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Construction of multi-enzyme cascade reactions and its
application in the synthesis of bifunctional chemicals

LI Jumou, SHI Kun, ZHANG Zhijun, XU Jianhe, YU Huilei’

State Key Laboratory of Bioreactor Engineering, East China University of Science and Technology, Shanghai 200237,
China

Abstract: The synthesis of fine chemicals using multi-enzyme cascade reactions is a recent hot
research topic in the field of biocatalysis. The traditional chemical synthesis methods were
replaced by constructing in vitro multi-enzyme cascades, then the green synthesis of a variety of
bifunctional chemicals can be achieved. This article summarizes the construction strategies of
different types of multi-enzyme cascade reactions and their characteristics. In addition, the
general methods for recruiting enzymes used in cascade reactions, as well as the regeneration of
coenzyme such as NAD(P)H or ATP and their application in multi-enzyme cascade reactions
are summarized. Finally, we illustrate the application of multi-enzyme cascades in the synthesis
of six bifunctional chemicals, including w-amino fatty acids, alkyl lactams, a,m-dicarboxylic
acids, a,m-diamines, o,®-diols, and ®w-amino alcohols.

Keywords: multi-enzyme cascades; construction strategies; coenzyme regeneration; biocatalysis;
bifunctional chemicals
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Figure 1 Comparison of in vitro (1), in vivo (ii),
and hybrid (iii) multienzyme cascade reactions.
Product D is generated from starting material A
using the highly selective biocatalysts cat i—cat iii.
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S*=starting material; I=intermediate; P*=product.

Figure 2 Four types of enzymatic cascade reactions. A: Linear cascade. B: Parallel cascade. C: Orthogonal

cascade. D: Cyclic cascade.
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Figure 3
multi-enzyme cascade development.
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Figure 4 Common strategies for recruiting enzymes.
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Figure 5 The screening diagram for enrichment culture.

&: 010-64807509

: cjb@im.ac.cn



2164 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

[ (Klebsiella pneumonia JS2F, KpTA)FI i
KB (Vibrio fluvialis JS17, VfTA)Z: P % o-H
BEAR AT M AT (S)- 8 5 1 4 0 R A W
R, H(R)-XF AR 77 %>95% .

(2) N5 JE DR 20 SO %475 4 F AR 8 - 2 Bk A
RS RIRAE R T2, BRI | iR
[ DU B | PR e SN B e 7 e SO D G B
SE TN RE o 7 Hk R 2H 5k R 472 4l o A PR R 7 s
“TIRESK BTy SR B Horbp <D REIK Bk
T ARBCAT H T olk b i A= e s,
C 22 oA T e 3k <2y BB 9K 3 A 7 2 4
B Yeh SECUR FHIL i R BT RS M B T
T OISR, Bayer L IEERG S 6 AR
) BT BT S e, DR L DR 4 ST v
TEH BB KRB niel, AT TA RG24
AR T 1,5- 2 5E-2-WR BE i . Ward 2501
“Fr A0 RSB Ok M E T H I AR R
AT R BT R A B R N, FARP RO B
AFE i 2 DNA SR J5 1) e s 1 D0 U7 v
BTN, FEEEFE pfam il sy T HL 3 BRI A
DNA o-$ 2 (1 B &) E A B, B2 5215
1E E. coli BL21 HtA7 5 IR 5 o fEILHE N 20 3C
R, SRR R Y R IR AT) AR 2 4 B T e Y

(3) HET P A [ 48 H AREG : B
BORM K, 8 0 5 DRI e 3 A T2
IXAH P 1 H o A PRAZ A AT 80T vk . il
VIR VITA SRR EA T B RS EEAS, il
ZHEEN T 5 VITA [FEME 38% MR T4 % > (4
F (Chromobacterium violaceum) 1 T 2 i
CVTA, T8 3% S f Ak A b R B S A s Al 2
I —FEOL S A HE AL PR RE A 10728, DL VfTA
Je P, L E A R R R AR AR R I T
i & R BR B (Paracoccus  denitrificans) 1 5% 2 i
PdTA , 5 VITA [RIE MR 94%, b J5 #I ] PATA

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

T3 28 R Wt 2 B B K -5 B R (R AR ) §% 1k
N L-FE AR AEKIR), HARRE R 91% 7,

(4) FETHRAEFEN R H 240 T E Ao
AR E AL AR I, — SR 7 51 ) il A 4 A 1)
REASE CHAE, & A2 4 SR ng A A ik
FEME R 22 77 80 Luxs o i AR AR 43 B LA R Fn a3
MG Mo LIS R0, JR8 (S)-1E £ i
% 54 W [(S)-transaminases, (S)-TAs] . #% K&
EABFST, H(R)-TAs RiE%: /L. 2010 4F, Hohne
LN R AN L SR R R A
AR EHEBT(R)-TAs J& T IV,
IR BF AR D-2 3 R % 7% 1§ (D-amino acid
transferase, DAT) ., 4-24 5&-4- i 870 37 R 24 £tk 1t
(4-amino-4-deoxybranched acid lyase, ADCL)#
L- 37 455 28 FER 2 HL i 74 i (L-branched-chain amino
acid transferase, BCAT)FEHEAL [ PR 5F I 2 ZEMR
R (BURFIE P 91 BL P 22 (R)-TAs H)-5 BEAH G,
TRAR T —FtENEBEE . BT
ST T 2N T Y, I R A 3
Bl P 25 T AT IRARICH) BCAT, DAT Al
ADCL. FIFZ 07 AR Z 6 000 > 2 H 45 €
21 N(R)-TAs, Hrh 17 AE SR iESE HA
67 W8 7 A — LR, KHENTHEA
e P 5 00 (R)-1 B P A AL R PY 3 F A fT]
W, 290N IS B2 NS Fh A% AR )
MEAZAEY R T BA &R b5 ) 278
A3 AN T PR A 25 3 PR T AR LA 8
it TS 5 RE N A A A% O AL D RE DL R DX I
PR RS AR PR ORI AL, NG R 25
£ 5% H(HHHNI) . Coffa {3 £ (544 fA T iy
SEMENL A, (S)-IREEM N Ala, (R)-JRA G0
N Gly) L K S AT B s, i e3) 3 4
NEWT A G, Xl iR R B B r TE M, L
T PER ik 73.1 U/mg proteint*,

(5) T HE IS HERTIER D Ee : BEE & A



i 2 SHERRNANR RN E RS R A R

J 45 A4 TIU J5 75 (¥ & R (41 AlphaFold'14§), K
AR A RER BB AE AR U B, X
SEZER) e TR DI REEE Rk BAA S
Hohne 25EUF5E T 1 S R S 5554 # i (ornithine
aminotransferase, OAT)-Z&L& 7 h I EE
HHNA SRR ZER , OAT AR5 T Ik v I -5'- B 1
(pyridoxal-5'-phosphate, PLP) i, J& T PLP #t
B2, KD 58 A A HI 3D 2514
WoR AR S K BRI, (e AT S AL
WA EA AR, XEerk A B R S HRY)
Poll, BEJS, BUNEEE TS A RE AR FN Ak
H f: 2 AT 18 (Silicibacter pomeroyi, SpTA) . THER
AR 2N (Rhodobacter sphaeroides KD131,
RsTA). &7/ (Ruegeria sp. TM1040, RsTA)FI
B KA AR 18 (Mesorhizobium loti MAFF30399,
MITA)) 4 55805 TAs, ENTHAT ZHIKY)
TEAE IR e, o SpTA C ) iz
T Z MR A R & R e [l
¥, RIRT RIEFT I (Bacillus anthracis, BaTA)
M TA AR O i 0 454 T4 b 9 R
MR F 2 AFEEY Y,

(6) FIFH Bt o T AR — 2D M oo i -
)53 TREALHE L T R LS A8 1) 5E ) i dk . KR
T 9 RN G548 o0 B 1 B BT T R B 4 A 12
FVEBOE, R I IR S —Fh S A R
RICE DAL 1 Hemg DY, FE 22 W G ALt
Firp, SRR TR, AR U
sk 2 B Ry B T A A G S 0 R i AR, BT DA
AR e X A T ek, DA — 2D 4 R K I
O] R BEARSCR . Huffman 25575009 & a2
WAL 5 AR B ALK 9 Rl , o 5 A
PR i BUMAH [ B A 17 <1 I W < 85 & T
B B e n B 51% (8] 6A). 4l Hailes
SEOVHEA T BRI A B 5 57 e bk A P
WOPATHIR BT 455 T RS IR . AR

&: 010-64807509

b . A AHYE ERRA . Bk
P S BR B XT IR Y 3-F-L-BE IR 4 2 S i 22,
FIF LA R T 32 85 2 G R R v % 24 2 I XTI 4
P AHE ARG 1, X T 2l R il A 7 2 1) A i
AT B IR LGS AR 7 N 27 %58 5 2 89%
VIR A2 ) N B AR POV P A B ) 2 R RN
] PR A Ay IV ) 8 2ok il AR - A 2 B A A v R A
LR AR N AR, TR L T R v A B
N % B2 i & B (phenylalanine dehydrogenase,
TiPheDH)Jy fR Uil . Rlitk, Xt TiPheDH #4172k
1 DR R AL SR (82%) Fl 6 1A 7K - (254%)
IETE S L WA LB - 25 N R Y =
.(100.9 g/L, >99% ee) (K] 6B)., 2021 4, i
AT AR 2257 4- F R T 5 25 B R M S
Yy, (B HS IR B B (trans-ketohydrolases, TK)
1 o-%% Z B (o-transaminase, ©-TA), 3.1 —
B 1 ST AR BE B b B A TR 0 AR
RIEH I RE A, 8 ) S5 1] Y
FUGER TK A% A LB (S, 93% ee)i%
R (R, 95% ee), Fi¥ik% T % 2 ATA117 I%F
BB (AN Es=9 2] Ep=12)F1XF i/ VS 40 1 326
Pk, B ol 5 B9 TK FI TA JEF7 9Bk )
N, SEELT (1R, 2R)-%F HR ik 6 22 S Wi A=
Y14& 15 (76% yield, 96% de, >99% ee), ik,
25 S8 S T ) SMO-SEH-Aldo-CVTA
PR, 3 o 2R AR A - K i - S A - B A S A
(R)-7K & T Jie W G K s 1, 368 30 7 [ e A g s
I 297 e e A T, (AR AR IR S T 3 A
A4S =Y (R)-7R L I 77 B2 35 %) 34.6 mmol/L
(>99% ee) (K 6C),
1.2.3 R

M Z W SO T TR E 2 e, T
1) LU A5 RV B 5 B — 2D b Ak o 3 AP
Z AN R A= P AR R A 1, T DA S B
s A g FH o X T R A AR LT R

: cjb@im.ac.cn



2166 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

/.»'\ N NH, \
HO 4?’ _Goa)  nq o [PaK] o 7 DERA o SN
HO |10\>\/ ——— THOPO_ N 0O ————— HO—~ N \N/L
(Ga (HRP) (PPM] [PNP) ;(j/ F
HO™

OH O

~0
JF

\

(@] 2
OH . PheDid
OHSs—7" E— -
O O 0
OH Aldo
4>

51% overall yield

NH,
OH [PheDIT = OH

EEEE—

100.9 g/L. (>99% ee)

“()90 0 ee)

34.6 mmol/l

%

6 TTHEENERT SRR

Figure 6 Modified enzymes used in multi-enzyme cascade reactions. Description of catalyst abbreviation:
Galactose oxidase (GOA), pantothenate kinase (PanK), deoxyribose S5-phosphate aldolase (DERA),
phosphopentomutase (PPM), purine nucleoside phosphorylase (PNP), catalase (Cat), horseradish peroxidase
(HRP), acetate kinase (AcK), aldolase (Ald), ene-reductase (ER), phenylalanine dehydrogenase (PheDH),
styrene monooxygenase (SMO), epoxide hydrolase (EH), alditol oxidase (AldO), transaminase (TA). Those
marked with light green underline are key enzymes for molecular modification.
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Figure 7 Optimal catalytic conditions for multiple
reactions involved in a multi-enzyme cascade. This
optimal catalytic condition predefines the parameter
ranges of the cascade. Usually there are more than
two parameters under practical conditions.
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Figure 8 Design of a multi-enzyme cascade and its co-expression in a whole cell system for the synthesis of
chiral cyclic amines. The enzymes involved are CAR (carboxylic acid reductase), sfp (phosphopantetheinyl
transferase), ®-TA (w-transaminase) and IRED (imine reductase).
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Figure 9 Synthesis of a-functionalized organic acids by the proposed modular cascaded biocatalysis

platform.
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Figure 10 Reduced (A) and oxidized (B) coenzyme regeneration system.
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A “two stage in one pot” strategy catalyzing the bioamination of cyclohexane into

cyclohexylamine!'”. The enzymes involved are cytochrome P450 monoxygenase (P450 BM-3), xylitol
dehydrogenase (PsXDH), glucose dehydrogenase (BmGDH), alcohol dehydrogenase (ScCR) and amine
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Figure 12 Commonly used kinases for ATP regeneration. A: Kinases commonly used in ATP regeneration
and the corresponding substrates. B: The application of PPK/ADK/PPT in ATP regeneration when
polyphosphate is used as the substrate. 3PGK: 3-phosphoglyceratekinase; AK: Acetate kinase; PK: Pyruvate
kinase; PEP: Phosphoenolpyruvate; CK: Creatine kinase; ADK: Adenylate kinase; CBK: Carbamate kinase;
PPK: Polyphosphate kinase; PPT: AMP phosphotransferase.
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1 ZHEEYEEEPPK, EC2T4 DD EREN A
Table 1

The classification of polyphosphate kinases (PPK, EC 2.7.4.1) and their applications

Catalyst  Source Reaction Coproduct References
PPK1 Escherichia coli K-12 ADP+(P;),=ATP+(P)),—, Amorphadiene [102]
S-aminolevulinic acid [103]
nucleotide triphosphates [111]
PPK1 Thermosynechococcus elongatus HB27 ADP+(P;),=ATP+(P;),_; D-amino acid dipeptide [104]
glutathione [105]
PPK2-1  Sinorhizobium meliloti 1021 ADP+(P;),=ATP+(P)),—, Acyl-coA regeneration, [109]
S-adenosylmethionine
. [112]
regeneration
aldehydes [108]
PPK2-1  Rhodobacter sphaeroides ADP+(P;),=ATP+(P;),_; L-theanine [106,113]
PPK2-1I  Acinetobacter johnsonii AMP+(P;),=ADP+(P;),_, Acyl-coA regeneration, [109]
S-adenosylmethionine
. [112]
regeneration
PPK2-III Meiothermus ruber ADP+(P)),=ATP+(P)),.1; Nucleotide-activated [114]
AMP+(P;),=ADP+(P)), derivatives of glucose
aldehydes [108]
PPK2-IIl Deinococcus proteolyticus ADP+(P;),=ATP+(P)),_1; Aminoacyl prolines [110]
AMP+(P;),=ADP+(P)),_,
PPK2-TIl Erysipelotrichaceae bacterium ADP+(P;),=ATP+(P)),_1; Aldehydes [115]

AMP+(Py),=ADP+(Py),_,

W AE L T LB AMP & i ATP, HACRAETH
F PPK2-TIfIl PPK2-15, ADK JIil ¥ 9% Bt A fk AMP
AL ATP (B 12B-V, V). filan, kHIEEMZE
FK T (Deinococcus proteolyticus)i) PPK2-T11#% F
T4 AMP FA R ATP, e T 5 AR &
J R I LA A 1 S R A 2 R

2 ZEAERENESKXE ik HE
5 d oy B R

Wit 5 ek 2 PR 5 5 e BN AT 2tk & R
MIPE T, BT RUE Be B Ak ah 1 5 oK% v
e EWAE R A o-2 55 DiR
(w-amino fatty acids, w-AFAs)., %¢3& Ntz (alkyl
lactams, ALs). a,w-_JC&R R (a,m-dicarboxylic
acids, a,m-DCAs)., a,0- & (a,0-diamines,
o,0-DMs) . o,0- 5 (a,o-diols, a,0-DOs)Fl o-24
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Figure 13 The structural formulae of six bi-functional chemicals and their applications.
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T2 o,0-ZTHEBHEYERARER

Table 2 Advances in biosynthesis of a,m-dicarboxylic acids

Product Substrates Methods Titer (g/L) References
Glutaric acid Glucose Fermentation (growing cell) 0.820 [127]
Cyclopentane/ Biocatalysis (resting cell) 1.60/ [126]
Cyclopentanol 6.30
Adipic acid Glucose Fermentation (growing cell) 68.0 [123]
Cyclohexane/ Biocatalysis (resting cell) 4.50/ [126]
Cyclohexanol/ 6.70/
g-caprolactone 66.0
Glucose Fermentation (growing cell) 6.39x107*  [122]
Glucose Fermentation (growing cell) 2.76x107%  [125]
Glucose Fermentation (growing cell) 2.59x107°  [128]
Glucose Fermentation (growing cell) 2.23 [124]
Pimelic acid Cycloheptane/ Biocatalysis (resting cell) 3.20/ [126]
Cycloheptanol 7.70
Suberic acid Glycerol Fermentation (growing cell) 0.254 [128]
Cyclooctane/ Biocatalysis (resting cell) 1.10/ [126]
Cyclooctanol 7.30
Octanoic acid Biocatalysis (resting cell) 1.45 [50]
Nonanedioic acid Nonanoic acid, hydroxynonanoic acid Biocatalysis (resting cell) 3.69 [51]
Undecanedioic acid Ricinoleic acid Biocatalysis (resting cell) 206 [64]
*3 ZEHARKELEN o-BEMHBRFRE AR IR RER
Table 3 Advances in the synthesis of ®-amino fatty acids and alkyl lactams
Catalysts Substrates Products Titer (mmol/L) Function References
ADH, BVMO, PFE, 11-hydroxystearic acid 11-aminoundecanoic 2.5 Nylon 11 monomer [129]
AlkJ, o-TA acid
AlKJ, ®-TA 12-hydroxydodecanoic acid  12-aminododecanoic 2.6 Nylon 12 monomer [129]
acid
AHR, o-TA w-hydroxy fatty acids w-amino fatty acids >84.7 Nylon monomer [47]
(C=6, 8, 10, 11, 12, 16) (C=6, 8, 10, 11, 12, 16)
ADH, BVMO, Lip, Ricinoleic acid 11-aminoundecanoic 232 Nylon 11 monomer [64]
NFO, TA, acid
AHR, o-TA ®-hydroxy dodecanoic acid ®-amino dodecanoic 69.0 Nylon 12 monomer [47]
methyl ester acid methyl ester
P450, ChnD, ©-TA Nonanoic acid, 9-aminononanoic acid 4.1 Nylon 9 monomer [51]
(FDH, NOX) 9-hydroxynonanoic acid
AlKkBGT, o-TA, AIkKL  Dodecanoic acid methyl ester 12-aminododecanoic 0.55 Nylon 12 monomer [130]
acid methyl ester
BVMO, EndLP, Fatty acid methyl esters ®-amino fatty acids 29.1-46.3 Nylon monomer  [48]
AHR, o-TA (C=9, 11, 13) (C=8,10,12)
P450, AlkJ, o-TA Dodecanoic acid 12-amino dodecanoic 1.48 Nylon 12 monomer [131]
acid
P450, ADH, »-TA, Dodecanoic acid 12-amino dodecanoic 4.83 Nylon 12 monomer [132]

AlaDH

acid
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Catalysts Substrates Products Titer (mmol/L) Function References
P450, AlkJ, o-TA Dodecanoic acid 12-amino dodecanoic 0.6 Nylon 12 monomer [69]

acid
P450, ChnD, o-TA Octanoic acid 8-aminooctanoic acid 8.6 Nylon 8 monomer [50]
(FDH, NOX)
Esterase, ADH, w-TA, ¢-caprolactone 6-aminohexanoic acid 37.5 Nylon 6 monomer [101]
AlaDH
LA, AHR, ®-TA g-caprolactone 6-aminohexanoic acid 80.0 Nylon 6 monomer [47]
CalB, ADH, ©-TA g-caprolactone 6-aminohexanoic acid 42.0 Nylon 6 monomer [133]
CalB, ADH, ©-TA d-valerolactone S-aminovaleric acid 12.0 Nylon 5 monomer [133]
CalB, ADH, ©-TA y-butyrolactone y-aminobutyric acid 15.0 Nylon 4 monomer [133]
o-TA, CHMO,LA, Cycloalkyl-amines ®-amino fatty acids >48.1 Nylon monomer [134]
AHR (C=4,5,6) (C=4,5,6)
ADH, CHMO, LA, Cyclohexanol 6-aminohexanoic acid 97.2 Nylon 6 monomer [52]
AHR, o-TA
CAR, sfp, o-TA, Adipic acid 6-aminohexanoic acid 9.5 Nylon 6 monomer [135]
GluDH (PPK2, FDH,
PPA)
o-TA, CHMO, LA, Cycloalkylamines Alkyl lactams 0.41-7.4 Nylon monomer [134]
AHR, Cys, (C=4, 5, 6)
ADH, CHMO, LA, Cyclohexanol Caprolactam 2.84 Nylon 6 monomer [52]

AHR, ©-TA, CAR, Cys

ADH: Alcohol dehydrogenase; BVMO: Baeyer-Villiger monooxygenase; LA: Lactonase; AlaDH: Alanine dehydrogenase;
®-TA: o-transaminase; CAR: Carboxylic acid reductase; sfp: Phosphopantetheinyl transferase; FDH: Formate dehydrogenase;
PPK2: Polyphosphate kinase; PPA: Pyrophosphatase; PFE: Esterase; CHMO: Cyclohexanone monooxygenases; EndLP:
Endogenous lipase; ALDH: Aldehyde dehydrogenase; NOX: NAD(P)H oxidase; Lip: Lipase; P450: Cytochrome P450
monooxygenase; NFO: NAD(P)H flavin oxidoreductase; AHR: Aldehyde reductase.
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Figure 14 One-pot multi-enzyme cascade biosynthesis of 6-aminohexanoic acid from different substrates. A:
Multi-enzyme cascade catalysed synthesis of 6-aminohexanoic acid from cyclohexanol. ADH: Alcohol
dehydrogenase; BVMO: Baeyer-Villiger monooxygenase; LA: Lactonase; AlaDH: Alanine dehydrogenase;
o-TA: o-transaminase. B: Biotransformation of adipic acid to 6-aminohexanoic acid. CAR: Carboxylic acid
reductase; FDH: Formate dehydrogenase; PPK2: Polyphosphate kinase; PPA: Pyrophosphatase; ®-TA:
o-transaminase; GluDH: Glutamate dehydrogenase.

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



i 2 SHERRNANR RN E RS R A R

D)H

n=1,2,3 /4\4
Cycloalkylamines

(“/ng

5,
'\i«m

)

NADP*

\ H.O

(A 3\
OH O NOH 0 3¢ Harsh reaction conditions
Beckmann )
Oxidation Oxidation rearrangement NH x Serious environmental pollution
Ni or Pd catalyst NH,OH"H,S0, SO, o0leum € Lots of by-products
Cyclohexanol Cyclohexanone Cyclohexanone oxime Caprolactam

< J
(B )

> m\\/%ﬂ)LOH 4\‘>

NADPH s .
Coenzyme/by-product cascade with high yields
) T v yme/by-p ghy

H
Cyclase o N

n

m-amino fatty acids H.0 Alkyl lactams

V Added cyclization to caprolactam step

3 The substrate cycloalkylamine is expensive

>

15 T EWFEEMEABRAIN—RESBAKELTRRETENENR o-SERBHBRMEE

) Bt B (B)

Figure 15 Chemical catalysts (A) and One-pot multi-enzyme cascade biosynthesis of m-amino fatty acids

and alkyl lactams from cycloalkyl derivatives

(B). o-TA: o-transaminase; CHMO: Cyclohexanone

monooxygenases; LA: Lactonase; AHR: Aldehyde reductase.

FRREIF I — 2ol | B S X2 e R Hh (Y i
fratRik, FIASAE S A R o- 25
iR FNGEEE N eI , 77 23253 iR 31 96%F1 74%.
TR B S LA AN S IR AN 7= 2 s S0, (H
FEMKIRAFAE A I SE e s B Bt 46 ) A
2021 4, i EE#E K Yan FIBA R T
— R AR ORI, SR F R IT Rk
WS, R4 40 MR AR AL PR O BEA 7 6-2 0
TR e-CINFERR(E 16), ZIELR R — DA
FR T AP N T B A H RN 2RI

&: 010-64807509

Yl 24, TFEFINR I BT e
IR — A KIGFF w4 f, AR5 R R
PMEAELL 100 mmol/L P EEA i 6-Z IR,
6-R LRI KM 97%, H—H MBI LS
RAT A B 28% M NIk . X BREE B TR
AR, 6-FIEC IR R mSF R, HRRRLF
TE B P IR A A SR AR S5 ]
23 ZBEEPHELEN o,0- "B o-SEEE
bR T ik Rk, SUEReAbE
-1 (a,0-DOs) I o-Z & (0-AOs), o,0-Dos

: cjb@im.ac.cn



2178 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

e - N
OH o 0 H00 H,0 Module 1
ADH CHMO 0 \1 (O.)

NADP*

Module 2

A,
V The substrate hexanediol is cheaper ( )

V The yield of 6-aminocaproic acid is as high as 97%\

The cascade step is complex and inefficient for

!

l

|

|

jor= @
\Cyclohexanol Cy CIOM " &-caprolactone ~ ~
! NADP" NADPH

| t

\

NAD(P)* NAD(P)H Amine

0,,: Oxidation module

A,,: Amination module
C,: Cyclization module

NAD(P)
NAD(P)] l
() \

6-oxohexanoic au(

donor

cyclization : Correspondlng AHR Deammated :
i alcohol €—————product |
| o | Module 3
| : (cm> o
\©1L CAR ,,f’,“l”l‘l‘:‘ ,“)1&9814 @ll

<
Caprolactam ’/—\ ) \‘ Caprolactam
. AMP+PPi ATP H,0
16 —$RZEZEMAKBRRUEHELICESK 6-BE CBEMNKE AR

Figure 16 One-pot multi-enzyme cascade biosynthesis of 6-aminohexanoic acid and alkyl lactams from
cyclohexanol using Escherichia coli-based concurrent cascade consortia. ADH: Alcohol dehydrogenase;
o-TA: o-transaminase; CHMO: Cyclohexanone monooxygenases; LA: Lactonase; AHR: Aldehyde reductase;

CAR: Carboxylic acid reductase.

AIVE A SRR AR AR 1 K, 0-AOs TERCRE AL
o USRIV R G B Iz 1)
i 3 10 4R 2 A9 AT BA S T F1 H 2 i
PR NS I o,0- BEFT o-Z FEFE(GR 4),
RS T — & W R -

HiE, Yun SV RIS BRAE N BRI
— AR (M AL . Cell-An) I THE Y
MR i R LA e, T ikE T —Fh 2
21 L TR A Ak B B AE SR B R 1Y 2 il R S
W RGE(E 17, BR T Rk BRSNS 2 4
HAh R gn M b, A0 5K 5 D7 B8 H S (fatty
acid methyl ester, FAME)¥ 1k h o-¥ 3 A8 ViR
(o-hydroxy fatty acid, w-HFA)HY ¥ 5 fb 5 b
(Cell-Hupn) FIRE i 117 TR 1 52 5 5 A DA 2 ik 1) e it
B (Cell-Run) o B IS LA H AR 9001, XFixX

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

S MR A T e, LA A RSB,
— AN FIRREE I (C8 . C10 FI CI2)HIAR
iR R A B o-Z BRI . a,0-ZFE . o-24 5k
B o,0- e, Horb 12-ZBHAR IR AN 1,12-
73 B A3 5 66.5%F01 52.5%

2016 4, BN I 37 RS 2R A BA [ R
Teb B A 2 I TR WS X A e A R DX S X ke
WPt 2 R A2 T RE e (| 18). E
FHEIEBINEIT T 4 ARSI REAY 40 ki
51 LA & A AL P (epoxidase, EP)FIFA
E ALK % B (epoxide hydrolase, EH), Hf K ¥
WEIEOK AR 1,2-2 05 55 2 BT B il &
fif (alcohol dehydrogenase, ADH)HIE it & i
(aldehyde dehydrogenase, ALDH)F T 1,2-—
B R i SR R - 7R 3R IR 55 3 MBI



i 2 SHERRNANR RN E RS R A R

R4 ZHMEKEN 0,0- BN o-REENMRIER

Table 4 Advances in the synthesis of a,®-diols and w-amino alcohols

Catalysts Substrate Product Titer Function References

BVMO, EndLP, o-fatty acid methyl a,m-diol 8.3-27.0 mmol/L Poly(ammonia) ester  [48]

CAR, sfp, EndAHRs esters (C=9, 11, 13) (C=8, 10, 12) monomer

P450, ADH, BVMO, Lac, Cyclohexane 1,6-hexanediol 13 mmol/L Polyesters, [137]

CAR, PPT, AKR (GDH) polyurethane

P450, ADH, BVMO, Lac, Cyclohexanol 1,6-hexanediol 16—-18 mmol/L Polyesters, [137]

CAR, sfp, AKR(GDH) polyurethane

MFL, AAD, KDC, YghD  Amino acid Diol 4.2-276.4 mg/L Monomers for polymer [138]

CAR, sfp, AHR wo-hydroxy fatty acids  a,o-diol 3.01-9.70 mmol/L  Poly(ammonia) ester  [139]
(C8-C16) (C8-C16) monomer

P450, CAR, sfp, AHR dodecanoic acid 1,12-dodecanediol 6.9 mmol/L Poly(ammonia) ester  [139]

BVMO, EndLP, AHR,

w-fatty acid methyl

m-amino alcohol

4.90-29.12 mmol/L

monomer
Fragrances, emollients [48]

»-TA, CAR, sfp, esters (C=9, 11, 13) (C=8, 10, 12) and plasticizers

EndAHRs

EP, EH, ADH, o-TA, Terminal alkenes 1,2-amino alcohol ~ 3.2—17.2 mmol/L B-adrenergic receptor  [16]

AlaDH agonists

ObiH, TDC Aldehydes 1,2-amino alcohol ~ 0.015-0.480 mmol/L B-adrenergic receptor [140]
agonists

EH, ADH, »-TA Epoxides 1,2-amino alcohol ~ 32.5-48.2 mmol/L  B-adrenergic receptor [141]
agonists

TAL, tPAD1, FDH, SMO, L-henylalanine 1,2-amino alcohol  12.2 mmol/L B-adrenergic receptor  [142]

EH, ADH, o-TA agonists

BVMO: Baeyer-Villiger monooxygenase; EndLP: Endogenous lipase; CAR: Carboxylic acid reductase;

Phosphopantetheinyl transferase; EndAHRs: Endogenous aldehyde reductases; P450: Cytochrome P450 monoxygenase; ADH:
Alcohol dehydrogenase; Lac: Lactonase; AKR: Aldo-keto reductase; GDH: Glucose dehydrogenas; MFL: Hydroxylase; AAD:
L-amino acid deaminase; KDC: a-keto acid decarboxylase; YqhD: Aldehyde reductase; ®-TA: w-transaminase; AlaDH:
Alanine dehydrogenase; ObiH: Transaldolase; TDC: Tryptophan decarboxylase; EH: Epoxide hydrolase; TAL: Tyrosine

ammonia lyase; tPAD1: Ferulic acid decarboxylase; FDH: Formate dehydrogenase; SMO: Styrene monooxygenase.
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Figure 18
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Figure 19 Design and modularization of a de novo biocatalytic cascade for 1,6-hexanediol production from
cyclohexane. P450: Cytochrome P450 monooxygenase; ADH: Alcohol dehydrogenase; BVMO: Baeyer-Villiger
monooxygenase; LA: Lactonase; CAR: Carboxylic acid reductase; AKR: Aldo-keto reductase.
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Table 5 Advances in the synthesis of a,0-diamines

Catalysts Substrate Product (a,w-diamine)  Titer (mmol/L) Function References
ADH, o-TA, AlaDH a,0-diol (C=10, 12) C=10, 12 >49.5 Nylon monomer [144]
AHR, ©o-TA o,o-diol C=8, 10,12, 14, 16 21.4-98.7 Nylon monomer [47]
(C=8, 10, 12, 14, 16)
BVMO, EndLP, AHR, Fatty acid methyl esters C=8, 10, 12 4.2-21.5 Nylon monomer [48]
o-TA, CAR, sfp, (C=9, 11, 13)
EndAHRs
CAR, sfp, ©-TA (GluDH, Adipic acid C=6 3.0 Nylon 66 monomer [135]

PPK2, FDH, PPA)
ADH: Alcohol dehydrogenase; ®-TA: o-transaminase; AlaDH: Alanine dehydrogenase; AHR: Aldehyde reductases; BVMO:
Baeyer-Villiger monooxygenase; EndLP: Endogenous lipase; CAR: Carboxylic acid reductase; sfp: Phosphopantetheinyl
transferase; EndAHRs: Endogenous aldehyde reductases; PPK2: Polyphosphate kinase; PPA: Pyrophosphatase; GluDH:
Glutamate dehydrogenase; FDH: Formate dehydrogenase.
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Figure 20 Enzymatic synthesis of a,w-diamines via a novel “parallel anti-sense” cascade reaction. AHR:
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