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Organic Acid Biosynthesis of Microorganism by Metabolic
Engineering
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PEELEYRRIEDS » MEYHNKHARRTIBBANCENRN  KSERES - E0ER
8 .  ENEVEEAH LTRENGRR  sF2ZRENEHEERFT MR (tailor-made microorganism)E
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ISR ERAZ EH » BEHBEEXEREE @ BRABANEFRHABNZRP D - AXEZEH
BIRE - RINE - 3-KERNBRENKREBYN LTEXEERNK - KA SHBERRERINEE  EI1T6F
B -

With the advancement of biotechnology in recent years, the microbial metabolism and the
physiology science research reached their maturing stage. Combined with genomics, proteomics,
synthetic biology and metabolic engineering of awareness, they resulted in a number of customized
recombinant strains (tailor - made microorganisms) being in production. Through the simulation of
biological metabolism, biochemical reactions balance and the accurate allocation of the key
enzymes, chemicals, proteins and pharmaceuticals and food supplements were synthesized. It not
only sped up the application developments, but also created many new markets for new products,
and secured a win-win situation to enhance the competitiveness of the research and development by
domestic Industry. In this paper, metabolic synthesis pathway, process evolution and other detailed
descriptions are made on citric acid, succinic acid, 3 - hydroxy acid and itaconic acid in industrial

production strains.

RIS /Key words
BR L ERERE ¥ (tailor-made microorganism) ~ 121Z & (citric acid) ~ ¥®IAEE (succinic acid)
3-F<EA®(3-hydroxy acid) * KERE(itaconic acid)
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AHIE AR AR TR R i B R R g e B
By —RRERE - B8 kAT i 722 56 B AH B 722
HYELE R A B AR - AN SR B A&
J52 HATHy — KRBk - K - SEEIRE IR AR
(Department of Energy ; DOE)&t ¥k €I H
AL ER AL 1R H — R YUY E L 2 A (building-
block chemicals) » DLAEPPHE IR (bio-refinery)H
Bl Ak L2 B3 - F RN A
AREPFEEE AR R ERREEM R
(Eco-materials) ) — KZE @ - fF T4 E
FIA SRR - DUGRAEY) A 2E DU KRR (citric
acid) ~ JEFAEE(succinic acid)ELZ FE(lactic acid)
LA E R E G > HAERT A 2T+ E]
99%(FRK—) °
5 E TR C R A VIR
R - DIBAER TR R #E - SUE

FE M KlEnm

b S TR B LA A i 1 % e 1 B R
& R R 2R TESEHEET
Ho DU HA AR i 18 Y 2 A B B0 i 4 B
Byttt - A NMREZGC/ MassOtag
B2 T A M P A 3 O A o B[R] SR R AR
(allotrope) » FIZIDNATH[#EYI(DNA microarray)
AOHERE E R - fE R (2 BT i e B RIS 2 2R
B RLE#ES > Allgenotype-change/phenotype-
assessment cyclesZE B EAGIFZERE - BIEHE
Bl fF 92 2 1% i B E (function) B J& [K] AU
(genotype) Z REHIFHRBANE » DL AR R PR EL B8 4%
FER - ankERE - BERE {R (structure — function
relationships) » [H 5H ¥ J DRE J& [K] 5 22 B FL K]
Y E S - SRR B A KIRERT i
HEA - WREER R - A3 IR
I AIDNABY ] ~ E [\ b (directed

evolution) ~ tracers for flux measurementZs -

VER— WEMEEESE - IEAIRIABRAERON

3.1 Whey
29 0.78  Red lentil flour

40° 0.63° 0.95°  Cassava bagasse
58 0.6 0.58 Xylose

51.7 0.68 Oat

95 2.2 0.80 Glucose

122 0.61 Cane juice

70 0.93 Glucose
Succinic acid

35.6° 1.01° 0.82°  Wheat

52 1.8 0.76 Glucose

43 0.72 0.53 Glucose

58.3 1.08 0.62 Glucose

55.2 1.156 Cane molasse
83 10.4 0.89 Glucose

Concentration  Productivity Yield Carbon source Organism Cultivation
(g/L) g/(Lh) (g/g)

Citric acid

200 Glucose Aspergillus niger

113.5 0.71 Beet, cane molasse  Aspergillus niger Shake flask
114 0.61 0.76 Cane molasse Aspergillus niger

40 0.1 0.99 n-Paraffin Yarrowia lipolytica

42.9 0.56 Fatty acid, glucose Yarrowia lipolytica

140 0.73 0.82 Sucrose Yarrowia lipolytica

Lactic acid

771 5.4 Lactobacillus rhamnosus Continous product extraction

52-144 Lactobacillus spp.
Lactobacillus spp.
Lactobacillus amylophilus
Lactobacillus delbrueckii
Pichia stipitis

Rhizopus oryzae
Rhizopus spp.
Saccharomyces cerevisiae
Saccharomyces cerevisiae

Actinobacillus succinogenes
Mannheimia succiniciproducens
Escherichia coli

Escherichia coli

Actinobacillus succinogenes
Anaerobiospirillum succiniciproducens  Electrodialysis

Cell-recycle
Electrodialyis

Immobilzation and recycling
Hemicellulose-derived sugar
Biorefinery appproach
Airlift, industrial scale
Neutralized culture

Low pH

Biorefining strategy
Aerobic batch

Aerobic fed-batch
Inexpensive medium

°The data have been taken from the cited publications. If the publication has not given a parameter, no data have been given.
bDenotes optimal values of different cultures reported in the corresponding publication.

(Ref: Michael Sauer, 2007)
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43T 2922 (molecular biology)ry %% 5
FE

- BREREFINR

GHREFE P YR e R > 201052 A4
YIBhr SR A AR LB - Hori Sl KA
K S%EE = E20% » B (R 58 T affe e v B FA 4%
HERBEENTEEY - KRZBMAEM A E
AR FESRS -

(—HEAZER (citric acid)

¥t 452 i (CsHO7,2-hydroxy-propane-1,2,3-
tricarboxylic acid) B EEIZ HE N B AL ~ 1LER
K BEEEAE S o R AL AR UR RN A ~ pHER
BB R LA - MR AR 1 7845 s A5
B B 2K > 18934E Wehmer 5 K BH 2
DA 52 B 1 B8 (citromyces) iy 44 15 865 4 e
PR B3 19194 ORI IR 28 07 5 — MBI AR I 21

VERZ WEMEERREBEZFEERNA

FEBIRE » 121930~ 19404 [ Ry A5 IR 2 W £ iy
A BLESHRHE > Hooh DL (Aspergillus niger
A. niger)BIWF S iR Ry AT » A, niger PRI #j %
Rl B HE R R T SRR > AEpH2.5~3. SHYBS A
T MRS Ao 8 AR FE MR 14 T BT 12 % (oxalic
acid) Bil 7 i B2 (gluconic acid) < gl 2 Y)Y £
%

EIRITHIA. niger LI 2E 8 %% (submerged
fermentation) A2 7 (& MEAGE I £ 32 88 /I -
®EA W EERERNPE S BRI KR
FI W B H i f# g HE K B B (Yarrowia
lipolytica) ~ BPAEZALBERFE (Candida tropicalis)
FALEEREES (Rhodotorula spp.) il AR L
FE Y LR TR MR o (TR B R AR Bl SR A AR TR
(isocitric acid ; CeHsO7)RIEEY) - HAIfER 5
ZR A A BRI LS R EEL R AR T
0 DUARH K SRAS R IR Y 4 1 2B S iR
i/ SRR LA -

Number of Organic acid Annual Annual production by  Projected market Use (examples)

carbon atoms production (t)  microbial process (t)°  volume (t)

C, Acetic acid 7 000 000 190 000 Vinylacetate for polymers, ethylacetate as
‘green’ solvent

C, Oxalic acid 124 000 - Synthetic intermediate, complexing agent

C3 Acrylic acid 4200 000 - Polymer production

C3 3-hydroxypropionic  n.a. - Up to 3 600 000 Potential substitute for acrylic acid and

acid production of biodegradable polymers

Cs Lactic acid 150 000 150 000 Food and beverages, biodegradable
polymer production

Cs Propionic acid 130 000 n.a. Food and feed

Cy Butyric acid 50 000 n.a. Therapeutics, aroma, fragrance

C, Fumaric acid 12 000 - >200 000 Food and feed, polyester resins

C, Malic acid 10 000 - >200 000 Potential to replace maleic anhydride

C, Succinic acid 16 000 - >270 000 Potential to replace maleic anhydride,
manufacture of tetrahydrofuran, polymers

Cs Itaconic acid 15 000 15 000 Specialty monomer

Cs Levulinic acid 450 - High Possible precursor for bulk chemicals

Cs Adipic acid 2 500 000 - Production of nylon 6,6 esters used as
plasticizers and lubricants

Ce Ascorbic acid 80 000 - Food additive

Ce Citric acid 1 600 000 1 600 000 Food additive

Ce Glucaric acid n.a. - High Production of new nylons, new building-
block

Ce Gluconic acid 87 000 87 000 Food additive, metal chelator

Abbreviation: n.a., no data are available.

2These numbers are intended to give the reader an impression of the order of magnitude in which relevant acids are on the market. One should be aware that reliable market

data are not often found in the public domain.

"The '~ indicates that these acids are not microbially produced on an industrial level to our knowledge.

(Ref: Michael Sauer, 2007)
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TEA. niger ASERRA A BR 1S
NI RS OSSR AVl (S|
(salicylhydroxamic acid, SHAM-sensitive
respiration) Sz B Pk P B 23 il A3 (glycolytic
metabolism)EZATP/NADHEE E i » 5Lk
R BAE GNERERNERLSSE - 16
MEREIRAY R R AT | > DU ERERETIE- 0l e
B T 7% (response surface methodology
RSM) &t 55 HH A 3 11 1) B8 ok A 728 15 3 L A
B o DA B R R 10%spores/ml > BEEE Y
240.1g/LEH S2H# 25 (beet molasses) » 10.5g/L
KA (corn steep liquor)H » #ELIApH{E4.0
Bl 3 54, & 6,500ml/min - 22 il 2% B I 5 Ry
31.5°C » H ARG e R m] 3#87.81% » &7+
14f52% -

e RS S » IR ITHE(Zn, Mn,
Fe, Cu, heavy metals, alkaline metals)fjjE
FEFES] B R MR RR A By — KA - 7
A. niger 1Y $H % 1 3 (cellular anabolism)
R SR by ASORy B B o RS
JBES R ~ TR —RREYAES
Ji o AR HIZFAR AR 0 BERIE B R
BR o EHAR/DRO0.5mm g 5 2 B AR R L
DR BR 4 o B AR L P A R 2 i - B ok
o R SRR R o TT I ke I SR B
B & (phosphofructokinase ; PFK) %} ] %] f#
HIEALRETT - T E R A PR SR - &
1 2- B % — BB % & [§ (2-oxoglutarate
dehydrogenase)yiE M4 » HECEHIY EHF
R E B I YY) - T H B A S A
TG » A BN AR G B —
7 o

B M Ples

Sucrose
H
Citrate Glucose Invertase Fructose L Cell membrane
—
b T
Glucose glucokinase Fructose
— \Gluwse 6-P

Trehalose-6-P | glucose-6-P isomerase

PFK 2 l V¥ fructokinase
Fructose-2:6-bisPg Fructose-6-P

NH* ATP

™| phosphofructokinase NAD&Pi NADH2
) > ADP \Z
Fructose-1:6-bisP ——p Glyceraldehyde-3-P 1:3-bisP glycerate
fructose-1:6-bisP enolase ~ G-3-P dehydrogenase | ADP
.__PEP ATP
ADP + Pi <4——— 2-P-Glycerate «———3-P-Glycerate
pyruvate kinase Ph »
osphoglyceromutase

ATP Pyruvate

pyrwvate carpesslase Qg -=========-=---=

ATP Co, Pyruvate
ADP &% | cetate : C0, }{'r:wue decarboxylase 1+ ‘|
ADH2 AcetylCo !
. Nuglate Dh‘ Oxdloacetate citrate synthase |
Citrate Citrate !
NAD . 4 \
Eazam DH\ A aconitase :
Malate 21 Malate cis-Aconitate |

:FumarateT aconitase |
Vhydrase

| N

! Fumarate
\ FAD

Isocitrate
NAD.

isocitrate I%H
NAD
NADH2,‘+ CO,
o] elogluldratg
\ succinate DH
oKG DH
. _FAD Succinate

________________

Ref: Maria Papagianni, 2007

AE— #EEMESRREE

(1) 7£ B8 it £ R 1% > £ P9 A R 3G (pyruvate
kinase) 2 K & AN EE (pyruvate) » LU=
HE A = 5 B 15 IR (tricarboxylic acid cycle ;
TCA cycle) & B AEBIRAY i BLET » e
M E SR S & -

(2) FERERE & Ui citrate synthase) Bs—[HTT6
JER LB - S HEZD R © 2acetyl CoA+
oxaloacetate«scitrate’ +H +CoA—SH » & %
A= B (thioester) /K S JfE - ~-ffiy S E & i )
HERRRRY G R - B (oxaloacetate) YR &
IR 8 L Z i (acety]l CoA) Ry BVE IR
REN VT H B Km

A. nigerflil I L EEEREEEH
(transporter){EAE * 1 O AEEEU(hexose uptake)sk
B2 {LAF F (phosphorylation) 22 il 25 AR Y 4
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FE > SIOMERBIRRE R AN o A
BEERRY AR FFE > pH2.0 MR B TR L
7 A RS PR A -

e U R EIE
1'F e SR AR I TR PR O BT 28 0 S SR AR IR
&} (ultraviolet irradiation ; UV) ~ FHI#E I 2 B5
. EMS) R 0Y 1E 5
(acridine orange ; AO) ° LLA. niger UMIP
2564 T - H SRR FE SR W] 5#60.25% - L
ArREH3fE L% o T ke MR
Mg e & N R TH4.5~7.5f% 2 % > ERMA]E
74.56% -

e RSB EARIOIZE £ DI AL
i BL[K (alternative oxidase gene ; aox1)fl&#%

(ethyl methane sulfonate

# 6 3E H (enhanced green fluorescent protein ;
EGFP) - 7 % 1F ¥ #& I 3% 3% (constitutive
expression)J#HE [ » IR 2E 5 M7 R
B G 2 o BRI A B G B B 5 o AR
(conidium) Hi ZF f R AH ¥ aox TR FSE TG T -
ANE = s -

3T 2R L 38 e H RH B 25 1 I ) T 1 R A
B T4 E B > LlYarrowia lipolytica
Foil - ELBH%E HI 2 2TRRIY YarrowiaEALk -

A B C

!_

(Ref: Takasumi Hattori, 2008)
AET BB MIREITAOXEGFP- 1T E—54%
HFHFERAIER
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W& AR (Aciculoconidium aculeatum) ~
] %% B B} (Candida hispaniensis, Candida
bentonensis) » QIR =P/~ - HEFA[F]H HH
Ry EEE BRI - I AEBRS B PR AR AR R
BT - AT &G R BERE > LLY. lipolytica
NRRL YB-423R$1 - ffif540g/LH MR i -
A E21.6g/LIEIERE - S E]S4% L%
RS B SASEAR I LE Bt A 1 1 3R Ry 2~6 -
KR S T3 A FE I Mk Yarrowia lipolytica
NCIM 35897 RSM DoehlertZ & T » & imAL
BRI PR 55 22 R 1 R 0.26820/L [ REAE AL (yeast
extract) ~ 54.4081¢g/LfH H i (raw glycerol)
13.6936% salt solution concentration » HFEE
AJ3£77.3999¢/L o BERER A AR Sy Bl A
Py 10%(wiw) KL H I > U H 28 5 5 A A
Rl 18 B B PR O B2 A R B A 7 MR IR 1 AR IX
TREE - A TR AR fEh T
Bl A &k B B AR B ARG R o T Y
HAHR R - DA SRR A A - B =Fr -
Fh B — & 0 A A5 e I uf R B Ry TN TR I
(pyruvate) > #&Hi# & FRIH (over-expression) H
HZE S (glycerol dehydrogenase, dhaD) »
BT Hhry A =R - AR SR T SR EE AR
AR P9 ) R R o B ISR R AR S Ry il
AR E - AR SRR A SRR -

(Z)HEIAES(succinic acid)

BREIR(CaHeO4) ELEIZ JE P S T 1% P
EEEET - (EREETESY > AR EMS
FESEE R TR ~ BRI SiE R - HRTEHR
R R E A HENRE - & AR
o A5 R B SRR S EL R ] AR S R B R
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Species NRRL accession number CA (g/L) ICA (g/L) CAV/ICA ratio Source
YB-423 21.6 1.9 11.3 Corn wet milling plant
Y-1094 20.6 4.7 4.4 Unknown
Y-2180 19.2 6.2 3.1 Drosophila sp.
Y-1095 19.0 B3 5.8 Unknown
Y-12975 18.3 11.0 1.7 Clinical
Y-7677 18.2 i7.6 2.4 Unknown
Y-7208 18.1 £l 4.9 Refrigerated frankfurter
Y-1694 18.1 10.5 1.7 Yeast starter culture contaminant
Y-17536 17.6 6.2 2.8 Vegetable salad
Y-7817 16.7 9.9 2.8 Canadian bacon
Y-6795 16.2 34 4.7 Soil
YB-1353 15.8 6.4 2.5 Fly larva
Y-1093 15.7 6.3 2.5 Unknown
Y. lipolytica Y-5386 14.0 3.9 3.6 Petroleum storage tank
Y-7207 11.4 2.2 52 Unknown
Y-7317 11.3 2.8 4.1 Unknown
Y-17014 10.4 1.8 57 Compost soil
Y-7484 9.9 1.9 52 Clinical, sputum
Y-11853 9.6 2.2 4.4 Unknown
Y-6049 9.1 2.9 3.1 Petroleum storage tank
YB-4681 7.9 1.4 5.8 Soil/feces, rookery
YB-419 i) 1.8 3.0 Corn wet milling plant
YB-523 4.8 213 2.1 Corn wet milling plant
Y-7212 3.6 0.6 6.0 Unknown
Y-5383 3:3 0.9 3.8 Petroleum storage tank
Y-7751 3.0 0.6 5.1 Meat
Y-5476 1.4 0.3 4.7 Unknown
I I YB-4297 0.0 0.0 0.0 Drosophila pinicola
Aciculoconidium aculeatum YB-4298 0.0 0.0 0.0 Drosophila occidentalis
Candida bentonensis YB-2364 0.0 0.0 0.0 Apple cider
Candida hispaniensis Y-5579 0.0 0.4 0.0 Insect larva
Y-5580 0.0 0.2 0.0 Insect larva

2 Y. lipolytica strains listed in order of high to low CA production. Medium contained 40 g/L glycerol. Abbreviations: CA, citric acid; ICA, p-isocitric acid.

(Ref: William E. Levinson, 2006)

HCR R R T 2 A HARER A RS E AL - TR
KW 98 B ) A A F 8 (penicillium
simplicissimum) & @ {E B IEFAMEAY A EE R -

FIF A IGAE i (Escherichia coli AFP111)
A EIRAMRAR FE o 5 2 B U R A
M R SE I P b AR R 1Y B S - PR T R
B 242 g (pyruvate formate lyase, pfl) ~
NAD "1y AL 32 7 i - 7L 2 & (lactate
dehydrogenase, [dhA) I #j %5 Bk Be i 52 i
(glucose-phosphotransferase enzyme II, ptsG) »
A H AP COL AR EE (0%~50%) » BRIIFRATEE
KA EA%IRTIRITS% » H4h - ZBBREIEER
(glyoxylate cycle) B AE 3R EE2E & AT EE R
E o BTCA cyclefy—HELIP - AETIIA
ZERHEEEA(Acetyl CoA) » JERIRIIME EL 2 [
i (glyoxylate) » 582 YA T2 #EHI E R
BRI A TR B 5E - F AL G & iy

GLYCEROL

Glycerol dehydrogenase
th

Glycerol dehydratase
(dhaD) lhaB)

(@

DIHYDROXYACETONE

Dihydroxyacetone ATP
kinase (dhak)
ADP
DIHYDROXYACETONE-P
NAD* : ADP
NAD":XATP
\J

[PHOSPHOENOLPYRUVATE]

ADP
ATP

[PYRUVATE|

[3-HYDROXYPROPIONALDEHY DE|

NADH, 1,3-propanediol
dehydrogenase (dhaT)
NAD*

1,3-PROPANEDIOL|

AB= HHEAREREIIIREE

(stoichiometric analysis)Ed £ FERE(pseudo-
steady-state) i » Aamae COLE W BRI P I
&5/ lig (phosphoenol pyruvate, PEP carboxylase)
ERAE R » FERA TCA cyclesd Sy BREANG L
% fEE IR 2 - WE AR
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(=)3-FRE R BL(3-hydroxypropionic acid)

3-FE AL (C3HeO5, 3-HP) & — {8 B 221y
S bEy, > HTR170~184°C - T, Ry143°C -
H7E & M 0 L I 2 B (lactic
2-hydroxypropionic acid)/)FEE[EE (] $# - fij
WAFF L LR - B E R R EF 2R AL
E2 i A T B ) (precursor) - 4111,3-P f#(1,3-
propanediol, 1,3-PD, C3Hz0,, MW 76.09) ~
&M (acrylic acid, C;H40,, MW 72.06) ~ k&
1% B lE (methyl acrylate, C,HgO,, MW 86.09)
PFEIEZ (acrylamide, C;HsNO, MW 71.08) ~
N —H(malonic acid, C;H404, MW 104.06) ~
B-NIEE(B-propiolactone, C;H,0,, MW 72.06)
K PR i (acrylonitrile, C;H3;N, MW 53.06) -

acid,

TRER ErERBESYEMIIHRAE - &
JB IR B I DUAF FE A -
{LER G 3 - FEE R AT 0 By — RS AR - B

=1 from

& (1)oxidation 1,3-propanediol
(2)oxidation from 3-hydroxypropionaldehyde
(3-HPA) ; (3)hydration from acrylic acid - H
H()(Q2)EHAPAEEE - 1 (3) AT E A K RERE
BCEI R PR 1A AE - L L85 E0 2 A RS
R EHGE » KBRS KA G
fE 2 mE (DA AN (2) 5
COF R  (3) it B VAT B2 R I Y
45 (A)IRFIRIHERERRA: -

LR P AR LR B A HE T T A 1278 B A8
AERRI-FENE - BRI - i rIE

glucose glucose
jucose
”‘{l co, 2094 g o 1386 ¢ 26 & -
eeoresp DA > glucose-6P %» fibulose-5P 6 glucose-6P ribulose-5P
glucose ibulose-5P - G 201)  awbr Iwoen m 1150 DR INADPH _m
Naopr 0
@F  our oo _\ fructose-6P 3 sedoheptuiose7P  ribose-5P fructose-6P 79 sedoheptulose-7P  ribose-5P
';23158'5F (7) sedoheptulose7P  ribose- 207} 13084
AT < fructose-162,\_3 5 fuctose-1.67,\_7g S
ructose-1.6P, 0
@4 < N 4144 eniose-4p Ahlose-sP 26164 eyiose4p Whlose-sp
enyihrose4p ghuose- s
O [
~ 417 2695 l
ol S o
el aP-giycerate ap-gicerate
fycerate arr) 0 2695 | 363
® NADPH + NAD ————» NADP + NADH NADPH + NAD ————» NADP + NADH
o NADPH + NAD ————» NADP + NADH PEP PEP
co. o co,
’ ® 195 1000
222 1695 274
@ ruvate _@. pyruvate (ex) pyruvate %, pyruvate (ext) pyruvate ———p pyruvate (ext)
Ol I o uia.
@, 139 7
16) CO,
N co, 3
NADH ) G NADH 55 55 NADH 260 260
oot A, acatats iy acaaie a) acetyl CoA ———» acetate———# acetate (ex) acetyl CoA ———» acetate——— acetate (ex)
- PN a5
MHNY o Naow
@ xatoacetate | \© 203 /- owaloacetate { \19 210 ethanol (ext) 1587 oxaloacetate | \108  2lp™ etnanol (ext)

2NAD  ethanol (ext) NAD

19

@
o
malate citrate malate citrate
222
® / ® \J 19
fumarate glyoxylate isocitrate

m/
maidte Sirete
1695 ! 108 \108
un glyoxylate
- ﬁ/

mmara\eNmH g‘vw‘aﬁé isocitrate NA‘::D - \% - =
(©) vdiae 222 1695
shccinatl ol sleonae
@l 1241 lw&os
succinate (ext) succinate (ext) succinate (ext)
@ (b) (©)

A AIGIREF AEENEE S RIRIREBNEEE (ABRBRERRBIRTEE ; (B)3%CO; ; (C)50%CO, 4
R Hr(mol/g h) (Ref: Shiying Lu, 2009)

* Key enzymes in the pathways are as follows: 1, glucokinase; 2, phosphoglucoisomerase; 3, 6-phosphogluconate dehydrogenase;
4, ribose-5P isomerase; 5, ribulose-5P 3-epimerase; 6, transketolase; 7, transaldolase; 8, transketolase; 9, phosphofructokinase; 10,
fructose biphosphate aldolase; 11, glyceraldehyde 3-phosphate dehydrogenase and phosphoglycerate kinase; 12,
phosphoglycerate mutase and enolase; 13, PEP carboxylase; 14, pyruvate kinase; 16, pyruvate dehydrogenase complex; 17,
phosphoacetyltransferase and acetate kinase; 19, acetaldehyde dehydrogenase and alcohol dehydrogenase; 20, citrate synthase; 21,
aconitase; 22, isocitrate lyase; 23, malate synthase; 24, malate dehydrogenase; 25, fumarase; and 26, fumarate reductase.
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EFE% > H K% 2 ¥ (heterologous) 0,
. _ e !
ﬂz YJE ’ ;ZD ﬁ E F’ﬁ AN :/H\: EF' R ‘L\/L ;ﬁi 7%/% CH,C(OPO;H;)COOH ——» CHy,COCOOH “H,CO-SCoA
- HOOCCH,CH,COOH
(Chloroflexus aurantiacus)iJ3-FRELA S J ' / lwx T hiccoon N
ﬂﬁ Iﬁ l:':l ) T g %‘» ﬁﬁ C02 ﬁb H'Eih ’E‘"ﬁ % ﬁ'é (J? HOOCCOCH,COOH CH;CH(OH.(’?T” ‘ ('H:(E;C(;—“:(\;A
CH;CH(NH,)COOH e H@%]S( " 1 HOOCCH,CO-SCoA
B AR > {H I 26 PR AR R il i P 24 ) 22 s  cmancoseon
{9 ATP BINADH R0 V075 > 117 | i, |
A 5iE| 1\' NG s N7 A e 7 ~3p1s/ie
- HOOCCH,CH(NH,)COOH —4> H,NCH,CH,COOH n CHOCH,COOH 1 HOCH,CH,COOH
#EE R EmEE - FIERHEEREN

ABA FABEENEATERRES MR- EEARMEIRE

R A S A 3 (Ref: Xinglin T 2009
AR A - B HRTE A E * Enzymes involved: 1, phosphoenolpyruvate carboxylase; 2,
S AT AR R — A Bk pyruvate carboxylase; 3, aspartate aminotransferase; 4, aspartate
decarboxylase; 5 (5a, 5b, and 5c), CoA transferase; 6, f-alanine-

TEMEER3-RENR T ST RKE R CoA ammonia lyase; 7, 3-HP-CoA dehydratase; 8, glutamate

. dehydrogenase; 9, 4-aminobutyrate aminotransferase; 10, 3-

363 ENE/4F- - SERE R IR F] (Cargill hydroxyisobutyrate dehydrogenase; 11, lactyl-CoA dehydratase;
Incorporated) B % DOE . # & 12, OS17 enzyme (consists of three functional domains: 12a, CoA
synthetase; 12b, dehydrogenase; 12c, 3- HP dehydratase); 13,

600%3@7—Eﬁé$3-¥§%ﬁ@ﬁ§5%$¢%%@ acetyl-CoA carboxylase; 14, malonyl-CoA reductase; 15, 3-
3 P = e — S pey pe hydroxypropionyl-CoA hydrolase; 16, 3- hydroxyisobutryl-CoA
,ﬂ:7£ Hy B:Fjb ’ ;ZD l\ﬁﬁm " H HU%{IFI )FE hydrolase; 17, pyruvate-glutamate transaminase; 18, alanine 2,3-
BH BT 92 B SR B R F A B KGR aminomutase; 19, B-alanine-2-oxoglutarate aminotransferase; 20,

alanine dehydrogenase

(Escherichia coli SH254)i#%E 38 H 758 1

K i £ B (Klebsiella pneumoniae)DSM

2026[1dhaB#:K|(glycerol dehydratase)Ba sl VEA 3ERRBT L RATRRERER

(Ref: Xinglin Jiang, 2009)
H E. coli K-12 MGI1655 iy aldH %

(aldehyde dehydrogenase) 5 éE é bﬁ E% ?gg Enzyme 18] Souree
. s N . 3-Hydroxyisobutryl-CoA hydrolase EC 3124
;Z[]‘bﬁﬁ‘zr{ ° L}HY&%I%iﬁ%ﬁﬁ?ﬁ ’ 3 n:m\,:imhtu;\r;.u Jch_\,\:inrlg:nu\c EC 11131
3-Hydroxypropionyl-CoA dehydratase EC4.2.1.
| = 3 yE ) 3 Hydroxypropionyl-CoA hydrolase EC 312,
: bf dhaB(37.0 U Hiydos ‘ o
Ammobutyrate notransierase 2601006

mg/l protein) Eﬁi al(ﬂ{(zzg U mg/l Acetyl-CoA ;urhn\_\,;fxs IEC u 11.2 Esc
Aspartate aminotrans ferase EC 2.6.1.1 i
. e < e Aspartate decarboxylase EC 41111 a
protein) » 3- R @] Eﬁﬁl} %@ 'ﬂ: $ ] & i” CoA transferase FC 2831 Megasphaera elsdenii
Glutamate dehydrogenase EC 1412 a
58% > Eﬁﬁz‘% E BIJ @’féj%’é(&] E’J%% El %ﬁi Lactyl-CoA dehydratase EC4.2.1.54 Megasphaera clsdenii

Malonyl-CoA reductase EC LLL Chic iaraniacus
St = S N >
W SR 0% S
S enzyme EC 6.21.1 Chioroflexus aurantiacus
o N e EC LLL
R R AR SIS 800 7 A is H bz
PEP carboxylase EC4.1.1.31 a
o ERGE R4 EEHEE205 5 Pyruvate carboxylase EC 6411 a
B-Alanyl-CoA ammonia [yase EC4.31.6 Clostridium propionicum

BEH M > IR H M EE R AT 11.3438
TC(1 2 R BEERS) - SRR LUH R £
SRR 64 A P P AE AR VL S I FHAA3- AR AL L B 55 (pKa 4.51) > E A5
BT SE BV HT B AR R K > R F A T2 13- AL N RRIRY - EridiRr st X Bt - 1
P BRI ) A LR HE S EEZ o W KEM(EN) - B&
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acetyl-CoA ==——————=p malonyl-CoA

pyruvate =——————— oxaloacetate =———— aspartate

B-alanine
lactate / l
\ 3-alanyl-CoA malonate
lactoyl-CoA ? 4 semialdehyde
succinate l

acryloyl-CoA=—=» 3-HP-CoA = 3-HP <«

propionate == propionyl-CoA

ABR -RERENREREE
(Cargill Incorporated, PCT WO 02/42418A2)
(Ref: Antonius J.A. van Maris, 2004)

(o}

H,0 NAD*  NADH
Ay N A_L,
HO OH s~ HO N aldH HO 8
o glycerol dehydratase aldehyde dehydrogenase
Glycerol 3-hydroxypropionaldehyde 3-hydroxypropionic acid

ABt EHXIBIEENAHBEGRI-KERE
AYRRTERE B (Ref: Subramanian Mohan Raj,
2008)

driving force (V)

[}
cytoplasmic membrane

> -NAy + nZApH + —2AT AGare
S F
E
L
o [HA], AG,rp
- + —27
2l . *TF
[HA],
-Z log n
- [HAL..
o
] [HA],,
Z log—"— - nAy + nZApH
'§ g [HAL., W P!
o I
3 Z log & + Ay
out
AT
-Z log—"— - (n-1)Ay + nZApH
Ao v

(1)Primary transport : DUE{L R IEEATIEE
I B 22 Ry B ERRERVBREY )y - G Al
Jii |9 ATP-Binding-Cassette(ABC) i 5 &
B ATPases /& A HY'E TS sk (i — ik 19 229
BEHERE 5 (2)Secondary transport: 43k B [A]
i (uniport) ~ [A] A1 B (symport) B K 7 3 i
(antiport) =7ff - | iy {7 AL R RE A2 FE A2 1Y
HHRE R BEE Ty - 7F R I A B A H -
3-REARRI MR (B h) - KIS hpH
BRIt P 1A R JEE EL A T i Y B 22 5
BKFH5 53 8A B~ C~ DKM » Line
Ceiam B 14 s MU P YN E LB 25 4B pH 2.86
IR B - M SMAE LR B i - HE R
A - BRgWE A E i - D e =y
{b2E3+E 1 ATP/ acid molecule -

(79)2% BEA (itaconic acid)

1K RS (methylenesuccinic acid, CsHgOy)
R —EARNEERINY R0 - L EERREE -
B RREAE ~ B BRI E BRI ILEY) - B

AE)\ FERAEEEARAR MOKEEIRE
(Ref: Antonius J.A. van Maris, 2004)

* The symbolsnin these equations indicate:electrical potential
difference(AY=Y¥in-Yout; in V), pH gradient (ApH=pHin-
pHout), free energy of ATP hydrolysis (AGarp in J/mol),
undissociated acid (HA), anion (A”), number of protons co-
transported (n), In10R « T/F (Z) and Faraday's constant (F).
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1.E+08
3-hydroxypropanoic acid
1.E+06
AL H3HP +1 H'

1.E+04 ]
‘L% B. H3HP (or 3HP-+ H')
£ 1.E+02 ]
&
7= 1 E+00 C SHP
i
o
&
@ 1.E02
T
<

1.E-04

1.E-086

1.E-08

2 2 4 3 3 7

extracellular pH(-)

AE N 3-FREREAMIMIERRES
(Ref: Antonius J.A. van Maris, 2004)




ATE A FI A L #E (dspergillus
terreus) WK BAE  BEER
15,0001 (R Z) » 1 EIHEH 5 EEH

FE M KlEnm

Institute of Innovative Technology for the Earth) Jz 32 B 234
AR AL — W38 (R ) - LB LTt A AHEE

Fo R RMLIERS » A2 & R
. ( 6 2 1
/él(é ;Z[] _|_ F’ﬁﬂ_‘—\‘ y ;H\: EF‘ L\/L "Eﬁ,% ELE szOHﬂ'lOH~CI‘l011-CH0H-9'XOH-9'10 I (GLUCOSE)
M #41 (cis-aconitate decarboxylase, !
N /\ S, - X C02 SCoA
cad) By 4 & A R R Y R 7 1 ->=O_L. Sp=o
S xS +oCH, +ocH,
ERNE LT NASTIEIEE PN [P [Acavicon ]
e . )
P R B A 2 £ A I
N — Njzz:§ (
BREEITREBEERE AR N
- *c==o
Rk - AR SR I/
e T Fere CES»
IR EH RT3 AT B EEE T )
oxalacetate (|300
HHEMEREE(Pseudozyma ICA-CYCLE s s
HO—*C—COQ'
Antarctica NRRLY-7808)4E &1k “otn,  ProR <gm
v g 6
KR > FIFH80g/ LA & FE R K
H,0
MR E E30g/LE #ALRTy ~ Aconitase
37.5% o ZERR IR EBR A 1 o
N X
A A IR R BRI 0 H 2o goon 4 | semomsse ssnocie ]
| YA ol * G 3
AHF ] A £ Okabe 5% 2 55 — 1A o) @
) . oo
K CADE JF R 28 [BRX - $RA8 Laconic_ac
BMiTNO - HARITE(Research
AB+ KEEELE SR IEEE (Ref: P. Bonnarme, 1995)
VRO ERKREMPFEEFEER
Pat./Pub. Num Country | Filing Date Title Assignee
EP2017344A1 . . L
NL 20.07.2007 Production of itaconic acid TNO
WO0200914437A1
United States
US7479381B1 UsS 15.12.2006 Production of itaconic acid by Pseudozyma antarctica Secretary of
Agriculture
Cis-aconitic acid decarboxylation enzyme and geme encoding
JP2008182936 JP 29.01.2007 RITE
the same
DNA encoding cis-aconitic acid decarboxylase, method for .
. . e National UNIV corp
JP2009027999 JP 30.07.2007 | producing the cis-aconitic acid decarboxylase, and method for .
. L shizuoka UNIV
producing itaconic acid
L . Lo L . Qingdao Langtatai
CN200710116325 CN 29.12.2007 | Cultivating method for high-yield itaconic acid strain
Group Co Ltd.
Method for the production of itaconic acid using Aspergillus Nation Science
US6171831B1 ™ 22.02.2000 . . .
terreus solid state fermentation Council

Ref: ITRI/UCL V200 (ITRI MCL V200)
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APERAREAETTIT S - A E PR - B
B~ BREOR TR BGH 3 KR AR ER] -
SRR KRR T 55 > PR o 8 R R e 7K
7% o IR A E SR TT -

= -

A A AR 2k 17 Bh F M R T T %
Wi B O HATAYRT SRS - HRVAERR (KR
FE RRCA ~ e R o T By ] I £ 11 o0 e A A 2D
B o IR DL A — PR s SR AL R A A EE
PR Bk TR E FE R R R - RAE
RN TR ERFTES RN - BIZ K
HHH PRI 2R K SRR E T - LIRS
& 7 RE M HC AT 2R W NEFI] B 208 B B 208 7 U A&
g E > B SE R REAR E A 0 BESESR
WS DT BN E ST T -
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