
ある。
また、DNAマイクロアレイによる全遺伝子の
発現量の解析を実施する予定である。

Real time RT-PCR 検量線

WTおよび1遺伝子欠損株の代謝流束分布

DNAマイクロアレイ
（WT, Cy3染色)

WTおよび1遺伝子欠損株加水分解物のアミノ酸同位体分布

CE/MSクロマトグラム
（四重極質量分析計, SIMモード）

細胞内代謝物質濃度(μ mol/g DCW)

標準酵素および菌体抽出物のウェスタンブロット

*1 1位の炭素を13Cで標識。
*2  全ての炭素を13Cで標識。
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galM

ldhA, 
dld, 
lldD

poxB

adhE

pflA, pflB,
pflC, pflD

sdhA,B,C,D

bGLC G6P
PGI

FBP

ATP ADP

GAP
TIS

DHAP

GAPDH

NAD NADH

BPG PGK

ADP ATP

3PG
PGM

2PG
ENO PK

PEP PYR

CIT

CS

ICT

ACN

AKG

IDH

NADP

NADPH
CO

SUCCoA KDH
NAD

NADH

SUC

MAL

ADP
ATP

FMA

SDH

FUM

FAD

FADH

MDH
NAD

NADH

GOX

ACoA
MS

G6PDH

6PG

NADP

NADPH

6PGDH

NADP

NADPH

S7P
R5PRu5P

RPI

RPE TKT I

X5P

TKT II TAL
E4P

PDH

NAD

NADH
CO

ACoA

PFL

ETH

ACP

EOR

ACT

PTA

AK
ATP

ADP

PPCK

CO

PPC

ADP

ATP

CO

FORM

LDH

LAC

F6P

OAA

ALD

ICL

pfkA, pfkB pykA,
pykF

aceE, aceF, lpdA

gltA

prpC

acnA,
acnB

icdA

sucA,
sucB,

thiokinase

fumB

mdh

ppc

pckA

aceAaceB,

fbaA, fbaB

Glycolysis (15/19)

PP cycle (9/9)

pgi

tpiA

gpmA, gpmB ppsA

ATPADP

glcB pta

ackA

zwf

gnd

gapA,
gapC

pgk

eno

fumA,
fumC

sucC, sucD,
lpdAfdrA

frdA,B,C,D

rpiA, 
rpiB

rpe tktA,  tktB

talA,  
talB

tktA, tktB

fbp

PFK

G1P

pgmATP ADP

glk

aGLC

galM

ldhA, 
dld, 
lldD

poxB

adhE

pflA, pflB,
pflC, pflD

Ishii et al.
Journal of Biotechnology (2004)

strain

cell sample

mRNA proteincharged
metabolites

metabolome
Anion data

Transcriptome
RT-PCR data

Transcriptome
microarray data

Proteomics 
Antibody data

Proteomics
Shotgun data

non-charged
metabolites

incubation

C13 incubation
NMR

metabolome
neutral data

metabolome
cation data

C13 calture data

calture data

NMR

CE/MS LC/MS

RT-PCR microarray antibody shotgun

freezefreeze
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Metabolic Engineering of E.coli
Metabolic flux distributions 
(MFDs) with different conditions 

Kazuyuki Shimizu

Absolute Quantification of E.coli
Proteome

Naoyuki Sugiyama, Takeshi Masuda, Kousaku
Shinoda, Nozomu Yachie, Yuji Kakazu, Martin 

Robert, Hirotada Mori, Takaaki Nishioka, 
Tomoyoshi Soga and Masaru Tomita

LB(rich) vs M9(minimal)

strain

cell sample

mRNA proteincharged
metabolites

metabolome
Anion data

Transcriptome
RT-PCR data

Transcriptome
microarray data

Proteomics 
Antibody data

Proteomics
Shotgun data

non-charged
metabolites

incubation

C13 incubation
NMR

metabolome
neutral data

metabolome
cation data

C13 calture data

calture data

NMR

CE/MS LC/MS

RT-PCR microarray antibody shotgun

freezefreeze

E.coli Genome Engineering

E.coli 
4200 gene clone library
Single gene destructive mutants

Hirotada Mori

geneA geneB geneC

Antibiotics 
resistance gene

Construction of deletion mutantConstruction of deletion mutant
Developed by B. Developed by B. WannerWanner

FRT

Yeast 2 Yeast 2 µµ recombination systemrecombination system

Single Deletion Mutant Library
“E.coli KO Collection”
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Glucose

Pyruvate

Acetyl-CoA Acetate

Glucose-6-P

Ribulose-5-P

Ribose-5-P

Fructose-6-P

Glyceraldehyde-3-P

P-enol-Pyruvate

Xylulose-5-P

Erythrose-4-P

Sedoheptulose-
7-P

NADH
NAD

Acetyl-P

3-Hydrobutyryl-CoA

PHB

Acetoacetyl-CoA

CO2

CO2
CO2

Citrate

IsoCitrate

2-Ketoglutarate

Suc-CoA
Succinate

Fumarate

Malate

Oxaloacetate

PEP, ATP

PYR, ADP

CO2

CO2

6-P-Gluconate6-P-Gluconolactone
NADP NADPH

zwf
pgl

PTS, glk

pgi

ATP

ADP
pfk

DHAP fba
tpi

NAD

NADH
gap

3-P-Glycerate

ADP
ATP

pgk

gpm

ppc

pyk
ADP ATP

tal

tktB

tktA

rpe rpi

gnd NADP

NADPH

edd

2-keto-3-deoxy-6-P-
Gluconate (KDPG)

eda

pdh

Lactate

ldh NAD

NADH

pta ackA

ADP ATP

phbA

phbB

phbC

NADPH

NADP

gltA

acn

icd
NADP
NADPH

sucAB lpd

NAD
NADH

sucCD

ADPATP

sucABCD
FAD

FADH

fumA

mdh
NAD

NADH

Fructose-1,6-P2

Glycerate-1,3-P2

fbp

pckA

pps

CoA

aceA
Glyoxylate

aceB

NAD + NADPH NADH + NADP
pntA
pntB
udhA

Fatty acids

Computer modeling of E.coli
metabolism

Towards cell-wide metabolic 
pathways

Top-town: Functional genomics
Bottom-up: Metabolomics
Integration: Bioinformatics

GEM System: 
Automatic Conversion of Genome 
Sequences into E-Cell models

Kazuharu Arakawa et al

ICSB04 Poster

Automatic construction of 
metabolic pathways

GEM
SYSTEM

attgaacgct
tgcttcgctg
gataactact
caccaaggcg

Genome Sequence

SWISS-PROT KEGG

Set of Reactions
= Metabolic Pathways

The GEM system automatically builds static cell models from genomic 
sequences using various databases.

Escherichia coli K12 MG1665  
Metabolites： 940、 Enzymes： 1178、 Reactions： 1179 index.html
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Construction of Whole Cell Models
Towards “Complete Metabolome”

Top-town: Functional genomics
Bottom-up: Metabolomics
Integration: Bioinformatics

S
E

PF

S’ P’F’

E’

S’’ F’’ P’’
E’

S P Metabolome 
E Proteome 
F Fluxome

For each enzymatic reaction,
・flux
・quantity of enzyme 
・quantity of substrate, 
product, cofactors

→ parameter fitting by GA

鶴岡市
Tsuruoka City
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Metabolomics Society (since 2004)
Board of Directors

Rima Kaddurah Daouk,President (Dana Farber 
Cancer Institute and Metabolon Inc, USA)

Bruce Kristal, Secretary (Burke Medical 
Research Institute and Cornell University, USA)

George Harrigan, Treasurer (Pfizer, USA)

Oliver Fiehn (Max-Planck, Germany)

Jan van der Greef (Leiden, Netherlands)

Royston Goodacre (UMIST, UK)

Jeremy Nicholson (Imperial College, UK)

Masaru Tomita (Keio University, Japan)

Brenda Weis (NIH/NIEHS, USA)

1st International Conference on 
Metabolomics

June 20-23, 2005
Tsuruoka, Japan
www.metabolomicssociety.org


