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WA, BT AT LA TCHLIR , A ek A R T AR R (Clostridium - acetobutylicum)jz 4
OB ERER AR EL; o nl AINA WL, ek RS | 2 R . VR TRy, R
SILRERER PRI, AME AR — B e RN B R AN AR st
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EPEE BRI T XGRS SN RN RRE ARG BRI DM, BHCR SR
WA o AERCE YRR SRR A O 2F AT AR AT BRI A i AN . e R A
WP, SECERER EEA AR B—AE ERIRT BT RE R AT R, TR
HANE R B RR R I8 I AR R L , S e 010" 50 300 B0 e D i R e e AU i g A
W H ARV, 7EmZR, W [, mEsiea Y e 2 R R ppe A
HIRTLARAL B AR 300, MBS REEEEMPL BT R ALK
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Figure 1. Sulfur metabolism in C. acetobutylicum"®. A question mark indicates the genes probably involved in this
pathway. AdoMet: S-adenosyl-methionine; cysE: Serine O-acetyltransferase; cysK: OAS-thiol-lyase; metK:
methionine adenosyltransferase; m¢nN: adenosylhomocysteine nucleosidase; /uxS: S-ribosylhomocysteine lyase; mccA:
cystathionine b-synthase; mccB: cystathionine g-lyase; metA: homoserine acetyl-transferase; metl: cystathionine
g-synthase; metC and patB: cystathionine b-lyase; meth: methionine synthase; cysDN: ATP sulfurylase; cysC: APS
kinase; asrABC: anaerobic sulfite reductase. The cac numbers for C. acetobutylicum genes correspond to those of
AcetoList (http://bioinfo.hku.hk/GenoList/index.pl?database=acetolist).
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A GE N A 5 ) i e R b 2R Y
BRAR I K, G0 R AR R SR PR Y R R
fif AT T B T R DY R T AR TR A A A Y I
s SRR T, BEAR T B A AR
PRAE P IR IA R IS R B B A KOIR DL, #87R T 4R
I 8 3 A (fer) RN NG A7 Bk -y- 24 7 it 5 5] (mece B)TE
PR T PR TR 7 I R A T e e 3 B AR
R TR TR A A L SR SR T S IR B

AR

1.1 FEERER. B

FEEMRARL L 1,
1.2 FERH

Tag DNA H4HF. Pfu DNA B4 . Kapa
DNA 4G . T4 %40 . DNA 7> FRbriE, i
RGN & L AN 2] DNA BT & A5
BRI n o7 G4 Tkt 2N A YRR
ARRAT . BiAER . KIS 2E 0 5

1.3 By

LB i dk(g/L): WERHE 5.0, B A
10.0, NaCl 10.0,, [E{ABEFREA M NTsAEwE 15.0 g/L.

B AR B35 Clostridial Growth Medium
(CGM)"*N(g/L): HZ B 50.0, K,HPO, 0.75, KH,PO,
0.75, (NH,),S80;4 2.0, MgSO47H,0 0.71, MnSO,-H,0
0.01, FeSO,7H,0 0.01, NaCl 1.0, KAWLz 2.0,
LRSI 5.0, RS IR BLA A MINERIR 15.0 g/L.
HAE . FeSO, TH,0 FI K A Pk i B b 75 A I HLfiki
F 0.45 pm FUERS L K B B KB e B R 3k TR
R 3 L SRR R S I 8

LA 37 5L Minimal Medium (MM)(g/L)!"®: 7
%t 50.0, CaCO; 1.0, K,HPO43H,0 1.0, KH,PO,
1.0, (NH4),S042.0, MgSO,7H,0 0.1, MnSO,-H,0
0.015, FeSO47H,0 0.015, NaCl 0.01, Na,MoO,2H,0
0.01, CaCl;2H,0 0.01, AE#1% 0.1 mg/L, Thiamin-
HCl 2 mg/L, p-Z AR 2 mg/L. AW,
FeSO,7H,O il 3 A4l Az 2 5k %5 i - B4
0.45 pm P& RS ) U8 K B KA 5 35 3= 56, [F]

] w1 Bt 38 0 PR TIE R AP
* 1. BEHRSRA
Table 1. Strains and plasmids

Strains/plasmids Relevant characteristics Source
Clostridium acetobutylicum ATCC 824 Wild type strain ATCC
Escherichia coli TOP10 F, mcrA, A@mrr-hsdRMS-mcrBC), ©80lacZAM15, AlacX74, recAl, Transgen GmbH,

araD139, A(ara-leu)7697, galU, galK, rpsL, (Str®), endAl, nupG Beijing
C. acetobutylicum fer::int (276) Group II intron inserted at 276./277. bp of fer (CAC0105), Erm® This study
C. acetobutylicum mccB::int (414) Group I intron inserted at 414./415. bp of mccB (CAC0930), Erm® This study

pMTL007
pMTL007C-E2

pAN2

pMTLO007C-E2-fer

pMTLO07C-E2-mccB

Clostridial expression vector for expression of ClosTron containing Erm
RAM, Cm®, IPTG-inducible fac promoter

Clostridial expression vector for expression of ClosTron containing Erm
RAM, Cm"®

Plasmid harboring @3T I methyltransferase gene of B. subtilis phage ¢3tI
to methylate shuttle plasmids
acetobutylicum, Tet®

ClosTron plasmid retargeted to C. acetobutylicum fer (CAC0105) gene,
cmt

ClosTron plasmid retargeted to C. acetobutylicum mccB (CAC0930) gene,
Cm®

before their introduction into C.

8, 13-14]
8, 13-14]

8, 13-14]

This study

This study

actamicro@im.ac.cn
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SILE AL F 3, Chloride Minimal Medium
(cMM)(g/L): 5% #¥ 50.0,CaCO; 1.0, K,HPO,-3H,0
1.0, KH,PO, 1.0, NH,CI 0.8, MgCl,-6H,0 0.1,
MnCl,-H,0 0.015, FeCl,-4H,0 0.015, NaCl0.01,
Na;MoO42H,0 0.01, CaCl,2H,0 0.01, 4¥ &K
0.1 mg/L, Thiamin-HCl 2 mg/L, p-24 3% H iR
2 mg/L, #%&HE. FeCl-4H,0 Fl 3 Fhdis: 2 sph
VSfRIF BHAER 0.45 pm AOUERS U8 KA B KR f5
PRESRHE, [RIEhE A SORIE R A 8

B Z PRl 55 37 3& Phosphate-limited Medium
(PLMM, BEBREL WL Hy 0.5 mmol/L)(g/L)!" 7.
% BE 40.0, (NH,),SO, 2.0, KH,PO, 0.07,
MgSO,-7H,0 0.1, NaCl 0.01,, Na,MoO,-2H,0 0.01,
CaCl,2H,0 0.01, MnSO4H,0 0.015, FeSO,-7H,0
0.015, &¥Z 0.1 mg/L, Thiamin-HCI 2 mg/L., p-
TR 2 mg/L. %M. FeSO,7H,0 #1 3 F
Y 1 2R PR AR R 25 B K R O LA R A R A
T pH 4 2.0, Z 5 fd PR A Bl B RR T S
IABN K 5 B SR b, [a] ik 2R IR 4R
7S

1.4 TEBRRIHE

PR T EEAR TR AR OC I RE R K ) DNA JP 41 A
NCBI A #3515 o %@ 2k 410 & 11 55 ] (ferredoxin,
fer, gene No. CACO0105) F1 bt #i Bt -y- 24 i 1§
(cystathionine y-lyase, mccB, gene No. CAC0930)fE
N H B EER L w2 B — A R
P\ F(CAC0102-0110) 7, AR 4 F K Dy BE B %
ENFVE T I C R & i D2 iR i A GE
rhy FREMTERNAN S - DRI TF
(CAC0929-0931)H, H4f 5L [ D g T iz e 9\ +
VEFIF H B A 1k e 2R 4 5 g 12 11,
GEAS KR P B5 M 51 W3 BE R 3 (www.clostron.com)
a5, mE SERMER ARG R A&
B, BTG LR 2.

FIH ClosTron ZGixt HARKER HFATRTE, B
Jc Fy i 2F R 4l iR pMTLO07C-E2-fer |
pMTLO07C-E2-mccB, 4 H4f 1) 20 ok 73 5] 5
PAN2 —EFEALIEA E. coli TOP10 832 2540 i ik
TH R WOERAL R ok R R A C
acetobutylicum [&3Z S, 3+ HAES A 15 pg/mL

2.
Table 2. Primers used in this study

Primer Sequence (5'—3') Source

EBS universal CGAAATTAGAAACTTGCGTTCAGTAAAC [14]

fer ClosTron fer-IBS: AAAAAAGCTTATAATTATCCTTAGGCAACGAAAAGGTGCGCCCAGATAGGGTG This

mutant fer-EBS1d: CAGATTGTACAAATGTGGTGATAACAGATAAGTCGAAAAGATTAACTTACCTTTCTTTGT  study

primers fer-EBS2: TGAACGCAAGTTTCTAATTTCGATTTTGCCTCGATAGAGGAAAGTGTC

mccB mceB-1BS: AAAAAAGCTTATAATTATCCTTAGTAAACGCTATAGTGCGCCCAGATAGGGTG This

ClosTron mecceB-EBS1d: CAGATTGTACAAATGTGGTGATAACAGATAAGTCGCTATATATAACTTACCTTTCTTTGT  study

mutant primers mccB-EBS2: TGAACGCAAGTTTCTAATTTCGATTTTTACTCGATAGAGGAAAGTGTCT

spofdx-seq-F GATGTAGATAGGATAATAGAATCCATAGAAAATATAGG This
study

fer gene check CACO0105F: ATGGGTGTTGCAACTATGGTAAC This

primers CACO0105R: GGGGATCTTGAAACATAGAGCAC study

mccB gene CACO0930F: ACGTGATATAAGAATCAAACTTCC This

check primers CACO0930R: CTTGGAACTGCTGACATACTATG study

Intron II probe Intron II-F: CGCGACTCATAGAATTATTTCC This

primers Intron II-R: ATACTCAGGCCTCAATTAACC study

http://journals.im.ac.cn/actamicrocn
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IR 1Y CGM VAl E#FI T, 2 5 543 &
A 5 pg/mL LB R 1 CGM ~FH b f ik , 15 2]
VAT SRR IE TR b o i TR, RS 42
BOENZ DNA. FHRES 4, DSR4 DNA
R, AT PCR Wik, FHMEvEREEBEASHT
AR CGM TR FAR IR A1, X530 g 5 5 b
HATIIE, SRAEKRIRAETE-80 °C UKFH . MIRIEN
O FAE AR H A A R R A R,
F|FH Southern blotting ) 5 ¥ X 5 A8 bk L R 4 37 7
G3MT, J5iEZ BESCER[18]#E T .

15 BT EEAR T R

1.5.1 WETEREIHEEE: C acetobutylicum
S HBRARRR I 434 & A 250 mL A9 PR S ik
17 R 37 °C, # R0 10% . FAFE IR (MM)
HP 2B A3V BT, T LR R A ) B A AR 5 A
ARG SRS PR 2R . LR N
BRIOCER M- R IS I, o AR, FR i op 1 iR
fadh AL A . R IR)S , B0 12 h U,
Bk B, RAETE-20 °C vKA, [RINHIE 1%
A (B 20 I 7E 600 nm IROERE . J3dtt & it 7
W, RS AT 3 M EYIEER, WO
W3 M EUE BB

1.5.2 TIERT PR R ESE AR e : JESLKITE 3 L W
New Brunswick & BEHEF AT, TAEKFE K
1.5 L. HCME MM 53R 5 bl r R85 3%, RS
DL 10%B) 35 RN a5 AR BERED , RIS 37 °C
F1 150 t/min, #i/7] 2 mol/L 1 KOH ¥ pH £ 7E
5.7 HATRRIN L. HERE 12-16 h, FFRiELE
K, FRREE R 0.075 h', MM T E A
13.3h NHE |, SN 4dIE, KFEHEN
AR R R T RRE AN B N 7k B
FrfeasE, WA= B R RN TR, Kt
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AFE BRI, A pH &N 4.5, pH i F
FEERIMIRAG, K224 h N, pH ATLIH 5.7 FAEE
4.5, @it 3-4 d SRR, AR BRI Pk
BFRE, Y REIE NIRRT B, PR T AR
HEAFE ISR KB B, 180K WESh
1.6 Ak

2 {9 W 't BE (optical density, OD)H 4540435
YEEE T Ultrospec 2100 Pro (32 [E GE 24 7)) E ;
. CMR . TRRAIZLER A & A0 A 6 R4t
Agilent 1260 (EEZHBAFHME, gt IE%E
HE48 Hi-Plex H BHBEAT, TAESME 55 °C AR,
JLBNAH 5 mmol/L HYBRAR , iiiid A 0.7 mL/min,
3 s 2T A I EAS I H AR . YRR T
fidt FHZBE 1R W) (1 SAH 7 (Agilent 7890B)IIE
IR 2 HP-INNOWAX, 4l & S Ha <. ke
AIE L CRR CERAERL, F T EEVE AR

BRER AL B T AE SRR MR A Y, S5T8 U RN
UUBE, A2 s ] LS 3 7R 420 nm (9IRGB
e, DA e 55 3% 3 v s AR i i
HITTIE RS> M (g/L): BaCl, 10.0, NaCl 10.0, B
Ji& 0.25, HC1 (37%) 5 mL/L. FRA#ER N 10 mmol/L
I TCKBREREN , RIS 43 HIFE R 0. 2. 4. 6. 8,
10 mmol/L. 150 pL £V EEFRIER S 750 pL £
TR FESMR AT G TE 420 nm K T RIS S BEAE
ZAME, ZJEHIA 240 pL YURER , 5 min 5 B8
WE WO, 2 lbR el £, FF b (8 R AR R 4 7
T 55 TR I A v YRR IR s 2 WO B, AR AR
HEIT R

2 ERFHH

2.1 Afer Fll AmccB RESHREFIEE

F HE R Y B4 FOR. pMTLO07C-E2-fer Fil
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PMTLO07C-E2-mccB, FINEE Lt AN T B
B H . CGM Pl it Hh m] BB R A8 Rk, i85 PCR
BRI TS . HAEEE) PCR 514, LA Afer
GEARKRIE IR AL MR PCR 724, M TFAMNEM S
TR A A B LB AR AU AG 24 1.8 kb (& 2-A);
P AmceB SE7E MRFE R A1 AR Y PCR 744 L B
AR 1.8 kb (I 2-A). 85114 TR fer JEH
1 meeB 3K H FAMESEE R B4 AT ST

K ITE N B A A S H S, X
PIANLL fer 1 meeB 5878 ML A Bk Y 2.1 kb
PCR F*WIA 1Y o 73 BT P50 E T N & 43 S
276/277 bp A AT fer LK, 414/415 bp AbIHA T
meeB FEH o Ry THRUEN ST RAE B BYFER L T
A, B “EE”, Southern 2442 FSEAG I P &5

W 1234aM b ® pp 123 4
10000—| =
5000— == ol
4000—
3000— s
2000— =
=
-—

2. Afer #1 AmccB R RRRYISIE
Figure 2. Verification of Afer and AmccB mutants. A:

PCR verification of Afer and AmccB mutants. M: marker;

lane 1: CACO105F and CACO105R primers, Afer
mutant genome DNA; lane 2: CACO0105F and
CACO105R primers, wild type genome DNA; lane 3:
CACO0930F and CACO0930R primers, AmccB mutant
genome DNA; lane 4: CACO0930F and CACO0930R
primers, wild type genome DNA; B: southern
hybridization analysis of the Afer and AmccB mutants
using a specific intron probe. lane 1: marker; lane 2:
genomic DNA of wild type (negative control); lane 3:
genomic DNA of the Afer mutant; lane 4: genomic

DNA of the AmccB mutant.

TAERAZR A R APE DI SR NI 2-B R,
ULBHTE Afer 282K AmeeB Z37EREH AR N &
TP B DL

2.2 ZRASKRFNER A= RUBE R Y20 HE 2

2.2.1  Afer REEBR AmceB RATMRAEIA B IR
IR for FER 55050 8 DURE RN T
—~H1 8863 bp (CAC0102-0110)2H AN T
LXK SRR AT, AT R T T fg
SRR R AR AL BB RRAR o SR — Rk,
Afer 7RI A= RIE R BRAR A ME— BRI MM
ek iR, A5 IR 3-A FR, BPAETEH A
£, Afer RAMAREA K, UiH fer FEA T
ARKRR R FBRIRAR I BE )T, PR AN RETE
MM FEFFEF AR . BIARRREIA 1 mmol/L HYZ
WP BIIEARE SR I Afer ZRAEMRIK L AE K (&
3-A), SERULHIEN T BRI A, KB
8863 bp MR T 1 T RE S I A R AR A IV A R
o TERBARAI T, T a ek EmR (A 1),
KRR BR L 1T mmol/L A3 FE S in 2 Ll B 73
e, R IR Afer RASERBYAER, HixE OD
HEBIAH 3.17£0.07, FHFISAF T 2P AE MR e = OD
AL E] 6.79+0.39, BEHISME RS 4
PR AT T e 2 T o R v ) P 1 P 22

FENTR T BERR BT A A B, FR A
R T LA R (B 1), AR
HEERITER, meeB FERTIREZ AL iR AR 2]
HIRWIR G — RN, BPARIBERAN AmecB 578
PRAE LA A 2 R A E— B 0 R 1 EOC R IR A 57
F(cMM)HF B FE(K 3-B), 45BN, meeB FHAY
RAGFEA TR AR TEA B TR IL T BOE , A
TP A RIGRRE , 28 AR AR K32 BRI, 130HH
meeB PR 23 m F F FR 2R 6 Ll e 2R
(RT3 A AR 32 8]l w2 A )V
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3. HFHE. Afer REKHM AmccB REMES B ARWMBEHIERE RO R EE
Figure 3. Batch fermentation of wild-type, Afer mutant and AmccB mutant in media containing different sulfur

source. A: wild type and the Afer mutant cultured in minimal medium. V¥: wild type; ®: the Afer mutant; m: Afer

mutant cultured in the presence of 1 mmol/L sodium sulfite; A: Afer mutant cultured in the presence of 1 mmol/L

cysteine. B: wild type and the AmccB mutant cultured in chloride minimal medium in the presence of 1 mmol/L

methionine as sole sulfur source. o: wild type; o: the AmccB mutant. The experiment was repeated three times.

222 HPERBEINNS Afer FEAEMRMET AR
RIS SIHE R BERE : DN T AR B 7 S ARG R Ak
AR R AT, SRR AR 1 — R A 3k 5 R v
Fea e R, #EmmioT R A TR,
(EESE TN O AN AR (R wveees- A ST
TEERE R A K (8 3-A), il ARG R AR TS
PIASTRI AR BE B 2R, AG N~ e 2 R ko i 2 A
WA Afer S HRAERK B, 4R BR, W0
ZYREE 1 mmol/L BKT 1 mmol/L Pt mA
CIRC N B A BT R 0 A K (B 4), IR
2 mmol/L 8% % F 2 mmol/L FJ e Z BR 23 K5
B AR R A o AR TR Y & R Ol R A T
Afer FEARREG o3 At W P (B 5), IR He
1 mmol/L a{f[lF 1 mmol/L i} MR VKK Afer
GAPMRAEFEAR B R AR, (HES IR B & T
1 mmol/L 520 Afer ZR7AZMRAIH K -

2.3 fer.mccB BERIXTRER T BEAR TR 7= BRI =1
TS IR

231 EPAERIRDUB SR EE: IR T AR TR AT L
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T o) % B IR Ty V(e 2 A 5 R B R s
FRUOEA, X Ry A3 i 5% R DR ke ™= i 0 R
AR R B T 450 o B A R TR R CE B IR FR 1 i)
HELE TR TR, Wil pH #EH, AT AR E HhAE
FRIAFN I IE E A (B 6), 7k Eungk 3
PR TR ER i SR He P i — BT R
LI RE PR R (120 h)FF= IR FI(216 h) & e
H AR TR AT, ok B R B A I R B i A
TEAE R IRICER A GO0 o 458 B n i R AR U
TE 120 h J&(17.85+0.14) mmol/L 7 HAE 216 h &
(18.38+0.09) mmol/L . iX M5 R s 5P R IAH L
PR S D R R ER R 4E R R R E AR K

232 Afer RASRIISUHELL ZBE: th T fer SLH
IRIE, Afer 3 RANREIR AR RAR , B HEARELE
FEAFE TR AR, TSI D 2R I AT LA AL A=
K, Hm Ak B2 IR A A L2 1 N R T AR
WA (8 5) 0 g 1 iE—2B0F5T fer TR RRACY
IEEI , Afer S8 ARTEBERR T G R B h A TS &
1, 24 B 1 mmol/L H)E e R I ME—RiT R
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Figure 4. Growth curve of wild type in batch fermentation at different concentrations of cysteine as the sole sulfur

source. The experiment was repeated three times.
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Figure 6. The fermentation profile of a phosphate-
limited continuous culture of C. acetobutylicum. Dashed

line indicated the dynamic pH shift from 5.7 to 4.5.

Growth curve of Afer mutant in batch fermentation at different concentrations of cysteine as the sole
source of sulfur. The experiment was repeated three times.

* 3. BRHIESAREPEFERM dmccB REMKREF
B& i Ex 0 =08 50 B B RO TS E S BT B PR

Table 3. Product concentrations in phosphate-limited
continuous cultures of the wild type and the AmccB
mutant during steady-state acidogenic and solventogenic
growth

Continuous of the  Continuous of AmccB

Product wild type/(mmol/L) mutant/(mmol/L)
120h 216 h 120 h 216 h
Residual glucose 48.0 69.0 66.0 95.0
Acetate 23.0 23.0 12.0 2.4
Butyrate 73.0 21.0 52.0 17.0
Acetone 0.2 20.0 0.4 13.0
Ethanol 53 7.3 1.7 2.1
Butanol 6.0 45.0 1.0 21.0
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Figure 7. The fermentation profile of the Afer mutant in
phosphate-limited continuous culture with cysteine as
sulfur source. In four replicates, 0, 1, 2, 4 mmol/L
cysteine was added respectively to the medium containing
1 mmol/L cysteine after 120 h, to result in a final cysteine
concentration of 1, 2, 3, 5 mmol/L. Dashed line indicated
the dynamic pH shift from 5.7 to 4.5.
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Figure 8. The fermentation profile of a phosphate-

limited continuous culture of the AmccB mutant.
Dashed line indicated the dynamic pH shift from 5.7 to
4.5.
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Role of ferredoxin and cystathionine vy-lyase in cysteine
biosynthesis of Clostridium acetobutylicum
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Abstract: [Objective] This study aims to investigate the roles of ferredoxin and cystathionine y-lyase genes located
in cysteine metabolic pathway of Clostridium acetobutylicum. [Methods] ClosTron technology is used to inactivate
target genes to obtain mutants. The mutants, cultured in the phosphate-limited medium, are maintained at
acidogenesis and solventogenesis phase at controlled pH under continuous fermentation condition. The OD and
glucose uptake of wild type and mutants are determined. [Results] The Afer and AmccB mutants are obtained by
using ClosTron system. The Afer mutant cannot use sulfate as the sole sulfur source, but it will recover growth by
adding sulfite or cysteine in batch fermentation. Moreover, cysteine is harmful to the growth of C. acetobutylicum
and the Afer mutant as the sole sulfur source, and it mainly influences the growth in solventogenic phase. The
AmccB mutant also grows poorly during acidogenic and solventogenic phases with methionine or cysteine as the
sole sulfur source. [Conclusion] Cysteine is a key sulfur-containing compound in the metabolic pathway of
C. acetobutylicum and its metabolism is tightly controlled. Ferredoxin participates in its biosynthesis through
reduction reactions of sulfate to sulfite; while the cystathionine y-lyase participates in another cysteine biosynthesis
pathway from methionine to cysteine, which is not essential.

Keywords: sulfur metabolism, Clostridium acetobutylicum, phosphate-limited continuous fermentation, ClosTron

system
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