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BINMIR AN AR TR X = BR3H R 2 B IR S & Bl &
T 2R RIS I

BEM, ZIR, F#, AT, HEW, FRIL, TRT

AU RS A S HI25 TR B PORHE: TRE A E AR, Bat 210009

W OE: FRTINRS b R A ARERRLE RO B0, EREAWRI 0.5 g/L BB M BF X & B 8L
(PEP)H T —BM * ER&. BRZRABAEFEH NI13 RALE T T 86 Rt M & ARME 04, ZAKMm
PEP & THEAE MR £ 12 (HMP) 5458 fR&42 (EMP) #9i@ Ztbd 39.4 1603488 5 % 76.8:22.6, MRAT T ZB& AT
BYLERATRAFE, FHPEPARIBCRGBAZTRGT 23.8%, T ZBHBARHEEM 99.8 mmol/(g DCW-h) 3§
Z 1244 mmol/(g DCW-h), & =% CBRA TR ARMBZSHEIRT 22.9% . 15.4%; X4EBFESATLEREN, Hm
0.5 g/L PEP & PEP #AL#Ba b B 7% i 2] 1910 U/mg, 5T RARIE ST 74.7%, nF EABK 69 s BEE TEIKT 67.5% .
AT ZBIREH 291 g/L, #EiLF| 762%, RS PEP BRZHT 11.0%.
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Effect of adding intermediate metabolites on succinate
production by Actinobacillus succinogenes
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Abstract: We investigated the effect of adding intermediate metabolites on cell growth and succinate production. The yield of
succinic acid achieved to the highest when 0.5 g/L phosphoenolpyruvic acid (PEP) was added. According to the metabolic network of
Actinobaccilus succinogenes NJ113, the metabolic flux was calculated by metabolic flux analysis. The ratio of hexose
monophosphate pathway to glycolytic pathway increased from 39.4:60.3 to 76.8:22.6 after adding 0.5 g/L PEP, thus the reducing
power was better balanced. The flux of PEP to oxaloacetate was 23.8% higher, which made the succinic acid flux improve
from 99.8 mmol/(g DCW-h) to 124.4 mmol/(g DCW-h) and the flux of acetic acid and formic acid decreased by 22.9% and 15.4%,
respectively. The key enzyme activity analysis showed that the specific activity of PEP carboxykinase reached to 1910 U/mg
with 0.5 g/L PEP addition, which was 74.7% higher than the control; and the specific activity of pyruvate kinase decreased by 67.5%.
Finally, the concentration of succinic acid was 29.1 g/L with the yield of 76.2%.
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TR (LABRIATR) AF TCA PRI P AR
W7 LA B R AR i A ik S5, T2 AR AE T
sh . FEY LA R U AR G R A
feik, HIgR . A E, UEME T T RIER
KA S R s ). B AR TR R iR
R SRR, AR T R T IS AR
I ORAE DA B Ok B T P A P 5 | A O 2 B 5 1Y
R,

AR, BT IRAR 5B B AR I 3 A A ) 2
ISE |3 e Sl I e R B PO RN I E NN L /N
Z R 55X FPO94 T R Hh v Ml 19 o 1 =X 7 ) 7R
(PEP)., AR (PYR)FIHLEE 2R (OAA) FARLIK “ =
X" HATHS, AT TR B X R
JT e T B A AR R A PR AL, DA T B e o R
=it TIPSR SR KBTI, RBLR N
/bt LR 23 A1 TE DA IR 5 e ARG I, T A R A
R, RARAR S 15% . XL
A EIBEE T IR I TCA fG3R H a] 7= 4l DU E 6
BRIUTEERE CCTCC M202019 A= 4 T2 FH R P B R (1) 5%
M, 51 OAA HREfEFF A i A 4, IR A 3 K
AR EE 3 A R 69 Fl 24%

AkdlAE T R R B R EMP B4R
TS EI) PEP £l TCA 1R IA I S i, il i — 20
CO, [ 5 FP 2530 JF S AR LT R o i FE b J
{18y O Bl il 2 2 Wl TR s e N T 7 PR Al L S SR
PR S . DR R s S R A IR . McKinlay
ORI B JEF ARG/ T A v ] =4 g [ 4
FALEVIR T R REE, 45K W] PEP 21X
Wt A ) — A, R A e B
PSS . —38 45> PEP A i OAA, ki ZE i T =R,
PRl Cy 328 95—84> PEP AE L PYR, B4k
LR WRREAERIY), FRIE C 3tk [N, HEEL
M2 FISEIR IR (MAL) W] 28 B 52 )2 i 2E iy il i, il
FRBHNARAE Co BT Cs SCBE AT H AT 400 . Rk, BR
PEP 4, OAA. MAL F PYR 2R 2Bl iy
B

HAT, A A AT T @i
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IR HEAT Y0 2 (R 5T A [ N A R ILARTE . A5
F2 2 A 0T M R, B AU N i A ]
7Y (U PEP L PYR 55) X 7= B8 MR AT 7 NJ113
PR HE A A B R SRS, R4 G DGR G
WG T UL L2 LB, O Ak i Rt 4 o £ it
%%,

1 AR5 %

1.1 EH

FEBETAMR R KT Actinobacillus succinogenes
NJ113 AL ER = [ T eI ARAAF -

1.2 EHEE

i gR s (/L) A 10 (JHH), BEREE
5, NaHCO; 10, NaH,PO,2H,0 9.6, K,HPO,3H,0
15.5, pH 7.0, 121°CKH 15 min,

RS EE (/L) B 40 (OHH), BRE
10, £k 10, ZFREN 1.36, KH,PO, 3, MgCl,-6H,0
0.2, CaCl, 0.2, NaCl 1, Na,HPO,12H,0 0.31,
NaH,P0,-2H,0 1.6, pH 7.0, 121°C K& 15 min (¥
REFETIN 20 o/L BRBREE) .

1.3 1\EFFHE

Fi ¥R 1 100 mL ILVEIRIE SR, M= 50 mL,
R 2% (FhFIRARE &0 PGS 3G FR),
T 37°C. 180 r/min FEIRHHEFR 11 hy ILIE R A P55
FEEW R 30 mL, #HFhE 3%, WICH 100% CO,
HZE pH 6.8~7.0, ¥R H 180 r/min, 7E 37°C FH;
£ 20 h; 3L &k WERE (BioFlo 110 fermenter, NBS) %%
Wi 1.5 L, $EFHE 7%, 300 g/L Na,CO; f= il i
pH 6.8, T 37°C . fii #1443 200 r/min, 100% CO, (i
KB 0.5 L/min) &M FREE %,

1.4 SDthA®
1.4.1 T EWE

FRIGTHR 10 mL BLO0EEE (Gl), W4 mL &
BECE TR, 10 000 r/min B0 5 min, 3 b
W P 4 mL Z8IKWEE 2 %k, B0, T 60C
BT TR 2 E R E (G2), WHIATE (gL)=
(G2-G1)/4.,
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1.4.2  #HW. ZEERAVLZIE

K R RO (15 1% (% Ultimate 3000 %
H), (A48 Aminex® HPX-87H %5 T HET (71
(300 mmx7.8 mm id, 5 um), X 0.005 mol/L H,SO,
KIEWAE AT, HE 0.6 mL/min, HEFEAF
20 pL, FEI 55°C, A BRI R R 22 3 e i
aekill, TR SR . R AR T S8 A £ A
e, WA 215 nm,
1.4.3 SIS HIME

AL A . B30 mL AR A A TR
F 50 mL B0, 10 000 r/min. 4°CE.L> 10 min,
FE B, M 5 mL 100 mmol/L Tris-HCI (pH 7.0,
4 100 mmol/L Tris, 20 mmol/L KCI, 5 mmol/L
MnSO,, 2 mmol/L DTT, 100 mmol/L EDTA)I& Wkt
V2 WE R A R T, T OIOR R S B 20 min;
45905 10 000 r/min, 4°CE.L> 20 min, Hf FiEHR
AT —BOE T, RAFTE-80°CUKAETR T

FE R EE I E . Bradford BUY, DL4- 13
H A AR

PEP R ALILEG (Pepck) MG & Mk &
300 mmol/L Tris-HCI (pH 6.6), 300 mmol/L MgCl,,
150 mmol/L MnCl,, 1.125 mol/L NaHCO;, 12 U/mL
SERB A E, 100 mmol/L ADP-Na,, 3 mmol/L
NADH, 150 mmol/L PEP, 4IMI4RHUE; Fra Y
T 37°COKIA 20 min, FRJ5 SR HATERHLER SN AT WL 300t
JETHT 340 nm AL E 2 W)

7B R RS (Pyk) TR O E R R U
300 mmol/L Tris-HCI (pH 7.5), 300 mmol/L MgCl,,
750 mmol/L KC1, 12 U/mL FLF& i &/ , 100 mmol/L
ADP-Na,, 3 mmol/L NADH, 150 mmol/L PEP, ZHiiig
P TA YT 37°C/KIE 20 min, SRJ5 R ¢
P AN AT WA EE T T 340 nm AR RE S5 7 FI 4]
HEE

SER R B AUEE (Mdh) TG E AR R
400 mmol/L Tris-HCI (pH 7.2), 1.2 mmol/L NADH,
15 mmol/L OAA, ZHfIRIUR; FrA YT 37°CK
% 20 min, A5 R FHRALEE S Al W20 0050 B T T
340 nm AN %E SN W)

it 175 AL 28 S — G 1AL (U)

1 min #E4E 1 nmol JEMIHAL Iy =Wy i Uil 1A
T mg H BT AR ) SRR

Vx10°

exvxL

X, A4 KOG R E A9 AL (min"), V
J AR R (mL), & HEERTE R B (NADH
1F 340 nm Iy 6.22x10° L/(mol-cm)), v JHE S &
(mL), L MHMAIERE (cm), 10° 2K mol 5 i
nmol,

Fei 71 (U/mg)=Fit i g 57 /26 PR B
1.4.4  [CHLBEL it 77 Pr

FRAEAR S SCHR[T1AI[13], K B9 LA R 336 4
Br, ST A. succinogenes VI A HEVE R ik IR 5 AL
TR ML, FEA IR (EMP). BEIR
OB (HMP). C;. Cy. 4EIRFIHAELL KA Yo 105 AL
AR o TR X AST AL A 1 DA R A R A AL 2
1) A S AL TR, FERAS R
AR 2) H2 R B AR AR IR 3T
flir s 3) 72 W& K% v A AL R T A0 A R Y
DR 4) REm LT A, B G BUE R S YT
[ RE A1 EMP, HMP /™ /E i A8 i SO 555 5) 78
R, BT — 8 T A ey .
Al L COL U LA B 43 1l oAt — 6K T AR = 4 45
TR IR AT G, R AR I £ 38 A A TR
ZWGiZ 4B 6) A. succinogene AL S %
McKinlay WIS, H—4bA CH,00 5N, 48—
AhFR . HARIF NS 24 AR R, W
* 1,

FR G R A AR i £, BTS2 400 R P 1) vh
(R B AR ARy 0, 5 Ar=X, Hi, 4
HEL AR SO T R BE R (nxm), v S AR S
g (mx1), X YRR RER N & (nx]),
m 5 n 5050k KON 7 R AR A A A
PRI A7 24 AR L, Fodr el 18
AN, AHRBEN 6; IMEEARA 74>, RIVAEG 2B FE
RURT M. <%, Bk, 3L . CFE. dimA
BGHER AR E A R (R 2) IR
ME A, BT anilE B R T A B E, ZRENE
E G0, AT B/ 3Rk R A R i, #1 JH MATLAB

fif§ 76 F1 B (U/mL) = Adx
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Table 1 Metabolic reactions Table 2 Equations of metabolic flux
No. Flux Metabolic reactions Metaboll'c Equations from metabolic flux balance
intermediate
1 I Glucoset+ATP=G6P+ADP
1 G6P 11—1-117—0.0102rg=0
2 o) G6P=F6P
2 F6P 1‘2*1'3“’1'21+l’22-0.00321’BM=0
3 I3 F6P+ATP=FBP+ADP
3 FBP 1‘3*1'4:0
4 Iy FBP=2GAP
4 GAP 2r4—T5+120-T21+12,—0.036415,=0
5 GAP+ADP+NAD*=PEP+ATP+NADH+H,0
s 2 5 PEP r5—r6—r|3—0.013 erM:O
+ = +
6 T PEP+ADP=PYR+ATP 6 PYR 16—17—110—111—0.0685rp=0
t_
7 7 PYR+CoA +NAD'=ACA+CO,.NADH 7 ACA Ert Ty ts 70,0746 =0
8 Iy ACA+Pi=CoA+Ac-P 8 Ac-P Fe1o=0
9 Ty Ac-P+ADP=Acetate+ATP 9 OAA f13-114—0.0372r5y=0
10 I1o PYR+NADH=Lactate+NAD" 10 MAL t1a—T15=0
11 I PYR+CoA=Formate+ACA 11 FUM I15-116=0
12 T2 ACA-+2NADH=Ethanol+CoA+2NAD" 12 RLSP 17—T15—T19=0
13 13 PEP+CO,+ADP=0OAA+ATP 13 X5P I1s—T20—T2,=0
14 T4 OAA+NADH=MAL+NAD" 14 R5P r19—120—0.015410=0
15 Iis MAL:FUM+H20 15 S7P r207r21:0
16 rie ~ FUM+NADH=Succinate+NAD" 16 E4P 131-12,-0.007 7rgy=0
17 17 G6P+H,O+2NADP=RL5P+CO,+2NADPH 17 [H] Istr7—T10—2112-T14~T1612117-0.3334r5,=0
18 Iis RL5P=X5P 18 ATP —I—T3+r5+ 16191 3-T23—1.1640r5,=0
19 Ii9 RL5P=R5P e . _
OAA Je MAL X T iR A= & B & 7 T IR I 520,
20 20 R5P+X5P=S7P+GAP " -
% ¥ 3 H G VI RE VS L 0~ 4
O i 4 FH AR RS T TSR 02 /L, 455
22 1,  X5P+E4P=F6P+GAP W3,
23 23 ATP=ADP+Pi .
Fz 3R EE R A B R 20
0.0102 G6P+0.0032 F6P +0.0364 GAP+0.0131 < S AR R )
" . PEP+0.0685 PYR+0.0746 ACA+0.0372 OAA+ Table 3 Effects of adding intermediate metabolite on
BM

0.0154 R5P+0.0077 E4P+1.1640 ATP+0.3334
NADPH=Biomass+1.1640 ADP+0.3334 NADP
Note: G6P: glucose-6-phosphate; RLS5P: ribulose-5-phosphate;
X5P: xylulose-5-phosphate; RS5P: ribose-5-phosphate; S7P:
sedoheptulose-7-phosphate; E4P: erythrose-4-phosphate; Fo6P:
fructose-6-phosphate; FBP: fructose-1,6-bisphosphate; GAP:
glyceraldehyde-3-phosphate; DHAP: dihydroxyacetonephosphate;
PEP: phosphoenolpyruvate; PYR: pyruvate; ACA: acetyl-CoA;
Ac-P: acetyl phosphate; FUM: fumarate; MAL: malate; OAA:
oxaloacetate.

AT LA AR AT 340 o 2EAHE = Ao
¥ILL 100 mmol/(g DCW-h) 14 % 25 85 R 115 ke, i
A AHHE ¢ 57348 mmol/(g DCW-h),

2 ER5W%®

2.1 SMNEZRIN MR Y AT R EERY 20
ANJEEN N0 A A I A a4 T 58 %Gt R 2%

SRR G P A SR, DTS M A R 8 A T

AR SIZ IG5 o LI R & S 2SN[R e B %) PEP . PYR |

Journals.im.ac.cn

succinate fermentation

) Metabo.lic Concentration DCW Sgccinic
intermediates (g/L) acid (g/L)

PEP 0.5 4.83 332

1.0 4.73 32.6

1.5 4.78 32.9

2.0 4.55 31.9

PYR 0.5 4.53 29.3

1.0 4.45 28.7

1.5 4.57 29.6

2.0 4.39 28.1

OAA 0.5 4.50 30.4

1.0 4.59 31.5

1.5 4.41 31.9

2.0 4.46 31.2

MAL 0.5 4.51 31.8

1.0 4.43 31.1

1.5 4.54 31.5

2.0 4.41 30.8

Control - 4.39 29.5
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FER 3 A%, AR IS Ao A B iAok
JE KT R i AR —E SE . WS/ iE PEP
OAA DL MAL XA & K= B3 A — & WA i
FERT, HAREI PEP BRCR A . i 55+ PEP
WHESN 0.5 g/L BRI BE I T R ™ 1t 35 1 i
K, ToBRWCRIEF) 83.2% , BN IRIZE 9.3% ; i
kLRI PEP V& X PR A AR K T R ™ 5
AR, EERI TGS, Wik, KA PEP
A AR I BE R 0.5 g/L, DLF 523 F 328
0.5 g/L PEP X & [l i B2 A 520
2.2 SPMNEIRIN PEP M A B4 R B IN

TE 3 L K ERHEP 4805 0.5 /L PEP X NJ113
IREKEEE™ T ZIRMs2m, 258 00K 1 FE 2,

ME 1. K 2 ATLE L, W PEP J53&AN & B
R AR X CREIN PEP 1Y & LR

40 1 —=— Glucose 18
—e— Succinic acid
—a— Acetic acid

—<t+— Formic acid
—x— DCW

W
(=
T
1
(=)}

Coricentration (g/L)
[\
S
N
DCW (g/L)

—_
(=]
\\
[N

—x
0 -
1 1 1 1 1 0
0 4 8 12 16
t (h)
1 ARhn PEP M AB I iZdhk
Fig. 1 Process of succinic acid fermentation without addition
of PEP.
4 r —=—Glucose 18
—e— Succinic acid
—a— Acetic acid
~ 30 r —<«+ Formic acid 16
=) —x—DCW
H s
3 20 i ~
g T 4
|| Q
g A
S /*/ {2
o~
0 -
1 1 1 1 1 0
0 4 8 12 16
t(h)

Bl 2 %50 0.5g/LPEP UL EELER
Fig. 2 Process of succinate fermentation with 0.5 g/L PEP
added.

—3 . WIRTE 2~8 h WA setlt, 8 h B 4l T F ik
FRK, BARE RAIAL, EHRERK, =
TR, BT R RIFRA N, T
WEER 29.1 g/L, WORIKE] 76.2% , HAESIN PEP
) 65.2%E M T 11.0% . RIF“YW LR . PRI E
Ej X B 34 TR AIR . PEP 1B A. succinogenes
NJ113 AR R A2 1 s 1 45, /i PEP RYMIAAT g
PUBL 7R A T AR, HR S BRI T R L OC B il
i, TS = P oA, 8T ™
R . BIRTIN PEP J5 R BERERE F2 00 T MRk
JEROW R T, (HR AR TR IR K, R
PR ] BB B 3 75 1 B TP RN NayCOs i BN
R TRRBAER, IS 800+ T Rk
FEACFR IR AR
2.3 SMEII PEP 34X 518 = 5 F B9 200

AR I T 5 ) L O i AN ) 3 58 1 A A
VL RIS AR 43 SR B I 43 A, 34 17 ZRAE 240 i
AACIERE 1 SR SNE R I PEP (14 52 iR AL
X A. succinogenes NJ113 #EA7ACHE & 87, FIH
PR A0 RS LR QA RE RS R (BN RS E ) B
TR S HVE g A E B B00, EESE 10 b
10.5h. 11 h, 11.5 h, 12 h BURE 87 & I v 0 T 1
AW, TR, CREATRIKE, 155076 11 h
IR A 17 5 R e S S 7 T | P
(ri~rpy) FOTRISHE . PEP H8 N5 75 A9 AR 38 = o A
BN 3 FrR .

M 3 il A s LT AR, TEREES
B (11 h) IHFEARAD BRI TR0 A R, W
0.5 g/L PEP [ 4 Ml & BL3E i 5 %5 BOM b AR fLR K
Y E AN E ARG B T R4, R
FHEAEEE HMP 342 . Cs M Cy AR Y BE /R L,
Hr PEP 2520 T R A G A, PYR 2
W CTR . WRSE R W Ak Y BT L BN
PEP & ifit [7] C4 i 4% 138 5 vy b X B4R T 23.8%
T AR B 99.8 mmol/(g DCW-h) 1 &
124.4 mmol/(g DCW-h); [RIfT, ¥l C; 48 HY 18 &
re A TREAS, BRI =Y &1 S B R AR 3513 i 4y
BIEAR T 22.9% . 15.4%, {155 Z R IEH T A
BUPY T 2R, R4 T T R,
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Sl 1,,-94.2/98.4 .
< ,=100/100 ATP —————> ADP+Pi
? 1,=39.4/76.8 5
ittty G6P > RLS5P ;
: 1,=60.3/22.6 ns=16.646 6 \115=22.8/32.2,
e e X5P  RSP------
5 ra =75.2/68.1 Mo—lo 9/24.4
5 FBP r22‘5 7 <o
1 IS NSy A
: r4 75.2/68.1
. ,=10.9/24.4
E( DHAP <—> GAP
R . r5 149.2/157.4
€ mm e
: /PI:IP
b 1p=101.2/1253 ir6=45.2/31.5
R —0/
1< PYR 4% 0/0 Lactate
e OAA  1=10.2/5. 7i }
b /TuT99.8/1244 1,=29.8/25.2
5 MAL 15=38.4/29. 6 | Formate
! ¢r,5—99 81244V £,=0/0
I'pm =177/182 E FUM lr9:384/296 Ethanol
. lr16=99.8/124.4
Acetate
Biomass Succinate
B3 R PEPXMREBEBESFHRIEN (Zili: A5 PEP; &Hi&i: iKin PEP)

Fig. 3 Effects of adding PEP on metabolic flux distribution. Left flux from the control, right flux from the results of adding PEP.

2.4 SMNERIN PEP X X BEEETERIE

éﬂiﬂ@1tl§§fng§'tpﬂg4‘4&@%57533%%4%%
(R BEAEALY , ETE 7 09 R /INAT DL 422 S 454 S i
AR, ANRLEREE (W pH . RESE) AR ER AR
B 77 HE AN [RRR BE s ), DA s e A s = 0 1
ARG DL o A. succinogenes NJ113 A& 1S ) S
I 150 PEP )2 PYR™), PEP 7£ Pepck 11 H F 42 i OAA
A CoiE1R, ZJ5 OAA f Mdh 1E R A i SRR
AR B bR T /R 1 PEP 0] LAFE Pyk 1
T AR NERRIEA Cyigfe, AR~y am. |
i 5 o SCE I E R WIRE (11 h) ¥R PEP J&5 & B it
PRI SCHERGS , I ST E:, 25U 4,

HIE 4 AT 50, KBRS Pepck AU ELIE 124k E
WO, W 0.5 g/L PEP J5 Pepck M iff i ik 5|
1910 U/mg, LEXFREERE T 74.7% ; [FIET Mdh W47
Jrd o i Pyk B LU TE A BT REAR, WS 0.5 g/L
PEP J5 Pyk & 160 U/mg, S5 AN PEP #H Fb A%
T 67.5%. A, Pepck FHIG MR FHIGHEA Cuik
PR R, MDA Cy IR BRI 2
X5 Pyk WG RACE B0, RAAGREZMT
M2, [l B AR 2R B W R I 7 i
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2000 Control

PEP added

7

—

D

(=1

(=]
T

1200

®

(=3

(=]
T

Enzyme specific activity
(nmol/(min-mg protein))

B
(=3
S

W
g —

Enzymes

4 N0 PEP X k2GR RIS 00
Fig. 4 Effects of PEP added on the key enzyme activity.

1

Pepck

2.5 SNERAN PEP X iR R 1@ E 55 RIR R
TE A. succinogenes NJ113 KA 45,

1 mol #5558 0] LI A= il 2 mol PEP DA &% 2 mol NADH,
M 2 mol PEP A i} 2 mol T —FRAT T ZEVHAE 4 mol
NADH, RI/=# . WY it B A FEd A
77 NADH, AU, 7290 T R & L or i & b 5
TR R T L) NADH A AT T WA A o

AR 5 A 45 SR R WU N 0.5 ¢/L PEP J5 HMP i
125 EMP 345 138 5 L H 6 RRAY 39.4 ¢ 60.3 %E'ﬁﬁ
76.8 1 22.6, WHLZ UL, i & B 2 )\ G6P il it HMP
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WA, I KA B NADPH, NADPH ff—
o T A G ot R B AT AE R S TR
B4k NADHSHF T R &, f# 8 T NADH A
SRR o AR I 45 b I D [H 7= 2 3 4% 1Y) 3 ey
BLE L IR 4.

F 4 00 PEP M[H|FEREZBEEDHHEM
Table 4 Effects of PEP added on [H] flux distribution

The flux of [H] NADH flux ~ NADPH flux
(mmol/(g DCW-h)) s I Iy
Control 238.2 1492 10.2 39.4
Adding PEP 316.7 157.4 5.7 76.8

Note: the flux of [H]=rs+r7+2 1y7.

M 4 ATLIFE 1, NADH P42 FEA P4,
Bl GAP %] PEP (r5) 1 PYR #| ACA (r7), ¥sHll PEP
X NADH 13 1 %A B 2 19520, (A& NADPH (1)
WA (1) LB, SXFREAH IR & T 97.5%,
FEGAF I HLEGE SN, T RAME T BBk
WA IR AR, Bk, W PEP &4 T A
Z 1) NADPH AJ 7E56 Sl 09 /E T 4 L NADH, M
AT T ZRAE R, R4S T R R+HIR)
1 L 1]

3 £

BTG A e B AT PR AR A B R T
MR YA —Esgm, A asin 0.5 g/L PEP MR i
U R AR AT AR BRI 0.5 ¢/L PEP J5
HMP 5 EMP &fEmyEE bl 39.4:603 &2
76.8 1 22.6, HULATLIGEH £ K NADPH, #Eiii%%
fb5 NADH, ok TiRIE AT &, F2 PEP
A OAA B R R T 23.8% , T FRARHE &
99.8 mmol/(g DCW-h) %% 124.4 mmol/(g DCW-h),
AT ¥ K 29.1 g/, WRIKF] 76.2%, LA
AN PEP BHEE T 11.0%, R &= m . Bk
A5 55 0T BEOME LU 341G T R AT o DB A BT 4 R SR B
0.5 g/L PEP J5 n] 2 2 2 = Pepck Y L i /), PEP
FEEG RS 1910 U/mg, 50T HBA LLERES T 74.7% ;
WP Mdh A B4 @& o 1 Pyk (9 HC B TG A T R
i, %I PEPJ5 Pyk & 160 U/mg, %X MEFEAE T
67.5% X5 T ZFR= e . wl =9y ik 2

—H,
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