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Efficient synthesis of L-methionine by engineering the one
carbon module of Escherichia coli
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Abstract: L-methionine, also known as L-aminomethane, is one of the eight essential amino
acids required by the human body and has important applications in the fields of feed, medicine,
and food. In this study, an L-methionine high-yielding strain was constructed using a modular
metabolic engineering strategy based on the M2 strain (Escherichia coli W3110 AIJAHFEBC/PAM)
previously constructed in our laboratory. Firstly, the production of one-carbon module methyl
donors was enhanced by overexpression of methylenetetrahydrofolate reductase
(methylenetetrahydrofolate reductase, MetF) and screening of hydroxymethyltransferase (GlyA)
from different sources, optimizing the one-carbon module. Subsequently, cysteamine lyase
(hydroxymethyltransferase, MalY) and cysteine internal transporter gene (fliY) were overexpressed
to improve the supply of L-homocysteine and L-cysteine, two precursors of the one-carbon
module. The production of L-methionine in shake flask fermentation was increased from 2.8 g/L
to 4.05 g/L, and up to 18.26 g/L in a 5 L fermenter. The results indicate that the one carbon
module has a significant impact on the biosynthesis of L-methionine, and efficient biosynthesis
of L-methionine can be achieved through optimizing the one carbon module. This study may
facilitate further improvement of microbial fermentation production of L-methionine.
Keywords: biosynthesis pathway; coordinated gene expression; L-methionine; metabolic
engineering; fermentation engineering
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RMAEA 1 L-H R AR = )7 bk . BLE AT
AR 77 L- YRR 24 R ) VS 3 T 2 AT R A R
(Escherichia coli). #+2a 21441 I (Corynebacterium
glutamicum)s . BRI SR 45 R a3k 1 i/, Tang
SFRUGIAS 5 R A R A Y DR, T
Tnag T H A R 2R R G S N — Bk A
L- B 2R 7= i 15 1) 3.96 g/L. Niu 2P i &
MR 38 R AR FEAT P, JF 19 9k =R IR 1A 3
(tricarboxylic acid cycle, TCA cycle)f’J gItA 3&
R, TEARSMESS M SR AFH LT . 5 L A e
- AR w ik E] 17.74 g/L

RIGAF A B p) 5L 5 MR
R B AR KRS A, BT
b B2 24 4k 2 S 0 & e 721022 Huang 25:1°%
X L-FBR R 1 AR AR 0 2 A, 4 L-H
FIR A FR R 3 B BRI . R
BEHR— R, Nl 1 R, B e R
R A Y T I e AR AL L L- P A 24 R ) ik
Y R AN 2 A AN R S e T R A
ORI 3-WERR H IR, SRS AL IR L T A T
A FEANZRBRIGA . —RBRIGIA A B K&
ik (aspartate, Asp) 2> 7E KA S R AL . TUFIIIT
(ThrA, LysC Hl MetL)A1ER 4 il £ A R
(homoserine, HS), HS #t—7E O-BE ML

F1 RPLEXE” L-ERERMEY
Table 1

fifg(metA)IFE A T AR O-BRFAME M 22 &R . ik
REY) 3-BE R H I BR e B R H b R i = . W
TR 22 22 TR ok T, Tk /R0 8 R 32 25 0 U PR 2 2L e B Tty
(serA. serB ll serC)MIAER T A Z &R (Z 5
AR R — TR B A D) . 22 SRR 5% Ak
O-LB 22 AR, O-L W2 7R 5 55 I 5L Bt i
MEAEHEACH LB R . il py s 5 %%
e T 22 m il B, A IR R & 12 A
fREhite, 2 MR EHEZE TR,

T TR 6 s 42 W5 B IH AE 3 1 — W2 (adenosine
triphosphate, ATP)#1 4 /~if & BY il 11
(tetracyclohexanamine, NADPH), T/ Hi AR £
WA AT EAE 1 4~ ATP Al 14~ NADPH 7,
DRI, e A R 2k i A2 7 AN 26 W R = J ThT B
Hg5| ). BBl L-2 B iR S By
O-BE M =y 22 A RAE - 46 LR .
Je e — R, B A N 22 SR AE R —
BRATG R A TR, BE AT LAAE glyA 1 Ak
Tz R [ o T2 PR 27 & 42 (glycine cleavage
system, GCV) L Ji, CH,-THF], L] DL7EF B4
MR & A (cysteine synthase A, CysK)FJ/EA T
Al L-2E MR . CH,-THF 76 MetF HSEI T
F Ak Ry B L U A R (CH3-THF), o8 L-F B 22
ARG — P RAE L, L-m R R T

Metabolic engineering of microorganisms for L-methionine production

Strains Genotype L-methionine Year
titer (g/L)
Usuda!™ E. coli W3110 AmetJ, AthrBC, metKM, HTS™ 0.24 2005
Guol'®  E. coli BL21 (DE3) metJ, metA", cysE’, yeaS' 0.395 2014
Qin!'”  C. glutamicum ATCC13032 thrB, mcbR, hom™®", lysC™* brnFE" 6.30 2015
Lil'® E. coli W3110 AmetJ, AthrBC, AlysA, metkKM, metA™* metB* malY*, metH* 5.62 2017
Huang!"”! E. coli W3110 derivative, Ametd, Ametl, AlysA, Trc-metH, Trc-metF, Trc-cysE, Tre-serB, Tre-serC  2.80 2018
Tang®®”  E. coli W3110 AmetJ, Ametl, AlysA, Trc-metH, Trc-metF Tre-cysE, Tre-serB, Tre-serC, 3.96 2020
Trc-gevTHP, metA™™, yieH™, serA™™, metz*
Niu®!  E. coli W3110 derivative, AmetJ, Ametl, Trc-metH, Trc-metF, Trc- cysE, Trc-serB, Trc-serC, 17.74 2023

PlysA::PfliA
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Figure 1  Structure formula of methionine (A) and the strategy for constructing methionine high-yield strain

M4 (B). The red genes represent that the genes are overexpressed. The genes involved are as follow: thrA
encoding aspartate kinase I, lysC encoding aspartate kinase II; metL encoding aspartate kinase III; metA
encoding homoserine O-succinyltransferase; metB encoding O-succinyl homoserine (thiol)-lyase; metC
encoding L-cysteine desulfhydrase; metH encoding L-methionine synthase; serABC encoding phosphoserine
phosphatase; cysKM encoding cysteine synthase A/B; glyA encoding serine hydroxymethyl transferase; metF
encoding 5,10-methylenetetrahydrofolate; fliY encoding cysteine aminotransferase.

L-H 8 % R & T (L-methionine synthase, metH)f#]
W N R AR, REFEEN
CH;-THF X F-k 2 53t CH,-THF WA, L-H
B 2R 1 2E W i A% b R g iR & CHL-THF,
—BRIR B R RN - RS A A &
LS A

AWESE LI AT A A M2 (E. coli
W3110 AJAHFEBC/PAM) W i & B bk, 18
CRISPR-Cas9 B:K i F AR EE X L-FH A 24 BR AR

&: 010-64807509

VG R A 1) — B A5 e 5C Bt PR Y s R A 0
Ak 12, ZEFORL PAM | RBE I 216 D metF
O R olyA24 [ S Al Ak R A B RN A
(Pseudoalteromonas denitrificans) ATCC 13867],

BT — BB A CH3-THF ., ZJ5 1)
PR E, B malY R R S 8 F &3 Tre )i
BF, R T —BRERET A L-m R DR AR K
[l I AR T L-F i R i o R E a3
KT L-PE R s REROCHILA fliY,
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L-FH B SR A e it T Z T AU B IE, 5
— B ISR S A 5 A SO T L B
BRr= i, IAPRMAR L-H a2t s
4.05 g/L, 5L KEEEH ik 18.26 g/L.

AR

1.1 SRRt
1.1.1 =k
AWFFELL E. coli W3110 ADAHFEBC/PAM

Vel &k #ikk, E. coli DHS5a F T KL H 3
B, B A TR AR R BORE L3R 2,
1.1.2 EHE

LB 3¢ dk(g/L): AN 10.000, FEELK)
5.000, S fk4H 10.000,

MS B2 Il 7 %) W i T35 97 B (g/L) 4
20.000, HRFREE 16.000, WEfR S8 1.000, fL
KERACHLEREN 2.000, -E/KHREREE 0.500, /K
WiER%E 0.005, BRERES 10.000, FEEEF; 2.000,

*x2 AARPEANEAFHEERBENEMIEHR
Table 2  Strains and plasmids used in this study with specific genotypes
Strains or plasmids Genotype Source
E. coli DH5a F-, endAl, glnV44, thi-1, recAl, relAl, gyrA96, deoR, nupG, purB20, ¢80dlacZ, AM15, TSINGKE
A(lacZYA-argF) U169, hsdR17 (g mg "), A~
E. coli W3110 F-, L-, IN (rrnD-rmE) 1, rph-1 CGSC?
M2 W3110 Ametd Ametl AlysA Tre-metH Tre-metF Tre-cysE Tre-serB Tre-serC Lab storage
M2G W3110 Ametd Ametl AlysA Tre-metH Trc-metF Tre-cysE Tre-serB Tre-serC Tre-GCV This study
M2 AglyA W3110 Ametd Ametl AlysA AglyA Trc-metH Trc-metF Tre-cysE Tre-serB Tre-serC This study
M2 Trc-glyA W3110 Ametd Ametl AlysA Trc-metH Trc-metF Trc-cysk Tre-serB Tre-serC Tre-glyA This study
M2 rglyA W3110 Ametd Ametl AlysA Trc-metH Trc-metF Tre-cysE Tre-serB Tre-serC ATG—TTG This study
glyA
M2Y W3110 Ametd Ametl AlysA Trc-metH Trc-metF Tre-cysE Tre-serB Tre-serC Tre-malY This study
M2 ydjN W3110 Ametd Ametl AlysA Trc-metH Trc-metF Trc-cysE Tre-serB Tre-serC Tre-ydjN This study
M2 fliY (M3) W3110 Ametd Ametl AlysA Trc-metH Trc-metF Tre-cysE Tre-serB Tre-serC Tre-fliY This study
M2 yecS W3110 Ametd Ametl AlysA Trc-metH Trc-metF Trc-cysk Tre-serB Tre-serC Tre-yecS This study
M2 yecC W3110 Ametd Ametl AlysA Trc-metH Trc-metF Tre-cysE Tre-serB Tre-serC Tre-yecC This study
M4 W3110 Ametd Ametl AlysA Trc-GCV Tre-metH Trc-metF Tre-cysE Tre-serB Tre-serC Tre-fliY This study
Tre-malY
PAM plasmid derived from pTrc99A carrying metA™ yjeH and serA™; Kan® Lab storage
PAMF PAM containing metF; Kan® This study
PAMH PAM containing metH; Kan® This study
PAMG PAM containing glyA; Kan® This study
PAM-glyA21 PAM containing glyA (Corynebacterium glutamicum); Kan® This study
PAM-glyA22 PAM containing glyA (Arthrobacter sp. FB24); Kan® This study
PAM-glyA23 PAM containing glyA (Sreptococcus thermophilus. JIM 8232); Kan® This study
PAM-glyA24 PAM containing glyA (Pseudomonas denitrificans ATCC 13867); Kan® This study
PAM-glyA22 metF  PAM containing glyA (A sp. FB24) and metF; Kan® This study
PAM-glyA23 metF PAM containing glyA (Sthermophilus. JIM 8232) and metF; Kan® This study
PAM-glyA24 metF PAM containing glyA (P denitrificans ATCC 13867) and metF; Kan® This study

repA101 (Ts) kan pCas-Cas9 ParaB-Red lacl? Ptrc-sgRNA-pMBI1

pCas
pTarget pMBI aadA sgRNA
pTrc99a Trc-promo, kKan, lacl, ori

Lab storage
Lab storage
Lab storage
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K SR A (/L) WEHE 10.00, — K&
fB45 0.08, LIKGRFREE 1.00, 7R 1.17, —
IKBERR A 40 1.38, /K& 0.12, iR
3.30, mACEREREN 3.95, -LUKBiIEREE 8.50, —
KRGS 7.50, ZIKEALE 0.75, 7K G4,
0.75, R 3.00, FRFEREN 2.50, 4E/EZE BI2
10.00, 4E4:% B15.00, #i%# 200.00,

1.2 IWHE
1.2.1 EHLE

MIE AR o B P AT 10 mL LB
KA, JF7E 37 °C. 180 r/min 2514 FH53% 12 h,
AR — RPN T B 1 mL R, B
20 mL MS &Rz g4 H, 30 °C, 180 r/min 1%
7% 48 ho KB 48 h J5 I 4E | mL 45 IR,
12 000 r/min #.0> 1 min, B EIF0GE L-H A
PR, 4T i JBORE AR 4l K vk — W, il
élH OD6000

*®3 AWARFFARSIH
Table 3 Primers used in this study

1.2.2 AL

1 mL — A7, 5545 100 mL MS
KRR FREH, 76 30 °C. 180 r/min Z51F F 1
F% 12 h 345 AW . K 100 mL —ZFh 1
BHEM T 5 L & BERET CRWBE 1.5 L) JH 50%
(T340 NH;-H,O A shi#iil pH 2 7.0, Kige
IE 30 °C. @i 5 L/min,
123 EHBRNEE

A R LR 2, TR
PSR L 3. FIEEET pTre99a, FHR G
i (polymerase chain reaction, PCR)J 14 %L
1 FRIRA H AL AR A, SR)5H CloneExpress
— 2 Se R R o L DN v B B BUA pTre99a |
124 ERABKRSBETFEGR

Yiht Cas9 25 [ B9 BTk pCas9 Il &% A sgRNA
() pTarget RS2y b A 4y A B8 A 255
FirAams . B S i3k 3.

Primer name Primer sequence (5'—3’)

pTarget-glyA-F
pTarget-glyA-R
glyA Donor-glyA-F1
Donor-glyA-R2
Donor-glyA-F3
Donor-glyA-R4
pTarget-AglyA-F
AglyA  pTarget-AglyA-R
Donor-AglyA-F1
Donor-AglyA-R2
Donor-AglyA-F3
Donor-AglyA-R4
pTarget-fliY-F
pTarget-fliY-R
Donor-fliY-F1

fliy Donor-fliY-R2
GTTGTTA

TAATACTAGTGAATTTGTTGATCACCGTACGTTTTAGAGCTAGAAATAGC
GCTCTAAAACGTACGGTGATCAACAAATTCACTAGTATTATACCTAGGAC
CGGTGCTTTTTTTGAATTCTCTAGAGCTTTGTCCCTGTGGTAGTG
TTGCTGGCGATGCTGGAAAAACCTTGTTGA
TTTTCCAGCATCGCCAGCAAAAATAACTGG
GGGTAATAGATCTAAGCTTCTGCAGACGGCAGATTTACAGTCTGC
TAATACTAGTCAAATATGCTGAAGGTTATCGTTTTAGAGCTAGAAATAGC
GCTCTAAAACGATAACCTTCAGCATATTTGACTAGTATTATACCTAGGAC
CGGTGCTTTTTTTGAATTCTCTAGAAACAGGGCTTCACGTTGATC
ACCGTTTCGCCCGCATCTCCTGACTCAGCT
GGAGATGCGGGCGAAACGGTGATTTGCTGT
CTGCAGAAGCTTAGATCTATTACCCTGGCAAAGTGGAGAACCGTG
TAATACTAGTCAAACAGACATAACAACATTGTTTTAGAGCTAGAAATAGC
GCTCTAAAACAATGTTGTTATGTCTGTTTGACTAGTATTATACCTAGGAC
CGGTGCTTTTTTTGAATTCTCTAGATCGAGATTTCCCGCCTGGAC
CCGCTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAAATTCACCCCGAAT

&: 010-64807509

(f48)
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(B3R 3)

Primer name

Primer sequence (5'—3")

GCV

malY

ydjN

yecC

yecS

Donor-fliY-F3

Donor-fliY-R4
pTarget-GCV-F
pTarget-GCV-R
Donor-GCV-F1
Donor-GCV-R2
Donor-GCV-F3
Donor-GCV-R4
pTarget-mal Y-F
pTarget-mal Y-R
Donor-mal Y-F1
Donor-mal Y-R2

Donor-mal Y-F3

Donor-mal Y-R4
pTarget-ydjN-F
pTarget-ydjN-R
Donor-ydjN-F1
Donor-ydjN-R2

Donor-ydjN-F3

Donor-ydjN-R4
pTarget-yecC-F
pTarget-yecC-R

Donor-yecC-F1
Donor-yecC-R2
Donor-yecC-F3
Donor-yecC-R4
pTarget-yecS-F

pTarget-yecSR
Donor-yecS-F1

Donor-yecS-R2

Donor-yecS-F3

Donor-yecS-R4

ATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCATGAAATTAGCA
CATCTGGG

GGGTAATAGATCTAAGCTTCTGCAGGCACATCGACGCCCTGAACA
TAATACTAGTGCAAAAGAGAACGATTGCGTGTTTTAGAGCTAGAAATAGC
GCTCTAAAACACGCAATCGTTCTCTTTTGCACTAGTATTATACCTAGGAC
GGATTCCGCGATCTGTTTTC
GTGACCACACATTATACGAGCCGGATGATTAATTGTCAAACCGAAACAGACTGTTAACC
ATCCGGCTCGTATAATGTGTGGTCACAAAGGAGATATACATGGCACAACAGACTCCTTT
GAACGGTTTCATCCCTTCCA
TAATACTAGTATGCATACTGTCCAGGCATAGTTTTAGAGCTAGAAATAGC
GCTCTAAAACTATGCCTGGACAGTATGCATACTAGTATTATACCTAGGAC
CGGTGCTTTTTTTGAATTCTCTAGACTGTGCTCGGCGTCACCATC
CCGCTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAATTATGCCTGGACA
GTATGCA
ATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCATGTTCGATTTT
TCAAAGGT

GGGTAATAGATCTAAGCTTCTGCAGGCACACCAAAGGTGCGGCAA
TAATACTAGTAAATAATAAGATCAGGAGAAGTTTTAGAGCTAGAAATAGC
GCTATTTCTAGCTCTAAAACTTCTCCTGATCTTATTATTTACTAGTATTA
CGGTGCTTTTTTTGAATTCTCTAGATTTTGGGCATCGTGGTTTTA
CCGCTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAACCCCGTTCTCCTG
ATCTTAT
ATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCATGAACTTTCCA
TTAATTGC

GGGTAATAGATCTAAGCTTCTGCAGCTTGTCCTTTATCCCGAAAA
TCTCTAGAGTCGACCTGCAGTATTGATGCATACCATCCTG
CCGCTCACAATTCCACACATTATACGAGCCGGATGATT
AATTGTCAAAGCAAAGCCCCATTCGTTAT

AGGGCTTACTGTCACATCTC
GTGACCACACATTATACGAGCCGGATGATTAATTGTCAAAACGCGTTAACACTTCTGCA
ATCCGGCTCGTATAATGTGTGGTCACAAAGGAGATATACATGCGTGGAGAATTTTATCA
GCTTCTTTCAGACGTGCTTC
TAATACTAGTTATACGCTGCAACTCAGTATGTTTTAGAGCTAGAAATAGC
GCTCTAAAACATACTGAGTTGCAGCGTATAACTAGTATTATACCTAGGAC
CGGTGCTTTTTTTGAATTCTCTAGAGGTTATGTGGAGAGTGCGCT
CCGCTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAAGAGCGTTTCCGGA
GCTAAAC
ATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCATGCAAGAAAG
TATACAACT

GGGTAATAGATCTAAGCTTCTGCAGGACGGAACAGCTCCGGCACC

http://journals.im.ac.cn/cjben
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1.2.5 K~ MEREEN

I v ARACVBRE o i SR A I 2 T A -
WA RS, BUE W | mL F 12 000 r/min 25
L 5 min J540 8 FIMDIIE . FUtie K EST
PR IE O B IR 20%0) £ R B TR L BRI
TEFR R RS . B )5 1 mL /KBRS F A0 6t
JEHHTF 600 nm AEI 5 OD oo (ELAE Ay B4V B 18] 4 T
Wit BULRE BRI RE R 0.5-2.0 g/L k4T
AN o FTA AR A 100 uL A4 +300 pL
A AR F1[0.189 4 g 4-54-3,5- il k- = F F
7K (3,5-dinitro-4-chloro-trifluoromethylbenzene,
CNBF)# T 10 mL ZJi§1+500 pL W2 84 2% #hil
(0.2 mol/L #llZ+0.05 mol/L ) 7E 60 °CREE R
N1 he (S HFEBR AR BHEA BRA v v R
AR TSRS , €3 A C 18 #(4.6 mmx250 mm,
5 um), WESECONKIP K 260 nm, #HAEE
10 pL, #EJE 30 °C, Wi 0.8 mL/min. izhtH
A: 420 ; WA B: 50 mmol/L ZER4NZE vh
R (820 mL Z&18/K+170 mL ZJiE+2 mL =2
Jiit, ZBRIATT pH A 4.9) KW R AN 4 FTR .

2 HZRE5OM

2.1 malYZEEM—ixERCEEFRREL
ik

PRI 9200 3 % M2 HOBFSE i ah, —hk
BLEE B - AR E R A E e, —
Bl A B ) S B S IR 325 glyA. metF ., metH
M GCV., —mtidhr, 2% R1E GlyA MEH
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x4 L-ARERSIGERBERIERETRIERF
Table 4 HPLC gradient elution procedure for
L-methionine

Time (min) A (%) B (%)
0 18 82
5 20 80
7 35 65

15 35 65

20 50 50

24 50 50

25 80 20

30 70 30

35 18 82

45 18 82

I B 2 R A T MetH (FH metH 465 i 4
T A B AR R A R - R R R DY TR
(tetrahydrofolate, THF), [z )5 ) THF #2
WS 55| F—WR 1) CH,-THF 2R R, i TE
TEIR . -2 e iRt -2 B 28R 1 OSH 7£ 3%
AT 5 22 TR 2L i MetB (H1 metB 2w i) Al bk
TR MetC (1 metC 4B /EH T4
2 BV, N ERRIE 2A iR, metC
Z 3] L-H i 2 R ) TR R, el bR L-H
Bt 2 2 1) S 5t 40 o 2 — A FE A 5 T 1)
MetC 2RI PR ARG, metC
)it 2B Pl e S EBUE A L2 2R (L-H i
i 5 B A B R ) D A2 AT 3 - R
AR, At Rk metC EA AT
1, EEEFFEIIA K DR B AL L 2 e
MR BE 1 () MetC 1 [H] Tl MalY /0 L-H % & iR
A e B8 7 P

# malY fil GCV B KR A 8h T84l Tre
JAEF, 153 FE Mk M2Y/PAM F1 M2G/PAM ; 7
ok b it FER L metF . metH F1 glyA, 753
Fikk M2/PAMF. M2/PAMH LA} M2/PAMG.
KR ME 2B, 2C iR

B<: cjb@im.ac.cn



3310 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

A O-succinylhomoserine
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Figure 2 The L-methionine biosynthesis pathway (A) and the effect of enhancement of one-carbon module
key genes (B), strengthening malY gene (C) on L-methionine synthesis. The white bars: L-methionine yield;
The grey bars: ODggo. The data represent the results of three independent experiments.
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Figure 3 Metabolic reaction regulated by glyA (A) and the effect of glyA gene regulation (B) and expression
of heterologous glyA genes (C) on L-methionine synthesis. A: Gene knock out; rglyA: Down-regulating
expression of glyA; Trc: Overexpression of glyA with Ptrc promoter. The white bars: L-methionine yield, the
grey bars: ODggo. The data represent the results of three independent experiments.
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Figure 4 Effect of L-cysteine transport system!>” (A) and strengthening of cysteine transport system (B) on
L-methionine synthesis. The white bars: L-methionine yield; The grey bars: ODggo. C: The effect of adding
cysteine on the synthesis of L-methionine after strengthening the cysteine transport system. The grey bars: No
cysteine added; The black bars: Cysteine added. The data represent the results of three independent

experiments.
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Figure 5 Effect of heterogenous glyA gene and
metF gene on L-methionine synthesis. The white
bars: L-methionine yield; The grey bars: ODgp.
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