DAL R BEES S AR % T ik
R v 5 22 F it

BAS, I RV, HEAY, R KO
(1 VLR R A TARABE  VLIR To8) 21412252, VLR K% WAL SRR EF ME A9 0% VL) Y
2141223 LR R AR BB AT LT Jo 214122)

W= . % A A (Ergothioneine, ERG) A A B K 2y F S ALk, T2 AT
B BBt AR, MAEDNABAESEZARBNBEARKE S, R, b T TRERBRITRAE
ERARERE, ZARBUABREIREAREFREKRT, LS ERALARB LR
) B8P 6 AT AR PR ) F 18 AR A AT Rk B MR TR MR s K AT A A AAE SR AL &
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Enhancement of Ergothioneine Synthesis in Escherichia coli via Optimization
of Precursor Supply and Cell Membrane Permeability
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Chemistry and Biotechnology, Ministry of Education, Jiangnan University, Wuxi 214122, China; 3. The Science
Center for Future Foods, Jiangnan University, Wuxi 214122, China)

Abstract: Ergothioneine (Ergothioneine, ERG) has various physiological functions such as
antioxidant, anti-inflammatory and radiation protection, widely applied in food, medicine and
cosmetic industries. Microbial fermentation of ergothioneine is of great potential, but engineered
strains often have problems such as insufficient precursor supply, resulting in low fermentation
concentration and production performance. This study aimed to explore the precursor limitation in
different stages of ergothioneine synthesis, and to improve the ergothioneine synthesis capacity of
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Escherichia coli by optimizing precursor supply and removing the limitation. On the basis of proving
that histidine was the key factor limiting the synthesis of ergothioneine, the fermentation
concentration of ergothioneine at shake flask level reached 175.81 mg/L by optimizing the supply of
histidine. On this basis, additions of cysteine, ammonium ferric citrate and vitamin B, were
orthogonally optimized, and the fermentation concentration was increased to 182.61 mg/L. By further
optimizing the additions of methyl donors (1.5 g/L methionine and 0.6 g/L betaine) and by adding
0.2 g/dL CaCl, to improve the permeability of the cell membrane,the final fermentation
concentration of ergothioneine at shake flask level was further increased to 243.06 mg/L. Through
fed-batch fermentation for 108 h, the fermentation level of ergothioneine reached 2.01 g/L ina 3 L
fermenter, and the titer reached 18.61 mg/L/h. This study could lay a foundation for the large-scale
industrial production of ergothioneine.

Keywords: Ergothioneine, Escherichia coli, precursor supply, exogenous addition, fermentation

optimization
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(Hercynyl —y —glutamycyeteine sulfoxide,y —-GC -
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Fig. 1 Biosynthesis diagram of ergothioneine
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Fig. 2 Effects of differrent additions of amino acids on
ergothioneine fermentation
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Fig. 3 Time courses of ergothioneine production under

fed—batch fermentation

22 MRMEERRERENEENLSH

XF 43 AN RE 1 A A A A R A A P A A I
TE1) M P AR G i A TR o 5 VAR R 17 78 A 17 0
BEAT T 50 BT, 3 — A0 AR 90 A 1R i A R AT, DT
Xof P b e 22 AR R 7 A5 SR LR 4 W R R
VR 22 f1 8 R st 2 o A RO AN T i
T o A A0 8 JB S ik R A A IR PR 0.1 g/L
LEATEIKE o TR 2 e R 04 B A1 G P Jo vk
JEERARA , Jf0 A1 212 I 22 92 Bt 2 A % IF 1) () 41 7% 148 W
N by = £ ] SR S AN N N SR
£ 0.002 o/L 7245 77 8l AP e H ik =, R U BR T AT
AR AL, Ji A e 2 W 2 H iy FR ) 22 £ 5 A AR
TR I — R R
23 EXRABMAUEASAMRESZARENT=

¥R 1R B He (Ammonium Ferric Citrate , AFC) &
—FAEHEEY , A TE AR RS JFTE
T BRI, 22 i R A i A v ) 2B R A OC
T EgtB & —Fh B A% AR 20 R Bkl , MRS
Fi 2 B 7 B0 Fe MY AFTER TR BERE SR A b
HEFFER MG IR # , g AHAMAILE 1,
SR I Tr) % 3 ik v S AT A R Ak e LA B2 e T 1 A AL
Wk, fEdt y-GC F KRR M) y-GC-HER 444k,
4t H: R Bs(Vitamin Bg, VBe) , LFRIEME 2 J& — Rk
WA R, 4R UMIBEXS 5L,
RE T B AN DL FE G2 W AR N R RR 1 G i, 22 fa i T
GG R EgtE Ry SR ik ' % (Pyridoxal -5~
phosphate , PLP) i 14 B— 2L Bty , Ifi] PLP 3 J& 4E /1
2 B AUBHE HEIE A, E AT S 5 A SR A
B RS AV, T SR EgtE [ (1) fE AL TE 1, £

RSt HRASIL 2022 FE M1 B8




RESEARCH ARTICLE

CHEN Jiamin, et al: Enhancement of Ergothioneine Synthesis in Escherichia

coli via Optimization of Precursor Supply and Cell
Membrane Permeability

T - 2 B PR 4 T T 6T 30 42 A BRI B
4 ~ N i
=R LA 22 A0 B0 7 01 o % B9 b, 7305 J M U

g
o
T

AN L TR TR He i S/ (/L)
o o
D N

=I=

&=

0 o =l
24487296 24487296 24487296 24487296
t/h
(a) AN T IR 1) o L A S R T ik

e

=

=
1

f=}
—_
[38)
T
B

5 &

I P S PR TR R T (/L)
o ° <
® 3

0 24487296 24487296 24487296 24487296
t/h

(b) ANIFIIN Ta] UMD A SRR TR i

0.1 o/L 4l & R A -, R IEs BT
LATIN 3.1 ## /8 Ls(5°) J FF — N & K 1E 38 1l 55
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(A>B>C) 5 177 2253 M 85 R TR | 2 e 20 1R 52 i d
k3 ARC FI VB X 22 A R 7 o 0 5 i 4D
1625 MG mARA G T H15 2, BN 0.01

I e o/l Cys.0.01 /L. AFC.0.01 /L. VB,, 7= &t ik %
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Table 1 Factors and levels of orthogonal experimental

design

A c
B4 MBRMSERDTE e 2R i

Fig. 4 Analysis of intracellular and extracellular amino g W EE/ (o/L) | PR BE/(g/L) | Jid ik BE/(g/L)
acids 1 0.01 0.005 0.005
LR ) 2 AR I A R T 2 2 I ) B e o ) : 002 0.010 0010
VASSINE: Ve B 3 0.03 0.020 0.020
W LA EAr AT, SRBCE S A T e 2R 4 — Uy L=y
PR Bk e 55 4k A 2R B SR, (2 04 QIR 16 4 o5 5 0.09 0.060 0.060

x2 EXHBEER
Table 2 Results of orthogonal test

/%
S ﬂéﬂgﬁrﬁé fﬁﬁjtt>
ik JE (L)

1 0.01 0.005 0.005 1 1 1 176.45
2 0.01 0.010 0.010 2 2 2 178.56
3 0.01 0.020 0.020 3 3 3 166.41
4 0.01 0.040 0.040 4 4 4 167.76
5 0.01 0.060 0.060 5 5 5 141.80
6 0.02 0.005 0.010 3 4 5 146.78
7 0.02 0.010 0.020 4 5 1 177.36
8 0.02 0.020 0.040 5 1 2 153.80
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MRARAK, 3 . AL AT AR A28 L5 g I BE 38 35 1 SR AL K AT B &R & A AL

g% 2
K 2 /%
A : 5
B @ 7 R/ (mg/L)
TR W/ (¢/1) :

9 0.02 0.04 0.060 1 2 3 147.19
10 0.02 0.06 0.005 2 3 4 155.84
11 0.03 0.005 0.020 5 2 4 120.73
12 0.03 0.010 0.040 1 3 5 170.77
13 0.03 0.020 0.06 2 4 1 130.78
14 0.03 0.040 0.005 3 5 2 161.98
15 0.03 0.060 0.010 4 1 3 174.95
16 0.06 0.005 0.040 2 5 3 103.42
17 0.06 0.010 0.060 3 1 4 85.04
18 0.06 0.020 0.005 4 2 5 79.44
19 0.06 0.040 0.010 5 3 1 97.22
20 0.06 0.060 0.020 1 4 3 126.07
21 0.09 0.005 0.060 4 3 2 91.85
22 0.09 0.010 0.005 5 4 3 98.88
23 0.09 0.020 0.010 1 5 4 84.69
24 0.09 0.040 0.020 2 1 5 90.27
25 0.09 0.060 0.040 3 2 1 118.5
K, 166.196 127.846 134.518 141.034 136.102 140.062
K, 156.194 142.122 136.440 131.774 128.884 146.548
K; 151.842 123.024 136.168 135.742 136.418 136.153
K, 08.238 132.884 142.850 138.272 134.054 122.812
Ks 96.838 143.432 119.332 122.486 133.850 125.812
R 69.358 20.408 23.518 18.548 7.534 23.736

®3 EXHBRAESH

Table 3 Variance analysis of orthogonal test

4 *

TSR LS 3 AR A H 2 A R H Ay 2
PR, B2 fy B A AR 01 P A0 5 A SRR A0 45 R,
Lt BHSRA R A A A 2 R 4 11 PP 2R A D e

A 22 536.661 2.638 A B e 3L SRl 17 75 7 A IR R A ik 6 (g

. U Sy 4 0.184 S8, NIEL 5 (b) AL, N 0.6 /L #T SRR, &

¢ 11521495 4 0.178 T I W A F (191.2642.10) mg/L, 3275 74.7%.

s R S TR 1, dAVRIN 1.5 oL R AR 506 o/l

24 HEHAEHERREARSWURFEBUZAR  Hoemp, RAERLRREKES (199.33:4.96)
ES)=ok=954

mg/L, A1 H A& U i F R4 8 T 11.9% , 41 b 90 1R

£ C b FE AT M AL 2R AT A e 2R A SRR e e T 38.6% ., LI 5(c) . T LA b

L k2P ) B R R P okh P R AR AR DA 5 2 A
DU A, R BE FR S 3Eml 2 S L E2 A 0.1,0.3
0.6.0.9.1.5 o/L B W B Z R , tH ¥l 5 (a) B, i
1.5 o/L W & IR I, 5O & B BT & iR B GA 3
(190.46+0.89) mg/L,## T 4.3%.

At 5 5l (Betaine ) J& — M =GR W) i, 1 73 1

FEORARE A, B MY e R BN A 25 T 22 A B K
A=
25 EMAREEBEEHRERSEZATENTE

I TSI I A TRk il [y At e aE <9 VEL /D
(9 A 77 VLI AR 58 S TS 0.3% i B s X -100
AT LA OB G B b 2 I BRI B A 5 o I 7

RSt HRASIL 2022 FE M1 B8



RESEARCH ARTICLE

CHEN Jiamin, et al: Enhancement of Ergothioneine Synthesis in Escherichia

coli via Optimization of Precursor Supply and Cell
Membrane Permeability

200 w3 B km oDy, I 116
L B
S 1601 I F 1
:gf I
ﬂ}j 120 - Sgé
o
= gl
P 80
& 1
® a0t N

(=]

0 01 03 06 09 15
FRBR RN I f5/(g/L)
(a) FBREUBR I BB EEVS I
200 m 2 i 0D, e
3 160
= 12010 g
izl g
: "8
« L
= 80
& 14
40t
0
0 01 03 06 09 15
FISRAS Nt/ (g/L)
(b) FFSEBRIFI AR £
250 ¢ 120
Wi oD,
~ 200 f 116
=) T
: "
= 150 112 ¢
I g
i 8
100 | 18
=
&
® 50 4
0 0
T 2 R -
T2 -

+
+
(c) MR 5 FH AL 35 I

B 5 REHERNNERTRELEBENZRE
Fig. 5 Effects of additions of methyl donor on ergothi—
oneine fermentation
EPRIN 0.1 gL o5k — LR 1L 4% (CTAB) 5
KRIGAFRE KRR L-SZ R T 1.25 1, 3R
P 5] 1) 3 S 0 R 98 2 s KM A TR 40 M A T )
B, 2 RN N A 5T R A 3 0 s 40 i S
AN L) 5T S 4 | fie 23K B 3G 0 2 A i PRI A0 53
(4 A, 31 22 AR DN B R R R A RS ), 1)
C LA 4 A T B SR rh AR 22 b SEAS I 0.2 g/dLL 19+
Tkt SRR 4 (SDS) ik i 80 (Tween—80) I 41738
X-100, H 2 & (Glycine) fil CaCl,, % %2 L) I GE 8 3

5ER 240 0 RS 37 M 1 ) SO ) 22 AR i TR B B A R AR
KM m, WK 6, %N CaCl, B R RCR fe by, Hoxt
TR AR 1) A A DL B MR A8/ DN | e 24 B0 T Do VR T2
ik F](243.06+7.85) mg/L, #5517 21.9% , # He ) th
FrEE R T 69.0%.

3007 WA SHhiH | ODg, 1
5 240r
&) I I I I
2 I
= 180 2
= 8
L 188
1201
:1;5
: 14
®o60[

0

B 6 BUE g IEEE M £ T E L B #
Fig. 6 Effects of improving cell membrane permeability

on ergothioneine fermentation
26 SRR EBETZARE
T B UE A AR D R bR 2 — R SR
FEARAL ZJ5 SEBR i Tk AR AR 7 RE T, SRR 3 L & I
R A T AW AT o AN A I, SEBUR ETOR 46
R 7, WRAERT 24 h A KRB ODgy B T
60, fi = AT 3k F 65, J5 ] ODgy #2 T H2E ,84 h J5 A
PRIFUG B, A A ME AR [ 24 h JTIR T B 78
30~72 h PRIFERE, S5 M ) R R R —
B, 72 h 5 A AR R R B AL, BEA R B
FEILIHAE 235.9 of L # %M . 22 ff B R 76 i 400 R A
25 Wt AR NE R T, K 108 h, 2 A A T
(& WEK PR3 T 2.01 g/L, 75 E K 18.61
mg/(L-h) , 765250 8 39 A 52 BT 22 £ i P9 s 2 A
7, R S IR E AT AR A RO Tk A A R B E T
il

|3 2 5

TEARBFGE % 22 1 R G Bt 7 v v B i) 2
T A LA B A T T i 1) 3 T T AN i
77k, &5, R T B2 A R AR Y T
PRAER =, S AMER N 0.1 /L BRI IR &, 2%
£ PRLRE R 7K P b ) T o i v B GA B (175.81+
1.19) mg/L, AH LW TR B PR ™ i 82 = 1 22.3%, Jf-38
i3 LORTERERCRIGFR, b T LR A R i
AR G S BE IR T v Bl A = R KO IE AR

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol. 41 Issue 8 2022



MRARAK, 3 . AL AT AR A28 L5 g I BE 38 35 1 SR AL K AT B &R & A AL

80 I 4 FA B A 12100 4240 5 AU 0.01 /L 12 IR 2R Ay 168 1 2K g A 44

ol v i Lo |y EH Bo BT AR AL, 7Rk
60 AP S -1500§° léog (182.61+3.92) mg/L; 7E 3l I, i — 20 4b 78 HY Jik
.50 Lo | 5 A, RAREI 15 g/L FBRERS 0.6 g/L HEE
S 40 | 900.12% J 7 R 8 (199.3324.96) mg/L, ik — 42 T
30 | 600$?-80 g 11.9% . f5cJa, 2 1 38 98 R A T 40 e 10 o5 1, $i2
20 140 e L PN A0 ) o ) 3 e R R RS T O B R R R R
10 1% 0.2 g/dL CaCl,, f5t 247 K - (9 % 197 0% 5k 3k 13 3K
1272436 48 6072 8496 108 0 -0 #)(243.06+7.85) mg/L, #H LRI UG TRE B = 4 & T
69.0% . VAMEALIG B35 3R B0 4T 3 L A T e 73 it kb

B7 S#tiREBErEZARE R TR SR W 45 G SR A BT (A VS N i 2 AE R T B 3

Fig. 7 Ergothioneine production under fed—batch fermen— 108 h i}, 22 s R & B2 K FiA 8 T 2.01 /L, 4
tation FERREE S 18.61 me/(L-h), s 3L3 Bt A i1 LR

Tk A 7= a5 T JE A

SE Wk

[1]QIUY,CHEN Z,SU E,et al. Recent strategies for the biosynthesis of ergothioneine[J]. Journal of Agricultural and Food
Chemistry,2021,69(46) : 13682-13690.

[2 ] CUMMING B M,CHINTA K C,REDDY V P,et al. Role of ergothioneine in microbial physiology and pathogenesis [J].
Antioxidants & Redox Signaling,2018,28(6) :431-444.

[3 ] D'ONOFRIO N,SERVILLO L,GIOVANE A, et al. Ergothioneine oxidation in the protection against high-glucose induced
endothelial senescence : involvement of SIRT1 and SIRT6[J]. Free Radical Biology & Medicine,2016,96:211-222.

[4 ] CHEAH I K,HALLIWELL B. Ergothioneine ; antioxidant potential , physiological function and role in disease[J]. Biochimica et
Biophysica Acta(BBA) — Molecular Basis of Disease,2012,1822(5):784-793.

[ 5] CHEAH I K,HALLIWELL B. Ergothioneine ,recent developments[J]. Redox Biology,2021,42:101868.

[6 ] MARKOVA N,YAROSH D,SMILES K, et al. The natural antioxidant L-ergothioneine is integral to the skin's defense against
ultraviolet-induced oxidative damage[J]. Journal of the American Academy of Dermatology,2009,60(3):AB156.

[ 7 ] The natural antioxidant L-ergothioneine and its receptor/transporter OCTN-1 participate in the skin's response to UVA-induced
oxidative damage[J]. Journal of the American Academy of Dermatology ,2008,58 (Supplement 2) : AB111.

[8 1 KO HJ,KIM J,AHN M, et al. Ergothioneine alleviates senescence of fibroblasts induced by UVB damage of keratinocytes via
activation of the Nrf2/HO-1 pathway and HSP70 in keratinocytes[J]. Experimental Cell Research,2021,400(1):112516.

[9]1PAUL B D,SNYDER S H. The unusual amino acid L-ergothioneine is a physiologic cytoprotectant[J]. Cell Death & Differenti—
ation,2010,17(7) :1134-1140.

[10] CHEN S Y ,HO K J,HSIEH Y J,et al. Contents of lovastatin, y-aminobutyric acid and ergothioneine in mushroom fruiting bodies
and mycelia[J]. LWT - Food Science and Technology,2012,47(2).274-278.

[11] XU J,YADAN J C. Synthesis of L-(+)-Ergothioneine[J]. The Journal of Organic Chemistry, 1995,60(20):6296-6301.

[12] SAO EMANI C,WILLIAMS MONIQUE J,WIID IAN J,et al. Ergothioneine is a secreted antioxidant in Mycobacterium
smegmatis[J]. Antimicrobial Agents and Chemotherapy,2013,57(7):3202-3207.

[13] RICHARD-GREENBLATT M,BACH H,ADAMSON J, et al. Regulation of ergothioneine biosynthesis and its effect on
Mycobacterium tuberculosis growth and infectivity[J]. Journal of Biological Chemistry,2015,290(38):23064-23076.

[14] ALAMGIR K M,MASUDA S,FUJITANI Y et al. Production of ergothioneine by Methylobacterium species[J]. Frontiers in
Microbiology ,2015,6:1185.

[15] PFEIFFER C,BAUER T,SUREK B, et al. Cyanobacteria produce high levels of ergothioneine[J]. Food Chemistry,2011,129
(4):1766-1769.

RSt HRASIL 2022 FE M1 B8




CHEN Jiamin, et al: Enhancement of Ergothioneine Synthesis in Escherichia
RESEARCH ARTICLE coli via Optimization of Precursor Supply and Cell
Membrane Permeability

[16] FUJIITANI Y,ALAMGIR K M, TANI A. Ergothioneine production using Methylobacterium species, yeast,and fungi[J]. Journal
of Bioscience and Bioengineering,2018,126(6):715-722.

[17] LUO Y,LI BZ,LIU D, et al. Engineered biosynthesis of natural products in heterologous hosts[J]. Chemical Society Reviews,
2015,44(15) :5265-5290.

[18] TAKUSAGAWA S,SATOH Y ,OHTSU I,et al. Ergothioneine production with Aspergillus oryzae[J]. Bioscience Biotechnology
Biochemistry,2019,83(1):181-184.

[19] VAN DER HOEK S A ,DARBANI B,ZUGAJ K E et al. Engineering the yeast Saccharomyces cerevisiae for the production of L-
(+)-ergothioneine[J]. Frontiers in Bioengineering and Biotechnology,2019,7:262.

[20] VAN DER HOEK S A,RUSNAK M,WANG G,et al. Engineering precursor supply for the high-level production of
ergothioneine in Saccharomyces cerevisiae[J]. Metabolic Engineering,2022,70:129-142.

[21] OSAWA R,KAMIDE T,SATOH Y et al. Heterologous and high production of Ergothioneine in Escherichia coli[J]. Journal of
Agricultural and Food Chemistry,2018,66(5):1191-1196.

[22] TANAKA N,KAWANO Y,SATOH Y et al. Gram-scale fermentative production of ergothioneine driven by overproduction of
cysteine in Escherichia coli[J]. Scientific Reports,2019,9(1):1895.

[23] CHEN Z,HE Y,WU X, et al. Toward more efficient ergothioneine production using the fungal ergothioneine biosynthetic

pathway[J]. Microbial Cell Factories,2022,21(1).76.

R, BB VAR AR A A R R AT B TR B R A A S O], AR TR AR, 2022,38(2) : 796-806.

MEOR B, XEF, 22 30k, 4. B 3R T om Ak 2 M A9 & s A 5E 1], B Fs 5 91 % ,2015,36(15) : 108-112.

B3 e AR | A5 ™ A I T B 2 DR A TR 2 IR B A Bk i A [T, #o™ Ak 45 Tl ,2015,35(4) 1 131-137.

GONCHARENKO K V,VIT A,BLANKENFELDT W, et al. Structure of the sulfoxide synthase EgtB from the ergothioneine

biosynthetic pathway[J]. Angewandte Chemie International Edition,2015,54(9).2821-2824.

[28] T HIZE, 2 Jh 5 2 AR A5, 2 TG 1A 00 o8 OV A T R A0 A 77 oo TR A 7 4 B SR B RO T 1 S i [0, rh R AR TR R AR
2009,29(7):56-61.

[297] 5k 102t . & T % M 500 6 KM A B - S5 R K s i [0 v RS i, 2012, 20 122-125.

[24
[25
[26
[27

—_ e

(5 S 5 S R

HA#MELT 3 TR MR

202247 A 12 H, HALMIK ™% &R 550003518.550003519.550003520 5 4 ) 34, BUETT 3 T fhbnife, EZAEIT
PR D) D SR A SR AR VS TT 7 5 85 N TR & SR T 1 43 288 B HL i 43 B oK £ 5 % Jon ) 5 ek oy S e 3
3%, FFHIG T A S SR E T3 5 2) R OB MR )BT 1 R T OB R R B 51 AR B TT R I UORE ™ iR
2 388 FHBE SR (AN 25 I A TR 44 B DR T I] At A7 T TSR BRI R) J 7 AR 9 T AT B ), T ke 4 R v E AR A SR A
P AR S I AR TR 5 3) G T AR AR HEME T30 R AT o S, BISE SR 280 e M | aod 8 55 T 2545 30 0 W A, L e R AR S
BRI [ BB 1T M A R ) A 6 T 1 5 e S A S SR R T R R TR T 2 AR 9 R S 7 I AR A R TR AR
“ff A XX (M4 ) S XX 42 ) SESR s S R AR . R R SO R S A = 2022 4E 8A 11 H .

(5 Bk U8 13 ¢ 5 % . B AR UEIT 3 W& § b5 #E[EB/OL]. (2022-7-19). hitp://www.tbt.org.cn/warningDetail.htm1?id=
COZoSK6uTFDxEEbCskbd8dzGnn8UEg3GLRUXsMN

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol. 41 Issue 8 2022



