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NaH,PO42H,0 1.16 Na,HPO412H,0 0.7 NaCl 1.0 9000%g pH 7.5 0.1 mol/L
MgCly'6H,0 0.2 CaCl, 0.2 60 CaCoO; 10 mL 10 min
40 TSB/Tryptic Soy Broth 5 pH 6.5 2 s/ 5s 4 9000xg 15 min
1.1.3 API
DNA PCR 1.5.2 Pc/pyruvate carboxylase
HPCE (6] Mdh/Malate dehydrogenase  Adh/alcohol
Beckman Coulter P/ACE MDQ dehydrogenase [13] Pepck/ phos-
phoenolpyruvate carboxykinase 25
JY92- 3mLpH7.5 0.1 mol/L
OLYMPUS BH-2 CBJS-5B/1 2.3 mL
X 50 mmol/L MnCl, 0.5 mol/L
0.5 mol/L 50mmol/L
12 EMEE. 7BE5EH ADP 0.1 mL 5 mmol/L NADH
500 U/mL 0.1 mL
x uL 340 nm 3 min
TLC 30 s
37C AA
153
13 EHMEE 1 pmol NADH ,
[11]
API 16S r RNA U :%XHMOS
EH, 57AGAGTTTGATCATGGCTC-
AG-3' EH, 5 “TACGGT TACCTTGTTACG- Ulmg
ACT-37
1.4 =& specific activity = v__ AL
141 VxCxn exbxAtxC
1.4.2 DNS [12 AA—340 nm , V—
143 HPCE 3mL e—
75 pm 375 um 50 cm NADH 6.22x10°
500 mmol/L H;PO, 0.5 mmol/L CTAB/Cetyl-  L/(molscm) b— lem At—
trimethyl Ammonium Bromide pH®6.5 10 mol/L 3min n— n=30000/x x—
NaOH 9kV uL C—
20 min 20 200 nm mg/mL
0.5 psix5 s 1.6 RBHEEDH
1.4.4 1790 TCA
N2000
DB-WAX 30 m 0.25 mm
0.5 um N,
15 mL/min 240 220
250 1 uL 1 100 TCA
15 KihRZEEEE
15.1 1 mL

© PERZRMEDARAATIKSHES http://journals. im. ac. cn



1050

Shaotong Jiang et al. /Acta Microbiologica Sinica (2008) 48(8)

17 RGBESN

dx/dt=Sxv-b
dx/dt=0 Sxv=b X
(nx1), S
(nxm), v (mx1), b
(nx1) m n
n
J-n=F F
1.4 20 h 24 h
22 h
1.8 KRGS
Pep/phosphoenolpyruvate Pyr/pyruvate
Pep Pyr
H CO,
[13] [14]
0 0.2mol/L CO,
CO, 1%
90% H,
H, 0.02% 10%
19 BTIREMR
1.9.1 X
107 /mL pL mm
X
1.6x10°Pa X
3 min X NK
70%~80%

1.9.2 Adh
Adh
adh
1.9.3
1.9.4 adh

adh

H, 57ATGAAACTCGAAA-
CCCTTTC-37 H, 5~ TTATTCGAATCTGAGTTGGA-

C-3% PCR
adh

2 4%
21 EHBHIERERE
Fz1 B APHIRIERIERE (L4

Tabel 1
S.JST by API test

Adh

Physiological and biochemical characteristics of strain

Biochemical assays

Result

ONPG/B-galactosidase
ADH/Arginine dihydrolase
LDC/Lysine decarboxylase
ODC/Ornithine decarboxylase
CIT/Citrate utilization
H,S/H,S

URE/Urease
TDA/Tryptophan deaminase
IND/Tryptophanase(indole)
VP/Acetoin/Voges-Proskauer
GEL/Gelatin hydrolysis
GLU/Glucose
MAN/Mannitol

INO/Inositol
SOR/Sorbitol
RHA/Rhamnose
SAC/Salicin
MEL/Melibiose
AMY/Amygdalin
ARA/Arabitose
OX/Oxidase
NO3-NO2/Nitrate reduction
MOB/Motile
MaC/MacConkey
OF-F/Fermentation
OF-O/oxidation

o+

+ |

+ o+ o+ o+

+ + o+

© PERZRMEDARAATIKSHES http://journals. im. ac. cn



J (2008) 48(8) 1051

API
1 S.JST
16S r RNA
1507 bp (Accession No.EU074771)

Actinobacillus succinogenes 99% TCA
2
Actinobacillus succinogenes S.JST

2.2 RigtmERIE
2.2.1 3 TCA

Fz2 SJIST 5HXE#HHERE

Table 2 The level of sequences homology between S.JST and other related strains

Accession No. Strain Description Similarity/%
EU074771.1 Actinobacillus succinogenes strain S.JST 100
AF024525.1 Actinobacillus succinogenes 130Z 99
AY749153.1 Bisgaard Taxon 10 strain 53665-03 95
AE016827.1 Mannheimia succiniciproducens MBEL55E 93
AF224299.1 Haemophilus segnis 93
AF224288.1 Pasteurella aerogenes MCCM 01550 93

L06081.1 Bisgaard Taxon 6 93
DQ301922.1 Mannheimia glucosida strain P741 93
AF224283.1 Actinobacillus pleuropneumoniae MCCM 00189 93
DQ851143.1 Haemophilus simiae strain ROG53 93
AY613469.1 Haemophilus influenzae strain M10980 93

&3 I RS A=A Y R
Table 3  The effection of inhibitor on the end products yield

Concentration of inhibitor

¢(End products)/(g/L) A — . .

No inhibitor c(Propane diacid)/(g/L) c(Fluoroacetic acid)/(g/L)
0 0.5 10 0.05 1.0
Succinic acid 323 20.3 5.5 29.1 28.4
Ethanol 11.8 8.5 9.2 7.8 7.5
Citrate+isocitrate 3.4 4.5 7.7 1.2 1.1
Acetic acid 2.1 3.4 43 1.5 1.4
Formic acid 0.5 0.6 0.8 0.4 0.6
Lactic acid 0.4 0.7 0.9 0.5 0.6

2.2.2 4 2.2.3

Pepck Pep 1
Mdh 23 RBERTSSH
Pepck Mdh 231
Adh

5. 18] "pPEP+Gle=
. . . G6P+Pyr ATP+Glc=ADP+G6P G6P=F6P ATP+F6P=
F4 HERNEMELLEHRT ‘ Y
Table 4 The enzymic specific activity determination of parent strain ADP+2*G3P  G3P+NAD'+Pi+ADP=PEP+NADH+ ATP+
Enzyme Pepck Pc Mdh Adh H,OH" G3P=3PG ADP+PEP=ATP+Pyr G6P+2* NADP'=
Specific activity/(U/mg) 994 268 804 544 2*NADPH+Ru5P+CO, Ru5P=Ro5P Ru5P=X5P Ro5P+
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A (Glc] Jaz=1.97/1.58 Gle
J1=0.12/0.099 J2=1.85/1.48

J32=0.009/0.009 J26=0.44/0.75

G6P
Ja=1.53/0.82 %?2:3 -l aL
J28=0.28/0.490 :
J33=0.0028/0.0028 l J29=0.28/0.49
Fep € —— STP¢——R05P ¢— Ru5P
. v, ;% Js4=0.015
J38=0.030/0.030 e S R A T
J37=0_03n;0_030 v v Rervsrssesserermmsasassrsermasasas s
SPG‘ i E4P  -G3P
T % J30=0.28/0.49
J36=0.0022/0.0022 G3P < i X5P <
J5=3.71/2.82 J31=a2,,0_¢a§ J35=0.0053/0.0053
Jo=1.88/2.21 J39=0.012/0.012
PEP
Js=n.12ro.095u J7=1.89/0.50
Ja0=0.061/0.041
Pyr
J8=0.084/0.11 T Col

v
Ja2=0,033/0.033 0AA

25=0.026
v J24=0.045/0.051 0.033
AcCoA

Jlo=1.63 \ Jarsoioorj0007 | ]
/2.19 J____,___J1a=o;0 }Tg_z::o.n = G
. y /018 /0.051
Mal V Y (Cit) Ac-P NIINIRTS
= J =
ﬂ}ﬁ.ﬁsl Glxt &:LEUOD’M AC.H.
Fum % / i (Isoc
=G ( ; ) J20= J22=1.53/0.11
L2 l ..-i“m“’ 021/0.18
v v V v
(Suc) (aKet)(Ace)  (EtOH) (For) (Lac) ywyyywyy
biomass
ATP Jaz=0.10/0.10 ©= AA A i
Jas=0.029/0029 i1 i
Tassorss  Jotr" NADPH
/0.168 3

/\ (biomass)«

Flux unit:mmol/(g-h), Left flux from parent strain, Right flux from mutant strain

Bl KzERBESH
Fig. 1 Metabolic pathway and flux distribution.

X5P=S7P+G3P S7P+G3P=F6P+E4P XS5P+E4P=F6P+ AcCoA+Pi=CoA+Ac-P Ac—P+ADP=AcetATP AcCoA+
G3P CO,+ PEP+ADP=OAA+ATP ATP+Pyr+HCO; = NADH+H'=AC.H.+CoA+NAD" AC.H+NADH+H=EtOH
ADP+Pi+OAA OAA+NADH+H'=Mal+NAD" Mal=Fum +NAD" Pyr+CoA=For+AcCoA Pyr+NADH +H'=Lac+
+H,0 Fum+FADH,=FAD+Suc Pyr+CoA+NAD'=AcCoA NAD"' 1.2522*ATP+0.5270¥*NADPH+0.06989*NH+
+CO,#NADH AcCoA+H,0+OAA=Cit+CoA Cit=Isoc 0.05610*G6P+0.01724*F6P+0.083*R05P+0.02568 *E4P+
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0.008852*G3P+0.1341*3PG+0.04667*PEP+0.1279*Pyr+0
.1280*AcCoA+0.1043*OAA=1.0*Biomass+1.0547* ADP
+0.5263*NADP" PEP/ phosphoenolpy

ruvate, Pyr/pyruvate, Glc/glucose, G6P/ glucose-6- phos-
phate, F6P/fructose-6-phosphate, F-1,6-2P/fructose-1,6-
bisphosphate, G3P/glyceraldehydes-3-phosphate, 3PG/3-
phosphoglycerate, RuSP/ribulose 5-phosphate, RoSP/ribose
5-phosphate, X5P/xylulose-5-phosphate, S7P/Sedoheptu-
lose-7-phosphate, E4P/Erythrose-4-phosphate, OAA/ Ox-
aloacetate, Mal/Malate, Fum/Fumarate, Suc/Succinic acid,
CoA/Coenzyme A, AcCoA/Acetyl-CoA, Cit/Citrate, Isoc/
Isocitrate, Ac-P/Acetyl phosphate, Ace/Acetate, AC.H./
Acetaldehyde, EtOH/Alcohol, For/formate, Lac/lactate, a-

Ket/a-Ketoglutaric acid ) 28
13
13 40 8
8 48
47
C
5
2.3.2 5
47 I s
1 48
H
HMP
A
A
C
H

2.3.3 Pep Pyr

H CO,

Pyr Pep

Pepck Pep
Pyr Pyr
Pyr
Adh
6

x5 KRif@EnE

Table 5 Equations of metabolic flux

No. Metaboh.c Metabolic flux equations
intermediate
1 Glc 1*]i+1%]—1%]J47 =0
2 G6Py, 1*¥J1-1*J=0
3 G6P l*J]+1*J;—I*J3—1*J25—1*J32=0
4 G6Pj, 1*J,-0.06667*],=0
5 F6P 1*#J3-0.5%J,40.5%J59+0.5%J3,—1*J33=0
6 G3P 1#J4=1*J5+0.5%J3—1*J36—1*J37=0
7 3PG 1*#J37—1*J35=0
8 PEP 1*Js=1*Jg=1*J7=1*Jg—1*J30=0
9 RusP 1*6-1%T57—1%J3=0
10 Ro5P 1*#J37—0.5%T55—1*J34=0
11 S7P 1#J25—1%J6=0
12 X5P 1#J25—2%J30+1*J3,=0
13 E4P 1*]29—1*J3|—2*J35=0
14 OAA 1*Jg+1¥Jo—1%110—1%T 14— 1*]4,=0
15 OAAg 1*J5—0.05*J4=0
16 Mal 1%J,0-1#T 1 +1%1,5=0
17 Fum l*J]]—l*J]2=0
18 Suc 1*Jp,=A  Suc
19 Cit 1*#J14~1*J15=A Cit
20 Isoc 1*Jis=A Isoc
21 o-Ket 1*J16=0
22 Glxt 1*J1;=0
23 Mal_ng l*J]g=0
24 Ac-P 1*#J19—1%J59 =0
25 Ace 1*I=A Ace
26 AC.H. 1*#J51—-1%],=0
27 EtOH 1#J5, = A(EtOH)
28 AcCoAjs 1%#J53—1%J4=0
29 For 1*J53 = A(For)
30 Lac 1*J5 = A(Lac)
31 Pyr T*T g+ 1T = 1Ty 14T 5= 1 T3 1# 55— 1 #T40=0
32 AcCoA l*J]3—1*JM—I*J]g-l*]2]+l*J24—l*J4]=0
33 Biomassgep 1*J3—186.9383*J4=0
34 Biomassgep 1*J33—-608.1840*J46=0
35 Biomassgosp 1*J34—111.7589*146=0
36 Biomassgsp 1*J35-314.0389*J4=0
37 Biomassgsp 1#]36-774.3922%146=0
38 Biomassspg 1#J35—55.9259*J46=0
39 Biomasspgp 1#J39—145.1497*J46=0
40 Biomasspy, 1%#J40—27.7494*]46=0
41 Biomassaccoa 1#]41—-241.5974*J46=0
42 Biomassoaa 1#J4p—51.0348*J46=0
43 Biomassarp 1#]43—16.3263*J46=0
44 Biomassxappu 1#J44—57.0092*J46=0
45 Biomassnis 1*J45-9.8080*J4=0
46 Biomass 1*J4=/\(Biomass)
47 [H] 1¥Js=1%] 10— 1%] 1 pH1%] ;3= 150 =1 ¥T = 1¥] 5512
*JZG*I*JMZO
48 Gle/lsy 1*J57=/\(Glc)
*6 XBENESH
Table 6 The analysis of key node
Flux adding intermediate or controlling other factors
change/% Pyr Co, H electron donor
Node of PEP 2 21 3
Node of Pyr 42 25 65
24 BFTIEE
2.4.1
X NK
7 S.JSTA
2.4.2
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32.3 g/L
44.0 g/L 2-A
1.63 mmol/(g-h) 2.19 mmol/(g-h) 34%
1 Adh
2-B
2.4.3 adh adh
Accession No.EU256479 1044
adh bankit: 1037883 adh
122 G A
41
adh NADH Adh
[ Parent stran; ] Mutant strain
50 r
45
:'_él; 40 A
_:E 35
230
b 25
=
T2
—§“ 15
= 10 +
5
0
Suc EtOH Cit Isoc  Ace For Lac
1200
1000 F
.CED B
S 800 f
2
% 600
o
% 400
2
“ 200 f
0 L L J
Pepck Mdh Adh
B2 =ELHESEHRHREREY(A)MBEGLLE S (B) L

Fig. 2 Comparision of the end products (A) and the enzyme
specific activity (B).

3 ik

Actinobacillus

succinogenes

bl

API
16S rRNA PCR
PCR
Pepck Mdh
Adh Pc
Pep Pyr
Adh
H
H
X
S.JSTA Adh
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Screening, breeding and metabolic analysis of a
succinic-acid-producing strain

Shaotong Jiang*, Xingjiang Li, Lijun Pan, Zhaojun Wei, Xiaohui Chen, Jianguo Zhang,
Xueying Tang, Jianchun Xiong, Yuan Yuan, Yuanyuan Zhang

(School of Biotechnology and Food Engineering, Hefei University of Technology, Hefei 230009, China)

Abstract: [objective] In order to obtain high yield mutant strains for the industrial bioconversion of succinic acid, we analyzed the
metabolic networks of the strain Actinobacillus succinogenes S.JST in the course of screening and breeding. [methods] We previ-
ously identified the wild-type strain by API biochemical reactions and 16S r RNA sequence analysis. Following the discussion of
the metabolic pathway, we calculated the flux by matrix and disturbed the node by intermediate. [results] A suc-
cinic-acid-producing strain S.JST isolated from bovine rumen was identified as Actinobacillus succinogenes. Enzyme determination
showed that the activities of phosphoenolpyruvate carboxykinase and malate dehydrogenase were very high. Metabolic flux from
parent strain indicated that the flux of by-product ethanol was 1.51 mmol-g"*h™" in the second place of those end products. After
being mutated, the alcohol dehydrogenase activity of the mutant-strain S.JSTA decreased markedly, furthermore the flux of succinic
acid increased by 34% and the flux of ethanol decreased by 93%. By analyzing the Adh gene, we found a mutated site. Bioinfor-
matics showed that the corresponding amino acid sequence acted as the key active site binding with NADH. [conclusion] In suc-
cinic acid synthesis, directed breeding method was effective for improving the whole cell metabolism of Actinobacillus succino-
genes, and succinic acid yield was increased.

Keywords: succinic acid; identification; metabolic flux; breeding
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