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Abstract: Amidst the accelerating global efforts toward carbon neutrality, sustainable biomanufacturing has emerged
as a crucial alternative for energy-intensive and environmentally harmful chemical synthesis. Within this transformative
landscape, Multi-Enzyme Cascade Reactions (MECRs) represent a paradigm-shifting biocatalytic platform, harnessing
the orchestrated activity of spatially organized enzyme modules to enable efficient, one-pot transformations with

inherent cofactor recycling capabilities. This comprehensive review synthesizes cutting-edge advances in the design,
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optimization, and deployment of MECRs, offering a unified analysis across molecular, technological, and application
dimensions. We critically dissect the mechanistic foundations of MECRs, including enzyme-enzyme synergy, substrate
channeling phenomena, and allosteric regulation governing reaction flux. A systematic classification framework
delineates cascade topologies—linear, convergent, parallel, and cyclic systems—elucidating their distinct kinetic
advantages and thermodynamic constraints. Transformative technological innovations are highlighted, encompassing
Al-driven de novo enzyme design, advanced co-immobilization strategies (such as protein scaffolds and biomimetic
mineralization), nano-confined spatial organization for enhanced mass transfer, and novel cofactor regeneration
systems utilizing light or electrical energy. The integration of computational fluid dynamics (CFD) modeling with
microenvironmental optimization (such as pH and ionic strength gradients) has been shown to significantly enhance
biocatalytic efficiency, stability, and operational lifetime. The relevance of industrial application is substantiated by
compelling case studies that demonstrate the synthesis of high-value compounds driven by MECR, including optically
pure pharmaceutical intermediates, bio-based polymers, and platform chemicals. These processes achieve superior
atom economy (>90%), significant reductions in the E-factor, and near-quantitative yields under mild aqueous
conditions. The inherent competitive advantages of MECRs—unmatched stereoselectivity, ambient operational
parameters, and intrinsic sustainability—are rigorously contrasted against conventional chemocatalytic processes.
Persistent challenges in enzyme inactivation, cofactor economics, and reactor scalability are objectively evaluated,
alongside emerging mitigation strategies such as continuous-flow membrane bioreactors, artificial metabolon
engineering, and machine learning-guided network optimization. Forward-looking perspectives outline a roadmap for
next-generation MECRs, prioritizing dynamic spatiotemporal control of microenvironments, Al-accelerated evolution
of hyperstable enzymes, and modular continuous manufacturing platforms. The strategic convergence of synthetic
biology, computational enzyme engineering, and intelligent process control is poised to unlock programmable
biocatalytic systems for complex, multi-step syntheses. This review establishes a foundational framework for
advancing MECRs from bench-scale curiosities to industrially robust, environmentally transformative technologies,
ultimately positioning enzyme cascades as a cornerstone of carbon-negative manufacturing and a pivotal enabler of

global net-zero ambitions.
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ZH T g 4T Yt 2K A I 2 AE BT S AR IR B KT
W, AUCRY B S 2 A AR, S s E AR
M EEIRY), A4 RBNERRE 124, XLy
K G 73 () 2H 2B R JE I LA B Y B A A B, B
ERRTE T YL 1A% KR

X Z A BB A RUR e T A AH 2 B R B
[F) S 8. Li 5 U R T — b pH M B2 3R A
IRHE, ¥ iiEpH 2 R B KR4 R B (pH
4.5) FUGEPEANE 5 AIBE (pH 8.0 4 Bl H 2 7E A

I b =5 v, e 1 A5 AR 85 pHAE A P R R
ARG E RN 6. HRIIH X 4%k
H A& A%, Maria Godoy-Gallardo [P\ ¢ #) 2
TETREFRAR “N T, Ked a8 asmm
AALEE S o HLO, M S AL Al o =B &, RE4E
RO, OB T SR . 1K e A 2 2]
FOR IEAEHED) 2 Bl 0 K A 22 AN ] B VR & e 47 A2 Y
BRERFGKIE.

2 T 12 0T8T I %) = Bk o 4 A A ) %
F10) 5] — 48 1 R 52 2% IR 2% A FRDORS HE TR 42 o SRl
R, 3D FTENHLA AT S [E 5E A1 S B 25 1
SE BRI, T He 55 7 JF % 1 I S 22 8] & 1h 344
RIS T EHE R GBI . B, Bl A
JIE o g () [ 5, TS IR B 0k 92.8% . B R AL+
AR, ¥R o B AR 40 P i 0B O e B
SE T R A, RS T R
T H,

FEFN AR Z T, [ € A7V 0 4% L 4
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Bm T AMEE. Har Tk R EERARNE S
W B AL IR AN AT R DY SRR R B 2k . DALE 5E A IR T
il 2B = A Sk R, R R K KL TR O TR
REAE #0305 mT A 200 mg/g, 7E 10 m’#it
YN 2% R E L I 72 hy, AW SE TS R 5 30%
N SR | | N C 35 & W A St R e N E 3L ]
T 2RE, Wl PR R N 48 78 1 8% 2 A0 g AR 7
6-APA [ T2 AT EIE17 30 d, BV MEIREE R IA
80% LA | 17,

[#] A P 7 Ml A 9 285 R Y 2 AR LT A
e ME T am . M RM, ASFEEE
Wor B = R B3 NS SR
W A [ 2 11%) T 267 7 S A0 Tl AR A2 TG -0 348 1) 4F o 3 Tl
BRI ML R, XA TERESE. B
R4 A T2 S g 7. AT A ER,
[t 58 1k T2 A i A 1 B AL 40%~ 60% % %5 10% ~
20%, U B A SR 2 PR, [ s A LB i AR
FEAR FLOHE A 09 B 4% % [ R BAAY 3 4, TR B R D
50%~70% i FH 5 A0 PR K far
143 #BT /L FRLRT

iR T AR 2 RO LT, H
HEMEFERIAE=H: B, MR [
NAD(P)H. ATP%] fE N FEREE &L, £
il 20 B N HR AR AR T AL S B RE, S A AT
AR KIgEE m A=A =, METHER
g ] DAFT R 2T PR, A1 2 G 6 e 8 1) H A
FEPNTIREAT s BB =, R AR RS IR T
AR, A Z A R A& T AN A E

EREAR KR ES, M AERG R
B . WERBAR (FDH) PH &R e N
NADH £ {85 & hr e, Yao 1 BA 7 i i 5 1) it
L3R A3 1) FDH A8 44, I Dh I A T FF R ot g
LR BB AN L RE, LHL-FRARMN LT
WA A 7= o Ak 2 T AR AR N AR e B N TF B,
T GG R N R IR G, HRCR T AR -TE
AW R AL R A AL . Goran &5 U TR R T R B 4
T g oK & r B, e 3R T R R E 1A) B 58 NAD 4y
T, SCILNADH P A vEH7 58 205 98%, HLL % &
1515 mA/em’ X 8 F AR 7R I 9 A A 45 4 TR T
A R RAS 1) T0% B BEASE 5%, KIEHRF T %%
Ak R 451

144 AZLERSIEBAEK

RGNS I R R AL B R T A S B
Th B A A AR D B S TORE o I R AR
BERT T R R BAER. EFR,
ZAURFEER R T = RERT A U LA
REN N 2R G AT ER AL 5 R SRS

TSR 2 3 A DT AR Jre 1) A% Joid 12 1 AR T )
5 BT AR ], oA 2 W 2 I R S A 9 1 3
o L Shi BN 7 B vk — Tl 28 1 A VAR B 4 O
Oh, B ESHREERR K22 EE s E
FAR, MO M2 & 1 I ] 4 I 0 TE PR AL ek 1
A, FRIROE T — T Az A B R 0 IR B AU O B
B RE MR N ZR 408 o PR B R O e m s A, SeBL T
AT FE MBS o AR K 22 bk Tl R R 2 T
I LA - 52 4 COF 1 ol B AL B4, &
SEA ARSI &, RO TR R R PR =
BBEHIE (GSH) 1y R SOk ;i pH UK 8 2
M Atk (Nl RAR BB M 2 B BEH S
PRIV B, 75 pH A | k43, #ik
RETF 3265 7. X RGURERIE T 7 B i
T2 R A FR o AR A A SR I T KR 2
T T &4 R %M, Kightlinger 2 " JF & If°F & %
T oAU Bk EAL . B A PR R AR AR R R 2
FRA RS DY 28 B ARR MM H RN TR 3 %
LA, A AN TR 5 K i A2 1 D) 45 T[] A 72 h 46
24 he IXEEAHHEAR IE AL HES) 2 B 5 1 S
56 2 AL ) Tl AR A = RO AL, gt e AR
IEHRAL TSR S HE AR S .
145 st RirhEE R

S i AL AR 9 2 B I AL AR &R 1
RS HE BT AT SERE AR A T OC R TR, Hao i
EAE T S2BL 1 M % W BB % 2 4 F LT 2 R
FEMAT SAE M . ERIEBAR)Z 0, &2 5
HERAR 1) I PR K J A6 A3 00T 70 N 1A e 0% S 4 42
ity - JEC 0 AH ELAE FH  F D) A A 36 AN A R 10 A 55 K
O EREEARET, BRI IR
TRV B8 A R 22 AR R I B A R i S
T A F B . Louds ™ JF K 1% BLUAA 4 2 il 204 1
ARG, nl A [ K ' R b 0 A
)7 5 B 1, SR U I R K N PR B A A
X TR A AR AL T X6 22 B B 1R WL A ) 2 A



%£6% www.synbioj.com 929

A8 i A A AR B0 RE A 2 N 20 56 X B O ) B A
it

R Z M RIRMEA R R Rk, 2T &
3T W 22 AR 5 7 3 A0 3 A 3 s A7 A
M “Dhme-AesE tk” AU RN . BRI, ZHiEad
5 55 PCRARAF WG MR- TH 3~5 0 R AR, &
65% 7% 5 Mk 2> L DNA fR BRI B (T, 1) &K
5~15°CHRIBAR ™. 55h, AR BRI
B SRR, (A [ E B T BT AR i
PRI, T 40 ZE R B U S B0 Vs R AR . BR
LE LA, 4l PR T 2R 2R G0 0 RE R A e RR A 2
B, RIAE R A de ik 1 6 KB 4 2R H& 1 AR AR
YERFAE 12%~15% T ™ 3 26 AR K B ™ =6 4]
97 2 Gk AR R AE Tl A 3 5 1) 52 bR B

At

1.5 FIMNSERERNERSBEYHIERHNTS
LSS

& 43 [ SR R TE S 0 AR ) 1) 3 v A7 R 1 6 3
SRIE R BRI =N . B, DARUAE Y K
BNREMEG LN IE T2 B R A S ER R
I3, (HEP=Yasaift TEE 3. FERZR
R . HTRFRER S ER, TS EE
B A EE S 208 Ty, KOEHE S Ar= A
IF) S 00 i P A 4 T A 3T ) 6% 2 5 00 T A O 40 4
KR, MHEWMATYEE, F2, WES
R ELAR AT DL G AR A I — S SR R, (HTH G &
JRF A2 . RO S 2 A ) R, AN R
K, BET-ERETHEEBNERY. £, &k
WA R BEVE IR b 2 A i, #RTH I 25 ™ 5 (1 36
BEv ERa v M . REEE SRR KER K, Mk
20 I 45 4 5 3440 3000 {4 7775 G FRE,  [R]
FEAE R BRI o X e iR A P i B 16 45 4% G ) B
PR RTEF B E . A= RGP 256 oA 25 J7 T
H M DL 2 B % ) JE I BE SR B R A 2
R AR R G e E MO AR, IEfEEE
PR Tk A e i
15.1 BT Z5FHEGHLEFR

IR A B A AT B, AT SEELIE 100% (1)
JR-FRI R, K@ R PR BT 155
T2t B, R 2R 4 ) Ak ) R ALV R

P Merck 2 m] & 00 FR 3 25 P vk 5T A&
PR 2R, B R G AR 1 kg AR
7 i 5 [E]E RE AR R A 5 = LA AR G T2
52F%2 0.3, [FIRHTEBR T H S E AL
T RS T A AR Aol A 7 T R R AR P AR
FEY, SERFG CFHI B E
1.5.2 EAwR w4

TE BE U5 R e B 25 AT T, 22 g R K e 30
AL GEAL TR LU R 0 35 o 3 2R %) g A A S
TEH E T DA & ROEAT, REREOUN A 8L
T 2H130%~50%. 51 a1 F i o g 20 196 2 4 2 7
A S, NI B AL S A 1R 220 °CRE 2 35 °C,
SENTEARVRERE 1S TN B, T E A, X
A AR AL AL P~ 1 R T TR i ey R ¥ 4, KR PR T
FERI BB T RAS, /N B AR b SR A R i i
FORSEE 7 ATRE.
1.5.3 TR LR

MATFREE K RYETE R, Z BRI AR S T
IR SRR . AR, SEE T2,
it 2 Bk 125 AT 82 80%~90% R /L 12E, F124095%
A NUE R 2. BEA S 58 4] AW 5 A )R 12
MRV T A2 AR 4 Jm s e i) ™. B
KEEN AR, XL RS n] DL E SR AR WEF ) E
AT FR AR JEORE, WL K 27 BN T R 1 41 4 25 i 2 Bk
RO FOKFEA m U o e i, R R
FRA A 70% .

2 MRk B S R B AR AR B

21 ZEREXRNAYSLIS B

% Wl 2 KON ) SEE 56 Ve v 7 R ¢ B H AL R
. E A . RGLER” R .
MR 645 1 BRI 2, 2 A & il i 2
BETH AT RUBE AL PP 51, SR L A T 5 00 M A O
FLRIRE R AT . R TFiEREE I W, &
LR B RS A ROR AR S, o B A B R
TREFARR KB B AT UG Ll - TR B 3 5%
VAN TR i 2 T 1) P R4 P, B3 i AR T B AR S A
S5 2% A R o

Li%s " AEML T —BEER (CMP) HIZEW& B
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BV CR A T O AL SRR . 5 4% G LA
E RN IR R B A G U AR A, % B
i FH B A AR A 5, I sk A R T 1 N e 2
B ARG SLH . ZRGHIZOET: Ol
W E A% EF G (CKO R 4 BT 110 B T 1 Je 92 2 i
CMP; @4 % Ik ATP V8 #E I Be s, A3 ME 5l A
ADP ¥ (PPK) #J2 ATP FAE{EH . XFHEIY
(1) 2% 4% 5L THAS 0K il 10 F 28 2 2 e /NAE, T HLIE
I TFIEH R R ERA T RMZGFME, W
B3 s . W FLA I H IR RGP 1 R
A AR TR AR, RO T R BT
COEIRZ MRS, A, OB RY R
FETC B AN s B S5 A Wl 18 75 225K X 22 4 B A A0 S s
BT 2 SIS o3 AT RN Bl g S AR A AT DL AT 38
T, R AR A 8 B o) A R B ) S AR T
T4 T TN 2 e 2 0 b i PRSP 3R (s =R
A TyrA 5 HpaB [ ), i 4 g LU 451 2 it 22
wAkHE U

Fok, fERPAR R B, [ e AR 1)
R OCHE T . A I FA AR A T
33 S W G R T A AR e M, R AR B AR 8
PR AT BT PR BT . S N B 1R 3% B RN 2 B s
FIREOCHE, R UT 1A% L A% JAPE B TRAIE I B3R
ALl T 2R TEENS % T ME
GrESE 2 A AT SR G VP, @SR AW
VAR R . UL Emam 55 " B LR G,  7E R B A
R SR G S SR, ER R T AR [ S S I
fi5] 5E PR SRS . BT SR BT 85% MU M R B R H
WG RIRAC, 53 B E A 50 mg/g (HA71E R Y)
PHCBR G XA NS AT R T 2 fLEk, 5%
P T AR S AR AR .

B, M RS UE R BOR AR 77 R o 36 % B g I 1]
AT BB B . 7E U0 = B IGUE 1A B A TR AR
Joi s i AR IR (1 JBOK JE 28 25 4 K A = FAE
[ R s M OGBS U B b . S RTIZATIREAE 7]
BRI R R, WL S SRR I 5 N B
G A T 2R T8 T H . 41 Zhao 55 " JF
¥ Deep Cascade ¥ &5, i i ML #% 2% > o At ik
10 000 ZH B 2H A H4iE , 0000 e B R0k 89%, W 4R
5T B - B G PAE RRRE ERiT

XM RGN BB OSEZANEELE

YRR 2 O R AR B N A, R Y IR 2 3
AR KRB E RAL BRI 32 F Bt b,
2 W 30k S LK A8 B ] FR) AR S B Mk A LA
Nk G R LT IO BOR M R T7 o BT ) S
e e TR R S8 AR SRS 7 — 20 BT e R R A A
LUtk

2.2 ZHBEERRNHBERERT

% I 20 S REAR R IR R TR EOR H R 4 LR
EYE, SRS A ROHT R Tk, fE
EALBR R VTP B, T4 B B R & D RN R/
P UG C R R FLER AN T L RRAN R 2R A G g R
o, NIE S I A R AU I 25 3k 4T G BE A DFAl A0
AR, Hk, ERCIHZEHTT, NESE
AL S BT AR AE B2 T, I Hdls e
i 146 F0 55 8 G0 B AR AL R s B JE, e )
BEAE . B R TR S 5 VR OC B I AT SUE AL
RGBSR S H, S0 IR A AL 1 R Y
et XM E REHRIARK BT ES, K
% Wiy 20 A 22 TR T 9 1) P M AR R FH 4k
221 HReIAIEIR S 69 ik it Bk

% I 2 % S B PR G138 & 1 7R R A A R
2. MLESIETENZZREE. 0 7R
FE b, N T Re A B v IR BRI AT AR R
i, A R B A A I 9 BT A S A P
AN TR B BOR, R EF AT B R UR R
XFRMHAT T o FERI, RRE T — R
HLAG 2 o 7 B 3 B S ST AR R B AN D B
124 1B . F P Rosettas FoldX i i1 22 2 R 7K fik B
WEVEAT S . STARGE B ARSI g,
QM/MM B ANEE 3T 43 R il SEHL T 259
B IS 5 AR AU 1 B M BE SR (o A i
TGS IR TE 400 1% . 20 Pk AE ol i il 2 28 AR i 1k
B[ 8 i R TR R AN R B bR ece. (HTE 98% %), AL
& 458 73 0. 25 i R T R A A 60%~80% B
222 3 REMSGAEME

TEGAK TR ROBE, il 1Y) 72 1) 2 2R 40 i 58 BLAS
HERME . T EAE Y FIH DNA Jr4uH R M e
T KGR BE N 8.6 nm [ /N BE R BAR &, @ IR AL
Tif V) B 5 6 IS 70 30 T8 A5 B0k B f A, R AR A Ak K
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RIEE 135, ERMARBEF AT, Xusd ™ FFK
AR 35 - FELAL 2E R B R G0 S B T il IR 1) DAL 7
A, WAL G o el B 1) 24 h A BA% %2 35 min.
223 L EMeG I RAZ

TE AL 57 i AR 7= A, 22 B IR R B 5K
MEZA RSB B, VTR KR & JIBL Y I
RO IR & S Bs 2, 38 kS R 45 % b
Sy EL A NADH P AR 3%, S sk IR 1R 26,
AL G A i R B A R P AR R s . L 55 % %
WL e e AR A P B I AR i T AR R B,
RE T 12 1) 2 g A 22 P A BEAE B IS 35% . TR /K HE TR
I8 80%, FiTHIR BT [N 2.7 4

3 AN WL I e L AE e A A A i i
LR INAGH]

31 FHFIEFSHK

% WG 0 1k S S AE T 1w 1) A4 A s 40380 R IR
LR A PR RE, FdE I 2 B P 1) 4R 1k X 4% S
T A% G A 2 T7 1 M DU B 1) 1 SO R AR S . B
AEW, KRR E RS e.e.>99% I F-H =
Y, BEMR TG AT TR ST RN
H, X —HARCEE R E SRR, S 2R
FELL R J7 1 -

3.1 FHEERG AR

T Io o I A b SRR TR R R, S
B LT AL RS AR EE . 1,4- 7 FE R —Fh i B
b5z SR e, R S R R 1, 4-TT
HRRE, et FEETTST70% L E, SERETR
K AE 300 5 LA | H 75 SR 3 AR FF1E 10% A2 4
BEA& 1,4- T W35 K H af HE &%, F H B vk ik
TR RS —, 1,4 T ZEREME
BUEERE, DO Ths T S0
NERIEYIRLG R, I RRIE H KB EAE
WA, WA R D B R . TEF
FHAE Wik i AL 2 & i % 2 B AR b, SRS
LR T & Ly- T AER AR A R 1,4-T =
B AR B R B AL S R R, E RN — A =
W, WA R [CABEKAERE (ChnC). BRIRIE
J B (CAR) A E it Ul (ADHD 1, 3 51 N FH R it &

filf (FDH) #J% NADH/NAD#il/EH A %, W3
PR, W& 1L,4-T BN EHmi s 2.41 g/L,
JEIRBEN RN 67.3%. WAV KL E&E &,
AR B A KSR PR s
3.1.2  FHAEA R

08 3 2 A A A T S R R TR 2K SIS 4 1) - 1k
Je A P [ 3Ce) ] AEPU AT 29 R A =6
HE R A B, Paradisi 20K 5% 2 B 5 0 i 04 i g
oA, FRRHTUBGZE R G, N USCR AL Gt
2R 1 65% FETF A 92% M. B IR 24 ik 1) e R
PRELPUOCHE T AR A = T2, SRR E
PEFR T L 2 M R A S5 IR A B BX R 48, 1E
100 m’ J B 4 1 SE B SR A 7= 30 ik vk, (AL AR B
E>90% "V, IXEERB R AUEY, FERBEREEA
EUCAF MG T A P~ I B SR .

3.2 XAFERK

% Wl K [ BLAE R IR =W & e oA iz
o i, @i 2 e R N, AT R SE UL |
D-H 55 B 55 KRR W) s & . L2 N )
H5MAEWERKKB T, M TR, &
ZiRIE S A AT, 2024 A BRLEE T 1 B4 4 AU
BT 14412356, Wt 2031 KA F] 1.94 143K 00,
FEEEGWERKEN44%. WUEE A £ B A KL
Wi E k. BEE A BRI R, WUEE thw]
CLIE S AR W R B AT ) & T SRR AR SE 1Y
TFE 0 FH A4 51 22 Bl 000K A 28 0E AT LIS 7= it 5 B )
%, Tk HRIEKIET Novibacillus thermophilus F1
Caldivirga maquilingensis W WLEE-1-BE IR & 1, BEA
% Wiy AR R ALHE YA SR A A S B, A 3
(DR, WY Bl L HE o- 1 S0 B IR L 158
R TR ] T W A O il L - 1- 19 R 5 T R UL BT B
TR, DLIEN N ah Y e AT LS & il 46, B
KNI RIE$]42.3 g/L, HALE N 84.6%.

D-H &l iz oA T, VN 2
PR 5 0 I8 R B S A 02 B T o 24 R R T
ATk, 2024z AR T N 9Me 3k, Hrbdl
Fhig b 330% A F, J& D-H #8 B EEAH fi
X oAb it D-SRE A D-H 28 E 7 i % 3545
D-H ik B A2 Wik ) 4% SR T DLOE i T e 0
AN %1 0% I S8 P R A, S B0 D-2ROBE 1) D-H 8
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(a) VLTS AR A RCMP ) 2 B 20 11 &7
(a) A multi-enzyme cascade system for synthesizing

CMP using cytidine as the substrate (a)

HFF-TR(CMP) ) &

ATP

OH O

o
e
NH, (o]

2
T
(Lram) — QMR
(i,
o >

=y -
ju s
o
-
=
= =
g:-

s
=
H,_ OH o -
HGC\)\fO S2-BHE TR
OH

. 3 (c)
(c) S-2-F2 2L | 1 & B4 kA AL 5 1
(c) (8)-2-Hydroxybutyric acid multi-enzyme
cascade catalytic synthesis

»

& (ABETE)
////-NAD- NASEE§\$\
B\ ®

FORR ) %
o j?ﬁ ) S S 5
o e ™
&
=
w
»

(4-RETH)

(d)

(b) 1L4- T “EE i 41 2 B B 1L & Rl
(b) fn vitro multi-enzyme cascade
(b) catalytic synthesis of 1,4-butanediol

& o

NAD

|

\BID)

N
[ ]
la-ﬁjsmmzfm %
BT
e

A 4 2 o
G- RR BB
1B £~

- R LAY

\l-ﬁiﬁﬁ%ﬁlﬁ?ﬁﬂ&

(e )
(d) JULRE 4 S 2B R AR A 5 R
(d) Enzymatic cascade catalytic
synthesis of inositol in vitro

B3 kA2 IR R M A BN s
(& 3 % F BioGDP.com fill{E)
Fig.3 Application examples of in vitro multi-enzyme cascade system for catalytic synthesis"”

(Fig. 3 was created with BioGDP.com)

W v UG A . AR U R Xt H AR — B YA A R D-
H R B A & T v N F AR AR IR
VU U 20 B e AR AL R ) D- B8 & i D-H 87 8%
AR R ELHE R AR (MDH) 03 % 8 A
i (GDHD, JfXf % By 4 6 AR 5 AT 1B b 26 1R AR
b, FERIE AT D-H Bl i = = 81.9 g/L,
JEE IR A% 81.9% o

DRI, Ak 4 22 I 20 B e B A& & 7 Tk AR P il
WA EERETH AR ONH TR H—R 5
B DA w4 (0 A= P A B, 3 I 3 1 T A
AWy WA, & JE NG TR Mg, st
T 1 24 9 ] R JORE 20 A 27 i 1w o s
TONRIRFEINR A BRSO, RS KA A
ez . D-H B BB (ngmuif . &

Ji ChniE PR B LR H Al R FACE - (s
WS WE2E) OB AL & . T DK B P 4 sk 22
RO 2 B PR BORAE S AR BRI ] T4
DrPEAE R R AL S5 Ty R E AL, A
HlE M T AR T R R 1D

4 JRFRS

4.1 (FIMSEBREXR N BRI

% Wi Ik S5 AR 20 g R I PR BE AT R A
FOR, EREBAETIUA 5 B A E
AERE KT Rl S B B N pH Y B AE 5B 2 4
EAERERE, 480% WO MMATEeRE T
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R RS LRGN S 01 LLAL D B 3R

Table 1 Comparative analysis table of application cases of in vitro multi-enzyme catalysis

B A5 5 55 LA Wit g A fe b i3y o
L4-T A CWBEKREERE R EE AR SRR g s BREEAEE PR 2.41 g/l [97]
HiEEE ¥ (FDH) WAETFRAAEA SR BIRE 35
S-2-FREET R a7 I T - F R o S AN I1E R AL R (97%) AR 143 g/L [99]
NADH fl§ ¥f & 4t 62 E>99% TE 75 A5 A Bl
FWEAT A A ik o G U Y i EHCNADPH A RS 7 e.e. fH>99.5% FERIETE 92% [100]
e PRI E T R AR I AL (>90%) FTEHIEK A 120 h
T A o G Tl H R T S I A BT JRT 45 1E>98% 72377 #% 8.3 g/(L'h)  [101]
HBENADH R B4 W ee. fH>99.9% AT JE % 45012000
WLEE A B A Tl R i+ UL P - 1 - 5 Tl 25 DU il VLV R A BSR4 A% 84.6% PR 423 g/L [103]
PiERIER R ER AR EIEL 70% 435 [ R
D-H gL I 8 W S 0 i U R T BE IR EE AL 81.9% PEE81.9 g/L [104]
JEE 33 RS AR Ak JE G A 20 5D R SRS

TENSBIN F 2 5@l fE. Bar, Tl EFE%E
BN TR R BRI H AR . AT
5 PR B, L e ok ) AR B ARE e I Y
EIL )& R R TR s a2, A
W Bk BELE, SHUEP AR ZE I,
R F T A R R RN T 5, X — I FEAY
N A SN [ E 7o o 4 N Sl & 0 N 0
% B AL SR I TR RN M B B ARG L R R
T, X R 3 L R T 8L G 2 B I B ) Tl
7 FH THT Ife 712 03 1) 22 5 1 Pk il o DA L 28 %) A il A
AR 2], 5 IR AR AT (AN A = 2 R R R
A 30%~40%, XK PRE] T 1Z%H ARLE Tk s
(1 512 B B o

% g 2 K S A ZR T8 SE B B A TG IR R — A
PR KRR R E N A R . Y
S BE AU K AR S I IR, R AR E R i
g LT, FEEWAELTIUNAE: Bk, &
80— o il AR T L A AR B AR AT R AR
PR, HABAES T 2RELEREE S X,
NEEEE RN &S B, pH. &R BT
RE) FHEEEER, FHREEAARDFEE
MePE K@ G s HEE A, B ORI
Koy ROBLE P A AR TR AL 0 R AR R R
(R AR S PR AR . b, MEEFAE REM TN
ARV T S IR T RE ), (HEE— BN T A
R RS, X RILF FHIEEET LAY
(1) BV A RO AS 5 4 G4k 2 & AR LE IR R B 4% 5
G .

BEXPIX SRR, AT B R ET =k
Jill: — R TR BN A S AN A BT
MBALIZ AR " RS E N TR BRI 1
TS E A 779 T R R T ESRAE G T
ZHE-A A A R . REERIHTITA R E
RTH T WA N 2 MRS R . Rk, B
g TREDARMAG AN AR, AEREIAH
JB, SCBUE R A BRI 2 BRI 2R

4.2 ZHRBRRMIOKREEREEE

% Wi PR S N N RE Y S 5 St A
G OEAR, HARRKERABARGH . 7k
SR A2 Ok R AR B VA BE DY AN 4 5 5 IR L A
“Ea%.

FERARBIH R, NTHEESETIHEMNL
R HES B 7 T e h HE AR HE TN AG, Se Bl AR
R AR R 2B s BB AL B AR 2R 5 05 2R 40 i
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