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derivatives as key ingredients in cosmetics
YI Jinhang', TANG Yulin', LI Chunyu', WU Heyun" ?>, MA Qian" *, XIE Xixian' *

('College of Biotechnology, Tianjin University of Science and Technology, Tianjin 300457, China; *Key Laboratory of Industrial
Fermentation Microbiology, Ministry of Education, Tianjin University of Science and Technology, Tianjin 300457, China)

Abstract: The development of synthetic biology has witnessed rapid advancements, which have significantly
promoted production innovations in multiple sectors. In the cosmetics industry, the production methods of amino acid
derivatives, which are a kind of pivotal raw materials in cosmetics, are experiencing groundbreaking innovations. The
traditional methods for the production of amino acid derivatives have the problem of high cost, and usually generate
environmental risk. Besides, the production stabilities of the target products are often unsatisfactory. The application of
synthetic biology technology in the design and engineering of microbial cell factories for the bioproduction of amino
acid derivatives, can greatly enhance the production efficiency and reduce the production costs of the target products.

This innovative approach not only enhances the development of green biomanufacturing, but also benefits the demand
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of market for natural, safe, and functional cosmetic ingredients. In this review, an overall introduction to the utilization of

amino acid derivatives in cosmetics industry is first provided. Subsequently, the strategies for the construction of high-

producing strains for the production of amino acid derivatives are comprehensively summarized, which are basically

categorized into two groups: enzyme conversion and microbial fermentation. The application of enzyme engineering,

rational metabolic engineering, and random screening in the construction of microbial cell factories for the production of

amino acid derivatives are systematically introduced. Moreover, the current research advancements and trends in the

biosynthesis of amino acid derivatives as cosmetic raw materials are outlined. With the support of the cutting-edge

technologies such as artificial intelligence, synthetic biology will further promote the production innovation process,

enabling efficient and eco-friendly biomanufacturing of a wider array of cosmetic raw materials. This ongoing evolution

holds immense promise for the cosmetics industry, promising a future with sustainable and innovative products.
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T 9 T8 Dl 2 0 A TR AE 2% AR ) S

3 A A EORH RS IR R AR A £
Witk

FE A i JEURE IS, 2 R AT A DR
(2L VAR 2 PR A T RE PR T A 2 W U RN .
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: + G
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p-’sl \
&Pl Sug MAT SAMDC | SPDS

k  Aspartate family amino acid derivatives J

SAM——=dcSAM 4|— Spermidine
! Glutamate family amino acids and derivatiwy

B2 fufih iR R R BB AT Y & SR
(EMBEGREE: SORERAFER, BORENAERE: SOREFETESMEALR, LONREKELERS. PEP—RGENE
KABRR; Cit— iR o-KG—o-FiK —fR; Suc—IFHMR; Mal—FRIR; OAA—H I LF; SAM—S-IRH HINEEE; deSAM—R1L

S-IRHFH AR ; e-PL—e- R

Fig.2 Microbial synthesis pathways of amino acid derivatives as cosmetic raw materials

(The biosynthetic pathway of ergothioneine: purple represents the anaerobic bacteria pathway; blue represents actinomycete pathway; green

represents the bacterial pathway such as methylobacterium; red represents the fungal pathway. PEP—Phosphoenolpyruvate; Cit—Citrate;
a-KG—a-Ketoglutarate; Suc—Succinate; Mal-Malate; OAA—Oxaloacetic acid; SAM—S-Adenosylmethionine; dcSAM—Decarboxylated S-

adenosylmethionine; e-PL—e¢-poly-L-lysine)
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3.1 BAaBERERITEY

AR IR R R S AT A e e B T
EE

fif i AE B IR IR AT, A E R It S g 1
A o % R AR A R, HE T AR AR R IR

B M HATEY . ks HAR R s, W H
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R, SRARRAFERMLLL, HATEWERIH
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JBR it B A RS R A3 o X EERT AR ) E A LR AR
NHEE B y- R @A y- 2 5 TR, UM
AT A B I R -4-F2 2 -L- i R, DA DL S5
W 9 A AR S R MR i S . ARR IR ST AN R 1
PR
3.1 AFRER
WEREN— s hEE e &R, A
ARIEANK S B PUBSE 2 MAER D RE, W EH%
VERNY RS B 5 o BT, AR R B 2 A
PR R IR E B . AR NS R A
Y& ke EEA WA DL RO ARER
PRI AR U AU B AT B Y B A B
NAREMTERRAE . LM@Y, BEARE %
LB RRE N (argd EHHFL) AT A
MO RE IR, HE agBy argC. argD. argE-
argF argG. argH %atd 1) % B 10 5 24 5 RO &
. MEMmAELET, SEROMELE (arg) 5
Hgmid) A& &M@ md oma =R E sl o
Ik 55 LB (argE Bt I EDIHE . (EX
—I R, OB SRR S TR LR e A
NS AR, (AN W [ SO I 7 B Ay
AR LICR OB AR, AL OB A5 2] 1
TEIAFIH, B, 2 NS R .
KR A B ) OC B E £ R Y J R A
(NAGS) M Z B2 MR MbEE (NAGK) 2 FIFEE
TR 1A) 2 ot 410 1) A0 BELIE A FH I S o TR, O 02

W e o5t 100 1) 14D O B il DA % et o A S W 4% PHLI& B B
AR EREAR T BRI KR NAGK H argB
R w b, fEMRER BT PR, i RIE
argB & R B H 78 AT AR R 1] A5 28 B AR NAGK X 4
i P A R R IR FE I BURRFE E Y. ArgR Al FarR J& f#
BRGSO R EEE A, 29 #H argR A farR
DK 9 B, 38 R R argR 5 R B TR IR R B
argR M farR FE A, W] $i& w5 & PR RS 20 R 1 it 52
PR, BERERERE. A, 1TERHATE
R BRAETHAE T, MR argR JE K I 5] AN BRI
TR 1R SR R Y S R £ Tt L B I G 5 2 TR argJ W]
A RGBS W P2 AR B

T H 2R 2 R A AR 48, S 2 B 1Y)
B CZ BN AR Bl R AR O B A K
TR e T TR S R R A A U DX 4% AT R Gk
WS EN, TR R 0 E AU . Park 5 Y
DL SRR P A 1 O I B AT B, 3 I B8 46 pgi 5 TR (1)
BRI T (ATG B3 GTG) PG i R 7 49 0%
SAEEEYE, FER P E BT B thes tal. zwfs
opcA Tl pgl 5 PR i Ak G o B ik A2 ) i, 38
Y N NADPH /K5 i3k — 20 il B 23 Z R i Hh 2
S 1K Negl1221 VL K 5t Ak arg GH & R 5 40 R & R AR
WhE R, A TFEWRTES LA 1500 L& B2 GEH 7
WA 925 g/L M181.2 g/L HIKE R . Jiang &5
TE K AT B H R 22 A T2 R0 AR ) A% Ik 48 4l
By i) e i B S AR R B BRI A A v R
WRREk [F3]. EiZmad, HREek
W 5% sped adid R astA F R FH W A% 280 B8 B A, ik
F B AR KR B R VR arg CIBDFH i [K] 7% 38 5t
WAMRA K, R, RiEKRK BT E
F126 ] pyrdA/pyrABE949* & [K 1 P J§ pntAB & [A]
Aol 5 B e R Bt N R NADPH ZE il 3k — 20 %
T T W S 20 B A BEOPR S (0 R TR 2 B, Bl A o) ik
Bl sucd 3R15, ¥45E 2 15kiE = M TCA G 5] [
FE R A A R @i R IK argO 1 IysE BE 1A
Rm T RERMNER . SR THFREET
ArgP [F1RE SR M 8 284 A ) A J 45 B B 7% AR O 3k P
BifiE, RETEEKRES LRFHER ST 48 h Kk
B m] = A2 132 /L ARG R, A 77 o S & 0y
N 275 g/(L-h)AI0.51 g/g i &THE, Zrem. ErE
558 55 I A 3 350 0 2 A 4R B
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Table 1 Progress in the biosynthesis of glutamate family amino acids and derivatives
AR R A= N . " e B
G EH BB LT TR e P e
WER N A weBE MRAL, RS R 5 L It 45.6g/L  0475g/(L-h)  [68]
Fri R
BAMKE WAV R R R B0 P NADPH /KF s At 5 LR 92.5 g/L 129 g/(L-h)  [70]
i KRB G BR AR E A
Kl WEY  ZRREEACH TR 08 « 18 A 5 S S B 5 L R TR 132 g/L 2.75g/(L-h)  [80]
A KRB R T & BHTS ; 43 K 40 /5 A3t ) 172 %
SERIRAGAT 23 1) 28 A8 B [N
JRERR  FEEE Adi MRk ADIEDE b SR A S B A& A BEHTILE G/ — 95.6 g/(L'd)  [54]
BRI fitfh 2 7 52
Kb &4 KB E P RIAARAIRE R ADI @ 5 30 LAY KNS 176.9g/L  22.1g/(L-h)  [39]
i G B PCROGFREREAT S48 5 I & 1AL
BRI R PHWT R M ORI K8 argd e, 42 R P2 851 g/l 0.12g/(Lh) [89]
i REE ERIAREHEE
Kl wWAEYM R TEN G RIEE 2B G  Esa QS R4 5 L R i 82.1 g/L 1.71 g/(L-h)  [65]
FH KW AN argG RN R I
y-RA O HKEER A “Co-y ST Lk FE AT ARTP A1) A B & L H A PRI 32.53¢g/L 045g/(L-h) [81]
R i RWE REEREIREL 0y SRR
A BRI LA GE ATP L 1 L R 4381¢g/L  1.37g/(L-h)y  [90]
FEREPIZE AN W RIB SN ppe~aceE pyk-icdhgitAd I gdhA FE R ; 5 L I 2573 ¢g/L 048¢g/(L-h)y [91]
FFFIE KB XSS ES Ppe. Pyk M1 AceE 34T 4125 5 Ik A A 4 2 AF
BRARE WAV 5 pgsBCAIERRIEFREEH A b KRR KT 5 LR et 50.2 g/L 1.05 g/(L-h)  [92]
Fri R
y-EE KBITE 400 3 RIEILERE RIE gadB BN ; 7@k gabA Rl gabB ¥ 200 LAY M %E  614.15g/L 4094 g/(L-h)  [93]
T HEAE DRI BELT 3% 4308 3% « R I A AR AL
KGHE 9 8 Rl R ik 1 R0k GadEs @Y. PLP H SLAEMRMNE  307.5¢/L 6149 g/(L-h)  [94]
fiete  BERS
BAME WAEY WAL KA AT B K IR K AL #4 GadBmut ; BH T 3 LR et 77.6 g/L 121 g/(L-h)  [95]
FFHE KB GABA &SR
BEERE EY SRAGCH R &R  B% GABA MR IESI NS 7.5 LR G 45.6¢/L  0.63g/(L-h) [96]
i KRB U8 GABA & &A% M @ GABS B 112 GABA A
BAEMSE N R I
BRBE EY BB 1dhA. pgo RN ack 3K ;i T ik ppe. gltd  acn- 5 LR 8131 g/L  136g/(L-h) [87]
T KW icdgdh M pdxSTHEH s P, i, 0dhA
FANE 44 pHHAZER RS 10 L & i 3219¢L 671 g/(L-hy  [97]
et
Ra-4- KBTI WCEY) Kbl 58 IR TR IR PHP 5 M 2 B g 42 5 LG 4583 ¢g/L 127 g/(L'h)  [98]
Fedk-L- ot
MR o BUEm  RSARESROARR BAMER S RBR 3 5 LRE 86gL  122g(Lh)  [67]
KB N/ JE KR P4H
K WA S0 wn A I 2088 A R s 51 N 98 70038 1 oK U5 P4H 5 L I 89.4 g/L 2.03 g/(L-h)  [73]
KIE I NNOG &1t ; K L 24k
WK ek ZE CEY TR B A R IE IR speD A speE 55K s R A R FE 2274mgL  3mg/(Lh)  [99]
AFE KB R
PRI RE  BRAEYD DA TR BE N s M B S Bt < Sk 5 02 14 4% LR 23 ¢g/L 20 mg/(L-h)  [100]
R
KA 24 &R A RO AR AR e 933.5mg/L  155.6 mg/(L-h) [47]
etk
KA Adii UGG R GG LA R IE % 0 s B 2 A TR 37¢/L 463 mg/(L-h) [101]

fEfk
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AR TR G, 51Nk B 2 2 B AT 1 195
W& BUS A Zus e WA R . b, FIE R
F642 K M ArgG 2 ) 49 s (AT IE 2 2 3 BOE 2 R
AN A BOE AR  W,  3ER A AEA , E
K FH A5 R 78RS 28 2 1 7 20 R b 4 i AR R
HIX 7 XTCEE N T A 7= AR M A P T EE R
Mo EFXFUE A AR, Jiang 55 ' K F Esa #F 7R K &
Gt — AN ET AR E RV G, s
Fs 28 % FH IR & Bl 2 B 2 TR arg G 3R IS, DASEIR
MargG R FIF IR R “AKBEAR” B argG 7 5% 55 A
IRE Sl - = P K2 i DU e b B A o
B A ER 1) CIT24 R MR AE 5 L R B H JC 7% A 4h
FMEIR, (HReA = =ik 82.1 g/L RN, 1%/~
BRMAEM KA RIEN & SE. A, AT
WS AT SRR R, 5 Bk U A3 55 K g
581 i 220 R & S A5 DA R L 0 5 Ji e i ik 422, B
LA FERAR CTLLS, 753 LA EERE A AT /0 feb k)
KEE, TNERE R IA5]44.9 g/L,
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e
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P, Pl
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pyrAAlpyrAB*(bsu) X argk(ec
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X
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(a) Metabolic reprogramming and biosensor-assisted screening of mutants for the enhanced production of L-arginine in E coli
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(b) Enhancing synthesis of ferulic acid by activating the regeneration of
SAM and FADH, in E. coli "
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(c) Highly efficient production of ectoine via an optimized combination of

precursor metabolic modules in E. coli ®”!
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(d) REAU TRREGE KA 1 47 22 i Rl 1)
(d) Metabolic engineering of E. coli for producing ergothioneine
B3 ZIERATAD S IR AT 5T
(“AEHER R RIE, AT RN . PTS—BERRF 1 2 4, GoP— i &7 WE-6-BE IR GA3P—3-B IR H i #%; L-Glu—L-4 %= #2; L-Orn—L-
B8R L-Cit—L-/NA R L-Arg—L-F 2R SAH—S- IR ¥ -L- [F) 2 3 it 20 B2 SRH—S- 1% Wl - L- [7) 214 2 it U R - Heys—L- [5) 2 3 it 2 R, p-CA— X
% DR CA—MNHERR L-Asp—L- R L Z R ASA—L- K X H R -B-£ B : DABA—L-2,4- 5 T #8;ADABA—N- 2 -L-2,4- — % 3 T %;L-Ser—
L-22 G ;L-Cys—L- M &R ;y-GC—y- B & Bk M & R L-Hos—L- 151 22 2R ;Met— F AR IR ; bus— Ak B0 2R T AT 1)
Fig. 3 Representative studies on the synthesis of amino acid derivatives

[185]

(“Green arrow” indicates overexpression, “red cross” indicates knockout. PTS—Phosphotransferase system; G6P—Glucose-6-phosphate; GA3P—
Glyceraldehyde 3-phosphate; L-Glu—L-Glutamate; L-Orn—L-Ornithine; L-Cit—L-Cittrulline; L-Arg—L-Arginine; SAH—S-adenosyl-L-
homocysteine; SRH—S-ribosyl-L-homocysteine; Hcys—L-Homocysteine; p-CA—p-Coumaric acid; CA—Caffeic acid; L-Asp—L-Aspartate; ASA—
Aspartate-semialdehyde; DABA—Diaminobutyrate; ADABA—N-Acetyl-diaminobutyrate; L-Ser—L-Serine; L-Cys—L-Cysteine; y-GC—
y-Glutamylcysteine; L-Hos—L-Homoserine; Met—Methionine; bus—Bacillus subtilis)
3.1.3 y-Roam AR = B AME A . R ARG T BURE
V-REREE (y-PGA) 1EN—FZ IR EE 2 ™. Bk, L-BERE S etk | B0
TREW, BARRK/KENE. RIEHES. BT, D-BAM; ARJ51E y-PGA K A B PgsBCA (E)/
AR R B T A 77 y-PGA I £ )59k . CapBCAEEH N L- & R Al/Ek D-4 & R H 14
%%memmﬁiﬁﬁﬁﬁﬂﬁﬁ<%mﬂﬁ RETKy-PGA; H o y-PGA i i 2 B 4 2 1 ik 3R
FAAFE . BRI L R VE R R A R A B2 T i S P BB T B M o o DRI, B Ry R
u&*%ﬁii\w”ﬁlﬂﬁﬁi%m]ﬁé LR, 2 5 y-PGA & BBl 1) 32 18 AT | y-PGA
e, BB ZE AR R R R FRAT AN OO AEBUR KR DL R A Os R, A y-PGA TE R T
PER) 22 bk, T H B2 S 30 y-PGA & e 7T, RS . Xu%E Y IE R R AR AT B PR 2 AT B
B y-PGA BF 8 5 T A A4 77 10 = Z A SRIER) y-PGA &kl PgsB. PgsC Hl PgsA AT AN [F]
5 £ 1, RIKKFEE, RAFHEREANBRIL-B 2K 11
AL-B RN NG ek, y-PGAEYI& K BN, DU &N K% 48 h, y-PGA ™ & &ik
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50.2 g/L, SEHL T 4 S BR B AT B LA 2 B A S A A
SLAE = y-PGA R 7 &

EAREE R, 78 KE 2 A E
pgs BN T 32 WP WA 4y RS R IK 5. DegS-
DegU 1 ComA-ComP ", 1L DegU (DegU-P)
A LEOE R IS 120 AR )R, A iR 4 FE R AT
LA pgs BT LA7P7 A2 y-PGA 1 ] 25 ik 4 T
Xof Al B2 F R B y-PGA & B 128 AH 6 5 X Th B
1T TWEFE, 5 RBHILRIE swrd Ha58 T degU A &
(R B 2 AT B pgs BRI B0 S B0E, T rocA
putM LR [P IE B RAE IR M A R AR R,
AN 2 25 £ T4 B A 1 y-PGA 1 e

UEAh, 25 SRR AR I R A I ATP K fif
I H y-PGA & i #2 H 1 5 6 B2 7T A B RS <
Lk, BETT R ATP RN . [RIG, 42 = ATP 1)
Bt N2 S B KT y-PGA & I SR B R R 22—
Cai 55 " 75 Hb A 25 A AT B AR R HL T 2 Fh SR B 42 15
ATP {ER,  LFE 08 PR E 3 52 51 N 3% B B
ZLEE (VHB) DL At Rk 5 ATP & U&7 4H K
M35 R %%, % y-PGA 2155 43.81 g/L, Xt
PR R $2 75 1 38.64%. A 1 i i y-PGA 15 3 X
S M AT RE I, Hu 55 W FE AL B2 fR AT B rp AL T
P,, )8 8T H & T it PhrQ-RapQ-DegU #F A Jik
RLRGE, ST A0 M A KR v A B B A
VT, BAAE3 LRBEWET y-PGA M B & T
6.53 fi5
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y-2IE TR (GABA) 1R —Fp i £ 3 o7 471 1
FUFAE T AR KR A & R g, KiEE
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[ RE JT AR, B RT0T 70 32 2 45 v 7R 0 O A () B Ak
KVE 1) GAD #2 R W #F 1 h d AT mii Rk, #—3
ok g A, DL R R ORI AR, HEAT
GABA 1477, Ke %5 ! 75 KT B podi i i 3Rk
LB AL 5 I FLER B A 2 R R TG B g R 2k [

gadB. % gabA Fl gabB HE I [H 5% G i ik . AL
SN A 257798, L2 mol/L B &M NEY, 7E
ARG B R T IE S B S -BERR (PLP) 41T,
GABA [1°F¥ 4 P2 5 JE 1A 51 40.94 ¢/(L-h), £ 31K
AL IR JE K15 614.15 g/L GABA, BE/RIEAL %
1199%. Yang & ™ ] g A ) A0 N ey O O
Jiik, SR RS AR R (GadBM4)
AT i, KRR GadBM4-2 (Alal54Thr) 41
K FF B A 40 B 3% 1 GABA P2 & 3 5 1 20.27%.
HBE— 25 5 N PUIR R 48 /9 0 I 35 R F GadE AR K
#iT DXP ¥ PLP W) & &2, 765 LAY
Ngs AT AR, AR BRARY,
GABA 7= & ik %] (307.5£5.94) g/L, £ 77 98 ¥
61.49 g/(L-h). MAh, TEARMPB L 2EHK, R
FFBR 5 FH SR AT 4 40 B A 4k A 72 GABA MR
{H GAD f# 1t GABA & J 1 1 72 o 2 7 #8 HORE I
CO,, fHRiFEEpH TR, GADIGMEZEHG]. H
gb, JiaZE YU IR R—FhpH A 4EFE RS, FHS
SRV A R PR AR R SR 4 RR AR pH K T 2R
B, MEORIE T IR EIR AL, NEW% 4R GAD
. BT ZRG, FAMAEUSARNED,
& GABA WKk ik #3219 g/, JEWELE N
99.6%.

KB A B ) FE R 2 BE B R T AR PF GABA )
W7 A HRaE e SR, AR BT R AT B A
(N B R AFAEBE B XS, R B AE N
AN AR, [FRETT DASC B %1 9% 2 GABA
B B, BB E NI RIE W
GAD AL TE 55, H B AFRIEK GAD ¥ 1E
K pHAE M N A Re RIEMEH, Bk, R4k GAD %
IR TK PR GE 47 19 pH A2 32 5 GABA & ORI 5%
SEEHG . Wen 55 VY FES EURR AT I RIA K B K
i FF TR L A R A A P RE 1) R K GadBmut, 3
13 G 5 Mo 5 o v B0 i o, DA 25 B D 4
15 3 L R G b 20 73 AN ELHRTS 77.6 g/L GABA,
Bbo2m i o AL 3R = T 3 5. N IR IE GAD TS
Wen %5 7 5% FH 20 & AR T FE A0 R 8% 2% (- AL AE 45
A W75E, Bt Rk GABA & BU& 4 F L4 GAD
AL R, 45 &P B pH #8 H AM R R B, T2
B ¥k GABA 7= & ik # 81.31 g/L, 77 51 T ik %
1.36 g/(L-h) o 7275 — Wit i, 1 s A
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ORI EE, Wei 55 PO MR T B AR KB B
HPE H 32 0 IT O GAFS FAE KBy Bk 1 5 1
J& TF R GANS 4 J 1) AR K B BOHRS ) B 32 XD g
LI X GABS. i GAFS 2y 4 il 41 il A4 K %
B K odhd T argJ 1) & 15, GANS 3 & 4% il
GABA & A SR [H gltd Fll gad M3RIE . WL A
A KB B B S )7 R B R AR A, SEEE T B)
Al K S GABA B R E & . &
ZULUH W OABRIR, A8 45.6 g/L I GABA.
3.1.5 B R-4-FAh-L-IH &R

RA-4-FHE-L- AR (T-4-Hyp) =2
BT EY R N ) B A, B PR AL
EER B BEEMRES, T AR FOR S,
M DR 37 40 M 4 52 E A i A IE 22 25 . il
WA B vk B SE B T-4-Hyp #9 Tk AL A 7=, H i
N REF I BE RS ST ALES .

AR W K B A 7= T-4-Hyp, 8 LA AR E
PR RN R B PR, I8 IR I AR o R B TR A
RAAE SR R BT IR I 2 R, B — B R 1L
i (proline 4-hydroxylase, P4H) f#fk 18 T-
4-Hyp. BT H & B Ak Ol % A A7 7E PAH 4 b 5
Kl p4h 8RR IS K 8055, BIL, T-4-Hyp AV &
AT Z AL E PAH I dE 7 T . H AT, C©71E
Z P AR W b % B PAH, 4N fE 1B % B RHI
(Dactylosporangium sp. RH1) "' K W& 41 6 %% B
P8648 (Streptomyces griseoviridus P8648) "™ | M
RSB B (Alteromonas mediterranea) ' .
N JE (Micromonospora sp. CNB394) 7 45
Horpr, NG f 2R b o) B A5 2 B 9 Y PAH H) 2 ]
B T3z I8 AE K i B8 FT A 2 R s A B 6 IR A
[Efinp A e e

AL AT — MG R T-4-Hyp FI4H M T,
ik E G P PAH SR ORAT A AR R, JFdiak
e T2 AV i 2 K55, 2SI T-4-Hyp =7 1)
. AR aE T LUK AT I )RS, I CRISPR-
Cas9 FiAR, EXTHTAYIINZ IR AR RiAT T R4
AU TR B, G045 FH T 2 1 A AR Bk
R A S| Al =R S A IRl A
Micromonospora sp. CNB394 H1 3R 15 [ /=5 7% 1% P4H,
FRCDAS 8 — PR DU & B e UR . AR E MR A
B UKL R IR BAR ) T-4-Hyp A2 WH bk, bkl

KE%40 h, T-4-Hyp ;= ik #48.6 g/L. Gong %5 ™
AR U TR T B A 38 i T A 470 i R 1 AR
=B, KAk B Dactylosporangium sp. [
P4H, [FIHS 5] NIEEALHEREREE (NOG) i1 k4R
1 TCA PR E &, Jfik— 014 9% NADPH It
W R T2, TREEKE. coli HYP-107E5 L
RIEEHES P74 89.4 o/l T-4-Hyp, & H i AEY K
[APRISCRN =S

3.1.6 LAERE

W g% (spermidine, SPD) & —F KR H
Wi 570 Y, 2 R AR T T e A ) 3
BERE VIO, BN — Mo B bt 2 4 .
EAEYEN, SPDIEH & HF A RIBES K, B
F I A4 90 57 TS i 5 Tt 2 A S- i T HR . 20 G 7 T A
& AT, BEEGEEE. BT, 28W
A Z TR VR A2 77 SPD,  al Fll AR UE K 2F #AF
BRI TRV % R R A 7 SPD, BRI K i AT
BRI AT A 40 B A AL 2E 72 SPD.

A R A 77 SPD Y, Zou %5 P T
R E K W A B I S- B EE R R TR B 7R e 2 TR
speD FH R P [ BF 1) R i & Bl 22 R speE, @A)
Y8 R 4 R JE [R] 20k B VE R 2 AR TR R R 2
o, Gnb REER IR GRIENARRE, RIEAE
KH), B ME P 227.4 mg/L SPD. Qin £ 1
FEIERE R MR, Wi RGN SRR &
WA AR RN B R RS f 2 RS, Rk
The g DABRPS B2 BE N S A 1) SPD A4S P B ik, LA 45
WEBRIR 2 ANEL 4R B RT 74 2.3 g/L SPD.

18 VLK W FF T8 AE D R 2 B8 PR O AT Bl AR R
SPD i FiHf, F B TAEAHE XS SPD A & £ 1)
REERGHAT S0OG, AR S S, DL RO B
(I R G2 5T . Liu g ™7 93 w1k 2%,
%t Blastochloris viridis KI5 1 & W ¥ & & ik
(BvHSS) &5/ AP 31 3 A g AT BEVE BT, 20 il
TERG I 45 & DS TR M0l 1 N O A i R A%,
Hr, AR Glu232Asp/Asp361Glu LA 1,3- 4 it
TR HE A I i A JE 0 0 4 T R AR A, S I 6 /INERE, - AT
% 933.5 mg/L [f] SPD. 7E Liu %% " 4 50, 7E
KW A B o 35 32008 KR IR S- IR I 2 R it 2
i (SAMDC) 1N EHS i & i (SPDS), il
T AT A i 1) 0 S A A N AR A, DU i A S- i
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HHMEARNEY, 2L hfiEfbn155]3.7 g/L L
R o X 2 B OB KA R AR R R
FSC I fi o A 77 R KT RIS

HHT, SPDAEYG =& IRBAL, 77FEMH
— R RGBT, B, NADPH A& R
WA R 7 S- IR AR R (SAMD B4R R
% Wi ia B IR AE B R 2R 4 4 i AL
B, DR SPD A& R .

3.2 FEEREERITEY

HEGRAEREE S TEWATEHERTD
AR, BIFEANER. BMaARMNEAR. 5
REIERRAT AV 2 07 IR R AT A i —
KA@M IMEREY) . J7 7 R R AT
AP G A L B A A 2E R AN i
17, MAIFRIRBEE IR AR IR, dkim A
B =05 B R A R R S AT AR AR
, M FERAERAS, HGTEMEZ/EN
PRR A RRORR A3, AL HE DA R R BRI R
FRATTRD G A B SRR . AEESEE. 45K
TR 2 R B AR IR AT AR P an o E TR L o] 2R
BRAE, I PH 2R B B0y SCIR N R & % B
TR VL EATAY8 n] AR b g AT SR, (HiR
Bk AR H G 2 A AR B = s AHEEZ T,
WG ORABRAG, FARoR s H B A T Feaktk,
MOIXEERT Y G AL T . B, RIES
T B TR AT AR 1 S 2 40 B DA K A B R T
BEJy 3, o o g i 5 A OGS 1 0 0k . 38 R
PR BhA WA AT TR KB T
ZETTEAT, ARE TR 2 PR,

32.1 A&z

DL 2R A 2 TR B T 2 IR N I A ) A i T 0 i S
2 (p-coumaric acid, p-CA) 1FE F & & 2 B $00 H)
7, BE D ) SR R AR R, AT R B SE B AR
S p-CA B KR 8 I K AR S AR R
P SN o

TERE KRR, Zhang &5 U i 2 3 DR 20 0
F B A0S B 5 e M, O et R B R B R s
(FAE), %8 REXT PR 7 A2 o0 v 1A 0 B ik AT R e M
R A, o T SR FH B /K MRV IR 3 AR W st AT Ak B

315 91.2 pg/g i p-CA F1.89.25 ng/g BT B IR .
AW R T A TR p-C A AT 38 I 7 I A 40 i R 5N
JR TAL B2 F1 PAL /250 . 7 TAL @2, 1%
AMEMARME (TAL {ERH FHRE LN
p-CA. ZiBFERI, I EE, Rodriguez
2 U8 RO I BE R 51 ON 2 Q3 FF B R UR ) TAL,
2 G b TE G B AL SR NS, DU & B N R AE
R K%, p-CAF=EN1.93 g/L. 1E PALIERE
h, RNEARAERNDARBZEN (PAL) WEMT
Wi B R AWHERR, BE S 75 A R -4- 22 L
(C4H) WITEH TR p-CA. SR1f1 C4H J& —Fh 4
538 P4S0 A AL, ERAE T ERIE, S
ERBAL, 2 p-CAMMRIER . Qiuss "™ LLKH
PR A0, G R A TR RO R TR
filf AtCAH I R IXFNEG TS, FFadk— 0 4 = M o 4l 181
TNADPH & &, @KkBELZNM)E, HPkEAE
EIWE N RYIAE S L RS P2 4E 3.09 g/L p-CA, 4=
R 5 F 49.05 mg/(L-h) . b4k, TAL&{E 5 PAL
B FEEH, Liu%s ™ 76 B EE B R i 5
APAL 5 TAL &%, H&EGHMarky e, M
T I8 A W N B AR R AT AR R AR AL, AR
SR B 96 h J5 p-CA P~ Frik £ 12.5 g/L, & H Al
IESA R B 7 p-CA B i . FERRUR
B, ZhafSE " TR, HATEp-CAS
g, BIEGIANTALBRE. MinERERGEE
T BT 25 P U BR 5 S ad 42 %o ik i S P P g A7 s
DL & 5 N B R AR 77 (1035.5467.8) mg/L p-CA;
HIRAERE R Sl N R B L4 R, DLLF
e R/ LA YEZR NI, w77 (84.3+2.4) mg/L Ml
(65.3+4.6) mg/L p-CA. T4 R/ T4 BT
AU AR AR, AR E AR AL, HESIE
PNGIEZD & G
322 G#EFE
PAp-CANRIRAERI A S BEREAH R T
A, PiERZED R Y, L R B E
RLHE . p-CATEACL HFIfER T 5 S B4 A 45
AR TGO A, QRN ES
(STS) A5 3 70 BT 4 Be A 48 5 AR %
FREMRE. HAr, B3R MA Y A R B
KT A TR I B At I B O 1 R il ok S
Fik ACL 5 STS SEI . fifk Jig HIS TR B B 11 P 1t 4
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K2 FEIEREBITEY A ARG E
Table 2 Progress in the biosynthesis of aromatic amino acid derivatives
iifz BT AT BRI IS R IR R AR R i;i
W& KR AR i i p-CA A AL s AL B (G s Ik I 5 LR e 3.09 /L 49.05mg/(L-h) [74]
G TR AR EE T2
BRI RE R K 0 3%E p-CA & BUHE DR B I BT AR BE R ; PHIWT 5% 1 L R IR 12.50 g/L 130 mg/(L-h)  [119]
4rigf% ;1 PEP 5 E4P BB &
FREMRERIC PRI R EE B9 TAL 56 51 #5 1% ; 58 Ak 28 90 R i 170 0 & PR 1.04 g/L 8.63 mg/(L-h) [120]
1 B REL BT 28 T S IR 1) e 4 i 42
HE#E KBE R R IR Z 2 [FAG R AT, 3 OB i i 79 — PRI 304.5mg/L  6.344 mg/(L-h) [121]
P ik 4 TitE A 1) 1 7 ; CRISPRI $2 AR 1 I8 5 2 &
AL, BELIT Y A A AV REER AR DN TR
S5 TAL i 1%
KIGHE  REEY KB VR B R 5 DI A T 2% A1 (R o B 481 i L 481D PRI 204.8 mg/L  2.44 mg/(L-h) [122]
TRIGHERIC U i SIN B G BORAEA OCEE IR NI M & 5 L R e 22.5g/L 0.16 g/(L-h)  [61]
[iza82 K EAAAK I Hz : B0l ARPD AL I 5 D04k I %A
(il pH DAYEFRRBE BE IR TR A5
— g ftE AL AL - B-D- ] 457 R A 1 B AL 5 OB 2% i 22.5g/L 5.63 g/(Lh)  [123]
AL
50 KWAFE AR VR BRI 5 A Ak R B A A LS B R AR K (BRI 5 LR 6.03 g/L 0.05 g/(L-h)  [124]
KT ERI =R D)
BRI TR R B IR G BSR4 s BRI s bk 5 LR I 26.55 g/L 0.16 g/(L-h)  [71]
P 3o
WIHERE KT R R I p-CA & BISAT  fRERR SO s BRI 52 ik 5 L A et 7.92 g/L 0.12 g/(L-h)  [72]
12 WG IngHE - FAD R sk CA Fig T ARk
KGR BREEY R % I p-CA & B AT ; BHLIWT 36 3 A% s SN w8 5 L i el 6.17 g/L 0.07 g/(L-h)  [125]
AR R (L s 38 04 8 FADH, it i
BRPRE R, R R ISFL W7 4% PR 0 1 R € SR 5 ol » B T i A AL 0 5 LR el 9.3 g/L 0.09 g/(L-h)  [126]
FERie Kkt AR 51N FA & g 3E n S-J# AR 2R AL B 5l 3 LR el 5.09 g/L 0.07 g/(L-h)  [127]
B R AL T AT AL 5 50/ PEP i 74 I R e
1K, 5 BELWT 3% i 4%« 39 i 4+ FADH, fit i
BRBEEEE AR I SINFA & BOSAE s BE I AT p-CA LB 38 n 1.2 L RF#HE 3.80 g/L 0.03 g/(L-h)  [75]
§# X7 FADH, f#t 57 s 3 4 A 5> NADPH {3 5 1
oS- H o R R SR ¢ [ % B Ak (HIS3, URA3)
W KHE R SN GA & T 75 T 3 A0 iR A 43 )8 Ezs i 1266.39 mg/L  35.18 mg/(L-h) [128]
TR
W% EEEERE SRV RS IR B R A G2 NN B A BN, SLREEHE 61950 mg/L  7.74 mg/(L-h)  [129]
oA R B S A
KIGFFE AR % 5] Nz F A Ik K %6 CHS Bt AT 1548 i 1.85 mg/L — [130]

Filg A TN 3 T 3 A0 1 A 3 B I vy T K AT B
SR EE, SHdE S AE B2 I A R IR A 4
Mo, HET, CHRIEm AR R & LA R
JEHB (CREBEH, 1A 2] 22.5 g/L Y,

TE 36 F AN 5] S U5 1) 25 DR 3R AT e U T8 & Bl 1 22
FIRERS, FERRIEE AR R ZE R, Sk,
KEWKE (Petroselinum crispum) FHNFHEIF (Arachis
hypogasa) [F4CL, KH W% (Vitis vinifera) FIAEAE

(Arachis hypogasa) 1] STS M. F 5t )iz
A, R E G R AR EERERE S, FE3
TN B A S S, H KAy
Hilg A S ERD BamBImE, 5N
G A RN BB A B PRI AP IR — .
BEOEN GO0 G 34T AN [F] 2200, 40 51 N e U & 1t 4l
My A BRALEE B RGN N T B A S
Ji e FEER IR BRI A 5 IR DT RR A B AR ST A
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PR S5 5 ) IR B 2R LA P — B A e A S s i
T AT 020 TR — Tk S T A (VS E DY, HE B EI
RN W R R A P AR A BT BT, Yang
28 DSV 5ok iR 0 R A BRO& 42 TR fabD 3 IR I 2R IR AT
TN, GRERBESEERE T 17 il
ZJa, WufE P —J5 g NN IR AR B
P IR A AR SR, 55— 77 A A CRISPRIFI AR
WAL T g R 5 i A2 vh A G 2R R 3R G4 (fabD/H/B/
F/D VWb 8 —EBEAH I A W FE, E— @ik
16 TAL ) mRNA &5 44, LU %) B 9 B 14T K 9%
48 h, HZFIE2I5%)304.5 mg/L.

UBAh, EEE R A L p-CA N RTIAEY, AR
BRI, X B AR AR K R EOR HLAE AR e =
Ko R BUR T R 2 xF H kAT 4 7 DL AR
PRIGART 48, s A @ PR A 4, — P e
WA p-CA, 57— Fh MR p-CA L A B
g, HETEZAZ WS, LU 2 TR
SR e W I VR B R R R RIS A AR K
WEFLAE ), W B A9 R e I 2% AR AT AL 55

22 7 B L BE 22 |1 BT AL -B-D- i 4 B 1 A
PEALH A& R, AH PR RLE - B-D- i %1 4 E I 1) A
& (A IE A 50~65 °C, i T iiE A K
WEE, B, By A oL G TR AU
B BE P EE R A T 0 Chen 55 1Y BL40 g/L
PR AR, R PR B -B-D- i %5 K £ il %
HibAr e, 83225 gLIAZEAEE, HAExE
BEAT RIS SR o Bl A A 0 7 1 A T ] B AT
ITHX B KL, BAE— NS, (A
USERERSEZ SR P YR
323 4w RH

2135 R A DA I D BT A4 40 2E R 1 B 2 4k 7=
W, BREA. PUEESER Y ERDFERE
(R HT A4, T T A RS B BF o ] DL S Ehrlich i&
RAE, AIEEEARRE M iR e A i &
MIAE G AL B I Vs AT DU 20 B
T2 e I R SR T AR O 0 K5 4- 32 35 2 7 I R 4
N 4- TR W (4-HPAA) o & BRI 115,

R BEL S R A R BFFLN 51 A S 6 3
DRI 3 438 185 0 A4 4 1) AR 58 48 T T KT T R i 47
B . Guo %5 M IR FE 51N H KT I 2 R B
TR HE R PecAAS™ VA3 5 RS e B P % 22 R 2 T I

1A BOS R, FHEE R R IA TR R R (Xfpk)
T Ak B TR 132 3 42 LA 384 o T 4k 420 7 46 -4 T TR
IR, Rl PDCI. PHA2 F1 TRP3 ¥ PH W 3% 4+ 1%
A, &%, At REEILTH 1.82 g/L. &
WS RT A RS E KA 8, Linss " %A
KWL R RS, B4R KT G BAREN
T G 2 T 2 5 SR T e 22 40 S50 R A 5 R 350 4
ZARG A1 6.03 /L5 K. Liugk " Y
INBSEERL R, 2 il R IE W IR EE R AROT0 L 4 5%
KA MY POk R R L v 4-HPAA (1) Al
4HPAAS, X HBFATHAXT, =R H R H 1
R REEYART, KU REAROI0EE
MRS T IR, 7E MR 1 45 A A I & A
] A5 S W TR AT A 7 B R R B R 4L 5OR T 26.55 g/L,
NH R R E . T, 39 R R B 4- 5
6 2K TR R 2 T I ) B & AR DARR 3R B 22 1 T A
PO RE AT SR T R R R R, HE AR
ARESZ B — e, Fi, FEamEKSa
FRE AT E R .
3.2.4 ok ER Ao 1T SLER

DL p-CA N B B2 A 4 & 5 i e R (caffeic
acid, CA) NHATAEYIBIZELER (ferulic acid, FA)
B EA PR LB R I TIRE, 035 R LE 2% Rk
HHEB —EEH. CARHp-CAZ=Fg 4
B SR REYRIRIEE, p-CA WK & EER-3-
bl (C3H) LA R CA ™™, B7E 4 (5 2 i
P450 CYP199A2 FIAE FH T #4153 21 1, (I i Ff
77 IR JRAZ AL AT R IE 5 SRR
WRIE IS, ARSI N TRY), 1E sam8 m b 1)
TAL {EH RN p-CA, T4 sam5 Hil (1) 4-75 5
B2 -3- 3 AL EE (Coum3H) 1F H & Bl g 157158
R R K E ORISR, 4-FRIEIK L -3-N
Al (HpaB) Ml4-323L7K 2 1R-3-10 Ji i (HpaC)
BEAT B [RIAE G O A B 26 ) 4- 340 2K 22 -3-
1L (4HPA3H) ¥ p-CAfE1L N CA, NCAH
RIS IR BRI AL T BT R 1

E R, CAMIZED) A RLE BRI B BF A0 K i AT
R O . FEBRIEEERE R, SR Ok A A Sk i
JfL 1 [¥) HpaB A1k H 738 ¥0 1] 1K B 1) HpaC #E 3k 15
B e D T AE K AT B A R CA B R R
DAL 1 Sk 5 A BB I O G R, RE SR R YR 1
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4HPAZH HEAT AL 7> 5 ), JREE I N AN & B
HHAT CATIA R ', CA A AR K2R EL vk
T A A4 R o v R G SR TR PR
RS, SHTSCATIR M 07 & R R RAT AR
L, MG IR AR AN B R AR D TR 3
SR I HE R G BT R B )L T HEAT, W AE K A
A CA WA SHT 7L, Wang 25 7 il i R ik A IR
1) 4-¥2 B K JE 218 3-F2 1L ¥ HpaBC, 3% 5E TAL #%
DUE A I A R R, BH W 5 4 3 AR DL BT
P FE, AT 3G 0 R TN, A A
5 BUXT 52 CA R FA i B IO T BREAT 20 4T, I
AR R 66 h " CA 7.92 g/L, & Hul kKB
FF B A % CA IR B i 7= o T 7 BR3P 8% B 5 B CA
IR T, 3T 5 1l FH W R N R R A
&A%, 18 %h URA3. HIS3. METIS & 37 brid 3
AL, DL 2 B N R AE 5 L E Pl 2 AR} & 2
3199.3 g/L CA, & H HI SCHR A i i A= 4 A e A
F= CA R s K.

FA & — M HEMAIm R, BAGZMEDEE,
0] B CA {EMIHERR O-F AL 721 (COMT) fiEfL T
G HAT, SCHLFA & O A E B TR AL
AR AR AN R R BRI IR AN 2 o 7E FA A i
e, H AT CA & B & 1) HpaBC H ] HpaB
A FADH, 1 #i 74 ¥ AL, HpaC A& %] FH NAD(P)H
Fi 4= FADH,, 1fi FADH, [t 7§ A= i i — 2 2 5 b5
W HpaB [ 20 B, AT 5 FA BTAAY) CA &
H. 15 CA 7] FA B ALE 2%, COMT 7 BA SAM
R R ARG R A AT #2 4k . FA IR & B AL 72
1, ZhouZE " B i Kk mm A luxS N, HEE
T SAM IR 2, 4kTi 42 S COMT W H A0 2 %,
7] i 51 N BE 18 0 8% 2% 7] FADH, #4168 3 I8 [ il
Fre #ligfeH, DAmRihfF42 FADH, [E3(], X
PR AR R T R P AR R T FA A R, MRS
HERBE A FIER] T 5.09 g/L, 5 R 46 K I T i
PRAHLL 3R 3 7 20 fi5 o 5L, Chen %5 ™ R 4t
Wit T BRI R = Fh 4 K7 (FADH,. SAM Al
NADPH) [PJHERFEAFI A, MRS 7 5.5 g/L
CA DL 3.8 g/L FA. Bb4h, 7EKEE T 24 L,
Brooks & U4 X 55 2 I (O 4L 4 34T T REE, — 5
IS IMEE IR A &R -3-FR A B i AT A AL I8 TR i kot
o U7 Nk G g IR AR R I RE R B P AR

IR Z5m, REZI . RER . A% o 2 R & b
PR shoot FEAT & AR, Horb, 2 BRI R 7 2 1E
FROAR I Hh S S OGB4 T, A% 3% R 2 R IR e A
BEER BRI FH e NADPH F4E . Jlid DL i %, fE4E
T+ FA F= 2 FE I kb T p-CAFR, LR A RAE
2 mL ¥ AR R R B3R A3 (363.1£28.9) mg/L 1)
FA.
325 ARETHR

KEFIR (gallicacid, GA) &5 FHIY
HH—MRRZ R EY, B —Emiiai.
PR WHE. WECRNESEZMEMEE. &
G A =M H—RUFERATEY,
F ot 5 2 U S A A B A Aok Dol
TR IFERIE AR My AU 3- A IR R R
(DHS) f£DHS i /K (DHSD) 1M T %R L
AR (PCA), HRJG Bk B4 S A5 5 B B 1) R AR
A X6t ¥ Ik R H R $2 4k T Tyr385Phe 2tk WK & T
fig s H =D SC RO RIAE, 45y TR R Bl
(UbiC) LA % 4-HBA, T4 R GRAR AR F2 HE
H B2 ¥ {1t B Tyr385Phe/Thr294Ala & ik % & T
fig oY W TR A R IR T R 5N R
KRR BE RS . R, BETREN
FEAE BT IR IR MK R RS, (i e R
BHBEED . (EPan % " R, 06 B — Fh
B i) BT g TanRd, 0 HoEAT 3R AE, 1iESE TanRd
MEBETREAARYE M, HEETRMS
A PR T LR . Chen % 1 LKA B
NIRBEAA, SEIAT AR EERL, &S TR A K
FIT 5 W a3k AT 15 28 D503t SR AT 0L R AR A 0t 12 L 0K R R
¥2 4k 1 Tyr385Phe/Thr294Ala, DL % ¥ N KW K
% 36 h & TR 77 50N 1266.39 mg/L. {HF7FE
A, AUFIRIE, BETRRIINTAEY) A
B TR E ERKEES R TR TR, &
HAR UG VE RSy 2 — W I A4k S B 75 5 ek B
FRAECENGRIER 7 (HIUE X A RN TR
()& Bt T D, AR RSE A R TRy 2 —, A
BRI B T IRA IR L R A5
32,6 HEE

MR F e — M E iR &Y, FEALL T
R REZHKRBR LR . R R
Hils ARG, THBOARMWAER, HIERAKR
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SR IRSE BRI S I . P RRE R FLRORRS
fegerp IR (B HAER Y TR A BOERBUN
T, FECH TR R RUE JE R E PR R B R
BEAC. PPN AR IR T — N m L
(P A5 70 R F R N T3 4% 00 A AT AN 14 Ff
T R 2R A AR G ) R R R RS T S
PE ) DG B Bl A R B & g (CHSD s gk — Al g AR
AR 242, 52 e 40 N U5 PR T I A I A A2
WY& R IE 51N GBI R b R T R R A ik
RANTE N A A FIHEN . AR %, B R
AEREARAL, fE S LKk WG K% 1% 80 h 7 & ik 3
619.5 mg/L. X — R BA B RB Tl Ak 4 7=
77, MR R B KB 5 4R T MR .
4b, Liu%g " LUK O R M, A k&
WRR 3= R HopE, AR K& &E 5 1.85 mg/L.
LA (0 A2 B UM e 36 77 B 0V 2 A 7 1
ok, FERK, R T T R K OCBRERE IR A B
A TFE R G A ) 2 T B 1 o i Ak it LK
HAT s e 5.

3.3 XREIRFRIERITEY

PE A H b JFURL R & R R R AR IR AT AW
B A Y S e KRR DY A E L e- R R
RRZEIRNE . DY e b2k DY A e 1F
AR, REE P BB SRR, Mt
BB B ORI S5 AR Y, e iz A A AT
A e- R TR B A MR AR, BRAERWN
(PASP) 2R T RAAREEY, REEEIRE
ROR U R AR BRIE AR K B B H BRI 28 W I i
JRHEAN=ZRREA BRI, DEBLREE S
B TR, AE aspC 9 1 B R % R IR = 3 #e A2 1
5 aspA 9 i 1) R % B IR I 2 e RS B A R 5 R
KRR, BJE R &R B H#t AT A & R
KRB, FARLARFRNAMENT
HERRR AR IR-B-F I, Akt AR e Fakt
VY S WE A e- AR 5 i A, IR AR L AR
WREIERRATEVM L=, B F0N D10 DY s g &
o Ok DY S W 1) D0 A I T T M 0 R A 4
BERE L I S B R AN A B T AR A A T TN T
T - SRS 2 R (Y 7 57 A T v i ) s a2 B A T T2

DA 7 T, AR S 3 P o
3.3.1 wWEAER e E L v A

VY S g b L A 7 ) R R DY S E 2 E R
B A B )2 B RAR AR PR R T DY A e
B 5 i1 Galinski 25 " 7518 £ B8 Ectothiorhodospira
halolucis 1 /I, Bl J5, Inbar % " 75/ INGE RS B
For il 21 F A = P 5 DU S W E

Y S i b o i DU S I R A% AR e T
o CHEBY” B LA, RIFE R N R
FRMKMEELE (Halomonas elongata), FiELAF (L
(135 3% A B IF B DY S g, 1% L X &
BORB G HXT AR KA W, S8R AR
o HET, PUSMEGE & 5L DU S s g i AR r= 2l
AV RIS . LR A IR-B- R N m ik, 1Y
AWENEAE ectABC BRI FEMAE R N & L. AHECT 1%
G I A e 2R PR B8 1 7 R S8 TR R AR A DY A E
AR FF i 4 2l PR AT B 4 58 XA W A D i
S HEAT S U AR P RE R R BRI A, JF X
UG B bR AN B 2% DY A B R AR . HET A
Ak, DY S E YR A R R R AE E. coli BL21
(DE3) sZ¥L, iA%)131.8 g/L, JEid &R HEMAL
Y SR AT AR YRR R S T R B T 2 = R R TR R
AT AL S B . BiAT S, HEMERSFA
KWAFE e, o sm A i ok & &R 4 SR s
7 (FRIERIE ppes aspCw ask~ asd) MBS
ResE (dRKgdh) . HishE LRE R LR
AU GERIX Iys4) =I5 HON AR EAT RS8R0
TR (B3] BhAl, TER R BRI
B, MafE"™ 50 N@ T, 8 30 7 # 6l 1
ectABC B[R 1%, 45 & il B i 2 1R e 12t 13 6 [ DA
PR i) 0 2 e 10 7= 2R, S R A IR O 33 AT A 1)
AR DAY A A 2 IR ) B it A, SRAS I AR 7 T AR
R 78 = VU S 115.87 /L.

5V mEnE AR L, PRk DY S s g B A BRI
WPE 57K PE,  TEAH S AT b B8 BN A A E
Jungmann %5 "% DL SIZEG 5 T A DU S BE AR 7 R AR
JEER, TN e 15 3 R DY S E A A A
ectD, VANRERE NORUR, KA WP KBS, B
C. glutamicum ectABC™ 1 tk K B2 A 7= U & W8 I
RIEHEAGE T E LM ER T, fF£HC
glutamicum P, ectD""" B N4 VU S 0% g % 44 o 72
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K3  RRAMGRTEY . ZZABRIN [ 2 IR A4 & it

Table 3 Progress in the biosynthesis of aspartate family amino acid derivatives, ergothioneine and peptides

SIEIRAT — . N < s - . i

e JER AL A= i B R R FE AP R -

EmE  KaATE MEMREE ST NTIEENE S RO B INET A R, 1S LKEERE 13180 g/ 1.37g/(L'h)  [59]
REE LS i

KIGF®E  BEYRE  BOIMETAEY LR AR TR I (R LL D 24 LRIE#E  3427¢gL 057 g/(L'h) [177]
BRBEITE MEMREE RAESOFERAR BRI EEFRIECERN 1 LRE# 65 g/L 1.16 g/(L-h)  [58]

PR REAT AL
DR MAEYMREE SIS BOSE BRI R 5 LREE 115.87g/L 149 g/(L-h) [178]
/D A
FRENA  KEFE WMAEERE 5N U A e A OR F REAT AL PRI 1493 g/L  042¢g/(Lh) [179]
% 5\ esal/esaR TR N 2 G045 il sucd Rk
BRI WCEREE DB R K B 1 LR B 74 g/L 1.37 g/(L-h)  [180]
el NARTE  MEMKRE B ePL A REFE N AR A S LR 70.3 g/L 0.37 g/(L-h)  [181]
=N R O e M G s DA B L2 (B M pH
W TED
NEEERE iR RIERIE sp R IR E R R 68 71 TR i 1721 g/ 0.18 g/(L-h) [182]

WAL R W B R BN 77 A EAT R AL
FAME KR RCEWREE CEELME R T I BE AL % A EgtD A1 ™NcEgtl s 5 LK 54g/L 563 mg/(L-h) [183]

TN A S R

Kigtte 24ttt MWEEGTHMkEEERMTIL R L 2 L REHE 7 g/L 90.9 mg/(L-h) [184]
ARAK, 5 T80 T A e

KWFFE EYRE  EGT & BB AT R 2008 - R A 2 LRI 72 gL 120 mg/(L-h) [185]
JIR T B R A R AT R G AR R
i KL

AR WAEMIREE R IME SRS AR I A S L R 5 LR el 125g/L  84.5mg/(L-h) [186]

Il — it £k SE VLR A S 50 I ok i % A8 Tl 1) R Eea i 105 mmol/L — [187]
e
— fig fHE AL ek B &S IR K SmPepD; 5 LiEVENR 7.23 g/L — [33]
S REFEAEAL « DTN 5y g
— FEfiEAL, filg 42 48 77 vE % 7 ok B B K & A A 10 mL 31.3 mmol/L — [35]
BmPepD F AT & FIMANE A ; B ARG RBIR R
KIpFFE 9t R E PRI SmPepD WA TS s SLAEY® 1332 mmollL — [48]

Xf SmPepD FLVE B TSR AF T i M XUR AR AR OB
Thr168Ser/Gly 148 Asp; i i 41 2 % i th & A
yeaS FE K
DR EYREE  BNai R H R R - AR R8Ik 2L RME 32326 mg/L  6.73 mg/(L-h) [188]
B LB I CARNST 3£ [H 5 % BEARAL s ALK
AN
BREHK  BRIEEEE WCEWIREE IS RIVEREL 3 RSB ik B KEEHE2L  320mg/L 8.28 mg/(L-h) [189]
TAEERED
RO R AR BT A RO R AR B D IR I e 10 L R IR 5.76 g/L 53 mg/(L-h)  [190]
KIGHE  WAEWERE RERIEKR G AR gshF B 0 5 LR 1521 g/ 0.82g/(L-h) [191]

AR LR
KIGFrw weEw R AU TR T B3t GSHAEM G e ARHMAH 5 LIRS 22 g/(L'h)  0.407 g/(L-h)  [88]
M

VUM NE, A 12 h AR SERT0% IO DY e ne 10 5k R = @ B0 B2l A 19 Tt = e Ma
AL RN 74 gL RIS ne, SR, DUEmE 55 T IERIGAT B A T 2R T esal/esaR TR
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L TCAF VR sucd FER L, SLBLT b w4t
JEA o- T 1 — BR AR B IR B &S W%, FEA TN o- 1
R, BRI R R 14.93 o/L RN
Amsng, YT RA A ERE, Sl 7R
U S ) B — 2R

EAFE R, I ik R i DY & e Bl i
U S g R 2R 2t dl AR BE AR A, T K AT
PR I 28 2 e T T 1100 U s i/ 5 DY e e A
MU AR B R BT, B, o7 LB E G| A KA
AR W E A AT T . KR, RAEAR
¥ 9 5 /2% 45 4 % EctA. EctB. EctC. EctD f§ i
17 78 m AR PR R B S M U BB N R R A
FB, WA, R AR A3 AT
HERMAEVAARZE LRENE, 25 5EMN
PRk 0 5 w0 B O ik T R AT A R R R,
B — DR TR R R
332 e-RHAI

e- R IR (e-poly-L-lysine, e-PL) & #fi &
TR AR AR5 T L) — PP R AR DU K, ER M. TR
e SR B A HEN . Rk, B
JEFIA AT B, A LA =S BRI B R ), RARIH
YT EAR B AATH BR 2, e PLIE N LA TLH
I RNFE R A, BA R 30 B R =,
FE AR B A 2 B3 700 o0 (R BB e 4%

HAT, e-PL 3 Z5@ /N [ 2 1 I AR 9k
1T LA, DU BR VAT, 1E e-PL &
(Pls) MITEMH TR &K M e-PL. Wang 55 " i@ i
Uik smk AL, MIhIRAR T RE ) B R N
HRABEKRG, MM pHE T2, fE5LK
FEdiEd, RO e-PL ™ B 2703 g/L, X H
R 4038 1 B e R B e-PL R A RGOE BE S I 4 40 iR
HAGVESEIL, ARTER S5 U SR M PN R 6 S Rk
TRk, 3 Xt 48 R % T R 4 40 it 6 A 9 R 5k
FTXTEE, SEEe gk RN U i & e-PL " &
1721 g/L, LK IER 6.446%, N e-PLIE
BET P I TE

3.4 ERMEREMELERK

341 X AHRRE
F MWK (ergothioneine, EGT) 1EAN—Fifi

ARIRREGMARRATEY, CHAEH A K
)P0 SE AL T R i 22 R T 3 I AR ) T R
A S JER A, EGT HEHEE . £ AR
Ihag 2o, EGT BIE Gi A4 7= 5 2 B HE A Y4
BS54 2 A vk, (HIX B 07 ORI, MELLK
PR Ll 2 H s S KM i w ok . Bl 2L A
TR AR TG A S EH AR RE,
I EGT M AEM AN 1), 254 v 45 4 %
Hil B TR, BN HETEGT A4 & it 7t
M, AREME TAEWER 3 AR,

TE AR T AR /b 5 20 1 0 AT B L A 4E
T2 B A5 R0 K 22 B30 BT G R RS Jok 7 1R 45 S o] DL A
B EGT. G E M EGT & g & £ E A I
Fop Lol DL SRR L P R AR AN S- IR H B
FRVE NRTARYI R (B 2), (HRREGHRZTE LK
I A 1 e ) B 1 R HE S5 11 29 7 EGT 1 R IR A4 422
Har, KW w 2SR & M EGT 3 2m 3, o
2 R P IEH A RIEA R R IR K IR I egtABCDE i
K% (55980 EgtA. EgtB. EgtC. EgtD fl EgtE
A RREE HWE A EGT & BU&E . B a4 4t
B UL Rk B T2 ARAG S I T . Chen 56 P i T
HH B RAE SR EGT WAL, FH4E KB+
HEHLERE 7RI EGT & Bk K tregtl F tregt2, 1E
2 L R b 7y b4 R % 143 h, ERG &= 14 £
434 g/L. FREARHEIBL 222 R 7E K AT B 5l N
HIl 35 73 £ ¥T % EgtABCDE &5 B i A1 oK [ 24 5 1% £F
() Egtl, #J% & 4 5 bk E1-A1 S2 8L T 7 U8 & &
ERG; il J5 i i 405 I i A4 S0 R A E IR R 7
S8 58 A R R R R AR, EGT = B B
e HE— BN CaCl 3R = i P A9 I )32 B
K, BIE108 h)5, WA 72.01 g/L EGT. Zhang
8 USTLE R AT v R R R R ARl B i AR A
75 2 (% EgtD  CHIE Y5 43 B0 AT B Sk U D A X I R
filf "NCcEgt]l  CHURE Ik 1 B >R U8, R & S2 i)
DLELIE S M 35 350000 BEGT & B 1 e i 05 V0 R AR
PRBEAT %, B2 3RAR B R A MD4 il i 7 b iy
R EERAMH 5294 h, EGT &M iL5.4 g/L.
el & U R g 5, M T EGT 47
BRI PR I o 2 P R I T i . B e AR A MR
BEANM, S5 IR R OA T 5 O A AT B 2 AR B R R
B (RrEgtB Al RrEgtC) [, UIERAR. MR
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PR RN AH S B N SR, T8 2 o AL 35 9% 5 ) I
Sk A 1 TR R A A R DA R 5 VA S S B T EGT 1Y
BACE R, KR TThEREIAR T m 7 /L. W
A TN 21 DL — ke H &R 1 KT AT B o R
B, 3l NHHE 20 BT B EGT & R, g7 —%
R EGT & IS, FHad Tk KIGAT B W I 7
B 7= A i R R R A W B O R A
(1le303Val) M4 s ji AP It B SR IR L, 20d
RS, €5 LREERET 352 h, EGT
FEEAIE2.9 g/L, [FINA14.77 o/L HEATR . B
Ja i — B0 EGT & i s . iR H AR
O S T R i B R U AT R G AR T
FEruE (K3 ], AR R —kis &L 5w,
A TR, BEFRE R AR FE EGT 2R R TR2 1
PEEGT11, @i KB T 204, 752 LREAHE bk
7oy FEANRE R B, 15 9% 60 h 7] 472 EGT 7.2 g/L,
AP E T IA 120 me/(L-h),  HARAE HoAb &= i) &
FEAR U e B AR R O AT IRE
K, I HOR B 8 A TG 7 9 0 4H 2R N I
W2, TR PR AR P AR

UeAl, AR OGSOk TR Y, 7E — SRR Ak
A LUK 90 21 B EGT 29, Zhou % %) {81 B 452 DA A
A EGT & i Be ) 1) 24580 I REAE N R B R bk, 20
EZ 8 WU R A N I Bt R TRV e 5
EGT I B #k OMK-79, @ i i I i 7 & 5 R 11
b5 9% 148 h, w742 12,5 g/L EGT, 477 50E N
84.5 mg/(L-h) o %77 & K& AR 77 5 2 H AT I REAE
N B R VR AR 7 EGT B B i 7K o H 2 50 1 B AL
R SEGRE A e, PR RES+HH
Mo EAET, F R W B B B R AR D R B K B
AFFEGT WA K 2y ', HEAN S, MAAE
PRI T B IR KA B T RE ik, R % S
WA A K . fEAROK, F298 A OE B b
TR B LA S A, AR S R
BRGS0, B REE T2, AHEMEENS
A RCEGT MM 1), 3 — 2B gk H e 58 2 4
300 B R
342 AMERK

e LW, WK R BIFRE T £ R
TN O T A i R Y O TR K (1 N = R
PERVE AT 1 2 RIS 3B M, CL 4 A% R i R Al

M “BEE R BT, ST 5 A AR i
PERE 32 2o K& P RE, ARV EERK . TE MK
b2 G 0 BB s et R T AL HAE AL
BEHEF T R T 5 SRR AR R AR T R
BEZHINME R, BRI Z R A
PG PR R —— WU R & e HBK, % A2 & ik
BT AUk R AT 45 5 VIR

(1D WUBK & —Fh i B- 7 2 I A 2H 42 I 2 Bk
e s KG9, AR B E A R PR AL
IhA, I R0E bR E B, ORIk 52 A AL
PRI 5 [R5 4k BE O 2R R 0 R A8 B R
B, R A & PR A . H T Tk AR,
WURK 26 77 £ BR F A 22 A ik, a2k — R
BFvk, SR, BT &M RK. fEfEm. HEG
PefmE, AFFEGEAEREN . Kk, B
A UK Z 852 2150 . APk - AR A4
SR AL A BROVURK (B = BN LK & B . &R IK
A BKEE . Hod, WUBKABE R AR A KRR A K
WURK (I, 7% BETE ATP ) BE & LR F 4k B-TH &
PR RN H B R A VLR, M AR - RS Tk v
T2 JE B 20 F kg B By B T OK R,
FOAEAL LR (T 1K A 75 22 5 B2 I ATP, B T
MV S 77 . She %5 B ok 72 W 3 DR 2H $2 4 U5
MR DTR A % 5 Rl L UK & B 1 1
WA G R, ) 4 SR RN B AN I TN SRR
VERIEYI A 7242 10 mmol/L LK . Xing %5 U7 i
o DR] s A A A R N T G O A B T T IR )
Rese e, FRTEMEAL R B BB RS, NN TA AR
HE i 5 TR #h R AR AL AR, B ALK R B AT A
#) 105 mmol/L. Yin %5 ™' M 5 vb 5 G H %8
(1) — Ak B SmPepD HAT B mid 1, I 7% SR X
N, R ANIEIEAY B AR T mAi UL, P EOR
7.23 g/L. Guan 5§ U [F) #F 38 i i DR 20 50408 42 9 4%
ARETE T — BT SR IR T EOK 2F AR 1 1 — IR
BmPepD, FXF LK & B 14 A2 B A2 71 SmPepD [
6.5f%; BHJEE 2 AR, 8T BE
({15845 /K Thr171Asn, %5828 04 LL i P 2 H A%
FrP R IE ) B . B R A O AR, ELE L
0.2 mol/L L& FR A1 6.5 mol/L B-TH & N, Af
16 72 4= 31.3 mmol/L LK . Liu 5§ ' 4 SmPepD
fERAT B P RIE, BN & i, B
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Wit SmPepD, 343 X FEAL 44 Thr168Ser/Gly148Asp,
fENLIR = B3R R 41.6%, JF ik — 0 rl b 2 R R i 1
5 yeaS, HiEmAERMN KM, 165 LAEYRR
AR A B A UK, PP & #) 133.2 mmol/L,
JEE IR FEAL TN 49.3%, 124 N 1k SCHIRHRGE (1 5 =
FEE

ity fE A G VUK I AR AL 2 LS T R,
H T M Sk & BOVLIK B o R AE T /D . 2021 4,
Kim & "% 75 23 52 B2 PR A 17 o 38 o 1 IR LROB s A
HER G R AR AR -, dREMR
AL R KRN B-TH R IR 1K 4 S - o- I 2 B 4
WL K panD VLSE 0 B-H = FR HE s [RIBF 51 KR H
W LB I CARNST BE R, 1% PR G L) (1) il 6 060 {1
T 2H R R0 B- T &R A VLK o 75 AN WS AT AT &7
WIEGLT, DAEE B IR RS 7 48 h, Mk Rk
T 323.26 mg/L LK. [FIBHZT FCIUE SE T A R
B AT B A R UK B 5 i 85 LD oL 1 470 b it
e Th e At M AE . R BB R LK & B
MEA SR T b4 E % 7. 15 Bl T2
M R ACH T2 F B, ik B v 20 g OF ke B
B U5 Sk A VLK B AR IR A, R R R
TEE A A VLR BRI 5875 1)

(2) BREHK 2P y-B s s =
B, HAEEKR. EHER A HERAK, |20
MAEWFLEN Y . YA AN o 2B K
FiEEA (GSH) AR (GSSG) M FE A,
TE A= W) b B A AR B 1 O i B A B Th B AR
(2 0 SR B A e H K, BRI R SO R B0 A
Jik 45 R 3 SR A 25 e H K . GSH 7E 41 e AR i 72
REEBZAEHIFHAEABORAUANE, SN
RE WA FE R . BET, FIHMEY KR T 2%
7= GSH 329 T AL FIREAL ), 32 BG4 B ol
SRR P R AN K B A A

R PG P RE B A 7E 40 i A 2R v & & GSH I
732, S RARA S GSH B Fl. BT GSH & B
RERI ML 7=, DRI F 5 22 4 vp 78 B 3k mT o i A
7= GSH BB Ak, DL R i vy 25 B e 3% o 440 ffa A=
W5 BTN N AT AR S R R R PR R . Y
BER PRI GSH & &, M TR TR A
BN R — R & %A, [FIE SR X 280
A WEERE. SRR SEEHNE

YR BEAE NIk 7 %, Lo B GSH i & A4 7~ B
Fko ZhuZg 2 T RNA-seq [ 05 2 & S BRI 2 B
Y518 (25 A1 200 i 2 75 5 S A8 4 ) R RS 1%
BE2-10515 CWHRZDD s, S5 %R W Y518
AR B N R T T AT O M S B BT
il R A A SR B, (75 YS18 41 fitd o GSH it & 7=
Ao A G T G 1) ST B DR G SR A7 AE IR VF 2 R
1) Gn A N . AR RAE R R SE, Patzschke
e U ) B N A TR S, T T o A O
e KR, 23 250 AR 4 SR 1k 3R 15 — #k GSH
o EAE R bR A4-19, PR RN 320 mg/L, A
9N 8.28 mg/(L-h) . £2 %R & GSH AEW & i
JE A F: IOt 2 B R H SR ) LA A, R N 22 SR
A A R N4 B P9 GSH % & . Kobayashi 5 7
I 3 3 R R B R 22 SR A A USRS, RIS
i FIAH IR AR B AR LR, 59748 h
e A R 68.9 mg/L, S50 FEAH LL AR A T 4025 i
Lorenz 5§ % M2 HF R 17— Flsy 4 M 26 B . BRATY 1%
REFJAN R 41 T2, 75 Kk B J5 R 3% S I
WP R 1 7 5, T DASR A 1 2 e
BAE, GSH”&#ikH 1366.1 mg/L. HuZE )
B R AR AT AL, B T A . KHPO,
MARAR SRR P MEERNER, &L, Rl
1% £} HSD-W08 7242 3.7 g/L f) GSH. Chen &5 " fii
FH W 3 R R K SR A TR A BV R T 8 0 44 i 2% P
FEAEP) RIS F) 90 g/L I I KMnO, 22 R Jivki M 77,
BEW 725 GSHAW KB IRENE, e 74
RS s WS INAT IR R A IE o Re A Bh 7R, 4% = &
FLN ATP 7K, 3 ol 3 1 5040 B BORN e 2 AR 6 1
1 B} GSH & B IZ A2 45 i g, 43 GSHIR R &
K E]5.76 g/L, %77 & H AT ERE B R A 7= GSH
kil .

K AT B ) GSH A= 7= HiF 5t 3 B 48 1 /F GSH
A G (GshF) 10 e LA KW 0~ e 2 R 55 2 ik
PR 1 S AT AR fE B . Zhang 25 2 i A SR YE T B IA
i3 TS 28 B4 (1) gshF,  BEL T T 42 20 5 R A0 GSH F% fif i
1, IR RT R R R, HMRL A SR B AT P AR
5.87 g/L GSH. Cui % ™Y 7 KT 1 o 41 i B 32k
TSR T L B BR B (G gshF, FE 5 LR BEHERN RS
bR BEH I AT AR A LR, 77 4 7.36 g/L GSH.
Wang &5 " R D # G T g BVEE R B SR R 1) gshF TE



%£6% www.synbioj.com 279

AR ARG R RIERIE, HAFE coli BL21
(pUC18-gshF) 1E5 L R IEGHE AT * MR fiES2 5
18.5 hi =427 15.21 g/L () GSH.  7E 5538 (1) — Tt
FiH, Mori &6 "% i it i R 4 48 6T GSH & s 12
i it 290 TRENGE; @R E
AR 22 M, R O- 2k 22 IR B 4k 9 F ik
IR A2 KGO6 74 GSH 1 PR L IR, 8 F B AR AR R
HBAENBER KT Erilk 77X —FR#, K GSH
PR F] 22.0 g/L. WX &4 N 1k SCHR R IE )
e, FAATFERMEREE, NGSHT
Tl AR PR T —/NE s AR

4 RAEEREE

B AR AR D 21 20 AR W BOR SR ) B
733, FLAEA A R BRI R R B N B T A
38 SR BT LRI Jy o At il JEOR) A 618 2 4 3
ATl AR e R BE, T2 2R R AT A A D9 % A
Modb oy, EPIEZ. R KA R
WEERCR, NMAHBORETZ . flin, BRRRKEA
FRATEM RGN R RN, B2 M T
IR 1T R R A BRAT A W E
AALTEMPT RN, MR A ME SR RS —
EAEM . Besh, YNSRI, VUK. A BEH K
S, IHARE M. mis e K B E & 1
(VS SLEA L A B ol '

Mot fin JEORE R R R AT AR D IE &2 D i A% Gk
AR YA RS . IR A A I ROR
THAEMEMAR T, SRR RAERATE
YOI BRI 5 . AE A R R IR AT AR )
R & R, I AR AN 2 W A T 2 A T A
FEEWA T E . B AIE SR 2 B AE A
o 2 TR A A SR N ) R R IR AT B, A
A TR I8 Ak AT AN SR S o T A AR ) e I i
R R A A AR i A, aE b i B AR
FEEMSAEEEEM, BT IRRRE T2,
SEHLH BRI R A R X PR T A AR
TG E s, BAE SR Y
zAatk.

FEAR M it JEOR = B BR AT ZE W B W & Rt T
W R R R G LA AR TR 3ha&

P R0 AR H M O . T AR A A A 1) 33 A A R
i, R R AR A E A S M, DUIE
TAbA =Rk R TR 2R EEHAEAR,
Sof 4 PR AR T 0 4 3k AT A BR AT A GE B H AR
PRI RCRE 7T . B A TR 35 B N Ak S 8 TR
KRR, LR RIEN S RE, F
A S A S OC R . JE B O O 0 e
B EA AR, B e B AR R AE R RE I
Wk BEESBAEH AR AW A, 41 CRISPR-
CasO BN H A, mBEFETE. REEY
RN TEREG S, AT K E & A
V& BOE AR A RS 8 AR A R T . kA,
WA BEY S B, v USSR
B R 2 R AR AR, R T 36 AN PR AR
TR R o[RBT, A B 0 2 1 B 3 HE 3 1t
A AT S gkt TRESEI T R

SR B LA ) 2 8 At b R A= 7= i g B
FASTH G — e P df o 1 an, Aok b J5RE A 20 &
BRI BCRAR E TR E s — DR, MY
T et BfmERAEE. i, Alid
Y re b R AL R IRV R B A i . T
P 5% B RNVE AR 48 55 ) f . R ORME 9 7 EEAE IR
B RR IR, KIEA A7 i 2 Ak
2 I ES TS

g BRIk, B AR S AE At ORI 1
L A ikt S AT M R T A AR AL . T8
AW A RTGIHT, & B 5 A B Bl AL M
JER AR 7 I B . IR . AN O A K
JiE, R s e . SE TN RN AT R AR R R I T
Ko KK, BATHARE G A D) 5 Be 8% 7 10 M i AT
WP RS R BIER, AT SR TE 2 Q00 A&
R R TT %

& £ X W

[1] BENNER S A, SISMOUR A M. Synthetic biology[J]. Nature
Reviews Genetics, 2005, 6: 533-543.

[2] AUSLANDER D S, AUSLANDER D D, FUSSENEGGER P M.
Synthetic biology: the synthesis of biology[J]. Angewandte
Chemie International Edition, 2017, 56(23): 6396-6419.

[3] RAMZI A B. Metabolic engineering and synthetic biology
[M/OL)//AIZAT W, GOH H H, BAHARUM S. Omics applications



280 BRENE %65
for systems biology. Advances in experimental medicine and 901-909.
biology. Cham: Springer, 2018, 1102: 81-85. (2018-11-01) [18] OLKOWSKA E, POLKOWSKA Z, NAMIESNIK J. Analytics

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[2024-07-01]. https://doi.org/10.1007/978-3-319-98758-3_6.
SAKAMOTO K. Amino and  derivatives[M]//
CRC Press, 2016:

acids
Cosmeceuticals and active cosmetics.
163-175.

FARMER W R, LIAO J C. Progress in metabolic engineering
[J]. Current Opinion in Biotechnology, 1996, 7(2): 198-204.
WU G Y. Amino acids: metabolism, functions, and nutrition[J].
Amino Acids, 2009, 37(1): 1-17.

KAMMEYER A, LUITEN R M. Oxidation events and skin
aging[J]. Ageing Research Reviews, 2015, 21: 16-29.

GU Y P, HAN J X, JIANG C P, et al. Biomarkers, oxidative
stress and autophagy in skin aging[J]. Ageing Research
Reviews, 2020, 59: 101036.

AVILA RODRIGUEZ M I, RODRIGUEZ BARROSO L G,
SANCHEZ M L. Collagen: a review on its sources and
potential cosmetic applications[J]. Journal of Cosmetic
Dermatology, 2018, 17(1): 20-26.

SHOULDERS M D, RAINES R T. Collagen structure and
stability[J]. Annual 2009, 78:
929-958.

MADEO F, EISENBERG T, PIETROCOLA F, et al.
Spermidine in health and disease[J]. Science, 2018, 359(6374):
eaan2788.

VERDIER-SEVRAIN S, BONTE F. Skin hydration: a review

Review of Biochemistry,

on its molecular Journal of Cosmetic

Dermatology, 2007, 6(2): 75-82.
TFAYLI A, JAMAL D, VYUMVUHORE R, et al. Hydration

mechanisms[J].

effects on the barrier function of stratum corneum lipids:
Raman analysis of ceramides 2, Il and 5[J]. Analyst, 2013, 138
(21): 6582-6588.

CHOI E, KANG Y G, HWANG S H, et al. In vitro effects of
dehydrotrametenolic acid on skin barrier
Molecules, 2019, 24(24): 4583.

JIA' T H, QIAO W, YAO Q F, et al. Treatment with

function[J].

docosahexaenoic acid improves epidermal keratinocyte

differentiation and ameliorates inflammation in human
keratinocytes and reconstructed human epidermis models[J].
Molecules, 2019, 24(17): 3156.

MARINI A, REINELT K, KRUTMANN 1J, et al. Ectoine-
containing cream in the treatment of mild to moderate atopic
dermatitis: a randomised, comparator-controlled, intra-individual
double-blind, multi-center trial[J]. Skin Pharmacology and
Physiology, 2014, 27(2): 57-65.

KUMTORNRUT C, MANABE S D, NAVAPONGSIRI M, et al.
A cleanser formulated with Tris (hydroxymethyl) aminomethane
and L-arginine significantly improves facial acne in male Thai

subjects[J]. Journal of Cosmetic Dermatology, 2020, 19(4):

[19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

of surfactants in the environment: problems and challenges[J].
Chemical Reviews, 2011, 111(9): 5667-5700.
A N- T R IR A T R RO A
(1. /I EE 1L T, 2016, 33(2): 16-18, 28.

SHI Y Y. Research progress on properties and application of N-

ISAGERTI ST

acyl amino acid surfactants[J]. Henan Chemical Industry,
2016, 33(2): 16-18, 28.

T, WEAE, T 5 G ot dh B U IR R T A R 11 23
FKR ] TR, 2019, 46(6): 125, 124.

WANG P B, TAN X Y, WANG X M. The classification and
application of amino acid surfactants
Guangdong Chemical Industry, 2019, 46(6): 125, 124.

B, MBS, R R U R AR T TR T I A ROBIT A
JE[I]. PR BHTE 7L, 2022(24): 81-83.

CAI C W, BAI X X, ZENG Y F. Research progress in

for cosmetics[J].

synthesis of amino acid surfactants[J]. Industrial Innovation,
2022(24): 81-83.

WESCHAWALIT S, THONGTHIP S, PHUTRAKOOL P, et al.
Glutathione and its antiaging and antimelanogenic effects[J].
Clinical, Cosmetic and Investigational Dermatology, 2017, 10:
147-153.

WIRAGUNA A A G P, HARI E D, PRAHARSINI I G A A.
Correlation between glutathione plasma with degree severity of
Melasma in Balinese women[J]. Clinical, Cosmetic and
Investigational Dermatology, 2020, 13: 455-459.
ARJINPATHANA N, ASAWANONDA P. Glutathione as an
oral whitening agent: a randomized, double-blind, placebo-
controlled study[J]. Journal of Dermatological Treatment,
2012, 23(2): 97-102.

PARK H J, CHO J H, HONG S H, et al. Whitening and anti-
wrinkle activities of ferulic acid isolated from Tetragonia
tetragonioides in B16F10 melanoma and CCD-986sk
fibroblast cells[J]. Journal of Natural Medicines, 2018, 72(1):
127-135.

KIM D S, PARK S H, KWON S B, et al. (-)-Epigallocatechin-
3-gallate and hinokitiol reduce melanin synthesis via decreased
MITF production[J]. Archives of Pharmacal Research, 2004, 27
(3): 334-339.

FAN M H, ZHANG G W, HU X, et al. Quercetin as a
tyrosinase inhibitor: inhibitory activity, conformational change
and mechanism[J]. Food Research International, 2017, 100:
226-233.

SOLANO F, BRIGANTI S, PICARDO M, et al
Hypopigmenting agents: an updated review on biological,
chemical and clinical aspects[J]. Pigment Cell Research, 2006,
19(6): 550-571.

MA Q M, DAVIDSON P M, ZHONG Q X. Properties and



%£6%  www.synbioj.com

281

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

potential food applications of lauric arginate as a cationic
antimicrobial[J]. International Journal of Food Microbiology,
2020, 315: 108417.

CHEN S J, HUANG S T, LI Y, et al. Recent advances in
epsilon-poly-L-lysine and L-lysine-based dendrimer synthesis,
modification, and biomedical applications[J]. Frontiers in
Chemistry, 2021, 9: 659304.

WANG Y, WANG L M, HU Y F, et al. Design and optimization
of e-poly-L-lysine with specific functions for diverse applications
[J]. International Journal of Biological Macromolecules, 2024,
262:129513.

ATALAH J, CACERES-MORENO P, ESPINA G, et al.
Thermophiles and the applications of their enzymes as new
biocatalysts[J]. Bioresource Technology, 2019, 280: 478-488.
YIN D Y, PAN J, ZHU J, et al. A green-by-design bioprocess
for L-carnosine production integrating enzymatic synthesis
with membrane separation[J]. Catalysis Science & Technology,
2019, 9(21): 5971-5978.

SHE J J, FU L H, ZHENG X W, et al. Characterization of a
new L-carnosine synthase mined from deep-sea sediment
metagenome[J]. Microbial Cell Factories, 2022, 21(1): 129.
GUAN B H, YIN W T, CAO B H, et al. Characterization and
mutagenesis of a high-activity and highly substrate-tolerant
dipeptidase  for L-carnosine reversed
hydrolysis[J]. Molecular Catalysis, 2023, 549: 113500.
KAPOOR S, RAFIQ A, SHARMA S. Protein engineering and

biosynthesis  via

its applications in food industry[J]. Critical Reviews in Food
Science and Nutrition, 2017, 57(11): 2321-2329.
WHITEHURST R J, VAN OORT M. Enzymes in food
technology[M/OL]. New York: Wiley Online Library, 2010.
[2024-07-01]. https://onlinelibrary. wiley. com/doi/book/10.1002/
9781444309935.

CHEN K Q, ARNOLD F H. Tuning the activity of an enzyme
for unusual environments: sequential random mutagenesis of
subtilisin E for catalysis in dimethylformamide[J]. Proceedings
of the National Academy of Sciences of the United States of
America, 1993, 90(12): 5618-5622.

SONG W, SUN X, CHEN X L, et al. Enzymatic production of
L-citrulline by hydrolysis of the guanidinium group of
L-arginine with recombinant arginine deiminase[J]. Journal of
Biotechnology, 2015, 208: 37-43.

XIONG D D, LU S K, WU 1Y, et al. Improving key enzyme
activity in phenylpropanoid pathway with a designed biosensor
[J]. Metabolic Engineering, 2017, 40: 115-123.
PENNACCHIETTI E, LAMMENS T M, CAPITANI G, et al.

Mutation of His*®

alters the pH-dependent spectroscopic
properties of Escherichia coli glutamate decarboxylase and
broadens the range of its activity toward more alkaline pH[J].

Journal of Biological Chemistry, 2009, 284(46): 31587-31596.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

(53]

THU HO N A, HOU C Y, KIM W H, et al. Expanding the
active pH range of Escherichia coli glutamate decarboxylase
by breaking the cooperativeness[J]. Journal of Bioscience and
Bioengineering, 2013, 115(2): 154-158.

KANG T J, HO N A T, PACK S P. Buffer-free production of
gamma-aminobutyric acid using an engineered glutamate
decarboxylase from Escherichia coli[J]. Enzyme and Microbial
Technology, 2013, 53(3): 200-205.

YU K, LIN L, HU S, et al. C-terminal truncation of glutamate
CGMCC 1306
extends its activity toward near-neutral pH[J]. Enzyme and
Microbial Technology, 2012, 50(4-5): 263-269.

JUN C H, JOO J C, LEE J H, et al. Thermostabilization of

decarboxylase from Lactobacillus brevis

glutamate decarboxylase B from Escherichia coli by structure-
guided design of its pH-responsive N-terminal interdomain[J].
Journal of Biotechnology, 2014, 174: 22-28.

Ti A, BV, AERR, A5 A IR R AN B AL A
SR M R BE 0 B R E R[], 2B TR SRR, 2019, 35(4):
636-646.

FANG H, LU C J, HUA Y ], et al. Increasing the
thermostability of glutamate decarboxylase from Lactobacillus
brevis by Chinese Journal of
Biotechnology, 2019, 35(4): 636-646.

LIU W J, HU X X, YAN Y, et al. Rational engineering of

introducing  proline[J].

homospermidine synthase for enhanced catalytic efficiency
toward spermidine
Biotechnology, 2024, 9(3): 549-557.

LIU Y R, PAN X W, ZHANG H W, et al. Combinatorial

synthesis[J]. Synthetic and Systems

protein engineering and transporter engineering for efficient
synthesis of L-carnosine in Escherichia coli[J]. Bioresource
Technology, 2023, 387: 129628.

LU J W, NIE M F, LI Y R, et al. Design of composite
thereof  in

nanosupports and  applications

Colloids

enzyme

immobilization: a review[J]. and Surfaces B:
Biointerfaces, 2022, 217: 112602.

ZHANG W, ZHANG Z, JI L R, et al. Laccase immobilized on
nanocomposites for wastewater pollutants degradation: current
status and future prospects[J].
Engineering, 2023, 46(11): 1513-1531.

MAGHRABY Y R, EL-SHABASY R M, IBRAHIM A H,

Bioprocess and Biosystems

et al. Enzyme immobilization technologies and industrial
applications[J]. ACS Omega, 2023, 8(6): 5184-5196.

LIL, LI Z M, WANG C H, et al. The electrostatic driving force
for nucleophilic catalysis in L-arginine deiminase: a combined
experimental and theoretical study[J]. Biochemistry, 2008, 47
(16): 4721-4732.

KIM J E, JEONG D W, LEE H J. Expression, purification, and
characterization of arginine deiminase from Lactococcus lactis

ssp. lactis ATCC 7962 in Escherichia coli BL21[J]. Protein



282

BENZF

%65

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Expression and Purification, 2007, 53(1): 9-15.

B, AR, TRIRCR, & E 10 BRI iR S
L-JRERR[J]. Jbni b TR 54 (B AR IR), 2010, 37(4):
98-102.

ZHAO Y J, ZENG C, ZHANG S R, et al. Enzymatic and
continuous  production of L-citrulline by immobilized
Streptococcus faecalis cells[J]. Journal of Beijing University of
Chemical Technology (Natural Science Edition), 2010, 37(4):
98-102.

MOHAMMADI N S, KHIABANI M S, GHANBARZADEH
B, et al. Improvement of lipase biochemical properties via a
two-step immobilization method: adsorption onto silicon
dioxide nanoparticles and entrapment in a polyvinyl alcohol/
alginate hydrogel[J]. Journal of Biotechnology, 2020, 323:
189-202.

SHEN F, ARSHI

electrochemical

S, MAGNER E, et al

approach of enzyme

One-step
immobilization for
bioelectrochemical applications[J]. Synthetic Metals, 2022,
291: 117205.

LIAN J Z, MISHRA S, ZHAO H M. Recent advances in
metabolic engineering of Saccharomyces cerevisiae: new tools
and their applications[J]. Metabolic Engineering, 2018, 50:
85-108.

GIEBELMANN G, DIETRICH D, JUNGMANN L, et al.
Metabolic engineering of Corynebacterium glutamicum for
high-level ectoine production: design, combinatorial assembly,
and implementation of a transcriptionally balanced
heterologous ectoine pathway[J]. Biotechnology Journal, 2019,
14(9): 1800417.

XU S Q, ZHANG B, CHEN W H, et al. Highly efficient
production of ectoine via an optimized combination of
precursor metabolic modules in Escherichia coli BL21[J].
Bioresource Technology, 2023, 390: 129803.

ZHOU D D, LUO M, HUANG S Y, et al. Effects and
mechanisms of resveratrol on aging and age-related diseases
[J]. Oxidative Medicine and Cellular Longevity, 2021, 2021
(1):9932218.

LIU M S, WANG C, REN X F, et al. Remodelling metabolism
for high-level resveratrol production in Yarrowia lipolytica[J].
Bioresource Technology, 2022, 365: 128178.

i, BRI, AR, &5 BB A A AR A R S R
JEHEIAI]. AP TREEAR, 2021, 37(5): 1677-1696.

MA Q, XIA L, TAN M, et al. Advances and prospects in
metabolic engineering for the production of amino acids[J].
Chinese Journal of Biotechnology, 2021, 37(5): 1677-1696.
S, BRI, 5K, 55 . S —ME g L)
TR AR U 08 WG []. A=V EAR B, 2020, 36(6): 1-12.
YE J W, CHEN J N, ZHANG X, et al. Dynamic control: an

efficient strategy for metabolically engineering microbial cell

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

[73]

[74]

[75]

[76]

factories[J]. Biotechnology Bulletin, 2020, 36(6): 1-12.

QIAN S, CIRINO P C. Using metabolite-responsive gene
regulators to improve microbial biosynthesis[J]. Current
Opinion in Chemical Engineering, 2016, 14: 93-102.

JIANG S, WANG D H, WANG R R, et al. Reconstructing a
and nonauxotroph biosynthetic

recycling pathway in

Escherichia coli toward highly efficient
L-citrulline[J]. Metabolic Engineering, 2021, 68: 220-231.

HU L X, ZHAO M, HU W S, et al. Poly-y -glutamic acid

production of

production by engineering a DegU quorum-sensing circuit in
Bacillus subtilis[J]. ACS Synthetic Biology, 2022, 11(12):
4156-4170.

R0, T B, FE 0, 45 AR AR B KA T R 2 -4-
FEHE-L-I S ER[]. B MR, 2020, 41(2): 202-207.

LI Q, HAN Y K, JIANG S, et al. Metabolic engineering of
Escherichia coli for production of trans-4-hydroxy-L-proline
[J]. Food Science, 2020, 41(2): 202-207.

XUM J,RAO Z M, DOU W F, et al. Site-directed mutagenesis
and feedback-resistant N-acetyl-L-glutamate kinase (NAGK)
increase Corynebacterium crenatum L-arginine production[J].
Amino Acids, 2012, 43(1): 255-266.
IKEDA M, MITSUHASHI S, TANAKA K, et al
Reengineering of a Corynebacterium glutamicum L-arginine
and L-citrulline producer[J]. Applied and Environmental
Microbiology, 2009, 75(6): 1635-1641.

PARK S H, KIM H U, KIM T, et al. Metabolic engineering
of Corynebacterium glutamicum for L-arginine production[J].
Nature Communications, 2014, 5: 4618.

LIUHY, TIAN Y J, ZHOU Y, et al. Multi-modular engineering
of Saccharomyces cerevisiae for high-titre production of tyrosol
and salidroside[J]. Microbial Biotechnology, 2021, 14(6): 2605-
2616.

WANG L, LI N, YU S Q, et al. Enhancing caffeic acid
production in Escherichia coli by engineering the biosynthesis
pathway and transporter[J]. Bioresource Technology, 2023,
368: 128320.

GONG Y, WANG R Q, MA L, et al. Optimization of trans-4-
hydroxyproline synthesis pathway by rearrangement center
carbon metabolism in Escherichia coli[J]. Microbial Cell
Factories, 2023, 22(1): 240.

QIU C, WANG X G, ZUO J J, et al. Systems engineering
Escherichia coli for efficient production p-coumaric acid from
glucose[J]. Biotechnology and Bioengineering, 2024, 121(7):
2147-2162.

CHEN R B, GAO J Q, YU W, et al. Engineering cofactor
supply and recycling to drive phenolic acid biosynthesis in
yeast[J]. Nature Chemical Biology, 2022, 18(5): 520-529.
ZHANG X, ZHANG X F, LI H P, et al. Atmospheric and room

temperature plasma (ARTP) as a new powerful mutagenesis



%£6%  www.synbioj.com

283

[77]

[78]

[79]

(80]

[81]

[83]

(84]

[85]

[86]

[87]

tool[J]. Applied Microbiology and Biotechnology, 2014, 98
(12): 5387-5396.

OTTENHEIM C, NAWRATH M, WU J C. Microbial
mutagenesis by atmospheric and room-temperature plasma
(ARTP): the development[J].
Bioprocessing, 2018, 5(1): 12.

LV Q L, HU M K, TIAN L Z, et al. Enhancing L-glutamine

latest Bioresources and

production in Corynebacterium glutamicum by rational
metabolic engineering combined with a two-stage pH control
strategy[J]. Bioresource Technology, 2021, 341: 125799.
ZHAO Z Q, CAT M M, LIU Y R, et al. Genomics and
transcriptomics-guided metabolic engineering Corynebacterium
glutamicum for L-arginine production[J]. Bioresource Technology,
2022, 364: 128054.

JIANG S, WANG R R, WANG D H, et al. Metabolic
reprogramming and biosensor-assisted mutagenesis screening
for high-level production of L-arginine in Escherichia coli[J].
Metabolic Engineering, 2023, 76: 146-157.

DU, TR, TTE%, S y- R QAR w7 W Rk 71 5 R B
FAFALL]. & i 5 R BERHL, 2021, 57(6): 35-42.

LUO L J, WANG G, WAN Y J, et al. Breeding of high-yield y
-polyglutamic acid strains and optimization of fermentation
conditions[J]. Food and Fermentation Sciences & Technology,
2021, 57(6): 35-42.

MR —, ik, EWL, 55 5 T8 pH & SR EAL SEE S/
BERETH o BRI & IRAE I [J]. & W 55 8 Tl 2024, 50
(1): 14-21.

LIU TY, ZHANG Y, WANG L, et al. Improvement of &-poly-
L-lysine production by Streptomyces albulus based on low-pH
adaptive evolution Food and Fermentation
Industries, 2024, 50(1): 14-21.

MAVROMMATI M, DASKALAKI A, PAPANIKOLAOU S,

strategy[J].

et al. Adaptive laboratory evolution principles and applications
in industrial biotechnology[J]. Biotechnology Advances, 2022,
54:107795.

MUNDHADA H, SEOANE J M, SCHNEIDER K, et al.
Increased production of L-serine in Escherichia coli through
adaptive laboratory evolution[J]. Metabolic Engineering, 2017,
39: 141-150.

CIOBANU C P, BLAGA A C, FROIDEVAUX R, et al.
Enhanced growth and [-galactosidase production on
Escherichia coli using oxygen vectors[J]. 3 Biotech, 2020, 10
(7): 298.

ZHANG R Z, YANG T W, RAO Z M, et al. Efficient one-step
preparation of y-aminobutyric acid from glucose without an
exogenous

glutamicum([J]. Green Chemistry, 2014, 16(9): 4190-4197.
WEN J B, SUN W L, LENG G H, et al. Enhanced fermentative

cofactor by the designed Corynebacterium

v -aminobutyric acid production by a metabolic engineered

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

Corynebacterium Biotechnology  and
Bioprocess Engineering, 2024, 29(1): 129-140.

MORI H, MATSUI M, BAMBA T, et al. Engineering

glutamicum[J].

Escherichia coli for efficient glutathione production[J].
Metabolic Engineering, 2024, 84: 180-190.

HAO N, MU J R, HU N, et al. Improvement of L-citrulline
production in Corynebacterium glutamicum by ornithine
acetyltransferase[J]. Journal of Industrial Microbiology &
Biotechnology, 2015, 42(2): 307-313.

CAI D B, CHEN Y Z, HE P H, et al. Enhanced production of
poly-y-glutamic acid by improving ATP supply in metabolically
engineered Bacillus licheniformis[J]. Biotechnology and
Bioengineering, 2018, 115(10): 2541-2553.

WANG D X, FU X P, GAO J Q, et al. Enhancing poly-y-
glutamic acid production in Bacillus tequilensis BLO1 through
a multienzyme assembly strategy and expression features of
glutamate synthesis from Corynebacterium glutamicum[J].
Journal of Agricultural and Food Chemistry, 2024, 72(15):
8674-8683.

XU G Q, WANG J Y, SHEN J C, et al. Enhanced poly-y-
glutamic acid synthesis in Corynebacterium glutamicum by
reconstituting PgsBCA complex and fermentation optimization
[J]. Metabolic Engineering, 2024, 81: 238-248.

KE C R, YANG X W, RAO H X, et al. Whole-cell conversion
of L-glutamic acid into gamma-aminobutyric acid by
metabolically engineered Escherichia coli[J]. SpringerPlus,
2016, 5: 591.

YANG X W, HUO X J, TANG Y Q, et al. Integrating enzyme
evolution and metabolic engineering to improve the
productivity of y-aminobutyric acid by whole-cell biosynthesis
in Escherichia coli[J]. Journal of Agricultural and Food
Chemistry, 2023, 71(11): 4656-4664.

WEN J B, BAO J. Improved fermentative y-aminobutyric acid
production by secretory expression of glutamate decarboxylase
by Corynebacterium glutamicum[J]. Journal of Biotechnology,
2021, 331: 19-25.

WEI L, ZHAO J H, WANG Y R, et al. Engineering of
Corynebacterium glutamicum for high-level y-aminobutyric
acid production from glycerol by dynamic metabolic control
[J]. Metabolic Engineering, 2022, 69: 134-146.

JJAMY, ZHU Y S, WANG L Q, et al. pH auto-sustain-based
fermentation supports efficient gamma-aminobutyric acid
production by Lactobacillus brevis CD0817[J]. Fermentation,
2022, 8(5): 208.

WANG X C, LIU J, ZHAO J, et al. Efficient production of
trans-4-hydroxy-L-proline from glucose using a new trans-
proline 4-hydroxylase in Escherichia coli[J]. Journal of
Bioscience and Bioengineering, 2018, 126(4): 470-477.

ZOU D, LI L, MIN Y, et al. Biosynthesis of a novel bioactive



284

BENZF

%65

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

metabolite of spermidine from Bacillus amyloliquefaciens:
gene mining, sequence analysis, and combined expression[J].
Journal of Agricultural and Food Chemistry, 2021, 69(1):
267-274.

QIN J F, KRIVORUCHKO A, JI BY, et al. Engineering yeast
metabolism for the discovery and production of polyamines
and polyamine analogues[J]. Nature Catalysis, 2021, 4:
498-509.

LIU Y, GUO X, WANG X, et al. A two-enzyme cascade
system for the bio-production of spermidine from putrescine
[J]. Molecular Catalysis, 2021, 504: 111439.

GINESY M, BELOTSERKOVSKY J, ENMAN J, et al
Metabolic engineering of Escherichia coli for enhanced
arginine biosynthesis[J]. Microbial Cell Factories, 2015, 14: 29.
JENSEN J V K, EBERHARDT D, WENDISCH V F. Modular
pathway engineering of Corynebacterium glutamicum for
production of the glutamate-derived compounds ornithine,
proline, putrescine, citrulline, and arginine[J]. Journal of
Biotechnology, 2015, 214: 85-94.

WANG H D, XU J Z, ZHANG W G. Metabolic engineering of
Escherichia coli for efficient production of L-arginine[J].
Applied Microbiology and Biotechnology, 2022, 106(17):
5603-5613.

NGUYEN A Q D, SCHNEIDER J, REDDY G K, et al.
Fermentative production of the diamine putrescine: system
metabolic engineering of Corynebacterium glutamicum[J].
Metabolites, 2015, 5(2): 211-231.

SCHRAMM T, LEMPP M, BEUTER D, et al. High-throughput
enrichment of temperature-sensitive argininosuccinate synthetase
for two-stage citrulline production in E. coli[J]. Metabolic
Engineering, 2020, 60: 14-24.

R, T a0or, AR, S AR TR UE R AT T S
LR BR[T]. A=) TR 224, 2025, 41(1): 242-255.

XULF YUWW, ZHU X W, et al. Metabolic engineering of
Escherichia coli for efficient biosynthesis of L-citrulline[J].
Chinese Journal of Biotechnology, 2025, 41(1): 242-255.
CANDELA T, FOUET A. Poly-gamma-glutamate in bacteria
[J]. Molecular Microbiology, 2006, 60(5): 1091-1098.

DAHIYA D, CHETTRI R, NIGAM P S. Chapter 25-
Biosynthesis of polyglutamic acid (y-PGA), a biodegradable
and economical polyamide biopolymer for industrial
applications[M/OL]//Microbial and natural macromolecules,
2021: 681-688. (2020-09-18) [2024-06-01]. https://doi. org/
10.1016/B978-0-12-820084-1.00026-0.

LUO Z T, GUOYY, LIU J D, et al. Microbial synthesis of poly-
y-glutamic acid: current progress, challenges, and future
perspectives[J]. Biotechnology for Biofuels, 2016, 9: 134.
OHSAWA T, TSUKAHARA K, OGURA M. Bacillus subtilis

response regulator DegU 1is a direct activator of pgsB

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

transcription involved in y-poly-glutamic acid synthesis[J].
Bioscience, Biotechnology, and Biochemistry, 2009, 73(9):
2096-2102.

JES G, WIDORS, BRI T, &5 R EE AR BRI R R & &
RAHRE R T REA FL[0]. T AR 2241, 2023, 63(1): 387-402.
ZHOU M J, HU W S, HU L X, et al. Functions of genes
involved in polyglutamic acid synthesis in Bacillus subtilis[J].
Acta Microbiologica Sinica, 2023, 63(1): 387-402.

GONG L C, REN C, XU Y. GInR negatively regulates
glutamate-dependent acid resistance in Lactobacillus brevis[J].
Applied and Environmental 2020, 86(7):
¢02615-19.

SHI X F, CHANG C Y, MA S X, et al. Efficient bioconversion

Microbiology,

of L-glutamate to y-aminobutyric acid by Lactobacillus brevis

resting cells[J]. Journal of Industrial
Biotechnology, 2017, 44(4-5): 697-704.

PARK S H, SOHN Y J, PARK S J, et al. Effect of DR1558,

Microbiology &

a Deinococcus radiodurans response regulator, on the
production of GABA in the recombinant Escherichia coli
under low pH conditions[J]. Microbial Cell Factories, 2020, 19
(1): 64.

SOMA Y, FUJIWARA Y, NAKAGAWA T, et al
Reconstruction of a metabolic regulatory network in
Escherichia coli for purposeful switching from cell growth
mode to production mode in direct GABA fermentation from
glucose[J]. Metabolic Engineering, 2017, 43: 54-63.
SHIBASAKI T, MORI H, CHIBA S, et al. Microbial proline
4-hydroxylase screening and gene cloning[J]. Applied and
Environmental Microbiology, 1999, 65(9): 4028-4031.
BALDWIN J E, FIELD R A, LAWRENCE C C, et al.
Substrate specificity of proline-4-hydroxylase: chemical and
enzymatic synthesis of 25,3R,4S-epoxyproline[J]. Tetrahedron
Letters, 1994, 35(26): 4649-4652.

LIUQL, YUT, LI X W, et al. Rewiring carbon metabolism in
yeast for high level production of aromatic chemicals[J].
Nature Communications, 2019, 10(1): 4976.

ZHU J R, YANG S, CAO Q, et al. Engineering Yarrowia
lipolytica as a cellulolytic cell factory for production of
p-coumaric acid from cellulose and hemicellulose[J]. Journal
of Agricultural and Food Chemistry, 2024, 72(11): 5867-5877.
WU JJ, ZHOU P, ZHANG X, et al. Efficient de novo synthesis
of resveratrol by metabolically engineered Escherichia coli[J].
Journal of Industrial Microbiology & Biotechnology, 2017, 44
(7): 1083-1095.

LI J, QIU Z T, ZHAO G R. Modular engineering of E. coli
coculture for efficient production of resveratrol from glucose
and  Arabinose  mixture[J].
Biotechnology, 2022, 7(2): 718-729.

CHEN M, LI D, GAO Z Q, et al. Enzymatic transformation of

Synthetic and  Systems



%£6%  www.synbioj.com

285

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

polydatin to resveratrol by piceid-p-D-glucosidase from
Aspergillus oryzae[J]. Bioprocess and Biosystems Engineering,
2014, 37(7): 1411-1416.

LIU X, LI X B, JIANG J L, et al. Convergent engineering of
syntrophic Escherichia coli coculture for efficient production
of glycosides[J]. Metabolic Engineering, 2018, 47: 243-253.
SAKAE K, NONAKA D, KISHIDA M, et al. Caffeic acid
production from glucose using metabolically engineered
Escherichia coli[J]. Enzyme and Microbial Technology, 2023,
164: 110193.

RIS, RSB DR, A ARG AR A R BRI AR
FEUNEERR[T]. £ 5 R EE T, 2024, 50(19): 17-24.

YUAN D D, ZHOU X Q, PANG X Q, et al. Metabolic
engineering of Saccharomyces cerevisiae for biosynthesis of
caffeic acid[J]. Food and Fermentation Industries, 2024, 50
(19): 17-24.

ZHOU Z, ZHANG X Y, WU J, et al. Targeting cofactors
regeneration in methylation and hydroxylation for high level
production of ferulic acid[J]. Metabolic Engineering, 2022, 73:
247-255.

CHEN Z Y, SHEN X L, WANG J, et al. Rational engineering
of p-hydroxybenzoate hydroxylase to enable efficient gallic
acid synthesis via a novel artificial biosynthetic pathway[J].
Biotechnology and Bioengineering, 2017, 114(11): 2571-2580.
JIANG C M, LIU X N, CHEN X Q, et al. Raising the
production of phloretin by alleviation of by-product of
Chalcone synthase in the engineered yeast[J]. Science China
Life Sciences, 2020, 63(11): 1734-1743.

LIU X, LIU J C, LEI D W, et al. Modular metabolic
engineering for production of phloretic acid, phloretin and
phlorizin in Escherichia coli[J]. Chemical Engineering
Science, 2022, 247: 116931.

BOO Y C. p-Coumaric acid as an active ingredient in
cosmetics: a review focusing on its antimelanogenic effects[J].
Antioxidants, 2019, 8(8): 275.

JANG S, HA C W, KIM S H, et al. Dual suppressive effect of
B16F10 cells[J].
Molecular & Cellular Toxicology, 2024, 20(4): 1011-1023.

ZHANG J Q, TANG H Z, YU X, et al. Co-production of

p-coumaric acid on pigmentation in

ferulic acid and p-coumaric acid from distiller grain by a

putative feruloyl esterase discovered in metagenome
assembled genomes[J]. Journal of Cleaner Production, 2024,
439: 140814.

RODRIGUEZ A, KILDEGAARD K R, LI M J, et al
Establishment of a yeast platform strain for production of
p-coumaric acid through metabolic engineering of aromatic
amino acid biosynthesis[J]. Metabolic Engineering, 2015, 31:
181-188.

FAISAL Z, MAZHAR A, BATOOL S A, et al. Exploring the

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

multimodal health-promoting properties of resveratrol: a
comprehensive review[J]. Food Science & Nutrition, 2024, 12
(4): 2240-2258.

BEJENARU L E, BITA A, BELU I, et al. Resveratrol: a
review on the biological activity and applications[J]. Applied
Sciences, 2024, 14(11): 4534.

MENG T T, XIAO D F, MUHAMMED A, et al. Anti-
inflammatory action and mechanisms
Molecules, 2021, 26(1): 229.
BEEKWILDER J, WOLSWINKEL R, JONKER H, et al.

of resveratrol[J].

Production of resveratrol in recombinant microorganisms[J].
Applied and Environmental Microbiology, 2006, 72(8): 5670-
5672.

WATTS K T, LEE P C, SCHMIDT-DANNERT C. Biosynthesis
of plant-specific stilbene polyketides in metabolically engineered
Escherichia coli[J]. BMC Biotechnology, 2006, 6: 22.

AFONSO M S, FERREIRA S, DOMINGUES F C, et al.
Resveratrol production in bioreactor: assessment of cell
physiological states and plasmid segregational stability[J].
Biotechnology Reports, 2015, 5: 7-13.

LIM C G, FOWLER Z L, HUELLER T, et al. High-yield
resveratrol production
Applied and Environmental Microbiology, 2011, 77(10): 3451-
3460.

KATSUYAMA Y, FUNA N, MIYAHISA I, et al. Synthesis of

in engineered Escherichia coli[l].

unnatural flavonoids and stilbenes by exploiting the plant
biosynthetic pathway in Escherichia coli[J]. Chemistry &
Biology, 2007, 14(6): 613-621.

KATSUYAMA Y, FUNA N, HORINOUCHI S. Precursor-
directed biosynthesis of stilbene methyl ethers in Escherichia
coli[J]. Biotechnology Journal, 2007, 2(10): 1286-1293.

WU J J, LIU P R, FAN Y M, et al. Multivariate modular
metabolic engineering of Escherichia coli to produce
resveratrol from L-tyrosine[J]. Journal of Biotechnology, 2013,
167(4): 404-411.

IBRAHIM G G, PERERA M, ABDULMALEK S A, et al. De
novo synthesis of resveratrol from sucrose by metabolically
engineered Yarrowia lipolytica[J]. Biomolecules, 2024, 14
(6): 712.

YANG Y P, LIN Y H, LI LY, et al. Regulating malonyl-CoA
metabolism via synthetic antisense RNAs for enhanced
biosynthesis of natural products[J]. Metabolic Engineering,
2015, 29: 217-226.

YUAN S F, YI X N, JOHNSTON T G, et al. De novo
resveratrol production through modular engineering of an
Escherichia  coli-Saccharomyces  cerevisiae  co-culture[J].
Microbial Cell Factories, 2020, 19(1): 143.

HONG J, IM D K, OH M K. Investigating E. coli coculture for

resveratrol production with “C metabolic flux analysis[J].



286

BENZF

%65

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

Journal of Agricultural and Food Chemistry, 2020, 68(11):
3466-3473.

LA TORRE G L, LAGANA G, BELLOCCO E, et al.
Improvement on
glucosides in wine[J]. Food Chemistry, 2004, 85(2): 259-266.
ZHANG C Z, LI D, YU H S, et al. Purification and

enzymatic hydrolysis of resveratrol

characterization of piceid-B-D-glucosidase from Aspergillus
oryzae[l]. Process Biochemistry, 2007, 42(1): 83-88.

LI F L, TANG H, XIAO F R, et al. Protective effect of
salidroside from Rhodiolae radix on diabetes-induced
oxidative stress in mice[J]. Molecules, 2011, 16(12): 9912-
9924.

HAZELWOOD L A, DARAN J M, VAN MARIS A J A, et al.
The Ehrlich pathway for fusel alcohol production: a century of
research on Saccharomyces cerevisiae metabolism[J]. Applied
and Environmental Microbiology, 2008, 74(8): 2259-2266.
CHUNG D, KIM S Y, AHN J H. Production of three
phenylethanoids, tyrosol, hydroxytyrosol, and salidroside,
using plant genes expressing in Escherichia coli[J]. Scientific
Reports, 2017, 7(1): 2578.

GUO W, HUANG Q L, FENG Y H, et al. Rewiring central
carbon metabolism for tyrosol and salidroside production in
Saccharomyces cerevisiae[J]. Biotechnology and Bioengineering,
2020, 117(8): 2410-2419.

ROSLER J, KREKEL F, AMRHEIN N, et al. Maize
phenylalanine ammonia-lyase has tyrosine ammonia-lyase
activity[J]. Plant Physiology, 1997, 113(1): 175-179.

FURUYA T, ARAITY, KINO K. Biotechnological production of
caffeic acid by bacterial cytochrome P450 CYP199A2[J].
Applied and Environmental Microbiology, 2012, 78(17): 6087-
6094.

CHOI O S, WU C Z, KANG S Y, et al. Biosynthesis of plant-
specific phenylpropanoids by construction of an artificial
biosynthetic pathway Journal of
Industrial Microbiology & Biotechnology, 2011, 38(10): 1657-
1665.

BERNER M, KRUG D, BIHLMAIER C, et al. Genes and

involved

in Escherichia coli[J].

enzymes in caffeic acid biosynthesis in the

actinomycete  Saccharothrix — espanaensis[J]. Journal of
Bacteriology, 2006, 188(7): 2666-2673.

LIN'Y H, YAN Y J. Biosynthesis of caffeic acid in Escherichia
coli using its endogenous hydroxylase complex[J]. Microbial
Cell Factories, 2012, 11: 42.

ZHOU P P, YUE C L, SHEN B, et al. Metabolic engineering of
Saccharomyces cerevisiae for enhanced production of caffeic
acid[J]. Applied Microbiology and Biotechnology, 2021, 105
(14-15): 5809-5819.

LIU L Q, LIU H, ZHANG W, et al. Engineering the

biosynthesis of caffeic acid in Saccharomyces cerevisiae with

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

heterologous enzyme combinations[J]. Engineering, 2019, 5
(2): 287-295.

HUANG Q, LIN Y H, YAN Y J. Caffeic acid production
enhancement by engineering a phenylalanine over-producing
Escherichia coli strain[J]. Biotechnology and Bioengineering,
2013, 110(12): 3188-3196.

RODRIGUES J L, ARAUJO R G, PRATHER K L J, et al.
Heterologous production of caffeic acid from tyrosine in
Escherichia coli[J]. Enzyme and Microbial Technology, 2015,
71: 36-44.

BROOKS S M, MARSAN C, REED K B, et al. A tripartite
microbial co-culture system for de novo biosynthesis of diverse
plant phenylpropanoids[J]. Nature Communications, 2023, 14
(1): 4448.

HUANG K Y, LI M, LIU Y J, et al. Functional analysis
of 3-dehydroquinate dehydratase/shikimate dehydrogenases
involved in shikimate pathway
Frontiers in Plant Science, 2019, 10: 1268.

BONTPART T, MARLIN T, VIALET S, et al. Two shikimate
dehydrogenases, VvSDH3 and VvSDH4, are involved in gallic

in Camellia sinensis[J].

acid biosynthesis in grapevine[J]. Journal of Experimental
Botany, 2016, 67(11): 3537-3550.

KAMBOURAKIS S, DRATHS K M, FROST J W. Synthesis
of gallic acid and pyrogallol from glucose: replacing natural
product isolation with microbial catalysis[J]. Journal of the
American Chemical Society, 2000, 122(37): 9042-9043.

PAN J, WANG N N, YIN X J, et al. Characterization of a
robust and pH-stable tannase from mangrove-derived yeast
Rhodosporidium diobovatum Q95[J]. Marine Drugs, 2020, 18
(11): 546.

ZHANG K Q, LIN L L, XU H J. Research on antioxidant
performance of diglucosyl gallic acid and its application in
emulsion cosmetics[J]. International Journal of Cosmetic
Science, 2022, 44(2): 177-188.

KHMALADZE 1, OSTERLUND C, SMILJANIC S, et al. A
novel multifunctional skin care formulation with a unique
blend of antipollution, brightening and antiaging active
complexes[J]. Journal of Cosmetic Dermatology, 2020, 19(6):
1415-1425.

B, B S, TR, & MW RAE At R R 0],
H 22Tk, 2018, 48(2): 113-118.

CUI S M, CAO M C, YANG X C, et al. Applications of
phloretin in cosmetics[J]. China Surfactant Detergent &
Cosmetics, 2018, 48(2): 113-118.

LINY P, HSU F L, CHEN C S, et al. Constituents from the
Formosan apple reduce tyrosinase activity in human epidermal
melanocytes[J]. Phytochemistry, 2007, 68(8): 1189-1199.

HER, XA, A 8, A R R AR T T e S T VAT
FUREIE[T]. & A2, 2022, 43(9): 383-390.



%£6%  www.synbioj.com

287

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

XIA C, LIU J H, CUI X Y, et al. Recent progress in
physiological functions and solubilization methods of phloretin
[J]. Food Science, 2022, 43(9): 383-390.

BOTTA C, DI GIORGIO C, SABATIER A S, et al
Genotoxicity of visible light (400-800 nm) and photoprotection
assessment of ectoin, L-ergothioneine and mannitol and four
sunscreens[J]. Journal of Photochemistry and Photobiology B:
Biology, 2008, 91(1): 24-34.

HR I, K, e AUk ZURRA
Ak 2, 2020, 37(8): 883-888.

DONG Y L, ZHANG H, CHEN J L. Preparation of cosmetic-

BN 25 (). B

grade sodium polyaspartate[J]. Chinese Journal of Applied
Chemistry, 2020, 37(8): 883-888.

LB Z, GEAE, WP, 4 BEOR A E IR BN AE 37 Bk it v 1) L
] B AT, 2017, 47(2): 82-86.

SHEN CY, LIANG C Q, YU D D, et al. Application of sodium
polyaspartate in skin care products[J]. China Surfactant
Detergent & Cosmetics, 2017, 47(2): 82-86.

LI'Y, ZHANG S Y, LI H D, et al. Metabolic engineering for
improving ectoine production in Escherichia coli[J]. Systems
Microbiology and Biomanufacturing, 2024, 4(1): 337-347.

MA Z, CHANG R J, ZHU L J, et al. Metabolic engineering of
Corynebacterium glutamicum for highly efficient production
of ectoine[J]. ACS Synthetic Biology, 2024, 13(7): 2081-2090.
MA Q, XIA L, WU H Y, et al. Metabolic engineering of
Escherichia coli for efficient osmotic stress-free production of
compatible solute
Bioengineering, 2022, 119(1): 89-101.

JUNGMANN L, HOFFMANN S L, LANG C, et al. High-

efficiency production of 5-hydroxyectoine using metabolically

hydroxyectoine[J]. Biotechnology and

engineered Corynebacterium glutamicum[J]. Microbial Cell
Factories, 2022, 21(1): 274.

WANG L, LI S, ZHAO J J, et al. Efficiently activated e-poly-L-
lysine production by multiple antibiotic-resistance mutations
and acidic pH shock optimization in Streptomyces albulus[J].
MicrobiologyOpen, 2019, 8(5): €00728.

RIAH, AU, AWM, 5. DA R AL LR
B3 1 e- R R IR R 5. il 5 R T,
2024, 50(1): 29-36.

ZHU D J, DIAO W J, ZHANG J W, et al. Construction and
optimization of whole-cell transformation method for e-poly-L-
lysine production from L-lysine by Streptomyces albulus[J].
Food and Fermentation Industries, 2024, 50(1): 29-36.

ZHANG L W, TANG J W, FENG M Q, et al. Engineering
methyltransferase and sulfoxide synthase for high-yield
production of ergothioneine[J]. Journal of Agricultural and
Food Chemistry, 2023, 71(1): 671-679.

e, TR, B . — R A N A L IR
CN114854659B [P]. 2024-03-26.

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

ZHANG S, DING L P, JIAO Y S. A ergothionein production
process and its application: CN114854659B [P]. 2024-03-26.
R, XTIA, VA G, 45— T AR M 0 ] A
B M HA EE 7k 5 8 CN116121161A[P]. 2023-05-16.
WU HY, LIU W C, XIE X X, et al. A genetic engineering
bacteria producing ergothioneine and its construction method
and application: CN116121161A[P]. 2023-05-16.

ZHOU L Q, XIANG T, YANG M X, et al. Yeast strain and
use thereof and preparation
US20230220428[P]. 2023-07-13.
XING B, LI Z W, CHANG J Z, et al. Molecular modification

method of ergothioneine:

based on site-directed mutagenesis improves the substrate
specificity of B-ester acyltransferase for L-carnosine synthesis
[J]. Process Biochemistry, 2024, 137: 1-9.

KIM M H, KO Y J, JEONG D W, et al. Ecofriendly synthesis
of L-carnosine in metabolically engineered Corynebacterium
glutamicum by reinforcing precursor accumulation[J]. ACS
Synthetic Biology, 2021, 10(6): 1553-1562.

PATZSCHKE A, STEIGER M G, HOLZ C, et al. Enhanced
glutathione production by evolutionary engineering of
Saccharomyces cerevisiae strains[J]. Biotechnology Journal,
2015, 10(11): 1719-1726.

CHEN H L, CAO X T, ZHU N Q, et al. A stepwise control
strategy for glutathione synthesis in Saccharomyces cerevisiae
based on oxidative stress and energy metabolism[J]. World
Journal of Microbiology & Biotechnology, 2020, 36(8): 117.
WANG C, ZHANG J, WU H, et al. Heterologous gshF gene
expression in various vector systems in Escherichia coli for
enhanced glutathione production[J]. Journal of Biotechnology,
2015, 214: 63-68.

KUHLMANN A U, BREMER E. Osmotically regulated
synthesis of the compatible solute ectoine in Bacillus pasteurii
and related Bacillus spp[J]. Applied and Environmental
Microbiology, 2002, 68(2): 772-783.

GALINSKI E A, PFEIFFER H P, TRUPER H G. 1,4,5,6-
Tetrahydro-2-methyl-4-pyrimidinecarboxylic acid. A novel
cyclic amino acid from halophilic phototrophic bacteria of the
genus EctothiorhodospiralJ]. European Journal of Biochemistry,
1985, 149(1): 135-139.

INBAR L, LAPIDOT A. The structure and biosynthesis of new
tetrahydropyrimidine derivatives in actinomycin D producer
Streptomyces  parvulus. Use of "“C- and '"N-labeled
L-glutamate and C and "N NMR spectroscopy[J]. Journal of
Biological Chemistry, 1988, 263(31): 16014-16022.
KUNTE H J, LENTZEN G, GALINSKI E. Industrial
production of the cell protectant ectoine: protection mechanisms,
processes, and products[J]. Current Biotechnology, 2014, 3(1):
10-25.

RESHETNIKOV A S, ROZOVA O N, TROTSENKO Y A,



288

BENZF

%65

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

et al. Ectoine degradation halotolerant
methylotrophs[J]. PLoS One, 2020, 15(4): €0232244.

PASTOR J M, SALVADOR M, ARGANDONA M, et al.
Ectoines in cell stress protection: uses and biotechnological
production[J]. Biotechnology Advances, 2010, 28(6): 782-801.

STOVEKEN N, PITTELKOW M, SINNER T, et al. A

pathway in

specialized aspartokinase enhances the biosynthesis of the
osmoprotectants ectoine and hydroxyectoine in Pseudomonas
stutzeri A1501[J]. Journal of Bacteriology, 2011, 193(17):
4456-4468.

HILLIER H T, ALTERMARK B, LEIROS I. The crystal
structure of the tetrameric DABA-aminotransferase EctB, a
rate-limiting enzyme in the ectoine biosynthesis pathway[J].
The FEBS Journal, 2020, 287(21): 4641-4658.

RICHTER A A, KOBUS S, CZECH L, et al. The architecture
of the diaminobutyrate acetyltransferase active site provides
mechanistic insight into the biosynthesis of the chemical
chaperone ectoine[J]. Journal of Biological Chemistry, 2020,
295(9): 2822-2838.

2R, JE R, LA, A5 Atobh b B AR B I R A 1R
LA HTLIT. R RS A i, 2023(1): 92-98.

LIL, ZUO T T, DONG Y L, et al. Use status of alternative
preservatives in cosmetics[J]. Flavour Fragrance Cosmetics,
2023(1): 92-98.

A, AT, AR . SO R AE A M o T R 9 S AR
WEFEI). | &AL, 2021, 48(1): 25-26, 13.

ZHENG Z B, CONG Y H, FENG C B. Study on a naturally
derived preservative: ¢ -polylysine[J]. Guangdong Chemical
Industry, 2021, 48(1): 25-26, 13.

CHEAH 1 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.

KITSANAYANYONG L, OHSHIMA T. Ergothioneine: a
potential antioxidative and antimelanosis agent for food quality
preservation[J]. FEBS Letters, 2022, 596(10): 1330-1347.

LIU H M, TANG W, WANG X Y, et al. Safe and effective
antioxidant: the biological mechanism and potential pathways
of ergothioneine in the skin[J]. Molecules, 2023, 28(4): 1648.
GRUNDEMANN D, HARLFINGER S, GOLZ S, et al.
Discovery of the ergothioneine transporter[J]. Proceedings of
the National Academy of Sciences of the United States of
America, 2005, 102(14): 5256-5261.

LIAO W C, WU W H, TSAI P C, et al. Kinetics of
ergothioneine inhibition of mushroom tyrosinase[J]. Applied
Biochemistry and Biotechnology, 2012, 166(2): 259-267.
OBAYASHI K, KURIHARA K, OKANO Y, et al
L-ergothioneine scavenges superoxide and singlet oxygen and

suppresses TNF- o and MMP-1 expression in UV-irradiated

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

human dermal fibroblasts[J]. International Journal of Cosmetic
Science, 2005, 27(3): 191.

STAMPFLI A R, SEEBECK F P. The catalytic mechanism of
sulfoxide synthases[J]. Current Opinion in Chemical Biology,
2020, 59: 111-118.

JONES G W, DOYLE S, FITZPATRICK D A. The
evolutionary history of the genes involved in the biosynthesis
of the antioxidant ergothioneine[J]. Gene, 2014, 549(1):
161-170.

CHEN Z H, HEY Z, WU X Y, et al. Toward more efficient
ergothioneine production using the fungal
Microbial Cell Factories, 2022, 21

ergothioneine
biosynthetic pathway[J].
(1): 76.

EWE, EBH, AR, S5 AR R ORI B AR B AR R
EERAN]. £ LR, 2022, 38(2): 796-806.

WANG L, WANG Y, LI J H, et al. Construction and
optimization of ergothioneine-producing Escherichia coli[J].
Chinese Journal of Biotechnology, 2022, 38(2): 796-806.
WREER, T BH, Bk, &5 . LA Tl i £ 20 b5 240 i JE 30 35 11 0
R A R R[] & S AE BR324, 2022, 41
(8): 43-52.

CHEN J M, WANG Y, DU G C, et al. Enhancement of
ergothioneine synthesis in Escherichia coli via optimization of
precursor supply and cell membrane permeability[J]. Journal
of Food Science and Biotechnology, 2022, 41(8): 43-52.

Ty, BB, WA B, & — Pl AR = 22 A B 1 2k ) TR
R S N T CN112251392B[P]. 2022-09-09.

MA Q, TIAN D G, XIE X X, et al. Genetically engineered
strain  for  producing and
CN112251392B [P]. 2022-09-09.

PLUSKAL T, UENO M, YANAGIDA M. Genetic and

metabolomic dissection of the ergothioneine and selenoneine

ergothioneine application:

biosynthetic pathway in the fission yeast, S. pombe, and
construction of an overproduction system[J]. PLoS One, 2014,
9(5): €97774.

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

EL HADMED H H, CASTILLO R F. Cosmeceuticals:
peptides, proteins, and growth factors[J]. Journal of Cosmetic
Dermatology, 2016, 15(4): 514-519.

HECK T, KOHLER H P E, LIMBACH M, et al. Enzyme-
catalyzed formation of B-peptides: B-peptidyl aminopeptidases
BapA and DmpA acting as B-peptide-synthesizing enzymes[J].
Chemistry & Biodiversity, 2007, 4(9): 2016-2030.

HEYLAND J, ANTWEILER N, LUTZ J, et al. Simple
enzymatic procedure for L-carnosine synthesis: whole-cell
biocatalysis and efficient biocatalyst recycling[J]. Microbial
Biotechnology, 2010, 3(1): 74-83.



%£6%  www.synbioj.com

289

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

HECK T, MAKAM V S, LUTZ J, et al. Kinetic analysis of
L-carnosine formation by P-aminopeptidases[J]. Advanced
Synthesis & Catalysis, 2010, 352(2-3): 407-415.

TEUFEL M, SAUDEK V, LEDIG J P, et al. Sequence
identification and characterization of human carnosinase and a
closely related non-specific dipeptidase[J]. Journal of
Biological Chemistry, 2003, 278(8): 6521-6531.

INABA C, HIGUCHI S, MORISAKA H, et al. Synthesis of
functional dipeptide carnosine from nonprotected amino acids
using cells[J].  Applied
Microbiology and Biotechnology, 2010, 86(6): 1895-1902.

BAHUT F, ROMANET R, SIECZKOWSKI N, et al

carnosinase-displaying  yeast

Antioxidant activity from inactivated yeast: expanding
knowledge beyond the glutathione-related oxidative stability of
wine[J]. Food Chemistry, 2020, 325: 126941.

MALAIRUANG K, KRAJANG M, SUKNA J, et al. High cell
density cultivation of Saccharomyces cerevisiae with intensive
multiple sequential batches together with a novel technique of
fed-batch at cell level (FBC)[J]. Processes, 2020, 8(10): 1321.
ZHU Y B, SUN J, ZHU Y Y, et al. Endogenic oxidative stress
response contributes to glutathione over-accumulation in
mutant YSI18[J].  Applied
Microbiology and Biotechnology, 2015, 99(17): 7069-7078.

WEN S H, ZHANG T, TAN T W. Utilization of amino acids to

Saccharomyces  cerevisiae

enhance glutathione production in Saccharomyces cerevisiae
[J]. Enzyme and Microbial Technology, 2004, 35(6-7):
501-507.

KOBAYASHI J, SASAKI D, HARA K Y, et al. Metabolic
engineering of the L-serine biosynthetic pathway improves
glutathione production in Saccharomyces cerevisiae[J].
Microbial Cell Factories, 2022, 21(1): 153.

LORENZ E, SCHMACHT M, STAHL U, et al. Enhanced
incorporation yield of cysteine for glutathione overproduction
by fed-batch fermentation of Saccharomyces cerevisiae[l].
Journal of Biotechnology, 2015, 216: 131-139.

HU X Y, SHEN X L, ZHU S, et al. Optimization of glutathione

production in Saccharomyces cerevisiee HBSD-WO08 using

[230]

[231]

Plackett-Burman and central composite rotatable designs[J].
BMC Microbiology, 2023, 23(1): 11.

ZHANG J, QUAN C, WANG C, et al. Systematic
manipulation of glutathione metabolism in Escherichia coli for
improved glutathione production[J]. Microbial Cell Factories,
2016, 15: 38.

CUI X W, WAN J X, ZHANG X, et al. Efficient glutathione
production in metabolically engineered Escherichia coli strains
using constitutive

2019, 289: 39-45.

promoters[J]. Journal of Biotechnology,

i

WBIESE . WA 0(1976—), B, 18
b HBR, KRB R EERBE R SR
o WEFCTT WA A A o AR TR

E-mail: xixianxie@tust.edu.cn

HEBREE: SH0987T—), &,
L, @ #Ed% . Brr Rl IR &R
E-mail: gianmal987@tust.edu.cn

F—1EE: Pl (1998—), 5, 1
do WEITT ) R TR R AR A
RGLEWF .

E-mail: yijin_hang@163.com

o
-




