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Abstract: Ergothioneine (ERG) is a natural antioxidant that has been widely used in the fields of food,
medicine and cosmetics. Compared with traditional plant extraction and chemical synthesis approaches,
microbial synthesis of ergothioneine has many advantages, such as the short production cycle and low
cost, and thus has attracted intensive attention. In order to engineer an ergothioneine high-yielding
Escherichia coli strain, the ergothioneine synthesis gene cluster egtABCDE from Mycobacterium
smegmatis and egtl from Schizosaccharomyces pombe were introduced into E. coli BL21(DE3) to
generate a strain E1-A1 harboring the ergothioneine biosynthesis pathway. As a result, (95.58+3.2) mg/L
ergothioneine was produced in flask cultures. To further increase ergothioneine yield, the relevant
enzymes for biosynthesis of histidine, methionine, and cysteine, the three precursor amino acids of
ergothioneine, were overexpressed. Individual overexpression of serd”'”"°" and thrd resulted in an
ergothioneine titer of (134.83+4.22) mg/L and (130.26%3.34) mg/L, respectively, while co-overexpression

rA™!%7T9F and thrA increased the production of ergothioneine to (144.97+5.40) mg/L. Eventually, by

of se
adopting a fed-batch fermentation strategy in 3 L fermenter, the optimized strain E1-Al-thrd-serd*
produced 548.75 mg/L and 710.53 mg/L ergothioneine in glucose inorganic salt medium and rich medium,

respectively.

Keywords: ergothioneine; metabolic engineering; Escherichia coli; amino acids; fed-batch fermentation
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Kt 5l L-H 2R FSE (HER) BYIE .
HWK, EgtA 1Ey y-43 2 W1 Db 20 B2 5 R 47
2R (L-Glu) 5PBER (L-Cys) EHEH v-&
AMEEM MR (vGC). #4 , EgtB fiEfk yGC F
HER Z 0] C-S #EMITERL, LA B Vo M ik -y-4%
MBI (yGC-HER)., %R )5, EgtC R
7 yGC-HER Hff L-AA &8 (L-Glu) ¥4, £
BB e B2 WK (Cys-HER). )5, EgtE
27 C-S i, AR ERG, [AlE = A Rl P-4
AR, mEEES, WK 1B PR,
Fr e R A W B, AT 24T 1 il Egtl i Egt2.,
Egtl Jefitfb L-41%@ A HER, P EHH]H
L-Cys 5 HER £ i, Cys-HER, )i, Egt2 Zifit
Cys-HER H1/J C-S ##, & ERG?!,

FI IR P 26 77 22 i R A A DGR IE
R 30 A7 7E 22 fA B R A L AR R
[, B HAT AL, E2WGEE 1 g R 2
REF B Z M, 5K A
(Methylobacterium aquaticum) 22A™ | % [C 4> %
OB ZIRE  (Aureobasidium pullulans)!'™™ . Kty

SIRBAMITE (Rhodotorula mucilaginosa)'™® . W4
i (Cyanobacteria)™ KihE (Aspergillus oryzae)™
MK WGATH (Escherichia coli)!* ', FE7K 4= H
BAFE D, MBRIERN hweH I, Z AR
7.0 mg ERG/g A E &, 782K F
K R B B 5 2P DL egr] il ege2,
TR R R T e AR IR I 5 A 231 mg 22 f
BN FER AR, 38 o R UG A AT
TR ) HE K egtBCDE 455 B SR AL AL , 22
B =i 24 mg/LIP fEpbIERS -, R K
JFE R Y E e R A R G, LI AR
egtA, FEBRFE mets, L AMNRI L KT, &
A mE S E 1.3 /LMY, A= E T
£ (216 h), ZMGE " Z{H 6.02 mg/(L-h).
TERRIP 2R (Saccharomyces cerevisiae) ', 5l
A TFF B A ) R I 22 ff i I B i A, 7B
1 L & e HE o AN RN F5 R 3 3] (598+18) mg/L
EMmEUC S Ek, BRAT A TR W R ] e
RE = R0AE 77 22 A YR TR bR R A B

A
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Figure 1
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Ergothioneine biosynthesis pathway from M. smegmatis (A) and from fungus (B).
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ARG LAKIGFFIE E. coli BL21(DE3) A
KRR, MET SRS R A AR N A TR Ak
- AE 1 Bt B 0 A 2 Bk 1R A iR AR EAT ek
i, oA THARR . P AR LR E R &
BURAE PR SRR RS, HE— P iRE T TR
ARG A AL I BE ) . e, TR L
PR MR A 7 2 MmN s ), SE8l TR
3 L K I HE r vy 06 B A2 A B IR A A

1 #RE5r*

1.1 EHRFARRAL

ARSI BT B BORAY B TE E. coli IM109
AR LT, E. coli BL21(DE3) 45 BiA fi i
K F 5 bk o E. coli BL21(DE3) . & & IR HEFT
(Corynebacterium glutamicum) ATCC 13032
SR SLFEBE L) (Schizosaccharomyces pombe)
HHEAGH T HERE . S pombe 1T
B Tl Bl 2 0 TR R RGBS B L, GRS
CGMCC 2.1348, HATH PRI A 250 % IR A7
AR SZ 30 vl FH A TR AR R BORE DL 3R 1
1.2 ExFH

LB i st: 5 o/L BEEERY, 10 g/L BEEE
[, 10 g/L NaCl; LB [EASEFR DT 55 1.5%
(M/V) BER . BRI FRIE: 20 /L Hi%hE,
16 g/L (NH,),SO4, 16 g/L Na,HPO,12H,0, 3 g/L
KH,PO,, 2 g/L FEEHRy, 5 mmol/L MgSOy,
0.1 mmol/L CaCl, (pH 6.8-7.0), JCHLER}EF5 5L .
R R, FEREFRE: 20 g/L #Ah,
6 g/L WERENY, 4 g/L A M, 25 gL
Na,HPO,-12H,0, 6 g/L (NH,),SO,, 4 g/L KH,PO,,
2 o/L #PBERR, 0.1 mg/L 4E4E % H, 1 mL o0
% (pH 6.8-7.0). [l i JLE : 2.4 g/L FeCly-6H,0,
0.8 g/L CoCl;6H,0, 0.15 g/L CuCl,2H,0,

&: 010-64807509

0.3 g/L ZnCl,, 0.3 g/L Na,MoO,42H,0, 0.075 g/L
H;BO;, 1.2 g/L MnSO,, 10 g/L CaCl,-2H,0, ¥
T 120 mmol/L HC1 ¥, L JEFRTH -
1.3 EHEFRRAEE

3 egtBCDE H RFRAYR (i) A
BRAFI G, P egrd RHAGMER (RIMN) Y
BHIRAFIGR, 3EH egtl Fl egt2 N S. pombe
FLNEH FP4s, SN metd | thrA . nrdH . cysK .
cysE B\ E. coli BL21(DE3) J:IN4 F¥ 4, K
hisG #l serd M\ C. glutamicum ATCC 13032
S By g, 2P e RS Gibson £ F
B B iy i SOk, il B 7 PCR A e 264k
Joki e A . # G M IE N R egtBCDE
EHETE JFURL pRSFDuet-1 |, #4 @245 51 F 41 k.
pRSF-egtBCDE ., Y45 egtB 5 egtD flity ili—1>
A B, hialf RBS (5-GAAGGAGATATACC-3")
HEHE , JEHEAE FORL pRSFDuet-1 55— 2 e 7
MY Neo 1 Fll Hind TWANBEYIN S 2 6], [A]
FERPR I egrC 5 egtE Bl BL—1 R B, ]
I RBS # 1%, 78 itk pRSFDuet-1 55—~
SFERENL S Nde 1 F1 Pac 1 WiAEVINLSZ
6] , 76 JFi ki pRSF-egtBCDE By MMl |, i1 PCR
P HARAF LN BOR BRI I egtl FI egr2, %
$E )5 3K15 FURL pRSF-egtI-E I pRSF-egtBCD-2,
K25 ¥ 3R A5 FURE pCDF-egtl .pCDF-egt2 |
pCDF-egtdA . pCDF-egtA-1. pCDF-egtA-1-hisG .
pCDF-egtA-1-metA . pCDF-egtA-1-thrA. pCDEF-
egtA-1-cysK . pCDF-egtA-1-nrdH . pCDF-egtA-
I-cysE . pCDF-egtA-1-serA . X} J5iki pCDF-egtA-
1-hisG . pCDF-egtA-1-cysE. pCDF-egtd-1-serAd
AT i s, 3R 18 i KL pCDF-egid-1-
hisGYPHT2C - hCDF-egtd-1-cysE™** | pCDF-

egtA-]-SerAT4IOST0P

o
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Table 1 Plasmids and strains used in this study

Names Description Sources

Plasmids
pRSFDuet-1 Expression vetor, Kan® Lab stock
pCDFDuet-1 Expression vetor, Str* Lab stock
pRSF-egtBCDE pRSFDuet-1 containing egtBCDE This work
pRSF-egtl-E pRSFDuet-1 containing egt/ and egtE This work
pRSF-egtBCD-2 pRSFDuet-1 containing egtBCD and egt! This work
pCDF-egt! pCDFDuet-1 containing egt/ This work
pCDF-egt2 pCDFDuet-1 containing egt2 This work
pCDF-egt4 pCDFDuet-1 containing egtA This work
pCDF-egtd-1 pCDFDuet-1 containing egt4 and egt] This work
pCDF-egtAd-1-hisG pCDFDuet-1 containing egt4, egtl and hisG This work
pCDF-egtd-1-his G233 12330 pCDFDuet-1 containing egtd, egtl and hisG?33H: 12330 This work
pCDF-egtAd-1-metA pCDFDuet-1 containing egtA, egt! and met4 This work
pCDF-egtAd-1-thrd pCDFDuet-1 containing egtA, egtl and thrd This work
pCDF-egtAd-1-cysK pCDFDuet-1 containing egt4, egtl and cysK This work
pCDF-egtA-1-nrdH pCDFDuet-1 containing egt4, egtl and nrdH This work
pCDF-egtd-1-cysE™ 74 pCDFDuet-1 containing egtd, egtl and cysE™ %74 This work
pCDF-egtd-1-serA™ 95707 pCDFDuet-1 containing egtd, egtl and serd™!%S70F This work
pCDF-egtd-1-thrA-serA™ %5707 pCDFDuet-1 containing egtd, egtl, thr4 and serd™'*S70F This work

Strains
E. coli BL21(DE3) Expression host Lab stock
El E. coli BL21(DE3) harboring pRSF-egtBCDE This work
E2 E. coli BL21(DE3) harboring pRSF-egt/-E This work
E3 E. coli BL21(DE3) harboring pRSF-egtBCD-2 This work
El-1 E1 harboring pCDF-egt! This work
El1-2 E1 harboring pCDF-egt2 This work
El-A E1 harboring pCDF-egt4 This work
El-Al E1 harboring pCDF-egt4-1 This work

1.4 EAMEEFERRERY WINRREE R R R, FEHS 50 mg/L.

1.4.1 #ERIEF

PRECE-Ar_ - AP 4R T 2 mL WRIA LB
gk, T 37 °C 220 r/min 28555 4 2% (V1Y)
AR T oA 25 mL KR
# 250 mL #E#H, 37 'C. 220 r/min K5FREA
ODgoo 2 1.0 oA, USINZEHR AN 0.2 mmol/L
1) 5 N A -p-D- Bt 1R 2 FLBE T (isopropyl-
B-D-thiogalactoside, IPTG), FH-FEALHEIRIRE £
25 CHATIE RIS, Wik 96 ho &K HiFul B

http://journals.im.ac.cn/cjben

142 3L Zviﬁ%ﬁ&%l‘ﬂiiﬁ?

PRBCEA IS ER T 2 mL WA LB R 355t
Wi, 37 °C. 220 r/min i R E TR . TR 1 mL 5537
W3R T 50 mL LB #5585, 37 °C . 220 t/min
B35 10 ho RJEH 150 mL Fp 7R R A
12 L ﬁﬁ?iﬁ?‘%%ﬁ’ﬂ 3 L kP, 1637 C.
pH 6.8, ¥4 35%MI 551 N &mE, WREK 6h
Fﬁkffﬁzﬁr“izs CH- I ML EE 7 0.2 mmol/L
i) IPTG W5 S5 5%, KB R L 20K pH.
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FREFEA AT, BSIMZARE S 50 mg/L (1)
RAREEZR A 50 mg/L MEERE R . 2 B BORE Al
PARAE RGO, BRI 22 A B DR ) 7 i
1.5 SHAE
151 HHEGIERILEKA (LC-MS) 2% E%
ATREBE K

LC PEMi4 1 : 60 min P4 HH Ik B Hy 0 2%
PEETEE 40%; MS Mk A4k ERET
AT X R S EAT 100-900 my/z (4R, 4%
RANEA
1.5.2 SMHEEIE (HPLC) ZHN%E FiFE
'BE

ZMmA R HPLC 5K, R Agilent
1200 ERCRARIN RS, UV Killgs, C18 4
(Agilent ZORBAX Eclipse Plus, 250 mmx*4.6 mm,
5 um). JLAAH A K/FEE=99/1, i
0.7 mL/min, £ 30 'C, A& 257 nm,
PERERF: 5 uL, RMIEF . 20 min,

e il 431 5 mg/L . 25 mg/L . 50 mg/L .
100 mg/L . 200 mg/L il 500 mg/L 7 £ #i K bx
WESL, A Bk HPLC K5 ik, LAZE M
PRUE S B AR AR AR, TR R AR, 22l
PRE IR 2% o AR v 2R R BN 1=35.484x—
49.415, R*=1.0,
153 ZATEERLIE

W4 R BERAE 10 000 r/min 5 3 F 2.0 2 min,
RS 245 BUE 1T 0.22 um A K FR AR
DUEMERE LIRS, AR OB, AR B
T —FEAL BEAE
1.5.4  HAha&m A E

I 6 AT A T PR VROR R S A B
Jei, A ARG BE TN E 7E ODeoo HY MR WSEL 5
R PR B . B R BEWAE 10 000 r/min #4553 T
B 2 min, B EWERBEESER, RA
SBA-40E  F 91| 4= 1) 4% [ 1 {300 2 i T Wik v
AR

&: 010-64807509

2 BER504

21 EZAMEESKREEZEMEE

JFiki pRSFDuet-1 il pCDFDuet-1 & KT
W AR R, HAERE AW T7 A3+, T
AMEFE h i 2R S R E £, DR sk FH 3 4>
JERAE A L Bk pRSFDuet-1 I F#) &2 HilI5
SRR IR 22 i 6 BGE R (K 24), %%
Jii ¥ pRSF-egtBCDE 4k 2% ik %% 4k ¥t 15 3
E. coli BL21(DE3) ', RAGFHAF#K E1, 2
R E AR EL, alid LC-MS BIFF ¥k E1 2
HRES G RUE MBI, 450K 2B iR, @
1% b 22 AR B RS o FIARE AR A LC-MS A6 2%
ST, WA R RUAE ), RS IR A 1 5
far bt (m/z=230.1) ShruESh—2, %5 R KM
HEAWR B1 BIG 2 M o A4 br o ith
PR, WRE Bl ARGEMARE RN
(58.87+2.31) mg/L.
22 ZAMEESREZML

FEWFGE T kI 23 B AT B TP 22 AR ik DX &
R b, AW 5T SR AL
B 22 B R G B B AR . SR 245 T B v 8
LA R ) AN 5 ZE N ik A2 i Egtl A
Egt2 (K] 3A). TERER /3 BOFT BRI IR AR A A2
fA R LA B, 430 Egtl #1 Egt2 UM
W RAEAL A TR, BUF Egtl 1 Egt2 &5 HA A
N AIELL I RE . 4B Egtl BUC EgtBCD, 15
FIFEAHF R B2, JH Egt2 BT EgtE, 15%|H 4
R B3, Gl PR & LC-MS K, T
Pk E2 T E3 ¥Re G BUT W A, 755 mil
(29.05+1.60) mg/L Fl (26.34+2.90) mg/L (&l 3B).
ARV, Egtl F1 Egt2 SREMEALAH LN .
PRI, AR TE B AL TR PR E1 AL B 5] A Egtl
5 Egt2, HHEE E1-1 # E1-2, LIREZEM
B R A5 B 4 R A R R By AR i o Rl AR
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A

3 Met + 3 ATP Cys + Glu
)COOH H,N_-COOH S
i
/\3 SAM 3 SAHN/\NH yGC NH: n,,/\gN\{SC'(())OH Glu >Sio Pyruvate + NH, N/J\NH
N NH NZ NH _
_ = N/\NH .
v —( EgtD Ne EgtB \\j EgtC e /> EgtE iN@§
COOH 7 COO AN COO 4 CO0 4 COO
His HER vyGC-HER Cys-HER ERG
B j
ERG 100 - 186.1 230.1
G
o
f‘; ~
L oh X
1.0e-1 5% 127.1
=] 50
D ©nn O
< o=
I o 60.1 128.1 87
| . L
0.0 | 0 - -
I
. : 100 186.1 230.1
11 —
o
< ~
1.0e-1r1 IS
E N
= 2% 50 127.1
< 0 @c
- | % = 60.1 128.1 187.1 o
—_AM = L 113.1 ) | 215.1 JhL233'2
0.0 0 = P .
0.0 1.0 2.0 60 80 100 120 140 160 180 200 220 240

¢ (min) mlz

2 BHRAKRFEREZARMESHZENHEE A GHGRRRERE; B: LC-MS Killl45

Figure 2 Construction of the ergothioneine biosynthetic pathway derived from M. smegmatis (A) and
LC-MS profile (B). i: LC-MS results of standard samples; ii: LC-MS results of samples. Met: methionine;
ATP: adenosine-triphosphate; SAM: S-adenosylmethionine; SAH: S-adenosylhomocysteine; His: histidine;
Cys: cysteine; Glu: glutamate; HER: hercynine; y-GC: vy-glutamycyeteine; y-GC-HER: hercynyl-y-
glutamycyeteine sulfoxide; Cys-HER: hercynylcyeteine sulfoxide; ERG: ergothioneine.

HFRIRHLEE THIADI BT y-1 2B B2 R 1 &
WM, TE E. coli BL21(DE3) R4 FHA
V-7 S Y B R A L GshA B LA I, oE—
5| ARG 2 B R R IR A [5) Tl EgtA, # %
Ak E1-A,

i 3B PR, fER R E1 H3R38 Egt2 JFik
FHiREr a, Mk Egtl, EgtA 43 Bifgiis =&
H (58.8742.31) mg/L & £ (64.74+4.83) mg/L
Fl (84.55+1.73) mg/L. ML, ERFFE E1 A

http://journals.im.ac.cn/cjben

I Egtl Fl EgtA, HiZw kAT 44 E1-Al,
PEAREE (95.5843.20) mg/L, MK E D
1.62 %,
23 HEREAIAEERINE
A G B B TR 4 R
M, Rl EmR ., HaaAmR . LA &
BEM, a2 masH, Hik, A
RERERETREAAR . iz
iz AR B 22 M A L g, ARHR AR



EW FEEAREXBTEIESROEZSHL

Cys + Glu
EgtA/GshA

N
O\ BetDEgl . N

o TN

toon 3SAM 3SAH 7N CO0

vGC

His HER
3 Met + 3 ATP Ie
ys
Egtl
0,
COOH
)S\ NHE\E/COOH NH; o~ N_coon
” b b L0
N EgtE/Egt2 A EgtC 37
47— - 47— N \u
AN e \S -
7 coo Pyruvate + NH,; coo  Glu ;N
€00
ERG Cys-HER yGC-HER

B
120 . 12
ERG [10Dg,
100 L 110
- T
=) L
E)80 T 88
E 60ta i 16 &
: s
&40 14
T -
20 12
0

0

egtB
egtC
egtD
egtE
egtl
egt?
egtd

E3 El-1 E1-2 EI-AE1-Al

P+ +++0
N
L+ o+

L+ o+
L+ 1+ ++ +
O+t
o+

B3 ZARESRRENMRL A BRIUMORER; B: TREKRE KB MERE &
Figure 3 Optimization of the ergothioneine biosynthesis pathway (A) and the growth and ergothioneine
production of different engineered strains (B). All data and standard deviations in (B) were derived from

three independent biological replicates.

UL 4A. BHE, A ARMAEHRE T, ok
fitf HisG T 22 1 5 st 40 i P 2 5 i 2 2 R
Fi FEEN RN H T AR A R R
+ oy FERENY, NI HisG B TR PEAS B k5, ke
G o FH A0 R S ) R R 4 A TR 1 AR R LU
T B AR (G233H, T235Q) MK, 4
&, EHREARNEHSRE R, REARIEEG
(ThrA)"VRI ) 22 SRR W 3L 7L RS i (MetA) 2
A B 2 R B B A2 1) 5 B A e, TR I e o
PIANEEUEAT Tl ik, ARSI RFE TAE
FRPEAT IR RTRAY HisG. ), 7EFBREmAIN
A 2 e R G A A B Ok R TR
MBI, Hrh ZWESE-L-22 %R (acetyl-L-serine)
JERRACIH R 2 18] A 51T 2P, T E. coli
BL21(DE3) Jt [A 4] v i) % fie H 7l 2 it & g
SerA M2 % Wk L WEH: W CysE ¥ & ZFH
JO7 7= 0 ) RS IR P2, R AR S ok T 4
FREFT R VR LA serd F5XF H U T T K
%, X E. coli BL21(DE3) H Y MIEEH cysE ¥
3 TRAE (T167A), BRILZAb, ARSLRIA T

&: 010-64807509

KB T HMAR AR Nedd Al CySK[23]o an
& 4B it /s, fEHEBE E1-A1 A BELRE F 23 5] 6k
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Figure 4 Optimization of the metabolic pathway for precursor amino acids. (A) Schematic diagram of amino
acid metabolic pathways. (B) The growth and ergothioneine production of different engineered strains. All data
and standard deviations in (B) were derived from three independent biological replicates. ser4: phosphoglycerate
dehydrogenase; serB: phosphoserine phosphatase; serC: phosphoserine aminotransferase; cysE: serine
acetyltransferase; cysK: cysteine synthase A; nrdH: glutaredoxin-like protein; thrA: aspartate kinase; metL:
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Figure 5 Fed-batch production of ergothioneine in a 3 L bioreactor using medium 1 (A) and medium 2 (B).
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All data and standard deviations were derived from three independent biological replicates.
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