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Abstract — Recently, an attempt to analyze and modify metabolic networks of living organisms in global level
emerged with the benefit of development of high-throughput techniques, and it is generally called systems biology. Var-
ious systems biology studies have been carried out for the development of enhanced metabolite production systems. By
modification of metabolic characteristics of microorganisms, metabolite productivities and yields obtained with meta-
bolically engineered bacteria increased significantly compare with that obtained with wild type bacteria.
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(metabolic engineering)®] &3} A7-8] F7-E o] Foighon, o]
3 txp8t A5 Foto] ks kS ek 4
37 9 7R oA gheh4-6]. HZoll ¢ 17T genome
ZRAE gl of2] genome TRAES] IS RO R, ) F9
A thet A G714E HEI) 93] 93] %] 11 transcriptome,
proteome H[OJE]2] ¢ A|&A| 0w 718t 2107 o 5E] a1 Q)
o]2]&F o17] high-throughput 7]4-S vlEO & 32 &S] o]
B e] F4o] mrhe £ o] FofA|aL 9lom, o]2fgt Hlo]EE vt
Goz Ao AnlE dhs|a ek AlAE AESH(systems
biology) == Al2~E AT 8 (systems biotechnology) 177} A=

2 YT A7) ekl o= Zhhna eH7-8). B elHel
A= olefe thyet Al ARt U tAFg el 7iso] ofd

Al A A=e7g 9l el A8u0] At ot gl AIREE TR
Shotl 284 0=A] ARt stk

2. A|AED MZSE tools
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Fig. 1. Tools for Systems biotechnology.

transcription, translation, metabolic reaction 5 =32 o]al Tt
A1 W52 o] Fo|A Qlrk. whebA, 71=8] WAl A By
o] o}Ye} genome, transcriptome, proteome, fluxome 52| TFF3H
tlole] 8] FEA 0o AAARI #As Fe AlE BEsHE 24
o] "Ho]t}, Genome, transcriptome¥} proteome 2] % o] & 4
S 7t dojili= FH(control and regulation) 7]21& A|~El 5
oAl T3] $l5ted, o] 714 tootse] 7= 014 ShTh(Fig. 1).

HZ AF A71M L2424 7] 7] (automatic high speed genome
sequencer)®] 7 2 15l wet, oheksl A A 4714 E
o] W=7 8Fs]A| 11 §ltt. 1995 AlA| Hx= F34 F71449 ¢
As5ell et F[9], H7HA F WolFe] n|AEY MF, 3t
2] Soll tigt A 71ME Hr7} kds] gheisict, 181, v
Ul 2003 =] 17k thgt F3A] 471D RAlo] o] WaE
HSAH10]. Genome sequencing X Z A E ] AvzZA] AAut oF
o AR} SRR T A% AEoX] L gloems, f4
252 7155 high-throughput© & #-218R= 7|5z0] B2 o]t} wh
2131 AFshd §72L 71sol57 S Al AlekAL -8 TR
o] BEEE sAkEe] IS 7HA AL Al Zleelt vt
] 7 sdlES AR E S, H2F 5 TSt izl o
g ) wEbA S Q7ML AvEE N s s
4 dlolH g gRsl] Adlke fAA 9 VsdSTss W
o] Fgzolw, o]glA| oS Al AAEES St H5E
Aol & Aolu}, £ LA AAYAS] 4] metabolisme: &
Aah= AollA] w9 Fo3ka B&4Q AlFHe] F Holek= A
& Hgo] glrh.

Aolgls A= 959 3
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mRNA @& &o] 23] H3sls)
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Lo

Alg B A dRPEE] E40) Thsetet 7Sl 5 el
A 2t ARk il FElE AP R 242 A48k SAGE(serial
analysis of gene expression) 52| WHo| AREE O FH T
B g3 dlolE 9] *#E £3] DNA microarray, high-
throughput northern analysis ‘5-2] high-throughput W58 AR8-3F A
T7F 2A3}= 91T} o]#3) high-throughput 7142] 7o) $19]0]
kel 779] transcriptome -2 F-A%F W wo|E7} 45 o
A3 ot ®Woist ¥ transcriptome HO[E]ol] HI3te] A4 o
7 =2 do]eliA] 3pgo] A7} HQITH1). o)2l3t EAIE sd
317] flsto] #HZell= clustering & ThFst A 4l dgko] A}

sfetget M4sH M= 20074 123
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Go1A 3L JITH12-13].

Transcription, translation 2782 §38Fo] $de A
THARS ST mN T2 Ak 9 7 i o
25H= proteome 17 systems biotechnology $17-2]
gk FRom A gk A7 X3 Foltt. Proteome A5
o] 2D-PAGE ‘52| thefet Wi S8l ofe] v ES
9} H714 EAdell oJste] welska, welst thzlo] ofuish chl
ARIAE ERIsL| $l8te] ARt 7] (mass spectrometry, MS)E ©|
goto] T £ Elo| =] EAlFS SO =N A, ofn]
AP AL, Tl B4 55 dohfiar It} Proteome A4S 53

TR ES Tolety, o ddEe] W
Higo] T3] Wgle ofil A Wslsh=A] JHA o= o
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3. Systems modification of metabolites producing
systems

Aedt vhefFst ALY AR TS of8ste] drkes
ke wAE AR THERsE = v AEo] ralE o)A
gttt stk o 2, human insulin-like growth factor 1 fusion protein
(IGF-Iy& A= E. coli 2] tramscriptome profiles =23}
SITH14]. Transcriptome 243} IGF-1= AAR= E. coli w10l
A 5297 FdRke) o] S7kskaL 2007H FrdAke] Aakak 2t
258 gRISISITE. 53] phosphoribosyl pyrophosphate synthase}
glycerol transporters TQSR= prsd, glpF A2 @ako] 4
ZyebA 3HA3K0m, prsd, glpF A ES HrPEEsIS 735
IGF-19] rkeko] vl S7kehs Aabs 92 4 AATH14].

Serine-richdt A%t leptin TS AWAFSk= E. coli®] proteome
TS B0, Q17E leptin T O] FEFAYAe] o]sto] of
vk A Foll T T o) R 7RASHE WA heat
shock T o] Wegfo] Frlsle AHE IS
SOJ8HAIR serine A opv]yAte] Aol Hde
A0 wego] AzeA Fage ERlsigion, o]
U2 serine Al obv|mAto] BSsith= 7R AR o] 7}

S FRIH] $1319] cysteine synthase A B4 FY3H= cpsK
LY
ol 247k oull, 4l F7keR= A 22 5 AAATHIS]. Leptin

|
| interleukin-12 B chain 5-2] T2 serine-rich ©@2-& AJAik
k= HAEe) opsK FAARE AL EGE AeolE A
Arkgo] S7vehs e 48 F slen, o|25E opsK
A2 e vE Tl RS AR A8t e
< gRlsich.
gl o] glel] AR EARRI poly(3-hydroxybutyrate)S A3
Ash= AZE E coli®] 7V WA E Y ZUn silico metabolic
network)g& 75311, o] o]&sto] 2] drEAS s
A7} s ot A Aol AH-R 2] % Entner-
Doudoroff (ED) pathway”} poly(3-hydroxybutyrate)®] 34kl <4
A1 A FraFto] Eo) R on, EAANE ED pathway Y
oF%(knockout) -5 ARSIl AS3FATH16].

RS Fopiasisi o, A1) A3} leptin T Q] AYAE
o]
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Fig. 2. Applications of succinic acid and central metabolic network of
microorganisms.

3-1. Succinic acid MAMA|AHIO| A|AE] MESHY JljZF
Succinic acid(FAIAH) = B4 47| 2 0] F] 7 C4-dicarboxylic
acid o] %31, 1,4-butanediol, tetrahydrofuran, y-butyrolactone®} 2§

B 1A 5 vkt gdsislEd o] A tAl2A g2ed 4 9l
SHFig. 2)[17]. A P& a5 =384 WS Folol=

v &) succinic acid?to] AAFE 11 Q1= Ao X0k A5-2] 1149
IH7F 5 AUe Ao wisgte] upel AYrHES
(renewable) A5 ZHE] AJETA] WP o2 ArlslEe AlErt &
3] o]Folx| 1 JIr[18-23].

A. succiniciproducensﬂ— A. succinogenes -7 F 324 succinic
acid A2 el $hoH, o5 -5 0]§3t Tkt succinic
acid AHAT7T o)A h}[24-25]. A succiniciproducens T
= A5 SIS 75, ol 6.1 g succinic acid/L/he] succinic
acid A4Fs (productivity)y S A2, 0.83~0.88 g/g glucose®] ¥
succinic acid G5 (yield)2 FAI3FTH26]. 4. succinogenes 130Z

By 2

T glucose ©] 2]l fructose, lactose, maltose, mannitol, mannose,
sucrose, xylose 5 T}oF3t Bh49l © 2 HE] 15 %9] succinic acidE
S A = Qlth. 4. succinogenes 130Z 35-2] fluoroacetate 4]

P BAHo] 75 A9, 110 gL =2 559 succinic acidE

of ARl AR QI B vk A

531

Qo] HarETH27]. #H AE-2 succinic acid A4k
Mannheimia succiniciproducens MBELSSEZ} 2~2] HF=$]
(rumen)ZFE] TAESITH28]. M. succiniciproducens 7+ B
A s, St Y] ot EAIBRE 7ol A vk
g Afolls (3381 43 A3 8 Y A succinic acid,
acetic acid, formic acidE 2:1:19] 1 v &2 Ak TH28].
Succinic acid &% 0.76 g/g glucosed] 2 F=-°]3]t}. o]zt
succinic acid X134 QAFEAAS T &8t M. succiniciproducens
W5 7P 57931 succinic acid 21T 9] SRUEA B 7
A=A =4

Succinic acid= TCA cycle’d2] SIHIAMEZA 57]32 7004
= 9] succinic acid”} fumaric acid® M3 P E A Q-2
AakE]A] ekom] 87|z v~ 472 succinic acidito] Al
AFEtHFig. 2). Wb succinic acid®] AAFFS- 7217171 S84
T TS A AR AR BE o] gste] o] tiAFEASE AN
28O 2 A acetic acid 2! lactic acid pathway ] carbon fluxE
succinic acid pathway® 3= TIAFEA] 7iko] H Qslc), thEzel
succinic acid pathwayS Fig. 2] YERYSITE. Phosphoenolpyruvate
(PEP) cerboxylation, pyruvate carboxylation, glyoxylate bypass®]
370€] succinic acid pathwayE E3F°] succinic acidg AJAtstA}
e A7 R3E o] SIth(Fig. 3). ©]213F metabolic pathways-2-
©]-8-8t succinic acid 72] tAEA MFATEE 2H2Fe] dixb
25 FHoZE AWH A} gt

PEP carboxylation pathwayi= TH¥-+2] succinic acid A&
o] succinic acidE AJAtsl7| §5te] E-8-5kar Qli= dutaQl
acid pathway©]Ch(Fig. 3A). PEP carboxylation pathway+= PEP
carboxylase®} PEP carboxykinase®] -+ &40l oJsto] FHuljEct, 1
o} -5 carbon fluxE succinic acid pathway@ +53}17] $]5}o]
PEP carboxylation pathway’de] 45 SEsH= A7-5°] FHEN
). W8t (Escherichia coli) PEP carboxylaseS E. coli UelA] 3t}
W 31915 79 succinic acid AFFO] 327 g/loll 444 g2 F
7Ve = AYE 490U, E coli PEP carboxykinase®] 3rbe-S-
succinic acid AJAFFol o2 RS- w|X|X] S5 T (Table 1)[29).
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Fig. 3. Succinic acid production pathways. Succinic acid can be produced via (a) PEP carboxylation, (b) pyruvate carboxylation and (c) glyoxylate
bypass. Enzyme coded by the genes shown are: ppc, PEP carboxylase; pckA, PEP carboxykinase; mdh, Malate dehydrogenase; fumB,
Fumarase B; fidABCD, Fumarate reductase; pyk, Pyruvate kinase; sfc4, Malic enzyme; maeB, Malic enzyme B; pdh, Pyruvate dehydroge-
nase, glt4, Citrate synthase; acn, Aconitase; aceA, Isocitrate lyase; aceB, Malate synthase.
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Table 1. Metabolic engineering studies of succinic acid producing microorganisms

Metabolic modifications Results Ref.
PEP carboxylation
Overexpression of E. coli PEP carboxylase and PEP Overexpression of PEP carboxylase : increase of succinic acid [21]
carboxykinase in E. coli concentration from 3.27 to 4.44 g/L
Overexpression of PEP carboxykinase : no effect.
Mutation of /dhA, pfIB, pta and ackA4 genes in M. Final succinic acid concentration : 52.4 /L. [26]
succiniciproducens Succinic acid yield : 1.16 mole/mole glucose
Mutation of ptsG, pykF and pykA genes in E. coli Final succinic acid concentration : 17.4 g/L. [27]
Pyruvate carboxylation
Mutation of pf and /dhA genes, and overexpression of E. coli malic Final succinic acid concentration : 12.8 g/L. from glucose [29]
enzyme in E. coli Final succinic acid concentration : 10 g/L from sorbitol [33]
Succinic acid yield : 1.1 g/g sorbitol
Glyoxylate bypass
Mutation of sdhAB, ackA-pta, poxB, icIR and ptsG genes in E. coli  Final succinic acid concentration : 58.3 g/L
Succinic acid yield : 0.94 mole/mole glucose [34-33]
Mutation of adhE, IdhA, ackA and pta genes in E. coli Final succinic acid concentration : 16 g/L. [38]

Succinic acid yield : 1.7 mole/mole glucose

PEP7} oxaloacetate® W13t= = T ol ATPE Ailste 4.
succiniciproducens®] PEP carboxykinase 3 XHpckA)E A2 E.
colidll =318}, E. coli®] succinic acid JAFFS S7HA17| 24} A
SRt 1y A& @l 4. succiniciproducens®] PEP
carboxykinase®] ZFhF ] ]St succinic acid A3AFFY] S7R= T
ZE| o)X x| +FT}30]. tHHFE2] succinic acid AAF vhE|E] o2
regulation mechanism®} FAFSHl PEP carboxylase -34S #1A
3}l PEP carboxykinaseE ZITHIE SIS 739, E. coli®] succinic
acid rkko] S7kshes Adke d& 4 AITH31-32].

M 22 succinic acid 2= M. succiniciproducens -7}
WA $, genome sequencing projects F511 2,314,078 base pair
of o]Z= V1M Aol a5 ¥ ATH33]. BHE X 2,384712] open
reading frame(ORF)S HFEFO & 37370) tjApukE- o2 o] Fojzl
metabolic pathway’} TS5 %1, o]F o]&3te] 2] tAREA
< yelsle tAkE A AT (metabolic flux analysis)?} 3%}
ot dAE T4 M succiniciproducens 1 C0O,2] %0
FE491 tAEAS 71K AL 919, PEP carboxylations succinic
acid pathwayi ARSI Ql5-& TotelSith. COE 3w3ate] 3
S 749 COZt EABHA ¢k& 799 vldte] succinic acid®] A3
2o 7.7 S7VskE ATE 98 7 lleH, o, )8l HE
7V2 FE8] FAU2 A9 succinic acid®] AAFEFO] 30% 7}
Z7Veh= A= HOIFQITH33].

M. succiniciproducens 2] A714E £ A 7}9} OAFEEREA]
A MO succinic acid®] RS STV 219 A2
thAbs-ehdeko] =E AT M succiniciproducens 2] IdhA,
pfIB, pta, ackA RS Yol2- AlA lactic acid, acetic acid, formic
acid pathways = SlEho 2] FAMES] ks SAlstaAt o
At ANZ2E M succiniciproducens LPK7 T-(ldhA:Km' pfIB::Cm"
pta-ackA::SpH 20 g/L.8] glucose=H-E 13.4 g/L.8] succinic acid
& Haske] Frked @A) AAES] e, succinic acid A &
0.97 mol/mol glucose®] ATF. ANZ=3r M. succiniciproducens LPK7
AFE 0|83t f7lulok(fed-batchyS =33t A3}, 524 g/Lo]
A5 59) succinic acidE €= <= I ATH Table 1)[34]. Succinic acid

A1 M. succiniciproducens®] metabolic networks FATSH |

>

il

sfetget M4sH M= 20074 123

H5ted E. coli® ptsG pykFE mqo, sdhABCD, aceBA 7A=Y
o} AJF O} succinic acid®] RS- SUISHA] 9= AvE A
tH35). tAtE B4 d T pyruvate UIALS] 2] B3 T2
& SRISKAL pisG pykE pykd FrAARS ok A1 At 174 gL
o] #< succinic acid ¥EE & 4 AUATH35].

E. coli®] PEP carboxylase:= PEP?] LA & W&312 2 PEP2)
ANHAE ATP HE 2 &8310] oA a&S Eo]7] $Isto]
pyruvate carboxylation®] A=< succinic acid pathway=A] A7+
SIth(Fig. 3B). #4 2] succinic acid pathways 3}e}sl7]19]sto] E.
coli®] 7F¢ P2 & o] &3lo] trake 4] =38gh A3, PEP,
pyruvate, malic acidE AX& hAFE] 27} 24 9] succinic acid
pathway=A4] A|QF=|QITH36]. ©] XS] 25 S5 pyruvate kinase
9] 2kg-of| 2J5to] PEPS] olluiA] 7} ATPS] e = ARt Pyruvate
£ succinic acid pathway= =517 $18197 succinic acid pathway
9} AAFIA A A& acetic acid Y lactic acid pathwayS A7 3k
E. coli NZNI111 (ldhA:Km" pfl::Cm") 755 AFS3IAT} [dhAS) pfl
A ] Yool gJsle] 712714 pyruvate”} lactic acid 2
acetic acid® FE|R] Fala1 o] FAE | 2% pyruvateE
malic enzyme= ©]8-31] malic acid® HEHAF] © 24 succinic acid
pathwayZ - =5F3AF SIQICE A5 NZN1 w52] Ha s} 12 ¢g
succinic acid/g glucose®] =& &= 12.8 g/L8] succinic acid7}
AYAFE] Sl TH(Table 1)[37]. E. coli®] malic enzyme®] 2]l succinic
acid A2 Ascaris summ®] malic enzyme™ NZN111 ==
=]1%9] succinic acid AJAHe 2] WIS st o, 1 Ay
succinic acid®] #F-557} 2.06 g/LollA 7.07 g/LE 78k A3}
5 A& 5 AUANTH38). E. coliz ©]-8-3t succinic acid ABARA|E]
9] Al E4S a3t 2} malic acidZH-E] succinic acid®
A8 = pathway’} S A AR AZE AATH39]. Malic
acid®] 3-S5 571$1511 malic enzyme?} 7 ¥7] fumarase®
NZN111 T5ollA] b sial 04 succinic acid % 57
5E3HA] %313ITH40]. Succinic acid 4kl G3-s wlxl= 1A=l
et A 95§18k thAFEZ 2] (metabolic control analysis)
7ol Z852 09, succinic acid®] A3Akli= fumarate reductase
o] 4 2 redox balance®l Wil YI7echs S Ak Az



TR SRS 919 vl

& E. coli NZN111& sorbitols ©]8-3to] Lgale 75, FAil=
gle] 10 g/L9] succinic acid’} A3AHE 12 succinic acid®] A3k
5 1.1 g/g glucose®| A THTable 1)[41].

)t glyoxylate bypasss A2 succinic acid pathway=. ©]-8-5}
o, 371274 succinic acidE A = = AT E. coli A2~
elo] 74k 9] th(Fig. 3C). Glyoxylate bypassi= isocitrateS- succinic
acid?} glyoxylate® 13}31= isocitrate lyase?}, glyoxylate®} acetyl-
CoAZHE] malic acidE $/J5H= malate synthase®] F+ &AHH-
© 7 o]Fojx] QJt}. 37)F AN TCA cycle?] T7HFE?] succinic
acidE fumaric acid® %1 ¥F6H= succinate dehydrogenase(sdhd)E =
43} 819 succinic acids HFAMER AYAISHES 7E61 0,
isocitrate S ai-ketoglutarate ™ 1 3F5}i= isocitrate dehydrogenase
(icdys E8/33}31] isocitrates glyoxylate bypass® =315t}
2291 acetic acid®] AAFS- WA 6719181 poxB A} ackd-
pta FARE Yol Al o 57]270lA glyoxylate bypass -+
RS HA7)7] $181 aceBAK 2FE2] repressor?] iclR
AR AA] Yol ©Quh42]. SAWo] E coli T HL27615kE
0]-83819 succinic acid WEE s Ay}, T2 TRE F
AHE 2 TCA cycle TXHHE2] AAkglo] 5.1 g/Le] succinic acid”}
AR ST $18] FHARE o))l pisG GRS F7EE Yok Al
5 749, succinic acid®] AJAFgo] L S718] A 0= 583 gL
2] succinic acidS AJAF81$12 ™ succinic acid®] AJAFe 1.08 g/L/h ©]
ATH(Table 1)[42-44].

Glyoxylate bypassE 871727114 succinic acid pathway= ZH&-
S E A% I FE AT E71F7904 succinic acid AJAHA]
AEE] tAEEEAS 73S A3, glyoxylate bypass®t pyruvate
carboxylation THAFE] 25 EA]ol| succinic acid pathway= -2,
succinic acid®] gAto] A sle]o] =40 F 1.6 mol succinic acid/
mol glucose®] F F&& & T ke A547E Ach45].

ot & AvE AT Ao adhE, ldhA, ackd, pta A<}
So] Yol ¥l E coli SBS9IOMG 55 ©]831 Has 3
Sk A3} 1.7 mol succinic acid/mol glucose®] succinic acid 55
AdS %%K}(Table 1)[46]. o123t A2 HE] glyoxylate bypass
= 7] 9 F71F27904 25 succinic acid pathway® 80| 7}

Aol .
o] ‘%8 %ﬂrﬂé Ocu Stk vt %J%—&*OL RN l }ﬂ U]
AES o83 -8 =] A o] Ad]st A o4 ]
H]3E Agoln], A%3 u|YE g2 By, AESE WAREH
o) ot md Yl 2 A} 5ol 9Q10® o AX| AL It wlet
A 0] drEAE el B aEH o {8 Sstede
ARz Zlo] v Tshi, olell #dt A AHHOR o) F
AL et

B EHoa= }\]/\Eﬂ @EJ«&XA ke E3lo] toksl thalak
BS APTehs v ES 3R ATES AR o)k Al
® A2 9 oRpE @l Ak Sl AFe thitE
o19]ol] TR Thkeh tlAMHE A 2wl o] 7hsst, d)
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