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Construction of an L-cysteine hyper-producing strain of
Escherichia coli based on a balanced carbon and sulfur
module strategy

ZHANG Bo'?, CHEN Kai'?, YANG Hui'?*, WU Zidan"?, LIU Zhiqiang'?, ZHENG Yuguo'”*

1 The National and Local Joint Engineering Research Center for Biomanufacturing of Chiral Chemicals, Zhejiang
University of Technology, Hangzhou 310014, Zhejiang, China

2 Key Laboratory of Bioorganic Synthesis of Zhejiang Province, College of Biotechnology and Bioengineering,
Zhejiang University of Technology, Hangzhou 310014, Zhejiang, China

Abstract: L-cysteine is an important sulfur-containing a-amino acid. It exhibits multiple physiological
functions with diverse applications in pharmaceutical cosmetics and food industry. Here, a strategy of
coordinated gene expression between carbon and sulfur modules in Escherichia coli was proposed and
conducted for the production of L-cysteine. Initially, the titer of L-cysteine was improved to
(0.38+0.02) g/L from zero by enhancing the biosynthesis of L-serine module (serd’, serB and serC )
and overexpression of CysB. Then, promotion of L-cysteine transporter, increased assimilation of sulfur,
reduction or deletion of L-cysteine and L-serine degradation pathway and enhanced expression of cysE
(encoding serine acetyltransferase) and cysB* (encoding transcriptional dual regulator CysB) were
achieved, resulting in an improved L-cysteine titer (3.82+0.01) g/L. Subsequently, expressions of cysM,
nrdH, cysK and cyslJ genes that were involved in sulfur module were regulated synergistically with
carbon module combined with utilization of sulfate and thiosulfate, resulting in a strain producing
(4.17£0.07) g/L L-cysteine in flask shake and (11.94+0.1) g/L L-cysteine in 2 L bioreactor. Our results
indicated that efficient biosynthesis of L-cysteine could be achieved by a proportional supply of sulfur
and carbon in vivo. This study would facilitate the commercial bioproduction of L-cysteine.

Keywords: biosynthesis pathway; coordinated gene expression; L-cysteine; metabolic engineering;
fermentation engineering
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AR, LRt R A Th gAY
ERERECHEM ., 78 E. coli h, L-FER
R A WL AR 3 22 40 oh ok AU a4 R0 ) 4k i
o BACH AR T, N SRR iR AR R
W L-22F MR, ZIGAE 22 AR B (serine
acetyltransferase, SAT) WIMEAL T 4 1 L2 &
R EERIAY T O-L 2 AR (O-acetyl-L-
serine hydrochloride, OAS). L-f Mt & R 1 %
[Ffbimte 20 228 R R iR i fm
IR R bk 42 o B A HE R £k PR (W] Ak i
FEAERETE D, BN 2 LB R #h B v A% )
U R R R ks R, O-Z Bt 4 &R
SiLALEE A i1k OAS FERALY (S*) #1Lh
LBt e . 7Em R R i [tk e, &
HLAR 2E A 20 M2l ot i A iR 3k ABC $2 iz iR
HSCEIR, ZEHBERN cysU. cysW. cysd
T sbp Aol Y QAT R £k b i 21 40
FiEr, it O-4 B2 IR LB B )4
AVERS OAS Ji, Bz HE AL S-i k> e 2
2 (S-sulfo-L-cysteine, SSC). )5, SSC 7E
i L NrdH Fll Grx A AL T #2400 L-2F
IR,

F1 EMIERABET L-ERIEKRT=E
Table 1

-2 JE IR A 7 AR TR SR 455 v
22 R L2 B A R B AR UYL ot Rk
cysEM IR eamaA®%: , FIRITIERIGEH) L2k
o S R B i = A PR SR, AR SR s 5 |
AF iR AW, ST 620.9 mg/L 1Y L-
kR BRI, X R R BRI AR B 2 [ ]
REAFTEAN V- DCRD, P b R & i RE 1A
W, #F—PREmEIREE, L E. coli IM109
REELAIML, L 2R AR R I D T
Ak 1.4 g/LP, FE4R i fh S 3L Rl - 4k 20
A G, LLE. coli BW25113 KE#LA T
FEBTE 1S LAEY R A, L2 i ™ &
IRET 8.34 g/L (FE DHIPY,

ARG BHAL R I AT L2 e R A
AR TR s, M T PR SRk s B
R A He i 20 A A L2 B & R ) B 4 K g T
W o 7ECHRE 1 R A s sy,
22 )2 WAl RV A I R A 7 B ks, (EAR
WFFE 4 T RRASE R R AR AS B Bip 1] i+ 42 1 1) 3R
W, N R G TR S A O A SR AR 25
AR T LR AR, EA K
FFR P2 B3] (11.94+0.1) g/L, b HEiHRIE
P4 B 1 77 B o

Yield of L-cysteine produced by various engineered strains

Strains Strategy L-cysteine production Year

Escherichia coli Enhancing biosynthesis About 30 mg/L 1986

IM240

Corynebacterium glutamicum Enhancing precursor accumulation and (947.90+46.50) mg/L 2019

ATCC13032 weakening degradation

Escherichia coli MG1655 Enhancing biosynthesis and excretion and 1.20 g/L 2008
weakening degradation

Pantoea ananatis Weakening degradation and educing efflux 2.20 g/L 2017

Escherichia coli IM109 Enhancing the sulfur conversion rate 7.50 g/L 2019

Escherichia coli BW25113 Enhancing biosynthesis and thiosulfate 8.34 g/L 2020
assimilation, and weakening degradation

Escherichia coli W3110 Balancing carbon and sulfur module conversion (11.94+0.10) g/L 2022

(This study) rate
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1 #RE5r*

1.1 K4
1.1.1 EHk

AFFELL E. coli W3110 1E R i & Hitk, E.
coli DHSa T FURLIY FERE, T AT A0 TR 1 A1 ot
BRI 2,
1.1.2 ExEHE

LB}i# 3 (g/L): BRER MR 10, BEbEHEH
Y5, EAbin 1029,

MS FLhfi & BERT IR (g/L): HAHE 20,

*2 AMRPEMRMEGEERERER M E MR

(NH,),SO, 16, KH,PO, 1, Na,S,05-5H,0 2., [%
FEEECY 2, MgSO,-7H,0 0.5, MnSO,4 8H,0
0.005, ZnSO4 0.005, FeSO, 7H,0 0.002 5,
CaCo; 10,

SritANEL AR R SR (g/L): HIEBE 30,
(NH,),SO, 10, KH,PO, 1, Na,S,0;5H,0 10,
MRS ECY 5, HEE 10, Na,HPO4 12H,0
2.52, 6L 2, BEWR 1, HER 1, FRA
2 1, MgSO,-7H,0 0.5, MnSO,-8H,0 0.005,
ZnS0,4 0.005, FeSO4 7H,0 0.002 5,

Table 2  Strains and plasmids used in this study with specific genotypes

Strains or plasmids Genotype Source

E. coli W3110 F-, L-, IN (rrnD-rrE)1, rph-1 CGSsc*

S. typhimurium Wild type CGSsc?

C. glutamicum Wild type CGSsc?

CYSO0 E. coli W3110 serd’serBserC This study

CYS1 E. coli W3110 serd’serBserCcysE/AsdaAAsdaBAtdcG This study

CYS2 E. coli W3110 serA'serBserCcysBcysE'AsdaAdAsdaBAtdcG This study

CYS3 E. coli W3110 serA'serBserCcysBcysE'AsdaAAsdaBAtdcGAyhaMAtnaA This study

CYS4 E. coli W3110 serA’serBserCcysBcysE'AsdaAAsdaBAtdcGAyhaMAtnaA/pA This study

CYS5 E. coli W3110 serA'serBserCcysBcysE'AsdaAAsdaBAtdcGAyhaMAtnaA/pAE This study

CYS6 E. coli W3110 serd’serBserCcysBcysE cycAAsdadAsdaBAtdcGAyhaMAtnaA/pAE This study

CYS7 E. coli W3110serA’serBserCeysBeysE cycAAsdaAAsdaBAtde GAyhaMAtnaAAyci WAmetR This study
/pAE

CYS8 E. coli W3110serA’serBserCcysBcysE cycApgkAsdaAAsdaBAtdcGAyhaMAtnaAAyciW This study
AmetRAgpmAApykF/pAEC

CYS9 E. coli W3110serd'serBserCeysBcysE cycApgkAsdadAsdaBAtdcGAyhaMAtnaAAyciW This study
AmetRAgpmAApykFApoxB/pAEC

CYS10 E. coli W3110serA’serBserCeysBStcysE cycApgkAsdadAsdaBAtdeGAyhaMAtnaAAyciW This study
AmetRAgpmAApykFApoxB/pAEC

S1 E. coli W3110serA'serBserCcysBStcysE cycApgkAsdaAAsdaBAtdcGAyhaMAtmaAAyciW This study
AmetRAgpmAApykFApoxB pAEC pSI

S2 E. coli W3110serd'serBserCcysBStcysE cycApgkAsdaAAsdaBAtdcGAyhaMAtnaAAyciW This study
AmetRAgpmAApykFApoxB pAEC pS2

S3 E. coli W3110serA’serBserCeysBStcysE cycApgkAsdaAAsdaBAtdeGAyhaMAtnaAAyciW This study
AmetRAgpmAApykFApoxB pAEC pS3

S4 E. coli W3110serA'serBserCcysBStcysE cycApgkAsdaAAsdaBAtdcGAyhaMAtmaAAyciW This study
AmetRAgpmAApykFApoxB pAEC pS4

S5 E. coli W3110serd'serBserCcysBStcysE cycApgkAsdaAAsdaBAtdcGAyhaMAtnaAAyciW This study
AmetRAgpmAApykFApoxB pAEC pS5

(5%)

http://journals.im.ac.cn/cjben
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(% 2)

Strains or plasmids Genotype Source

S6 E. coli W3110serd'serBserCcysBStcysE cycApgkhsdaAAsdaBAtdeGAyhaMAtnaAAyciW This study
AmetRAgpmAApykFApoxB pAEC pS6

S7 E. coli W3110serd'serBserCcysBStcysE cycApgkAsdaAAsdaBAtdcGAyhaMAtnaAAyciW This study
AmetRAgpmAApykFApoxB pAEC pS7

S8 E. coli W3110serA’serBserCeysBStcysE cycApgkAsdaAAsdaBAtdeGAyhaMAtnaAAyciW This study
AmetRAgpmAApykFApoxB pAEC pS8

S9 E. coli W3110serd'serBserCcysBStcysE cycApgkAsdaAAsdaBAtdeGAyhaMAtnaAAyciW This study
AmetRAgpmAApykFApoxB pAEC pS9

PA A plasmid derived from pTrc99A carrying eamd; Amp® This study

pAE A plasmid derived from pTrc99A carrying eamd and cysE’ This study

pAEC A plasmid derived from pTrc99A carrying eamd, cysE and serC from C. glutamicum This study

pS1 Amp”, cysM carrying a Pbs promoter, nrdH carrying a Pbs promoter cysK carrying a Pbs This study
promoter and cyslJ carrying a Pbs promoter were cloned on the pAEC plasmid

pS2 Amp®, cysM carrying a Pbs promoter, nrdH carrying a Trc promoter cysK carrying a Trc This study
promoter and cyslJ carrying a Trc promoter were cloned on the pAEC plasmid

pS3 Amp®, cysM carrying a Pbs promoter, nrdH carrying a M12 promoter cysK carrying a M12  This study
promoter and cyslJ carrying a M12 promoter were cloned on the pAEC plasmid

pS4 Amp®, cysM carrying a Trc promoter, nrdH carrying a Pbs promoter cysK carrying a Trc This study
promoter and cyslJ carrying a M12 promoter were cloned on the pAEC plasmid

pSS Amp®, cysM carrying a Trc promoter, nrdH carrying a Trc promoter cysK carrying a M12 This study
promoter and cyslJ carrying a Pbs promoter were cloned on the pAEC plasmid

pS6 Amp®, cysM carrying a Trc promoter, nrdH carrying a M12 promoter cysK carrying a Pbs ~ This study
promoter and cyslJ carrying a Trc promoter were cloned on the pAEC plasmid

pS7 Amp®, cysM carrying a M12 promoter, nrdH carrying a Pbs promoter cysK carrying a M12  This study
promoter and cyslJ carrying a Trc promoter were cloned on the pAEC plasmid

pS8 Amp®, cysM carrying a M12 promoter, nrdH carrying a Trc promoter cysK carrying a Pbs  This study
promoter and cyslJ carrying a M12 promoter were cloned on the pAEC plasmid

pS9 Amp®, cysM carrying a M12 promoter, nrdH carrying a M12 promoter cysK carrying a Trc  This study

promoter and cyslJ carrying a Pbs promoter were cloned on the pAEC plasmid
. E. coli genetic resource center.

N ORE B 3R L (g/L) . A A OBE 300, AT EESE 48 ho WIATZ, A 0.1 g/L &
(NH,),SO4 10, KH,PO; 1, Na,S,05-5H,0 THEEHZR (ampicillin, Amp) 5{ 0.9 mmol/L 7

12.52 , Na,HPO4 12H,O 2.52, MgSO4 7H,O
0.5, MnSO48H,O 0.005, ZnSO4; 0.005,

N B -B-p- B AR 2F FLOBE
thiogalactopyranoside, IPTG)., & 48 h J5l4E

(isopropyl-beta-D-

FeSO, - 7H,0 0.002 5.,
1.2 KWAZE
1.2.1 #EAE

MIE ALl e B P 4R T 10 mL LB
R, JFAE 37 °C . 180 r/min 544 F 1537 12 h,
ARAF— R T, B 1 mL AT, R
20 mL MS & #Rs 3P, 7630 °C . 180 r/min

&B: 010-64807509

1 mL 0je35 3%, 12 000 r/min B.0> 1 min, HX
FWENE LR R T, A0 OB i alik
Wk —WJE, WE AR ODgooo
1.2.2 AFEFHEARE

— R AIA 1.2.1, B 1 mL —Z R
TW, 5 100 mL MS kB M, 18
30 ‘C. 180 r/min #5 M F 3557 12 h 3R48 g fp
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T ¥ 100 mL AR T 2 L KB
W CEWE 1 L), JH 50% (V/V) NH3 H,0 H
Edl pH 2 7.0, FEFIEE 30 C. @HAEN
5 m’/(m* min), 440 ODeoo 5 F] 20 £ 47 il
A 0.9 mmol/L 1 IPTG, 4537 FW] U it # %
BEAESI, RHS N DA 25 & 1 5 R v o 28 b
WELE S g/L I,
123 FHFRHK pEAC HIHEE

ARG il A R TE LR 2. AT A

*3 AWARETARSIY
Table 3  Primers used in this study

FBORLHY S E LR 3. S TR pAEC, H
RAB#%E N (polymerase chain reaction, PCR)
YT eamd . cysE' Fl serC® I . SRJE H]
CloneExpress — & v pE 151 G0 3 4~ 5E A v b 2]
4K pTrc99A 1) BamH 1 1 Pst 1 BV 512,
124 HEEAmRERTEHR

i Cas9 £ H 1Y FUk pCas9 % A sgRNA
f) pTarget JAR P2y b iAFAR M) A A S AF 5T
JrAEG . Bl TS e WL 3.

Primer name Primer sequence (5'—3")

pTrc99A/eamAl
pTrc99A/eamA?2
pAEl

pAE2

pAECI1

pAEC2
pTarget-serd

GTACCCGGGGATCCTCTAGAATGTCGCGAAAAGATGGGGT
CCAAGCTTGCATGCCTGCAGTTAACTTCCCACCTTTACCG
AGGTGGGAAGTTAACTGCAGATGTCGTGTGAAGAACTGGAAC
CCGCCAAAACAGCCAAGCTTTTAGATCCCATCCCCATACT
GTTAATTTCACACAGGAAACAGACCATGACCGACTTCCCCACCCT
CCGCCAAAACAGCCTTACTTCCTTGCAAAACCGC
ATACTAGTTTATTTTTTGATATGTTGAAGTTTTAGAGCTAGAAATAGCA

Tre-serAl ATTGCTTCGGTTGCAGAAAA

Trc-serAd2 CCGCTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAATG
Trc-serd3 ATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCA
Trc-serd4 CCCAATTGCGTACCAATATG

Trc-serAR TTGTTATCCGCTCACAATTC

pTarget-serB

ATACTAGTCTTAATGTTGCCAGAAGCAAGTTTTAGAGCTAGAAATAGC

CCGCTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAAAT
ATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCA

Trc-serB1 AGAGCAGCAACATCAGGCGT
Trc-serB2

Trc-serB3

Trc-serB4 TATTGGCGTCAGCGCCTTTC
Trc-serBR CATCAGCGGTGCAACGTTCA

pTarget-serC

ATACTAGTTGGTCGCAATCGATTGACCGGTTTTAGAGCTAGAAATAGC

Trc-serC1 AGATGTGGCGTTTTATGATG

Trc-serC2 CCGCTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAATC
Trc-serC3 ATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCA
Trc-serC4 GATACCATCGATGGTTTCAT

Trc-serCF CGTTACAAAGTGGTGCCGGA

Trc-serCR TTAACCGTGACGGCGTTCGA

http://journals.im.ac.cn/cjben
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(835 3)
Primer name Primer sequence (5'—3")
pTarget-sdaA ATACTAGTTTATGGTTCACTGTCGCTGAGTTTTAGAGCTAGAAATAGCA
sdaAl GCGCGAAGCTGAAGAAGAGG
sdaA2 TGGGCGAGTAAGAAGTATTACACGATAATACTCCTGACAA
sdaA3 TTGTCAGGAGTATTATCGTGTAATACTTCTTACTCGCCCA
sdaA4 GAATGTCCACGACGGGCACA
Tre-sdaAR GGTATACTAGTATTATACCTAGGA
pTarget-sdaB ATACTAGTTACCGTTGGACCAATGAAAGGTTTTAGAGCTAGAAATAGC
sdaB1 CTAAAGAGCAGAACATCTCG
sdaB2 AGGCCTTTGGAGAGCGATTACATAGGAAATACATCGCGTT
sdaB3 AACGCGATGTATTTCCTATGTAATCGCTCTCCAAAGGCCT
sdaB4 TCGGTGAAAGTAACTGACAG
pTarget-tdcG ATACTAGTACCGTGGGGCCAATGAATGCGTTTTAGAGCTAGAAATAGC
tdcG1 ATTTCACGTACCTTTACCCA
tdcG2 GAAAGCTGACAGCAATGTCACATATCCACACCCTCGGATT
tdcG3 AATCCGAGGGTGTGGATATGTGACATTGCTGTCAGCTTTC
tdcG4 CACCGATGAGAGCAAAAATA
pTarget-cysE ATACTAGTCCTTTGTTACCGCTATGACCGTTTTAGAGCTAGAAATAGCA
Tre-cysE1 CTGCACTGCGGCAAAAGTTT
Trc-cysE2 CCGCTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAATT
Trc-cysE3 ATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCA
Trc-cysE4 TTTCACCAACGACGATGCCT
Trc-cysEF GCTACCGCAATACGAAAGAA
Trec-cysER TTAGATCCCATCCCCATACT
pTarget-cysB ATACTAGTTAAACAAAGGGTCGCGAAAGGTTTTAGAGCTAGAAATAGC
Trec-cysB1 GACAGCTATCTCATCGATCC
Trc-cysB2 CCGCTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAAAG
Tre-cysB3 ATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCA
Trc-cysB4 ACAATAGCCCGATTCCAGTG
Trc-cysBF GAAATCGCGTGAAACGCGTG
Tre-cysBR CAATGCGACAGCCGCATCAA
pTarget-tnaA ATACTAGTATCGATTTACTGACCGACAGGTTTTAGAGCTAGAAATAGC
tnaAl ACCAAGGTGCCTTGAGTCAT
tnaA2 CCACTCTGTAGTATTAATTACATTACATAATCCTTCATTT
tnaA3 AAATGAAGGATTATGTAATGTAATTAATACTACAGAGTGG
tnaA4 CCAAACACGATCACAAAGGA
pTarget-yhaM ATACTAGTAATGGTGGGGCTGCCGATTGGTTTTAGAGCTAGAAATAGC
yvhaM|1 ACATGACGAAGCGGTAAAAG

(1548)

&B: 010-64807509
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(835 3)
Primer name Primer sequence (5'—3")
yhaM?2 TCCCCAAAACCTGGCGTTTACATATTAAAAACCTTAAAAT
yhaM3 ATTTTAAGGTTTTTAATATGTAAACGCCAGGTTTTGGGGA
yvhaM4 GTGCGAATTTCCAGTTGCAT
pTarget-yci W ATACTAGTTGACGTTCTGCCTCTGGTCCGTTTTAGAGCTAGAAATAGC
yciWl GCTGACCCTTTCCTACCTTG
yciW2 TGTCTGACGCGGCAAGGTTACATGGGCGCTCCTTGGTCGT
yciW3 ACGACCAAGGAGCGCCCATGTAACCTTGCCGCGTCAGACA
yciWa GTCAGTTCTGCATAGAAAGA
pTarget-serd" ATACTAGTCATCGTCGTTGGTGAAACGGGTTTTAGAGCTAGAAATAGC
serd™-1 GCATTCTGGCTGAATCGCTG
serd™-2 GGACGGTTTTCGTGGATGTGCATCAGACGACG
serd™-3 ATCCACGAAAACCGTCCGGGCGTGCTAACTGCGC
serd™-4 TGCTCCTCCCCTGAGACTG
pTarget-serd™ ATACTAGTGGCGTTCCGGCTCGTATTGTGTTTTAGAGCTAGAAATAGC
serd™-1 CGCCACTCAGGTACAGCATC
serd™-2 CCGCAATGCCTACACCCTGCTCCGCGAAGA
serd™-3 GGAGCAGGGTGTAGGCATTGCGGCGCAATATCTG
serd™-4 ACATCGTTGATTCTTTGACC
pTarget-cysE" ATACTAGTGCACATCCACGAAAACCGTCGTTTTAGAGCTAGAAATAGC
cysE™-1 CTCATCGTGTGGAGTAAGCA
cysEN-2 AATCACTGCCGCTTCACCAACGACGATGCCTG
cysE™-3 GGACGGTTTTCGTGGATGTGCATCAGACGACG
cysEM-4 CATTCTTGATGCCCTGCCCG
pTarget-cysE™ ATACTAGTGGCGATGTTGACGCCCTGCTGTTTTAGAGCTAGAAATAGC
cysE™-1 CGCTGACCCGGAAATGATCG
cysER-2 ACTTACGATGCGCGCAGGCACACCAGCGGCGGTGGTATGCGGCG
cysE™-3 GGTGTGCCTGCGCGCATCGTAAGTAAACCAGACAGCGATAAG
cysE™-4 GGCAGTATGCTAAACATCGT
pTarget R-common' ACTAGTATTATACCTAGGACTG
TrcV? GTGACCACACATTATACGAGCCGGATGA
pT-pgk-F TAATACTAGTCTATGGCTACTGTTGCTTTCGTTTTAGAGCTAGAAATAGC
pT-pgk-R GCTCTAAAACGAAAGCAACAGTAGCCATAGACTAGTATTATACCTAGGAC
pT-cycA-F TAATACTAGTTGGTTCTGCTGGGTTGTAACGTTTTAGAGCTAGAAATAGC
pT-cycA-R GCTCTAAAACGTTACAACCCAGCAGAACCAACTAGTATTATACCTAGGAC
pT-sstT-F TAATACTAGTCAGCCTGGTAAAACAAATCCGTTTTAGAGCTAGAAATAGC
pT-sstT-R GCTCTAAAACGGATTTGTTTTACCAGGCTGACTAGTATTATACCTAGGAC
pT-tdcC-F TAATACTAGTCCTATCCGCGCAGGTTTTGGGTTTTAGAGCTAGAAATAGC

(fF2%)
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(835 3)
Primer name Primer sequence (5'—3")
pT-tdcC-R GCTCTAAAACCCAAAACCTGCGCGGATAGGACTAGTATTATACCTAGGAC
pT-sdaC-F TAATACTAGTCCAATCAACGCCGGTGTTGGGTTTTAGAGCTAGAAATAGC
pT-sdaC-R GCTCTAAAACCCAACACCGGCGTTGATTGGACTAGTATTATACCTAGGAC
pT-glyA-F TAATACTAGTCAAATATGCTGAAGGTTATCGTTTTAGAGCTAGAAATAGC
pT-glyA-R GCTCTAAAACGATAACCTTCAGCATATTTGACTAGTATTATACCTAGGAC
pT-gpmA-F TAATACTAGTCGAGAAAGAACTGCCGCTGAGTTTTAGAGCTAGAAATAGC
pT-gpmA-R GCTCTAAAACTCAGCGGCAGTTCTTTCTCGACTAGTATTATACCTAGGAC
pT-pykF-F TAATACTAGTATGGAAGTTACCGCCATTGAGTTTTAGAGCTAGAAATAGC
pT-pykF-R GCTCTAAAACTCAATGGCGGTAACTTCCATACTAGTATTATACCTAGGAC
pT-poxB-F TAATACTAGTTTGCGAGCTGGTTTCCAGCCGTTTTAGAGCTAGAAATAGC
pT-poxB-R GCTCTAAAACGGCTGGAAACCAGCTCGCAAACTAGTATTATACCTAGGAC
pT-metR-F TAATACTAGTGGTAGAGATGGATTTTAAATGTTTTAGAGCTAGAAATAGC
pT-metR-R GCTCTAAAACATTTAAAATCCATCTCTACCACTAGTATTATACCTAGGAC
pT—CysBSt-F TAATACTAGTTGCCGGAGAGCACACCTGGCGTTTTAGAGCTAGAAATAGC
pT—cysBSt-R GCTCTAAAACGCCAGGTGTGCTCTCCGGCAACTAGTATTATACCTAGGAC
pTD-line-F CTCGAGTTCATGTGCAGCTC
pTD-line-R CTGCAGGTCGACTCTAGAGA
pTD-pgk-up-F TCTCTAGAGTCGACCTGCAGTATTGATGCATACCATCCTG
pTD-pgk-up-R CCGCTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAAAGCAAAGCC
CCATTCGTTAT
pTD-pgk-down-F ATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCATGTCTGT
AATTAAGATGAC
pTD-pgk-down-R GAGCTGCACATGAACTCGAGTTACTTCTTAGCGCGCTCTTC
pTD-cycA-up-F TCTCTAGAGTCGACCTGCAGGGTGAACCCGCTGAATTCCC
pTD-cycA-up-R CATCCAGCATGATAATGCGGGTTTTTTTCTTCCTGTACCT
pTD-cycA-down-F AGGTACAGGAAGAAAAAAACCCGCATTATCATGCTGGATG
pTD-cycA-down-R GAGCTGCACATGAACTCGAGGCCCCGCTGGCAGAAATCAT
pTD-sstT-up-F TCTCTAGAGTCGACCTGCAGCCAATCGCCGTCTCGCTGGG
pTD-sstT-up-R AGACGAAAGGGGTTAAACAATTTTCGATCCTTTCATTGTG
pTD-sstT-down-F CACAATGAAAGGATCGAAAATTGTTTAACCCCTTTCGTCT
pTD-sstT-down-R GAGCTGCACATGAACTCGAGCACAACATTTTTCAATCGTG
pTD-tdcC-up-F TCTCTAGAGTCGACCTGCAGAAGATCTCTATGATGTCGAT
pTD-tdcC-up-R TTCTCATCCTGAGTTACGGAATCCTATCCTCAACGAATTA
pTD-tdcC-down-F TAATTCGTTGAGGATAGGATTCCGTAACTCAGGATGAGAA
pTD-tdeC-down-R GAGCTGCACATGAACTCGAGGGCCGTATAAATAAGCTTCC
pTD-sdaC-up-F TCTCTAGAGTCGACCTGCAGCATCAACTCATTTCATTTGT
pTD-sdaC-up-R CGAAAGCGGCGCGAAAGGACCTATTTCTCCTGGAGGAATG
pTD-sdaC-down-F CATTCCTCCAGGAGAAATAGGTCCTTTCGCGCCGCTTTCG
(fF5%)
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(B3 3)

Primer name

Primer sequence (5'—3")

pTD-sdaC-down-R
pTD-glyA-up-F
pTD-glyA-up-R
pTD-gly4-down-F
pTD-gly4-down-R
pTD-gpmA-up-F
pTD-gpmA-up-R
pTD-gpmA-down-F
pTD-gpmA-down-R
pTD-pykF-up-F
pTD-pykF-up-R
pTD-pykF-down-F
pTD-pykF-down-R
pTD-poxB-up-F
pTD-poxB-up-R
pTD-poxB-down-F
pTD-poxB-down-R
pTD-metR-up-F
pTD-metR-up-R
pTD-metR-down-F
pTD-metR-down-R
pTD-cysBY-up-F
pTD-cysB-up-R
pTD-cysBY-F
pTD-cysBS’-R
pTD-cysBY'-down-F
pTD-cysB¥-down-R

GAGCTGCACATGAACTCGAGCCGCCAATAGAGTAGTAAGT
TCTCTAGAGTCGACCTGCAGAACAGGGCTTCACGTTGATC
ACAGCAAATCACCGTTTCGCCCGCATCTCCTGACTCAGCT
AGCTGAGTCAGGAGATGCGGGCGAAACGGTGATTTGCTGT
GAGCTGCACATGAACTCGAGTGGCAAAGTGGAGAACCGTG
TCTCTAGAGTCGACCTGCAGTCTTGTTACAGGCCAAAGGC
TCATTTTAAACGAATGACGTATACTTACTCCTCAAATCAT
ATGATTTGAGGAGTAAGTATACGTCATTCGTTTAAAATGA
GAGCTGCACATGAACTCGAGAGAGCCTAACTACAGCGCGA
TCTCTAGAGTCGACCTGCAGCAAAAATCAAACAAAATCAG
ATTAATTCACAAAAGCAATAGACAGTCTTAGTCTTTAAGT
ACTTAAAGACTAAGACTGTCTATTGCTTTTGTGAATTAAT
GAGCTGCACATGAACTCGAGGAGCTGCGTCATCTTTAGCA
TCTCTAGAGTCGACCTGCAGGCGGCCCGGCTCCGTATATG
GACGGGAAATGCCACCCTTTGGTTCTCCATCTCCTGAATG
CATTCAGGAGATGGAGAACCAAAGGGTGGCATTTCCCGTC
GAGCTGCACATGAACTCGAGAATTCCCATGCTTCTTTCAG
TCTCTAGAGTCGACCTGCAGATCTTTGTTCTGATGACGCG
GCCGCACTGGCCAACGTTTAGAAAGTCCTTCACTTCGGCA
TGCCGAAGTGAAGGACTTTCTAAACGTTGGCCAGTGCGGC
GAGCTGCACATGAACTCGAGCTACATCACGCTGATTTATG
TCTCTAGAGTCGACCTGCAGTTCGTGCTGCGTGACGGTGC
CGCAGTTGCTGCAGCTTCATGGTCTGTTTCCTGTGTGAAA
TTTCACACAGGAAACAGACCATGAAGCTGCAGCAACTGCG
CCGAAAATAACGCAAGAAATTATTTTTCCGGCAGCTTAA
TTAAGCTGCCGGAAAAATAATTTCTTGCGTTATTTTCGG
GAGCTGCACATGAACTCGAGGCATAATGGTGACGACTCCA

'Each pTarget primer shares the same reverse primer pTarget R-common; “TrcV represents a primer complementary to the trc

promoter.

iyt PCR € p %75 pTarget ki, fg T
BT 20 bp B AMX ) sgRNA,

Donor DNA il &« mibx HAFEA B, DA
E. coli W3110 B Mtk , PCRY ¥ H B
B L R4S 1 000 bp 51, s flA PCR
3159 52 %% Donor DNAP 3EAT J3 3 T e i)
PLE. coli W3110 JEH A MMk, il PCR Y
BRI A3 E TS 1000 bp B4, DL
PCR 9" ¥R HBUR 3 F Pree, B3RS PCR K15
5E%& Donor DNA,
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pCas MIHALR L2440k . 1% 5 uL pCas
JRL AN A B S A, UK E R E
30 min, 42 ‘C/K%A 90s, fEVK EHEFE 5 min, I
A 600 uL LB §i 53, 30 CHEH 2h, A TR
JIR% & (kanamycin, Kan) $itE LB [#E R R, 77 5
AR, 30 CHiFE 12 h PRk H T TR -

pTarget UK A1 Donor DNA H5 1L R
bk o B LIRS pCas UKL 19 RS 255 20 M il 2%
T TR A7 25 4R Y, FF 2 pl Donor DNA F
2 pL pTarget FiAifin AR Z 400, H
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Bio-Rad MicroPulser H1 25 fL . 28 5 , JILA 900 uL
i) LB 3 4L, 30 CHEHE 2.5 h, IR TR
M EZR  (spectinomycin, SD) F1 Kan $i ¥
Me, 30 ‘CH:3% 24 h, Wil PCR ik B
ek, BRI, K AR FE T & A Kan BT
A Z 0.1 mmol/L IPTG A 10 mL LB ;77 3
i, 30 Cil KRR %L pTarget ik, ZJh
37 ‘CH;i 3% 12 h [ 2= pCas FikiPo,
1.2.5 FSHNE

W 5 AT T TR 1) AR A% U 7 15 5% 5 Y o BE
b, WTWARFEY, 24 h FBUR 44,
IRACS% 1Y 728 (5 Ol BV PE A B ik 72 4 HLS 1Y
K-
1.2.6 RiFMHWESE

L-PRE R Rl . BT LR R A L-
b 220 R AT LA a7 B A Oy A TR AL
WA T ol L-BE R L-2F B Y A
RPN L e R e w0 AT L
4- G -3,5- i = H W K (4-chloro-3,5-
dinitrobenzotrifluoride, CNBF) 1f R 174 fb i 57
KRR A, A RO AH (3% % (HPLC)
AT L-Wez @ fn - Bz i A I o B an T
FREL0.27 g CNBF ¥ T 10 mL ZiEHH/EN AWK ;
L 0.2 mol/L W% WA 0.05 mol/L Mib ¥ AR
KRR, 40 1 RBURAECEL pH 2 9.0 B9AR
LA TRAE D B W SRR E S g/L Wk
LR, #%BEES 100 pL. A ¥ 300 uL F1 B
W 500 pL R G, fHIREZ & 60 'C . 600 r/min
B 1 ho ARt I, e AVBOHDR AR . WA
A2 Sk FEBR O R PR (A (kA
&y C18 # (4.6 mmx250 mm, 5 pm, 12 A, J&K
Scientific); 28 AMG M A I K 260 nmP', #6
JEVEIRARR I AN 4 PR,

A RE RGN . ] DNS ¥E A 5 4%
R,

&B: 010-64807509

R4 L-FREBESVRECEHERRERF

Table 4 HPLC gradient elution procedure for
L-cysteine

Number t (min) A (%) B (%)
1 0 18 82

2 3 20 80

3 5 35 65

4 8 35 65

5 10 50 50

6 12 50 50

7 13 80 20

8 15 70 30

9 18 18 82
10 23 18 82

2 BEREAW

2.1 L-¥PREEE RIRZ R ERIR RS
L-22 RS E. coli " L- P& RA: 6 1k
MR, fEdF -2 E R G USRS
-2 e R 7 i P S 2 — (B )M
B 56 R serd 4 % 09 B BR H i R B = E
(phosphoglycerate dehydrogenase, PGDH) J&%Z
RIREW A s P Bk, HZ 3] 1225
i i BB o S T s, FRATTRE
PGDH M55 344 (i FI%H 364 i 28 FER 578 S H
IR [FRE, FIF CRISPR-Cas9 J&[K 4
BN G i L-22 R A IO S [H] serd | serB
Fl serC JEIG G &4 I 3 F Pre, 3R
HERE CYS0, SEPL L-Z% R (0.67+0.04) g/L
PR (B 2A). BTN L-2Z2ZTRAED:
L- 22 58 1% It 2 It o5 it S DR B R RN, DRt 3RAT
R T it L-22 2 R Nl Y S sdad . sdaB
M tdeG 15 F MR CYSL, DI REW, W
Bk CYS1 7EREML KB 48 h 5, L-ZRA MR-
EF) (1.95+£0.2) g/L, NEFE CYSO 4 2.9 %
(1l 2A). EIRTINGR L-22 SR 1 A 4004 i A BE Iy
L-22 Z R R SR A . L2 e 20 v 7™ TR PR 1Y
BT, (HE CYST IFARKGI R -2
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MREIFLE it LRSI AR R, X T B B B
22 BEHERN L-ERERSROEE AL FEM. 1 mol B L-EER SR

SAT & L-ERCE B EY A BB PI—4  BE4 1 mol BT, KL, LRI R
ST, ZE] LRI BRI AT B W LB A 1 R EY LR
XTHEIN cysE 5 M RAL G cysE (cysE™ M), [ 4k 3 B i FE T CysB e % 5 06 85 (1
JCAT LA RO 0 R o2, SR, FEERE L B SR HIEE kR, LA
CYSI fyFLhl b, B cysE MFRIBIFAREE B BE 28 9 10 MR D6 G 10 323K . DRI o {2 3

11}

f t SO,* 5,0,* N
Carbon 1.3-BPG :“' 1cysND Sulfur
module ’ o , cysB APS module

gpmA 5 === | cysC cysM
2-PG «3¢—3-PG AJ: - ips
i ser. . )
Acetate*py 1 s 1CJ’SH S-Sulfocysteine
3-PP I SO
P OXB* lserC :__ lcstI
pyrvaLe 3-PS S grxd | NrdH
grxB
tdCGd . sdaB 1serB \ arxC ;Zé
. Sz . grxD
Glycine L-serine = | OAS K
cys
\ Methionine
Acetyl-CoA O yeiW

OH
A
pyruvate 4&“ HzN"'z
yvhaM

[

(cyeDGdaC)
=2 ==m

El 1 E.coliW3110 F L-¥ R EN S MNIRER L-F RIS - E R

Figure 1 Biosynthesis pathway of L-cysteine in E. coli W3110 and strategy of construction for L-cysteine
overproduction. The blue genes represent that the genes are overexpressed. The red crosses show that the
genes are knocked out. The light blue indicates carbon module. The pink indicates sulfur module. The genes
involved are as follow: pgk encoding phosphoglycerate kinase; serd encoding D-3-phosphoglycerate
dehydrogenase; serB encoding 3-phosphoserine phosphatase; serC encoding 3-phosphoserine

aminotransferase; sdad encoding L-serine deaminase I; sdaB encoding L-serine deaminase II ; tdcG encoding
L-serine deaminase III; gpmA encoding phosphoglyceromutase I; pykF encoding pyruvate kinase I, poxB
encoding pyruvate dehydrogenase; cyc4 encoding serine transporter; cysE encoding serine acetyltransferase;
cysK encoding cysteine synthase; cysM encoding S-sulfo-L-cysteine synthase; cysB encoding cys regulon
transcriptional activator; tnad encoding L-cysteine desulthydrase; yhaM encoding conserved hypothetical
protein; eamA encoding O-acetylserine/cysteine efflux transporter; cysDN encoding sulfate
adenylyltransferase; cysC encoding adenosine 5'-phosphosulfate kinase; cysH encoding 3’-phosphoadenosine
5'-phosphosulfate reductase; cyslJ encoding sulfite reductase; grxABCD encoding glutaredoxin 1,2,3,4; nrdH
encoding glutaredoxin-like protein; #rx/,2 encoding thioredoxin 1,2; metR encoding LysR family
transcriptional regulator.
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16+ ] ODyy ] L-CyS Il 1 -Ser
14+ [ 1] —E— 2.0
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4r 10.5
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B
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10Dy, [11-Cys
120 SR I 10.6
M o ER= = A &
10+ - 105
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Figure 2 Construction of an L-serine and L-cysteine hyper-producing strains and overexpressed genes

related to sulfur assimilation pathways on cell growth and L-cysteine production. (A) L-serine and L-cysteine
accumulation for CYS0, CYS1 and CYS2 strains. The strains were cultivated in MS medium in shake flasks
at 30 C and 150 r/min; The black bars represent ODgg, the blue bars represent L-serine yield and the red bars
represent L-cysteine yield. (B) On the basis of CYS2 strain, all genes related to sulfur assimilation were
overexpressed in pTrc99A plasmid. The data represent the results of three independent experiments.

A e B Up [E] b 52, B e P JE BN T 70 A
R Fad ik cysB A, RIGHE K CYS2,
Kigk 48 h 5, CYS2 FHE T (0.38+0.02) g/L
B LB R (K 2A). B T — LR Eme
P B, FRATTRH B 1R 6 (7] £k 348 422 R ik 4 QA 12 46 7]
TR 18 b v S i 6 4y A7t st
R A2, TEBR AR £k R fk i 2 v, ik 3R 38 cysND |
cysC. cysH Fl cyslJ Fe R AR5 -2 b & iR
RO, Hid Rk cysK B, L-2EBE &R A0 =
HiAF] (0.42+0.01) g/L (& 2B)., BiJ5, 1EHE
PR CYS2 My JEah -, 38 i Bkt 235 2 5k
TR £ iR 3L cysM | nrdH . grxA .
grxB. grxC. grxD. trxI Fll trx2, Hop, %
ik cysM Fl nrdH W R KR, L-2FDEE R ™ 557
WL E] (0.49£0.05) g/L Fl (0.60+0.05) g/L,
YIRS T 22.4%H1 36.8%. A9 A,
i RIE nrdH B EKRAEYREKT
50% (&l 2B)-.

&B: 010-64807509

2.3 H—DIEEIRIERUEH L-F MR
BIEE

J T LERERN AR, L-
bt 2 R Y R A R AR I 55 . FETE R CY'S2
FIERE b, WSS L2 R BRI AR yhaM
Ml tnad, FRAFH M CYS3. KM 48 h )5, B
PR CYS3 1Y LB w4t 1 1.76 %,
KE (0.67£0.06) g/L, HAEYETIET 34%
(B 3A). AT WD L2 B R B w5
i, Rk RR S LR R EE A
eamd FEH, FKGHE I CYS4, HHE CYS4 =
AT (0.90+0.05) g/L Y LB R, FHEER
TR LIRE TR (B 3A).
XL ZE IR, BRI -2 IR 1 K
DLW /D FEREPE X -2 e 2R 1Y 2F 7 A 40 i AR
KEZEXHEZEN, I Ti#-LHRR LA
R A A R BR 1 2R, X B AR CY'S3 By wil ™
Y AT TR, ARG I E] (1.82+0.1) g/L 1Y
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L-225 1% (K 3A). H Tk L-ZZ BRI L-
R IR AL, TN eamd 1 cysE
B FRL pAE, JFR LRI EE CYS3
e, B EIE R CYSS, CYS5 HiY L2 Bt & R
FREDBERSE (2.40+0.10) g/L, L-2Z AR
ETRFERE (0.25£0.03) g/L (Kl 3A), A4, &
16 -2 RN F i FE N cyed . sstT. sdcC
tdeC 4y JIHEATINGE o 25 5 A 1 3k cyed St
T LEeER A YA B (B 3B), Wbk CYS6

A

12 3.0 -3.0
[ O0Dgy, [11.-Cys I L-Ser -+
10 7] mEn I 125 425
= h

8 2.0 3120
g e
Q 6 o
s S
-

- 115 #7135
4t 11.0 27 1.0
2r 105 105
0 - 0.0 “0.0

CYS2 CYS3 CYS4 CYS4 CYS6

Strain

12

L-Ser (g/L)

M) L= bE R I S N (2.70+0.12) g/L
(F 3A). 7E CYS Z 41 B Bk A A6 I 21 H Atb
B9, GG -L-FEZ R (S-adenosyl-
L-methionine, SAM) FIA R . CYS6 [1) SAM
PEEEZE (0.91+0.07) g/L, N HEH CYS5
1.97 &% (& 5), [FIBS G I 280 P I 7 1) ¥k 32 A
(1.86+0.05) g/L, W2 & TR CYSS (& 5).
H T D SAM LR, S5 L-EHEAR
WS yeiWw F1 metR 1R mi bR, 15

[ OD(:UU ] L-CyS
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>—1— 4

OD(\UU
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B 3.0
12+ ‘:IODGUUD L-CyS '
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4t 1.0 &
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Figure 3 Construction of an L-cysteine hyper-producing strains. (A) L-serine and L-cysteine production for
CYS2, CYS3, CYS4, CYS5 and CYS6. The strains were cultivated in MS medium in shake flasks at 30 'C
and 150 r/min. (B) Effects of knockout for L-serine transporter genes (sstT, tdcG, cycA and sdaC) on cell
growth and L-cysteine production. E. coli strains were cultivated in MS medium in shake flasks at 30 C and
150 r/min; the black bars: ODgg; the red bars: L-cysteine yield. (C) L-cysteine production for CYS6, CYS7,
CYS8, CYS9 and CYSI10. E. coli strains were cultivated in MS medium in shake flasks at 30 C and 150 r/min;
the black bars: ODggo; the red bars: L-cysteine yield. The data represent the results of three independent

experiments.
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x5 ATREKHEINER. SAM. . ERAKESEURBERECEMTRELE
Table 5 The contents of pyruvate, SAM, acetic acid and succinic acid, converting rate from glucose to
cysteine and sulfur conversion rate in different strains

Strains Pyruvate (g/L) SAM (g/L) Acetic acid Succinic acid Yield relative to Yield relative to Titer of
(g/L) (g/L) glucose (%) sulfur (%) L-cysteine (g/L)

W3110 5.10£0.09 ND 1.60+0.06 0.8+0.04 0.00 0 ND
CYS2 3.80+0.05 ND 1.72+0.09 ND 1.90 2.1 0.38+0.02
CYS3 2.73+0.12 0.12+0.09 1.79+0.05 ND 3.35 3.8 0.67+0.06
CYS4 2.30+0.07 0.26£0.11 1.924+0.09 ND 4.50 5.1 0.90+0.05
CYS5 0.95+0.02 0.46+£0.06 2.20+0.12 ND 12.00 13.5 2.40+0.10
CYS6 1.86+0.05 0.91£0.07 2.27+0.09 ND 13.50 15.2 2.70+0.12
CYS7 1.91£0.09 0.39+0.08 2.18+0.07 ND 15.00 16.9 3.00+0.06
CYS8 1.35+£0.15 0.11+£0.08 2.34+0.10 ND 17.50 19.7 3.50+0.01
CYS9 1.43+0.08 0.09+£0.05 1.20+0.08 ND 18.25 20.6 3.65+£0.04
CYS10 1.52+0.16 0.14+0.10 1.24+0.07 ND 19.10 21.5 3.82+0.01

ND: not detected.

FIFE PR CYS7. WA 3C Frax, Wk CYST )
L-P e R 4 = 2 (3.00+0.06) g/L, IR
AL RIRE 15%, TEEILER 16.9% (G- 5).
24 WHRIZRAFERPERE MK GBS

R T B AR R 1 B L-Z2 E R A
Ak R, PEREETRRER gpma (5
WEMR H R A 1) H pykF (465 TN B IR 34
fiti 1) Beecly , ot Rk pek (it B IR H
TR BEE ). [FIIE, KR U T A S IR R AT 1A
i) serCe® 73l 3| ki pAE Fh 753 FikL pEAC,
Wi ROk AL B B Rk CYST A5 B E Rk CYSS,
ST (3.50+0.01) g/L B9 L-FE AR E
(Kl 3C), 1HNAE (2.34+0.10) g/L B LR TH &
(£ 5)e N T WA CRF BRI THHEIRFE L,
X 5L K poxB (Jatth TR R AL AL B ) 14T RBR
WAAH M CYS9, H LA 8k F
(3.65£0.04) g/L, LR BB ETH (K 30),
FERI =Pk b | B — 2B IR I, EHH S
BRI E i, B E, B E. coli A
HF W cysB Fe RN R AGFEW T IRE
(Salmonella typhimurium) (f) cysB> FEHPY, 15
F| CYS10, Z5REW, CYSI0 =L F3|
(3.82+0.01) g/L (K 3C), [RIEF, fskd 756

&B: 010-64807509

1R 5[] Ak 32 4% A AR AT A R R (W) Ah 3 448 AH DG 1Y
R, IFLEFUR pAEC L ifbfTid ik, HIEH
HREERE R (K 4), cysM. nrdH. cysK
M cysly BYITRIRAEHE T L2 Bz w2 1) FL 2
(Bl 2B). A T i — 2 5 ik filk it A B P[] R 58

12 4.5
E0OD,, L_JL-Cys i
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fle e | : 135
st o Il P r a1 el {30 —
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Figure 4 Effects of overexpression sulfur
assimilation genes on cell growth and L-cysteine
production. All sulfur assimilation genes were
overexpressed in pAEC and then transferred into the
strain CYS10. E. coli strains were cultivated in SM
medium in shake flask at 30 ‘C and 150 r/min; the
black bars: ODggo; the red bars: L-cysteine yield.
The data represent the results of three independent
experiments.
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Figure 6 Combinatorial optimization of sulfur module with different promoters. (A) Fluorescence intensity
of three promoters (Pbs: H, Trc: M and M12: L) on pTrc99A plasmid. (B) The component and structure of the
genetic modules. (C) Effects of combinations of four genes (cysM, nrdH, cysK and cyslJ) under control of
three different strength promoters on L-cysteine titer; CYS10 was the blank strain. The data represent the
results of three independent experiments.
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Figure 7 Production of L-cysteine in 2 L
bioreactor fed-batch fermentation for S6. ODggg
(black filled squares), residual glucose (red filled
circles) and L-cysteine titer (blue filled upright
triangle). The data represent the results of three
independent experiments.
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