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Carbon Metabolism and Its Global Regulation in Corynebacterium glutamicum. Lee, Jung-Kee*.
Department of Life Science & Genetic Engineering, Paichai University, Daejeon 302-735, Korea — In this review,
the current knowledge of the carbon metabolism and global carbon regulation in Corynebacterium
glutamicum are summarized. C. gluamicum has phosphotransferase system (PTS) for the utilization of
sucrose, glucose, and fructose. C. glutamicum does not show any preference for glucose when various sugars
or organic acids are present with glucose, and thus cometabolizes glucose with other sugars or organic acids.
The molecular mechanism of global carbon regulation such as carbon catabolite repression (CCR) in C.
glutamicum is quite different to that in Gram-negative or low-GC Gram-positive bacteria. GIxR (glyoxylate
bypass regulator) in C. glutamicum is the cyclic AMP receptor protein (CRP) homologue of E. coli. GIxR has
been reported to regulate genes involved in not only glyoxylate bypass, but also central carbon metabolism
and CCR including glycolysis, gluconeogenesis, and tricarboxylic acid (TCA) cycle. Therefore, GIxR has
been suggested as a global transcriptional regulator for the regulation of diverse physiological processes as
well as carbon metabolism. Adenylate cyclase of C. glutamicum is a membrane protein belonging to class I11
adenylate cyclases, thus it could possibly be a sensor for some external signal, thereby modulating cAMP
level in response to environmental stimuli. In addition to GIxR, three additional transcriptional regulators like
RamB, RamA, and SugR are also involved in regulating the expression of many genes of carbon metabolism.
Finally, recent approaches for constructing new pathways for the utilization of new carbon sources, and strate-
gies for enhancing amino acid production through genetic modification of carbon metabolism or regulatory
network are described.

Key words: Corynebacterium glutamicum, carbon metabolism, global carbon regulation, carbon catabolite
repression, gene regulation
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22 RS Ty s oy ez A o] 85
SAFH2, 13, 98]. F 5] ofn|Al Ak 17 A= i
B 7AEA G gl AES o] 83k FAHIE WElaL ol
Aak obA 2 S 7P wo] ARgElAL glow, B
2 sucrose® TAIE] 93 glucoses} fructoseZ} A £
3o}, wlebA] sucrose, glucose™ fructose2] @ T AR A| 2l
I A4 gk A7 S 7 o] § F o :xAke] A
AT} =] Q= F8d ATEokele68]. & FAdel
XM= C glutamicum®] % F 2 phosphotransferase system
(PTS)S X3 vhekst eba 7)Ao o3k oAl & of=] A
A BEA QA ok shA tiAb I FAA 24 HlA
Yol gt T A7 3 A =3k A2 v
Ao ZA ol HFHIL & biomass I 7|HES 9]
438 4= Q)= C glutamucum TF T5S F3lo] o]4 7]
2] WS Fslarat s ekt A7 Skl s &
ekt et 2 ek AL W A7) A7I3}e] L-lysine
o I 8 2 AE TR Bl vkt o
F S A=l sl 71sstkaat g
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=4 3 2#H g chAle] §F
] A 2 A YA AT B GRS
0]8-3}7] 9|3 phosphoenolpyruvate(PEP)e]] <4<l PT
< B3 ME =2 2 53 PTSE 39 QlAks) 9t
ohe}, non-PTS 2] o4} A Axle] AAE 24
e 5, TR 'R AL AR A E FAeFe] Sl B
Aslal Fagh 7 AL Al2me]uh[78, 79]. PTSAIA = 4
30| oUAAL=2A PEPZ} AREEH, BE PTSEO| 45
o 35422 Fodsl= general proteind] enzyme I (EI)}
Histidine-containing phosphocarrier protein (HPr)o] 2132,
2 Rl 2 A o Bo] ] enzyme II (EI)H 32 =2
enzyme 111 (EIIN®} 37 EIVENN %2 o] ¢Jv}. PEPE
FE19] QlAb7|7} o]# 8k U3 2] enzyme cascade (EI, HPr,
EIl 2> EIVEI painyg &3l ZFTHo2 dof Adsnt
(Fig. 1)[78]. High-GC =¥ °FA] Actinobacteria %ol A
Mycobacterium tuberculosis®] 7d-3-oll= PTS7} SAI51A] &
= ubd| Sweptomyces coelicolor$} C. glutamicum®] 73 -5
o= wlad A2 o] PTS W AS 7EA| AL gleh6s, 73,
93]. C. glutamicum ATCC 130322] 73-%- genome A}ol| 3
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Fig. 1. Schematic overview of the carbohydrate utilization and global carbon regulation in C. glutamicum. Abbreviations used: AC.
Adenylate cyclase; PEP, phosphoenolpyruvate; OAA, oxaloacetate; ASP, aspartate.
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o]  Eelq Ell -F4zke} EI 2 HPr of gk Ho|F
< %3l sucrose, glucose, fructose 55 $I3 EII

7% 79 =312}, Y A] L-ascobate(ASC)-type
familyell 4:31= EIl ©hA (sged, cg3366)2] 712 2 7]%5
2 o}x] ukaix] ¢JA| %39, 68]. Sucrose2] 73-$- sucrose
Ell(ptsS, cg2925)ell ]3| sucrose 6-phosphate ¥ %
sucrose 6-phosphate hydrolase(scrB, ¢g2927)°l 2|3 fruc-
tose2} glucose 6-phosphate® E-3|1 € e}, olwl] C. glutamicum
o] ebA HjA} BA Fol shIEA C. glutamicum-2 fruc-
tokinase T3AE 71K 9JA] 7] wlEol AE W fructose
= o o] HAIERA] E3RaL o] v A YA = wIAY
ol 98] AlE vt w3 F(fructose efflux), TFA]
fructose Ell(ptsF, ¢g2120) 2Jsl] ME W2 =<
fructose 1-phosphate”} ¥ TH25]. Fructose %= $13+
fructose EII - AF= <l 3} fructose 1-phosphate kinase
AR (pfkBI, cg2119) ¥ PTS regulator(fiuR, cg2118)<}
fructose-specific PTS operon(fiuR-pfkBI-ptsF-ptsHyS T
3L 9leh2, 82]. o7 general PTS ©H¥&el HPr F-dk
(ptsH, cg2121)2} El A 2K(ptsi, cg2117), DoeR-type tran-
scriptional regulator -3 XH(sugR, cg2115)% ptsF -7 =}
FHo] Ashez EAg. Glucose EllE N-E5H 5-9]
EIll domaine] EA3}ed T+ polypeptide(EIIBCAYS T
Ak 3)em, glucose o] 9]l fructose ol TsiA = k3t
T4 58E /X2 926, 61]. Glucose= FZ. glucose
Elle] 2J3] 25}, AHe® e glucose TF 5HS
7}A] AL ¢J%= non-PTS glucose permease = 4|3 712
2 AL QlvH22, 35]. o|=3t ofF] FHE oA o>
non-PTS glucose permeases 53} F4% glucose= A E
Y glucokinase(glk, cg2399)ll &]3le] QAkEl=E=d], o]2fat
A22] H7}1H 4l glucose transporter?] 7|5 ko]
glucose A Alol] 2g3h= Ao 2A, M2 wlE AY5-S
gt Fo] aF I W] e A= duA sid 22,
35, 74].
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Non-PTS &, /7|4t & ethanol CHAL

C. glutamicume] 7)1A =2 2k o]-43l= maltosex starch
o] N3} AEEA F B2 glucoseZ} a-1,4 AS o]FL
3= o|o|tl. Maltosex= maltose-H" symportert} =2
ATP-binding cassette type transporterg} 4=} o= U=
A YA 2 e Azl o8 AE HE FYE F 4-
o-glucanotranferase(malQ, cg2523)°l &] 8] ©}F3t malto-
dextrinZ} glucose® A 3HETH85]. A= glucose= gluco-
kinaseel] 23] <lAF3}= "], maltodextrine maltodextrin
phophorylase(gigP1, cgl479)ell ]3] glucose 1-phosphate
2 B3¥l ¥ a-phosphoglucomutase(pgm, cg2800)°] <]l
glucose 6-phosphate® %1 3+ t}85]. MalQ2} maltodextrin
glucosidase(MalZ, o} g =]e] IR 3l o3l A=
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glucose® A] glucokinasel] 2]3l glucose 6-phosphate® ¢l
Abs}l Eo}85].

C. glutamicumol] EA|S= pentose A} AZE= 792
2 pentose phosphate pathway(PPP)Y] $7t dlAla-S W=
t}. D-Ribose] 7 -$-oll 54 & ATP-binding cassette type
transporter(rbsACBD, cgl411-1414)1 2J3jM ME HZE
dE F F ZFYribokinase @ rbskl(cgl546)TF rbsk2
(cg2554)1 2]s PPP &7t Wl A}E-2l D-ribose-5-phosphate
7} A 5513, 16, 69]. Gluconate ©]-8-2] 7% gluconate
permease(gntP, cg3216)°l] 3] AE W= Y= F glu-
conate kinase(gntK, cg2732)el 2|3 <¢lAtzl=]o] PPP F3t
A=<l 6-phosphogluconate®} D-xylose 5-phosphateZ 7
= AR TH62]. Gluconate HALl TAE gntP ot gniK=
glucose =a)| 3lolA global kA A2}l GIxR(cg0350)°l
o3 Wale] AAHE o= Haxe glu62]. C. glu-
tamicums= 37)% A3}l A respiratory lactate dehydrogen-
ase(LDH)E AM838}o] L-lactateS T &3} oux|de
2A ST 5 3lHh L-lactate®] 5 A 28] 224 of]
A A FE o] AR 92 putative L-lactate permease
gene(cg3226)°] R =o] glom [31, 89], < ww Al
quinone-dependent L-lactate dehydrogenase(/ldD, cg3227)
7} 43 L-lactates pyruvateZ AFEIA|7]3L, pyruvate de-
hydrogenase complex(PDHC)2} anaplerotic £4~¢] pyruv-
ate carboxylaseell 23] TCA cycleZ FH =t C glu-
tamicum-S L-lactatecl] A A 8- A] gluconeogenesis &.4~¢l
PEP carboxykinase(pck)<} fructose 1,6-bisphosphatase(fbp)
£ I8 =T siH31, 89].

2o = acetate TEFHYAL  acetate/proton
symport WA &2l EAF el secondary transportere] ™,
propionate ™ 7| ] 4243} acetate/propionate uptake
carrier(monocarboxylic acid transporter, mctC, cg0953) ©]
o}H45]. AlE NZ 5% acetate:= acetate kinase(ack)2}
phosphotransacetylase(pta)2] =8l 2J8)] acetyl-CoAZ.
A3kE ¥ TCA cycleZ} glyoxylate cycleZ U=, acet-
ates T ©HAF} AR ARSINE 7ol glu-
coneogensis & 4~(PEP carboxykinase, fructose 1,6-bisphos-
phatase, malic enzyme, oxaloacetate decarboxylase, gly-
celaldehyde 3-phosphate dehydrogenase B)S ©]-£-3}o] dj
AP TH33]. oW ack 2 pra ¥5F o2} glyoxylate cycle
2] 4] &9l isocitrate lyase(ICL, aced, cg2560)2} mal-
ate synthase(MS, aceB, cg2559)7} acetateel] &3l A 3}
HH, o]H3 FAE-LS RamA(cg2831), RamB(cg0444),
GIxR(cg03501) 5 oI=] AARA A S o3 H3hqe
2 ZARY23, 34, 52]. C. glutamicum- acetate/glucose
mixturedl| A A A] T2 AlTE3F 2] acetate®} glucose
Z Aol AREElE EAS 7R 9)2m, DNA microarray
P8 A]83le] acetate 9} glucoseoll A T2 2 A§A]
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7S W genome ol AA AR HE HES vl
gk HE Slo38].

v FTol| A7 ethanol ©]8-2] 7%, Ml E WellA]
alcohol dehydrogenase(adhA, cg3107)¢} acetaldehyde de-
hydrogenase(ald, cg3096)2] 2-8-2 2 <l3] acetate® AFz}El
F acetyl-CoAZ. 23} Fo] FANA AZE FlEH1-
3]. webA acetate Aol A ASAIA 7352} T3 AKe}
PTA ¥4+ oz} ICLZ MSe} 22 glyoxylate cycle™
anaplerotic pathway”} ethanol WAFe] A= &g 3},
C. glutamicums ethanol/glucose E3EolA A5A17141 =
bl glucosed A o] &Rl 1 Fof] F A &S 9
3lod ethanol A~F31= biphasicdt A5 1S Hlt}(3,
58]. o]&43t biphasicst A5 HAEIE] o]-fi= glucose EA 3}
oA AK, PTA, ICL, MS ¥t o} &} alcohol dehydro-
genase(ADH)®} acetaldehyde dehydrogenase(ALDH)®| &
Aol WA FA=Ee glucoset HA ARd F A AAF
6 T2 EA BAe] FobA ethanols o83 F WA A
o] 7Fs3l7] wiieleh3, 58]. olefdt A= C. glutamicum
o= glucose A 3lollA ethanol THA} A& BF= carbon
catabolite repressionZ} -2 ebAYof] 2jFE2] o]l A o] EA)
3l & AlAkeR= Aeolvh3, 58] -+ 52| promoter
o= GIxRE ®]F3le] RamB9} RamA 23 97} 2%
EA3PH, RamAE activatorZA] 7 AR Wado] 4
# o] i RamB%} GIXR-E repressor®A] glucoset} acetate
EA) Bl F frdake] WS JAsle A oE dEiA 9l
o1, 4].
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o

C. glutamicum 2| 55 =F H7{LI&E
PTS2HH =0|% MAI=HEX}L: SugR

C. glutamicum® 73-%- PTS fFAA=S] 4 WAUSS
7120l ®31% E. coltt B. subtilisdlA 9817 AS3= o
T 24 AAUSE vepL Qo 7 A kel PTS &=
b2 DeoR-typed] AAREATHHAS] SugR(cg2115)2
2], fructose PTS operon ol =2 8Fc}H29]. SugRe] 7|
2 C glutamicums gluconeogenic B4~ <l pyruvate,
acetate, citrateol| Al A5 A|ZAw FWel A EAs=
fructose PTS 2 2H(ptsF, ptsl, ptsH) 23+ o2} glucose
9} sucrose?] EIl +AAHptsG ptsS) S GA 5=
repressor®. 4] *  1TH29]. ©]2 ¥ SucR repressor:
glucoseZ- B]53E HE Y] fructose 6-phosphate ¥=7} o}
A= e4agd 71A 273} target -FAR] promotere]]
A4 Z3l derepressione] Loli= AR U4 gl
[29]. L3} Toyoda 5[94]3} Gaigalat 5[30]< fructose
1-phosphate®} fructose 1,6-bisphosphateS- SugR<] binding
348 A5l effector 2AZ B3}, o]2)dt AS
= C. glutamicum®] S0 o] 7}a3t BHAdS Go|3l

3 5317] 918l SugR 24 A|A®S ARESio= RS vE
W, SugRS stAieARe] A Aol gle] 3] A<lel
EA3= 42 master regulator® FE3SF 3 TH82].
Target -3%52] operatorell £2|3= EA4 <l consensus
SugR binging sitt™= TCRRACAZ. o] Fo]%] 7-bp motifo]
w, FZol TGT0.5GS MYE SugRel| o3 <A=& M4
o] BIEAT82]. ptsGS promoter F-9]ollE= SugR,
RamB, GIxR ZgF917} Ak 9low, wleb SugR ©]
9o = acetate?} ethanol ThA}tel] T3t Aoz o=l
RamB % GIxR AAREATH RIS 0] prsGo] el Aol =
Tod3hs Zlo Huslode}(82]. T 501 SugRe] A1
A 9 PTS f+A12F o] 9ol FA st AH(pfkd, gapA,
eno, fba, pyk)®] A= Fe3}aL 9l Hor H e
£ m[82], L-lactate dehydrogenase(/dh)[95] 55 E33}o]
oF 40572 rAA A7 = Asehs HoZ ®arEq]
TH(http://coryneregnet.cebitec.uni-bielefeld.de/v5/).

Acetate CHAL I SRIEIACHA} FAIEEX} RamA2t RamB

2% RamA(regulator of acetate metabolism A, cg2831)
2} RamB(cg0444)= acetate ™ AHaced, aceB, pta, ack)®l
gt "atz A e A 2 2] W = 9 eH23, 34]. Glyoxylate
bypass &42¢l ICL(aced)2} MS-+42HaceBy= A2 Hkd|
ke 2 AAlEE 725 7ML 912w, RamA®} RamB
T fARE Abel 9] 597-bp F-9loll Aste] F ARl
& =48 RamBE 4] glucose T4 shol|Awh F+
FAAE A= b, RamA: kAol A glo] 2H8-
= activator®A] 4% ¢J2m | acetatedl]| A2] S-S 9
3 D4l ArbzAAbe|Th23, 34]. 13y 22 =
RamA2] 7]%°] ©]2]3t acetate A} 2] = succinate de-
hydrogenase(sdhCAB)[20], aconitase(acn)[28], glyceraldehyde
3-phosphate dehydrogenase(gap4)[96] 2 ethanol™] AH(adhA,
ald)[1, 4], glycogen A4 AW (glgd, glgC)[86], citrate
synthase 3 2H(glt4)[97], acetate-propionate-pyruvate 5%
o FAR mcrC FAAH45]19} 22 o2 shAiARe] 2ol
= fefal sl WA 94]. RamAx 28 T2 A
b Wb el el glew, RamAZl A o Qe
operator sequence’ A/C/TGu.6T/C++ ACwu5A/G/T7} &
A ek F2 B target TAHARY] WS ST =
activator® 2H8-313L gl ot zpxle] Al WS AA|e=
repressor2A1 £ 288k 4= 17| wF-of| dual transcription
regulator2A12] 7155 & 5 U917, 82]. o|eh= WA
© 2 RamB¥E AHA19] A A} 2 acetate?} ethanol TAMS
x3hs) 55 7 FAAER] - = repressorE 7%
< 3}%] 9k, pyruvate dehydrogenase complex subunit Elp
FH 2K aceE)[12]1= FA 34 7]7] W&ol S A] dual tran-
scription regulator®A12] 7]%-& 3+o}[17, 82]. acedl/aceB
promoter 915 E3}sle] RamB7} A&E 4= 9= consen-
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sus 3 §97]14 9L 13-bp motifEA AA/GAACTTTGCAAA
2 o2iA Qloh. RamB:E RamAel 2Jsl] -3} wale] 34
3t Hu, 2 AR e Al Ales e ol
o}, 3k RamA$} RamB7} resuscitation promoting factor 2
(rp2) AR 24 55} o] whamjalel FA] $=IAe] ¢l
B U4 240 AR HuEe] glont E FelA= 2|
3] g3k ZTH46]. ©4F 2ol RamAe} RamB=
acetate HJARERE o2} 424, glycolysis, gluconeogenesis,
L-lactate, ethanol A} 5 SAIekATiAle] 24l F&Fo] g)
o] SugR Xop= Fo| g TS 243 T4
ArzAzE 2442] o] A|AF L gIel5].

XX MAEZEXL GIxRZF cAMP g8 SA

C. glutamicum-S glucose, fructose, sucrose, maltose,
acetate, L-lactate, ethanol 52 ElA3} oUR]|P o2 o] &
3l A58 4 212, Embden-Meyerhof-Parnas(EMP) 73
2o} FHAx A A I hexose monophosphate(HMP)
shunt®] 5= &4~¢l glucose-6-phosphate dehydrogenase®} 6-
phosphogluconate dehydrogenase®] A& 7|3 gJ}[27].
C. glutamicum®) & A} B4 F = E colivt B.
subtilisP= 2] o328 ehido] &3hel 71AS AREsiA] wl
oFet o gl 73 g skl gt A3 EE vEplA] o
I o vAREE Sl HAkeRE AES Hels Aol
A2 glucoseZ} TH2 ot F7]AF S(sucrose, fructose,
xylose, ribose, L-lactate, pyruvate, acetate)3} 7] =x)| gt
W glucose2} o]&] gt et 58 FAlol ©|£3te] mono-
phasic 3 A5 JePACH2, 98]. & C. glutamicum-<
fructoset} lactate, pyruvate, acetates glucose®} Aol d
A}ste}, 28y glucose/glutamate, glucose/ethanol, acetate/
ethanol®] EFEAE st &A1 o] 402 I3 1}
EhE= diauxic growth @Ate] Yehdel1, 3, 59, 60]. o]}
Zro] glucose A Flol|A] G whA1o] o] 85 98l H&
gt &4-0] At o] HJAIFE= carbon catabolite repression
(CCR) A2 E coli} B. subtiliso| A= 2 2]z glont,
C. glutamicum| A= oF=] HEs] =] gl=| Ut E.
coli®] CCRZ global AALZAALE 2%l cAMP receptor
protein(CRP)Z} cyclic adenosine monophosphate(cAMP)2]
E3HA7E A JEE "sle, o]2l3t CRP-cAMP 53
A7} target FAXFE2] promoter F-$]0l Aglsled AAE =
A3} E coli®] 73-%- cAMP &4 &4 (adenylate cyclase)2]
sl S 243t 71 PTS2 glucose enzyme 1T (EINC)
chid 2 A 9l Aks}El EINICC~P: adenylate cyclase 42
Z2181= vk ENIC= non-PTS ©2] permeaseS- #] 3l &
oH78, 79]. & B. subtilis®} 2 low GC 13 FAAT
2] CCRE cAMPY| H]2]EZ el WFAUF 22 A], HPr kinase
of o8] <lAk3}% HPr(Ser-P)¢} catabolite control protein
A(CepAyt BIHAIZ o]Fo] target A1) 4 F-9jol] 2
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I 18]. ol2k 2ol E. coli®k B. subtiliso)lX #AZE= 9
7% frAkE CCR &2o] A3 o2 24 wAYES AME-
& doju}ar ¢Jo}18]. High-GC M4l Corynebacteria 1+
Streptomyces sp., Mycobacteriaol| 2] CCR 7|0l o]
A HAYFIE g4 g Aoz Harse] 9le73, 93].
E3| C. glutamicum®] 735 A E W cAMP7} )31 vl
2] 9] et4del] ulE cAMPS] = W37} E coli®] W
3} ofAll= Ak A Yehdal[21, 52], genome Aell CRP
homologue 527} EA3ht CCR} =3l o] A52] o
2 obx] B3] Ee] A e8], =3t 13 kA4
AT = E78kllow-GC 23 HA Aol CCRell &
83 98-S 3= 2AhA Q] CepA v HPr kinase/phos-
phatase®] homologue A7} EA)3}1A] b=t} [68]. vlebA
C. glutamicum®] 73-%- E. coli} B. subtilis?}= & 55
g WA FL] CCRe] sloel2t Q7= ch(Fig. 1)[2, 68].
CRP-cAMP E-3Alo]l 9|3} signal transduction system-
M. tuberculosis®] 733 ®=5A12} starvation®] 43} ==
o] elem[6, 76], Stereptomycesol|X= germination & el
s wbda} 2R Bt el el dhedE o] gloh24].
C. glutamicum®] 73-5- genome’dell 3712] CRP homologue
T2}t dhte] adenylate cyclase A 7FA] 3L glH}
[19, 48]. C. glutamicumo| XS] gt Alel]l gt w@e A
o] = E-73}3L CRP homologue-cAMP &3¢l A3} 7%
A= wll-$- A|gHH o] 19]. GlxR(glyoxylate bypass regu-
lator, Cg0350)2 =¥ CRP homologuex= %3¢l glyoxy-
late bypass enzyme?l isocitrate lyase(ICL, aced, cg2560)
2} malate synthase(MS, aceB, cg2559)%] F31A} &S =
Hslo] acetate AL Ao AR 7oz H Yy oY=
[52], &has A} b ohe) gekst Ml 7)es 28
oJ3led oF 1500359 FAIAE 243)= global regulator =
A e WAL wEaT QJu}55, 56]. Acetate THAF A} #
#H3le] RamA, RamBe} 37 GIXRE aced/aceB T3 AF2]
ZA-e|| Fefa= Aoz oA Qo 1=y GIxRE| -
RamA, RamBel= th27)] ghiflel] fAgle] F FAAE
A= Ao oA Quh2, 52, 75]. A= ululEke 2
AALE = aced FAASE aceB AL Abo] 2] DNAF-9] o]
Al FFe Ak (RamA, RamB, GIxR) 5°] 272t 2
gl acedlaceB ¥ A3, ob] P EA] ok =
Achilzle] 7oz Eafs 7FeAE olHH2, 52, 75]. o
218k v A Ao 98t aced/aceB WH AL
el oFH 3 wislel Hsl £ o Auwst =4S 3 A
o= FA=d AHAg GIxR ©H2S- 0] 83} electrophore-
tic mobility shift assay(EMSA) A&52] in vitro A3 2
Z} glycolysis, gluconeogenesis, & tricarboxylic acid(TCA)
cycle 55 X3 FARAUAL A2 ode w2 74
2ke] Aol Agee As Barslel e, Kohl 5[55]
2 genome A+2] consensus GIxR binding site(TGTGA-Ng-

i

X
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TCACA) 4 B 59 in silico 4 & E3le] 201 3¢
o] ZAHQl GIxR AFF9E Yx3IIH. o|=jgt HuEs2
GIxRo| acetate HAFS 33t bAoA} 24 Wl ope},
o ek AE W Hekst djake] Al Heddle FAH
ZZchil A (global regulatory protein)o] 2= & Jepl
A TH56, 82]. GIxR wHfA & o] 83 EMSA A3 2=
cAMP7} EA3R= 271 ARE DNA 23 84S vehlie
7123 Hol CRP homologuedl GIxRe| &A3lol] cAMPS}
o] B3k o] Aol A v 336, 37,
52, 55]. ¥ second messenger24] 243l cAMPE=
adenylate cyclase(AC)I 2J&ll IMA==dl, C glutamicum}
7V M. tuberculosis H37TRvS] genomeiellAl= 2% 16
Nl putative class Il AC FAA7F =2 81487], C
glutamicum-2 5 SPREe] adenylate cyclase 3 2H(cyaB,
cg0375)= 7FA 3L Qluh21]. C. glutamicum®) adenylate
cyclasex= E. coli®] adenylate cyclase?} 2] =S 7124]
2= membrane-bound class III ACZEA,

helices domain, HAMP domain, catalytic domain2-2. o]
FolA 21, 63, 75, 87]. oful= o]23t ot chuiAle] £
A 2 oFA] qFHEe] A 2 HE 22| 373 W3l
23sle] ME W cAMP A 58 A3 4 9= sensor
2 FAE 5 ok B d7AME o388 CyaB ¥ GIxR
o AE W 758 4317 $18] =53t phenotypes L1E}
Wi Ao WelFg 753t SA3IsITH2I, 75]. glkR
Ho|F2] 739 ME Aol Age] AA ofF vkl A%
e Ve, o3t AR u]Fe] HrjEl: GIxRo| Al
X o] A A e of3ks F= F% A4
WAolgl= ZS o g UMTHT5]. cvaB HWolF2 Af- &
3] acetate® H7FeE WAl A A Fo] TS HHoeE=
acetate AR} A A7} QS-S & 5 NS, cAMP
signaling systeme]| B4~ dlA} 8t oz}l A] Bkt A
E W HAbel = oS AL QlE Alw AEH 21,
75]. cyaB FAAL AL WHolFo M glxR W o|F2} o]
glyoxylate bypass EA(ICL, MS) #4do] derepression =]
2 v 2 cAMP-GIxR complex’} ©] F+ &A49] repressionol]
T3l s HeodF= AFelR(21]. gikR¥ cyaB 7+ W
o|F2] 75 F Al ol iAo 7)55e] cAMP-GIXR
complex 343} AA o] gle] 3] frAksE phenotypes
veR e}l S AF8IAIRE 7 Wo]F] phenotypes At A}
o] & veh 21, 75].

membrane

M=Z22 EtA3 0|8 ZF JHY o7 & ofo| it
Wit SS9l BtALIAL 24 7F |F ME
C. glutamicume| W&I7|EZM ChX| Etag 0|2 28t

2F M

C. glutamicum-2 Z15-o]1} hemicellulose®] &I AJE-

¢l xylose®} arabinoseS H]E3}e] cellobiose, FA ol =2
ZA3F= lactose?} galactose 52 ©|-8-31x] E3hc}[44]. o}
A H2 S C glutamicums: ]88 AF3A L& A] &
Aao® ARgs 9l 7R WS FAs] $l8) o
oFst A Y F dAREE AT-E FAE ol o
WE OB C glutamicums D-xyloseS Ao Z o] 8-
T glom, dX C glutamicum®to] L-arabinose ©]-8-S
218§ 20849, 50, 51). Z23YF C. glutamicum
o] D-xyloseE o€ 4= glaol= £73}3L D-xylose WA}
2] uix]2} kAl el xylulokinase 31 AHxyIB) B EA|5}17]
uf] F-ol[13, 49], AT xylose isomerase A} (xyld)
£ C glutamicum RAA & Al D-xyloses o] &3} A
53 4 AJATH13, 50]. D-xylose®] % A|2&l-2 of2] B}
32| A 92 transporterel] 2] o] FoIX|X]qt, HE C.
glutamicum -+ 2] L-arabinose transporter-f-% AH(araE)Z
C. glutamicum Rol|A ¥& A] Dxylose 50l 7]oi& 4=
Y= Ao B3 H80, 81]. C. glutamicum ATCC
130328} 22] C glutamicum Rel= B-glucosideq] salicin,
arbutin ¥ methyl-B-glucoside ©] £& $|3 PB-glucoside
specific transporterfAIAH(bglFI, bglFIIV} EA18F}H90]. D-

cellobiose= cellulose?] FE7# E3|ALEZ A cellulosic

biomass 7HE-8ll gl S, o Fe] A=
o] F& A 4 gt Yo Yukawa 2 ATFAlCIA
= C. glutamicum®] ©]8-3}#] 5-31%= D-cellobioseZ 7|3
2 3lod @ AIZF wieFske 24 B-glucoside transporter -
Aol F2E21A el point mutationo] Lolu} TSHLSZE D-
cellobioseZ 7|AZE. ]88t 4= 31A| 3]+ adaptive mutation
WS F3l HelFE A7 vt AdH57). e A 5%
9 lactoseE 7HX3L )}, C glutamicums lactose®] 4=
%, 23l 2 galactose 5 ©]-&F = Sl BT 7RI Q)
A e} [15]. WA Lactobacillus 25 5-2] lactose ©]& -
ARZS C. glutamicumol X FHA|A lactose 5 ©]8& 5=
W TFE 53 Bt UeH7]. =3 L-lysine PAHS 9135}
of 7HeA o}, S5 RS AA o8 9l
T el A3t A7) S} 84). C. glutamicum
AdS AR o] &3 5= 7] Wl Streptomyces & 52
a-amylase RS C. glutamicunel X WA A 7184 =
Tolu} S AAES A Eellgte] A2 olAwt L-
lysines AJASH= 475 7531991, 92].

w3l F T vlele HA G #ste] FAlER A=
glycerol®] o]-&-of W2 Alo| AF= L qled, AT
=2] C glutamicum ATCC 130322 glycerols B4 o 2
o] &35} X3 77]. TS ZU|HoE ASAIA A5
glycerol-2 glycerol transporter] aquaglyceroporin(glpF)l|
o3 F+Y% F glycerol kinase(glpK)$} glycerol 3-phos-
phate dehydrogenaseol] 23§41 glycerol 3-phosphate®. AFs}
Ho] o]-g=H77]. 22} FRIFAE glycerols ©]-8-81A]




Z3l= C. glutamicum®] 73-%- genome Aol glycerol trans-
porter$! glpF homologue”} EA| 544 o= ubdd 1pw 7
glycerol HAtell 3= glpKe} glpD homologue 4127}
EAgle}. 2 Rittmann 5= 2] glycerol transporter
(glpF) "5 C. glutamicumol| A LHA|Z] A glycerolS
o] §-3}#] Fatolevt, glpFdlel glpKet gipD W& C.
glutamicum| A FEAFE 75 glycrols Y3 sk e
2 39 L-lysine ¥ 22 oAt AARE 715317 it
[77]. el® el& gt =g FFol| NAT Fl glycerol
transporterd] glpF RS F71E WAAIZ] A9l A5 &
=9} biomass Ao SIIEIATHT7]. W C. glutamicum
2] genome Atell EA31= glpKe} glpD homologue 314}
9] 715 glycerol®] HARE 918 Aeo] opd v 7]%5d
Zeolejal Hslode}(77]. 1evt Faje] A7-AleA a3t
Age] 75 oFFE glycerolol A zfelA] Fale wba o
A2 glycerol transporter 312K glpF) T =HA1Z] Al
&3} C. glutamicum TF% glyceroldoll A <FsiHA] Ym} A
53 g ole2 ISl e, olejst A= C. glutamicum
o] glpK®} glpD7} glycerol HARE $l3iA = AHE-E & Sl
o= ARk

EIACHAL 2 L-lysine dtkd &S 28 25 |5 MEf

A 4l ERE ASH We] Wil uv ARy B
A Wol| 755 ARESl st ofn] Al A FFE
o] 7% opm|mAke] AAMLS Foba ARt eIl &4
o2 <3l k] ke F9I7EA] S olrt S Ee] A
o] el 5o AR AT Qe 2} HE 5
o] C glutamicum® genome -7} ‘omics’ F&H A 22
71| =19l wel AEH 5 Mg WA elA gusie]
Ao A2g F5 N WAS FHs =9e, oy
gk |2 G o =R mALe] AFRelAE Al 7t
gk 5= AAdA” vl o8] L-lysine AAF T8 F53)
AeH70]. oI5 $13) L-lysine A F52] A 97144
= 3] AL, ofn] WhEEe] 9l oRF At
o] ¥AEM S sl ol=gt 7 FA1Ae wla A
= &3] L-lysine AAtell frelst f312F ¥l vk 24
akal, o]t S o] e oAl o Tl =81 2
HH 22 “genome breeding”|2R= B & AE-3l L-lysine
A HHE FHAagke] Fdwelws 2l Hof L-lysine
A AR 7t BF AAeAes JiAE d5E
BATH70]. ol=I3t WS S8l L-lysine AAkel] #2]3k ¥
o]Z 832 A A2 = homoserine dehydrogenase (hom,
cgl337), aspartokinase(lysC, ¢g0306), pyruvate car-
boxylase(pyc, cg0791), 6-phosphogluconate dehydrogenase

(gnd, cgl643), malate:quinone oxidoreductase(mqo, cg2192)
5 °olltH4l1, 42, 66, 70, 71]. Homoserine dehydrogenase
3 2} (hom)$}  aspartokinase -7 A}(lysC)=threonine/L-
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lysine 720l Ea)j3}=], S ]Z <l3l aspartokinase]]
3t allosteric 237} €h2k=]o] L-lysine® 22| ek4 5F-0]
Z7F= 24 5H70]. Anaplerotic £42¢l pyruvate carboxylase
o] A5l = pye FAALE] EdW 0|7} aspartate XA Q1
oxaloacetate 9] Bt4 35S XA = o2 =49
o] djAkal 6-phosphogluconate dehydrogenase: pentose
phosphate pathway(PPP) Atol] 2|3}, o] Edw o] w3}
ATP2} NADPHel| 23} allosteric 245 k3}3le] PPPE2]
35S AN LZA Llysine o] Ak $8 283
NADPHE ¥ o 35 5 s AN 71]. vhA Gz
malate:quinone oxidoreductase fFIA}e] S| E ¢lgt &
20 £33 TCA cycle2 2] &4 355 Wo] L-
lysine®] AAkel] F2latAl 28319 0H66]. o] F Al 7HA]
Axte] A S o]l pycPtS, fomVSOA, P opgF
o Z=8igh A AT} vlwsle] wijofdol| 2] L-lysine
o] AAF FEE 80 g/LE TU3 et TAZE HAW vk
AR HEe 2 SEESIE41, 70]. o]’ A Ak
AL Al BZ a3t Wolol| o8] frdEs AR
A7F A= o] et A3felrt. o]4Fe] oflelA B o] L-
lysine AJ3HAS S A1717] S8 A 27 ot 7o)
= 4 2ok 1) L-lysine A3 AE E4E-9] allosteric
S A3t AP A2 F o] wel HALESS F
EA|7)= HPE. 2) TCA cycle22] 388 At =y et
A5 TFCFHE] Llysine 34 WS E A 3hA|7]= vby.
3) Aspatate2] A-7A¢l oxaloacetate ¥ pyruvate IS =
Z1A1717] 4138 phosphoenolpyruvate carboxykinase®] =2
33}, pyruvate carboxylase®] 13 5 anaplerotic 74 =-2]
7}3} 4 pyruvate dehydrogenase®] 343 55 E3F A
A9l pyruvate /oxaloacetate 3w2] 743} A=F[54]. 4) L-
lysine A3Hdell H a3t 3IHS FF317] $Isk pppe| 7
3 55 5 4 Utk @7 A F sk abe) Iis)e]
lysine IAJARS 918k S & o] 3] 7]esh, 3A
2 TCA cycle engineering®] 1TH10, 66]. & TCA cycle
29| 355 UFe] Fo22A 35 CO, WEE Q3 &
420] AME EolAL L-lysine AFAAS 913 vka 355 0
Eo] FHH10, 11, 66]. ©]9]o= 2 oxaloacetateZ2] 37
S £7141717] 9148 isocitrate dehydrogenase2] A4S oF
A 22X L-lysine®] Aol frelst 235 Harsisict
[10]. =3+ 71 F83)F L-lysine AAF 5 4% Ak = 3}
Wt 53] L-lysine 335 #138] ®eol 875 cofactordl
NADPH(reduced nicotinamide adenine dinucleotide phos-
phate)®] 35S 733A]71= ZlolH}8, 32, 71]. Oxaloacetate
oA A1ZHIE ® 1moled] L-lysine A3AS 43l 4moled]
NADPHE 2 8= 3t} wj2bx] NADPHO| 355 S7H
7171 $13t Bekst tiAREE A=ke 24 phosphoglucoisomer-
ase -5 2H(pgi, cg0973)[65]2] A4} glucose 6-phosphate
dehydrogenase(G6PD, zwf)e] 3H& 2l W39, 65], WA
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2 membrane-bound transhydrogenase %1 AH(pntAB)2]
W& [47], =8 polyphosphate/ATP-dependent NAD kinase
AR (ppnk, cgl601)2] & 52 A =313H65]. sk
Alel FHedsle] L-lysine AAF 71 3lollA= TCA cycle &
2] &ZFo] ytolx] a1, webA] PPP2| glucose 6-phosphate
dehydrogenase(G6PD)<} gluconate 6-phosphate dehydrogen-
ase(Gndy’} NADPH 349] 5 AZe|t. F 4= BF
NADPHS$} fructose 1,6-bisphosphateol] 2]l s}, wle}l
Al L-lysine 2244k 4% NADPH®] A& $lsiA+
phosphoglucoisomerase(Pgi)2] =243} W feedback A 3l
A3 GoPDYF Gnd ¥elE 53 PPPE] A} 355 5
7¥X7]1= ZeleH9, 54, 65, 70]. Fructose-t sucrose BiX]ol|
&= glucose HiA]ol| A Hr} fructose 1,6-bisphosphate®] Al
S Y 57} Bo} o2 <3t G6PD2} Gnd 2] A3 E Q13|
PPPZ9] tjA} S50 oFaf|A|3L, AHH L2 L-lysine®] 1A
AR 95 Es)2] £3F NADPHE AAsH €26, 32].
o]# 7§ fructose 1,6-bisphosphatase(fbp)S 3113 5o
fructose 1,6-bisphosphate®] M|E U] =5 UE°2 4 PPP
2 UAt 25 5 e, A3H 2 sucrose ¥iA|
oANA v A 8-S A = AT =3 2 A
TFA X sucrose WA PPPE] Bb4: 3E-S 7}3)s}
71 88l C. glutamicumo| A fructokinase A} &g A
=3 v} Qloh67]. A&d vk}l ol C glutamicum™=
fructokinase RS- 7FA12L 9)A] 9o} sucroseZ- H-3l31 4]
AAE fructoseE HE Hol|A vE= SjALSEA] E3kaL A
wte 2 oAl $E3 F fructose PTSo| 2]3] fructose 1-
phosphate®. A= 22 [25], Clostridium acetobutylicum -
2] fructokinase A AS C. glutamicumdl heterologous
A WHEAIA fructose 6-phosphates- AAdA| 224 PPP
29 gAEFS FE3IATH67]. o]/4ellA <153t PPPE]
G6PD2} Gnde] ]l = TCA cycle®] isocitrate dehydrogen-
ase-} malic enzyme= NADPH 339 &8st 4= 3Jo}[27).

ZE U M

C. glutamicums ©|-43F ofu| ko] FdA AWAIS 5
7RIAZ17] 3l A 5004 dzE B glo] wekel i S
71eg ARSI Stk AEFE A C. glutamicum
o M) 7 o]-8-2] A =HA ¢l PTSE uv|X3t vhakat ehad)
AL H oo} AE FAH whA djAL 2ol digt o]l o}
m)xeAke] AAAI I LA s fAE e A o A
93] F83F d7FEoko|o}. L-glutamic acid-} L-lysines} %2+
<= A7F2] bulkst opr] AR FH o2 A= o]
53] shAad-e AAF 2t AR FR3E 8407 we,
P ot} starch hydrolysate 35t o2} T SoiA= o
|- ZA glycerole]v} lignocellulose 53 72 k4t &t
A 5L o8 g e 7 N Ao A& EA Qo

r_&
N

P

C. glutamicum< glycerol ¥ ol 2} D-xylose2} L-
arabinose, cellobioseE T Bt} o 2| (U o2 o] 83}
of A5 5 ol7] wEel ot 71&e] dAkE fIsk HA
3t AR E ThEe] Folof sitt. o]Ejst vl o HE o}n
AF AJabel] HAgE AT oA WA A AR, FF
biomass 2] ©]-8A¥} A3l F83F A7} 2 Aol

C. glutamicum®| 735 A|E W TE HAx}elz}e} o] 5o
ogt At 24 networkell 3t AF77F 5L FAHSE
k3] #3P = glow, 5 Bilefeld idhe] A EFsd
Aol o]} FE3F database (CoryneRegNet 5.0Y5 T3
3131 BH(http://coryneregnet.cebitec.uni-bielefeld.de/v5/). -
Schradere} Tauch™= C. glutamicuml| X AALZAAE =A|
37 B R ERdked, AA 7led s = Ak
o] AR FES 243 ‘local regulator’e} F =}
ZA networkdell A 71522 Ao gl U] FA
2SS A= ‘master regulator’, TEX 2RO 2 Z AR o] 4]
cross-regulationel] ]3] 2% 22 7PgzoF W $9] {
A2 S 243 ‘global regulator’® E-F315H82].
| 5o] 53] staiAL HA global 2 HIAU S| 3t
MEE dT5o] HFHoE UREI 3)oH, C gluta-
micum®] 73§ o2 Aol A iRl A o AR RE
o] 53t w1 wlAUST 24 circuitse 7FA AL Sl0]
W X3 Qe #9 C glutamicumN A= E. colivt B.
subtilis| A el = CCRI} -2 FA14 sk 24 vw|A

Fo| EAT 77t o|2gt ot Il whA thA}
o] Fg9loll EAlEh ZAA global AR GIxRE B
slod, GIxRe} W] =44 AR} Abolo) Exljsle] shA
AF A9 2AFe] whA| AAFE A 2Fe] RamB, RamA,
SugR®] A H&Z gof & Zloln. o|&F F 53] CRP
homologue®A] B> 415 WA 9l GIxRE] 7% &4
AHERE ol e} AlE ) AubA g Abe] FA1A 24}
(global regulator) 242] 3to] AA= AL glom, GIxRE]
A=Y 7155, GIxRE| A3}l 7|e3l= o] 373 A
39} Bz} WlAYE, GIxR-&JEA regulon 5% GA] &5
THse & FAZ Fololet. 53] wiA] W glucoseE M5
3 ebAdF} cAMP FEele] IR E colidlM dEiFl
WA A AT 23] AduEEA WHElsle A Bl
3 Qo). =3 AlE W cAMPE] 3=E5 AAI= C gluta-
micum®] adenylate cyclasex 2 thijzlolgl= T34 EA
2 9 3 WEkE AAE 4 9l sensor? 28 7lE
o] B e g A, Ikl HE W cAMPE| £EE 24
37] $lal QAshe AlE W S AlE 9] AEE Fold7t?
T3 cAMP regulon®] regulatory networkel] o3&t 2% &
= A3 Ejof & o T o= Fololth J7]eAM 53t
ZA7} o] Qo) = o] 4 glycolysis, TCA Aol Hois
= F7H AxEAA Sl dgk A7) 85

o] FAME F2 HAF FFoA Y A diA} 2H S

-



ANt e, o] vl = C. glutamicumo| A eukaryotic-
type Ser/Thr protein kinaseE ©|-83] TCA cycle®] 2-
oxoglutarate dehydrogenase complex(OGDHC)E &4 3=
®24 HAL F 24 wAYFE deiA dd 14, 83]. o]}
2ol C. glutamicumol| A k4 AR HAL Al A} & =5
oA Baslk 2o sk AA2 AlH o2 F83 vAE
ol C. glutamicum®] JwWgt FAPY WAUSE ARS3}ed Al
3 jele] ook 3ol H-&3h=Alell gt oS sAs =
T 9 Zlelo}. 3t o|=jgt AL C. glutamicum®| 4
A gt ] o= ow wh FF8 A dle] F o
A= wgkor 25 58 5 olo. L AET o
To| 352 7]E0] RIS AT elA Ealte] A
AF el FgHE]] A2 A S F78ka gl whet
A o] il oz whdElal 9l ‘omics’ #H 7|E,
et A2 SHE 992 w2231 9)%: system biology
" synthetic biologys} A= A17]&¢] EHOE 9lsle] T
SAHLZ C. glutamicum AE WollA do)= ghivAle}
A © AAA Q] 2 networkE TFHIH & Aol o]
23t AAS F o] AAY S ol Ak 75 £5 00
Aefel] 88 o 9l& 7ol

o OF
pe =

2 F-oM= o) Ake] I3 AJRRIR] Corynebacterium
glutamicum®] €A WAL W o]9} IAF FAZF =4 WA
Yol digt 22 A7-5 A3 C glutamicum ]
Al ES 9131 712 A ANEE JHES F= sucrose,
glucose, fructoseZ o] Fo]#] g2, o]E T phospho-
transferase system= 53X $5Ht. C. glutamicum] &t
2 A B2 glucoseZt TR Bolu 714 3t A &
A W, glucosee} o]2fdt Bk 55 FAlol WAk 1
2} glucose/glutamate 2~ glucose/ethanol 2] E3hE<l|A]
= E1e] AP o]822 olsl veh: diauxic growth
AARS YR, ©]#13t carbon catabolite repression(CCR)
AA2 E. colivy B. subtilis 5ol LEF A= o e &
g AP HAYUSH 24 circuitss 7L Slaol 9
A3 glet. C. glutamicum®] CRP homologue?! GIxR-2
acetate Y AFE E§3}ed glycolysis, gluconeogenesis
TCA cycle 5= X33 A=A 24 #at ozt
oeFst HE 750 A6 s FAH 24 Thds
o] Jsto] A= vt C. glutamicum®] adenylate
cyclase(ACY= 23} A3 class IIIAC 24, 1} ozl o]
S obA] gt Ee] A o2 AlE 9]0 3H7 WSt
o-33te] ME WY cAMPEA +F& 22T 5 3+
sensor® A 4= Qlo}. B3] C glutamicum 2] 735 wA]
W glucose & HIF3E &A% cAMP ko] A o
E. coliel|A ezl maprA A= ke Al Wkl 7

e gt rf

it
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S Ho]al glo], cAMP signalingel] 2]8F M E Y] regula-
tory network 5~ 3§ Eojof & o0 2 Folglr). wvhA
A} 24 ZAFS] o EA)3lH global &4 2}l GIxR-
cAMP 53H| o]9]oll = 2] HAEA iz EA RamB,
RamA, SugR 5-¢] EA3te] vtefst sbadiAE 248
2 EoME AEE ez A HFH A 9l biomass
I 7AES o8 - e C glutamucum TF T5E
&3t o] 71 WS A7)zt de AT H &

W

4 iAke} #Hsl] L-lysine?] W& 8 22 YA S 3
AAF1 322} Bl Hekst BA 1 S5 AT Tl 3

=iz gl
#Ae| =

2 =52 20073 = wjAie gl wj skl e] A
o osle] 438 = A4l
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