2026, 66(8): 4119-4134 G =i
CSTR: 32112.14.j.,AMS.20260167 Acta Microbiologica Sinica
DOI: 10.13343/j.cnki.wsxb.20260167 http://journals.im.ac.cn/actamicrocn

Research Article Bt &

N EGLR A = AL X F2 2 S E AR & A 7 2Bl

EWM, HERE L R4, R

1 VTR Adn b S TR Be, 1198 o8
2 VLIRS Y TR ABE, T EYHORE A M E SR, 1198 I8

I, BRI, ARG, S, WU U A R R R S T RS B A R[], SR, 2026, 66(8): 4119-4134.
HUANG Shanshan, JIN Ayuan, SONG Wei, WU lJing. Highly efficient dual-enzyme cascade catalysis for the synthesis of raspberry
ketone from p-hydroxybenzylidene acetone[J]. Acta Microbiologica Sinica, 2026, 66(8): 4119-4134.

§ E: & & T (raspberry ketone, RK)Z WA R R FHLed, 2B TRE. FAHFH
5 B AR R, HRAMWRIGE T RARE . B RAG, LFEREAERTERAKR. FHHEA
HERRRRTHE RGN, LR AR LEZEHEGLSKEF G, 2K REA LR
T RUEBEFE MG R ZHRL, AT HRAKZEETHREZ. F9h 5 EXELAER T LIFE R FHM
F., (B8] MEZHK. 22 BTN RK AR RKE, RBEIAABZALMRA. [Fi%]
I i AT PhF I kR 0 AF B FAR M A R R BB AIQOR, #84 SLERAT B kIR 49 F B2 L 2B LbFDH
A 3 IR B R "2 v — A% 3 BR B BA (nicotinamide adenine dinucleotide phosphate, NADPH) £ /& 31 A B 2%
BRAR o B AT SR NS KR R KR A AL, M) B Rk TAEE MR OT IR R R R E AR K
#3577 K A (Escherichia coli) 02, % G2 4 JOAEAC 69 K AR R £4F, KA o LA R Tk,
1 L RN KR L, 26AtEitb5patiRkigEdiT ML sstissgmmie. [4X]
I 1 IR AF 49 AtQOR FEAL AT 2 A I F 3L 78 B8Rl A sk, RK 89 b B 7% 1% 10.35 U/mg; AR REEH T,
Escherichia coli 02 vA 40 g/L 3t % A T F 3K R B &AM KL 12 h, RK = £k 37.88 g/L, 3410E A
93.54%; KA S PANE R A | L R B4R HATARK S8, LR A 10 h RK = &34 5432 g/L, 4
3% 89.43%, FHEAMAIEA LA BARZW . [£6] KB RAME 6 R RIRMEIR 2 X
P& RAT A RK A&y = 2, AL T sk &R ERET S, % BT A GG
RFE.
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Highly efficient dual-enzyme cascade catalysis for the synthesis of
raspberry ketone from p-hydroxybenzylidene acetone

HUANG Shanshan', JIN Ayuan', SONG Wei'?, WU Jing"**

1 School of Life Sciences and Health Engineering, Jiangnan University, Wuxi, Jiangsu, China
2 Key Laboratory of Industrial Biotechnology of Ministry of Education, School of Biotechnology, Jiangnan University,

Wauxi, Jiangsu, China

Abstract: Raspberry ketone (RK) is a high-value natural aromatic compound widely used in food,
flavors and fragrances, and daily chemical products. Traditional plant extraction methods are
constrained by raw material availability and high separation costs, while chemical synthesis suffers
from high environmental burden and difficulties in meeting market demand for natural-source
products. Biocatalytic synthesis represents the core direction for its green manufacturing. However,
existing systems remain limited by bottlenecks such as insufficient enzyme activity and substrate
tolerance, poor stability of cofactor regeneration systems, and product titers insufficient for
industrial needs. [Objective] To construct an efficient, stable, and scalable biocatalytic synthetic
system for RK, overcoming existing technical bottlenecks. [Methods] A flavin-independent
ene-reductase from Arabidopsis thaliana, AtQOR, was screened and coupled with formate
dehydrogenase from Lactobacillus buchneri, LbFDH, to construct an NADPH self-recycling dual-
enzyme cascade system. By optimizing vector copy number and gene expression order, an
engineered strain co-expressing both enzymes was constructed, and the optimal strain, Escherichia
coli 02, was selected. Key reaction conditions for whole-cell biocatalysis were systematically
optimized, and a scale-up experiment was performed in a 1 L fermenter using a fed-batch strategy.
The product was quantitatively analyzed and structurally verified using gas chromatography (GC)
and nuclear magnetic resonance (NMR) spectroscopy. [Results] The selected A7QOR exhibited a
specific activity of 10.35 U/mg in catalyzing the conversion of p-hydroxybenzylidene acetone to
RK. Under optimal reaction conditions, E. coli 02 produced 37.88 g/L of raspberry ketone from
40 g/L p-hydroxybenzylidene acetone in 12 h, with a conversion rate of 93.54%. Using a fed-batch
strategy in a 1 L fermenter, the RK titer reached 54.32 g/L in only 10 h, with a conversion rate of
89.43%, and the product was confirmed to be a high-purity target compound. [Conclusion] The
dual-enzyme cascade catalytic system constructed in this study substantially overcomes the
existing titer bottleneck in RK biosynthesis, providing an efficient, stable, and scalable
technological solution for its industrial green manufacturing.

Keywords: raspberry ketone; ene-reductase; dual-enzyme cascade catalysis; cofactor regeneration;
whole-cell biocatalysis

T %5 7 I (raspberry ketone, RK)J&: /7 T JF &P A9BAEMN (1m0 32 2452 632, RK &
SRR FESR N REN sy, TN TEN . —MEMEY EFELEY ., KR RK A% )ik
ERERS HALE M, B RK ZEEEEFZ M 3 000-20 000 USD/kg., #R i RK 7E KSR 52

P4 actamicro@im.ac.cn, 7 010-64807516



I A5 | SRR, 2026, 66(8)

4121

) IR (2 1-5 mg/kg), FEUEGRIYIHEH
2 il JFURHMEE I 2 BR . B Al Ae M B R A
JEAS g A I S SR, fhAE G R T R
e (A O R LR TP S N R4 A 45, (B
AT 220 1) S A 05 4 IR AR AR R, 55 1 R 38
SElal L, HLAR S5 R0 7 e M LG i T B
HXS R BRI TR, P TE = i T 3
TN Z BIRR Y. ST, RV L
MR R TR AT =Y, ESEA T
M BB R A 7 L AR AT R ATS
JE M U I 1 = B A

e RK WY AE D)l i, 4R R o8 E 2T
2 FRPRARHEDE : — 2 LI A BN 52k A AR TR
S R A TR R, 5 — 2R DIX Ak
% J5E A il (4-hydroxybenzylideneacetone, HBA)
IR AR E AR D . FER W )y
[fi, Zhou FPIAKMGHFFE R TG 32, RAFhE
WRAS VAP - R s A B | o Rk
0B AT ) o D] L2 5 e 1 2 1) - o TR 1
A, R P X A S R ) 7 R A SR - A T T el
B AR, RIS ACAR RS TR 5 R W e, e
A4S 415.56 mg/L RK., Li ZEON0 fige Jig HIS EG % £
MR, ¥ LI RK A WGl %% 4 & 268
rDNA i 5 5 FAZF R IRIR AR 5 R B IR iR 12,
SRACHT A Bk 4 s S AR R AL BN k4G
it A BARIACALIR B A, 28 5 L A4t &
i, AT 7.24 g/L 1 RK Mk A i m i, B
R, R R BERR A T 2eid BK AHEE A%
Gy s ACHHE oy e . A AR A L AR AR
S, B RK AR THI 25 e
BARRES . MHILZ T, DL HBA REYA KR
A= WA AR B AR A R RK A SR, 7 T2 fai (il
1N ORI R RS S oy & S T ) N A <
ST AR AT S . 4N, Yang UG
MEER KRR, HFRIKNBH TR BT
&M 1 (raspberry ketone synthase 1, RiRZS1), L)

Ko WE T A D A ok IR 9 2 B I B (glucose
dehydrogenase, SyGDH), 5 i 4 i Jiig fit N2y —
¥ # R B MR (nicotinamide adenine dinucleotide
phosphate, NADPH) Fj 4 5 fx 2 % {b 80 % i
97.6%, RK = ik 9.89 g/L. %% T GDH K%l
K4 RETARA RS HEE, 2 E
FERREN ), SRR pH 3N, [N
Yy By s 1 2o R A U O A i )
5 35 R K AT B N R = 3R TR 116 24 3K 3 [
N, E5 A K R SR R B A (isocitrate
dehydrogenase, EcIDH) 5 RiRZS1 1) [ 4E H ,
% NADPH APRIMAZR, LI HBA MRS
86.96% MBI, RK FohhA 8.21 g/L, R
AN, T [ B RS A MR R R AR 0 B Y
TR, AR R A 8 52 BR T R il i
AIEXT NADPH 25 i IR AR . SC SR i k%
TEAR TR 6, DA e R AR WAE 2 NS ) 554 1T
PE S 52 R e St Hk, A4
F“HBA—RK” [ B AR 3 Ak R Tl 9™ &
S A, SCHETE T e AR A B3 AT 5 IR )
TR R B A v ik Sl , S E R I
PR R AT ELAL

T FRIA RK AW A R =52
BEL L X A RRASE AL N HH A J 00 ), A )
AtQOR 5 FH 2 it S W A A5 ) WU R B fr AR R
B R —E40 | SR H BB 18 RK
YA T Z, T AR A = AT 1 R
sy

1 AR5

1.1 FRIFEK

# 3k JE K pET-28a. pACYCDuet-1,
pCDFDuet-1,  pRSFDuet-1 #1  pETDuet-1,
Novagen 2\ Fl ; 15 £ & ¥k E. coli BL21(DE3),
Invitrogen 2\ ] o ASBIFFEAH %) E1 20 JBokr DL 3R 1.
PRI 2,
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=1 AW AT BRL

Table 1 Plasmids used in this study

Plasmids Description

pET-28a Single T7 promoters, pBR322 ori, Kan®
pRSFDuet-1 Double T7 promoters, RSF ori, Kan®
pETDuet-1 Double T7 promoters, pBR322 ori, Amp"
pCDFDuet-1 Double T7 promoters, CDF13 ori, Str®

pACYCDuet-1  Double T7 promoters, p15A ori, Cm®

1.2 EERFIFLEE

BHETFIRK), FERE, g4 yE
FAHWRAT; XTI EIHBA), ik
R A BR 2 w5 3 A A5 08 Tk g AR I ey — A
T FRBEIR PUANEL . B-HH T e i MRS — A T TR IR
TARER, RE R RHE A R A B
FE-B-D-FACEFUBEFF (IPTG), & FE & (Amp).
HERFF (Str). FAEHE (Cm). Hifi2 KIB% % (Kan),
ETAY TR ARZAF; PrimeSTAR
Max DNA ® 4, TaKaRa Bio (Joi) A FRA ] ;
IR A, aCDUE R s A YR A BR AT
oAb, E 22 A PR A

PCR ¥ #44% . RERR HL Uk AN . Bk AR A
R EDAL, SCARTERAR AR 40 i
1, B KERAEDBHARA A mEZERK
A, LIRS A BRA R BT A

R2 AARETAENK
Table 2  Strains used in this study

5 TSI . R P e AL, PR
IR BHE A E] A AU 5 Sh- 1] W53
JCEETE, EpEE (RIS A A PR A E] it
PRIETEAL, Bruker AH]; 1 L ABERE, iHA/RA
YT AR
1.3 SEMNE

S 30 JEr %) EU R A2 I A2 e FE A 1 pmol/L
1) 40 Tk A b By A B RK A 7= e R B 5E «
MK R B S 1 mL, pH 7.5, M IRE R
37°C, {AZ A% 10 mmol/L HBA . 1 mmol/L iff
J7 7 NADPH PU4hEs | AR5 40CH 2% ) DMSO
DL K 1 pmol/L 46 4k #s i JRL g , 9% & B [H] 4
3 min, SR FR H RK A 77 R AU 6%
(GOMATE ' T, I SLEI i E 3 AW
SVAT AR UESS S mT SE 0 o I 340 i T 1 3 D T
P R A LR &, B e e
A 1 pmol RK it Mg R 1 AMEHEHAL(U),
14 T|HRRESHEK

Fir A B br 28R R A AR g — 4
TR IR EARIERD EAI R HTPER LB
Fiskrh, T 37°C. 220 v/min 500 F 5. 175
F2W ODgoo THILF] 0.6-0.8 B IA IPTG Z 4k
JE4 0.5 mmol/L #1155, WIAT 16 °Co&MH T i
TR 18 h J&, 8500xg .0 10 min Y &

Strains Description

E. coli BL21(DE3) F~ompT gal dem lon hsdSB (rB- mB™) A (DE3 [lacl lacUV5-T7 gene 1 indl sam7 nin5])
pET28a-ER pET28a carrying ene-reductase (ER) from 8 different sources
pET28a-FDH pET28a carrying formate dehydrogenase (FDH) from 3 different sources
E. coli 01 pCDFDuet-1 carrying AfQOR and LbFDH

E. coli 02 pRSFDuet-1 carrying AfQOR and LbFDH

E. coli 03 pETDuet-1 carrying AtQOR and LbFDH

E. coli 04 pACYCDuet-1 carrying 4fQOR and LbFDH

E. coli 05 pCDFDuet-1 carrying LbFDH and A1QOR

E. coli 06 PRSFDuet-1 carrying LbFDH and AtfQOR

E. coli 07 pETDuet-1 carrying LbFDH and AtQOR

E. coli 08 pACYCDuet-1 carrying LbFDH and AfQOR

P4 actamicro@im.ac.cn, 7 010-64807516
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DLUE, BRI AR A T2 0P A (25 mmol/L
Tris-HCI, pH 7.5; 20 mmol/L BXM; 500 mmol/L
NaCl)H, >R i e 3 M e HLIE A7 240 o e
FFASHLZH T 4 °C. 8 000xg B> 0.5 h, Wedk
5 W5 Ni-NTA Superflow #fJg5## & 30 min,
WA His & BbrE A . B 8 HZ2 o
W B (25 mmol/L Tris-HC1, pH 7.5; 500 mmol/L
NaCl; 500 mmol/L WKL R 2% & 76 Bg L Y
HinH ., EANRREREOT . KN
R EAREMERE 10kDa BIEE T, T
3 700 r/min 250> 30 min; [5G A EIEE A
ZE P C (25 mmol/L Tris-HCI, 500 mmol/L NaCl,
pH 7.5)# 4788 i B ¥, FHIRT 3 700 r/min &
0 30 min, ZEHRBERE 3K, EHREH
ik
1.5 HRIEFK E. coli 01-08 HIHE
K% 3 T 50 5| Wy I e Wi fE PCR 97 3
%5 —%& PCR 23 il fff 115149 ArQOR-EcoR I-F/
AfQOR-Hind NI -R FI LbFDH-EcoR 1-F/LBFDH-
Hind TII-R §" 34 4:QOR F1 LbFDH LK . 55 — %
PCR ] 435I fif F 51 ¥ AtQOR-Nde 1-F/AtQOR-
Xho I-R Fl LbFDH-Nde 1-F/LbFDH-Xho 1-R #£47
P 1. PCR =L 1% B AR HEE I HL Ik IR
i FH A (RSO & R H AR SRR R B AR —%e
PCR [A1I5 1) AtQOR F11 LBFDH F B 4351 38 3 [7]
J5 H 4 B 55 % & pCDFDuet-1. pRSFDuet-1 .

®3 SIHF5

Table 3 Primer sequences

pETDuet-1 #1 pACYCDuet-1 #% & (1) EcoR U
Hind L V)07 5 o #7551 2 E. coli
BL21(DE3)/&Az 5405, WA T X o
By LB [EARE:FRIE |, 8 575 PCR il Sanger
Wy CERHEDE AL R D RE P e, 15
| IR S S S 7 P L < @) N 1 < ]
AtQOR #1 LbFDH J Beif ax W] 15 5 2H g 73 514 A
IR HE R AL R FR AR B Nde 1/Xho T BV 5
B EALE E. coli BL21(DE3) B 37 75 41 i
Jo . AETRIIXS REBTE RS LB B 353k bk 541k
+, Z@ETE PCR AN 3 g0k BHA: s b, e 3R
5 8 MR K B 40 P Pk

1.6 GC #1 GC-MS 7

K 5 GC-2030 A 23 6 RK R
AT 2 & 4B, XA L £ DB-5 B 404 A
(30 mx0.25 mmx0.25 pm), LA 4i &S (NIEH
HA L UERRES B BT . S R E
250 °C; KIAE ALK AR IR 270 °Co AETRAS
FHEFF R E R FIEHERE 100 °C, Lk 25 °C/min
AR TR 2 160 °C, FFLL 15 °C/min i HER T
% 250 °C. it LB & h 10:1,

SOM 15 - T35 B H 4 B R FH Thermo
Scientific TSQ8000 RALTEIL, 1UAFFEL#S Thermo
TG-5MS £ 4044 (30 mx0.25 mm=0.25 pm), LA
AR ANE N BB E N 0.6 mL/min,
HERE CR B 4E 45 7E 250 °C ., IEAG THE AR P AL

Primer names Primer sequences (5'—3")

AtQOR-EcoR 1-F
AtQOR-Hind 1II-R
LbFDH-EcoR I-F
LbFDH-Hind 11I-R
AtQOR-Nde 1-F
AtQOR-Xho I-R
LbFDH-Nde 1-F
LbFDH-Xho I-R

CAGCCAGGATCCGAATTCCATGACTGCTACAAATAAACAAGTAATACTAAAGGACTAC
ATTATGCGGCCGCAAGCTTTTATTCGCGCGCAACAACG
ACAGCCAGGATCCGAATTCCATGACAAAAGTTCTAGCTGTATTATATCCCGATC
CATTATGCGGCCGCAAGCTTTTATTTTTCAGCCTCGCCAGAACC
GTATAAGAAGGAGATATACATATGACTGCTACAAATAAACAAGTAATACTAAAGGACTACG
TTTCTTTACCAGACTCGAGTTATTCGCGCGCAACAACGAC
GTATAAGAAGGAGATATACATATGACAAAAGTTCTAGCTGTATTATATCCCGATCC
TTTCTTTACCAGACTCGAGTTATTTTTCAGCCTCGCCAGAACCC

http://journals.im.ac.cn/actamicrocn
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R WG 50 °CLR4F 1 min, DL 8 °C/min
R TR 2 180 °C, LA 15 °C/min Y3 F Tt
Ui E 280 °CH £ FF 5 min, RBSITH KA N
40 min, JiT 3% K U R FH B H B (electron
ionization, ED) 4T3, it Hivu iz e R
35.000—-350.000 m/z. b 1) RE P4 R 8 oK
AL T (1 55 NIST BRIl 1% R EA T FU X 52 A
Hin b &Y E B CAS 58 5471-51-2,
1.7 BREFHATE. SHU5LE

PR Y 58 ALY RK 2 W Il T 4 °C .
12 000xg E§.0> 10 min ZFRIEMA . Wk B,
IMAGEIRTR TR CTRZEH 3 . BT A AL
A, IR A NaCl e 1k, 250}
SYE T, IIATEK Na,SO, TR . 1 40 °C
U R 2R R R A AL R, A58 RK ML
Y. ke 1710 B ZEEK, B
Tk 4 h, M T 4 CRREZE S n. i
0.45 pm AL U8 IR0 g IS B 285 it =y,
R A BT KBER MK, BEJSE T 40 °CHZE T
PRAATP T 12 h EIEE, KB4 RK &
T B P i AR % TR A% DMSO Hr, el
k50 mg/mL [ FE LA, 3 O AR R 0
(NMR) 58 Gt — 2 4540 %5

AtQOR
—>

2 HERS50HT

2.1 WESRELRERIIT. MRS

AT T — B IRA B RK L
PR (R 1) Z AR AT 23 A LA Bl (HBA)
NIRY), G Mk AL C=C BUHE = A ik
RK; W fT#5 i85 i NADPH #2{}t, NADPH
3 R YR T R TR D TR F ) 2 A I S
(BmGDH) AL S B RGP B, DL 4RI
REFLEIIA B RE S,

MARSZ B2 Gao S5 AL (145 34 I il (ER)
SCHETP L 8 MR B R IR (R 4), &
BT R E M lAL 5 AR AT L vk 2l i H bR R
(K1 2A). VL HBA HEURY, RGEIPAL & ik
R Al o, B- AN ANER C=C XA J5 A= A RK A9
AL TG M o L TG A R R, e —
O RN S5 TR A 3 g ot il AT AR O 2 H AR
P RK A pl . Hid ArQOR 1Y LU GG fe i, 1k
10.35 U/mg, 535N [AIA R T EcCurA (3.77 U/mg)
[ 2.75 £ . NsQOR (0.53 U/mg)iy 19.5 15; H4x
5 Fofrfige B 2 R G HY RK P24, TG I A AL T
PEo BIRES IR EHAES, AQOR FEZ WK &
Hh R IR e O T A e R B I AR AR, Pl e
AL B AR o, B-NERLFNER Y C=C BUEAS XK 4

(0]

S

HBA /\ RK

NADPH

c02<—‘\/—

LBFDH

E1 WESREXELHBAA BRKER R
Figure 1
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Two-enzyme cascade pathway for RK synthesis from HBA.
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=4 RIESEITIRES

Table 4 Candidate ene-reductases

No. Enzymes Sources 1D Specific activity/(U/mg protein)
1 AtQOR Arabidopsis thaliana NP _197199.1 10.35+1.42
2 NsQOR Nicotine sylvestris XP_009782873.1 0.53+0.11
3 EcCurA Escherichia coli WP_112929233.1 3.77+0.45
4 NDBR Nicotiana tabacum NP 001313179.1 N.D.
5 SaPGR2 Sparus aurata XP_030299691.1 N.D.
6 MpPulR Mentha piperita Q6WAUO.1 N.D.
7 GsQOR Geomonas silvestris WP _183355402.1 N.D.
8 EcQOR Escherichia coli P12b AFG42968.1 N.D.
N.D. indicates no detectable raspberry ketone (RK).

JERNE, PRI E ArQOR MiZ S BEAR A% L
HEA

J T RGEIFAE ArQOR T84 2 A 2 v A4
fBRETT, T 20-40 g/L JERINEE 5 NEYIRE
B F R A S, R A5 (GC) X RK
PR T EE . WK 2B R, YR
JE<30 g/L B, RK j7 12 Bl 5 JiC P vk B T s 1 34
s YIS 30 g/L B, RK 7= ik 3] iz s H
22.11 g/L; HIEPIHE>30 g/L I, RK 7 htfifi
IE YW B T R R R X RN P AT
GC-MS 7 #r, wzm) 5+ EH 164.05, S5H
Frr=) RK 58 2—E(E 2C).
2.2 WHRAEKREESEIE

WG K 2 % F BnGDH 52 ¥ NADPH FiA:
{HLJz 17 3k e v o i A A e S 2 W R S I R
SRR pH R ET NI E, ST
RARITBERG , RIS RIS T T I N #e v pH
R WV I BRVEXETE . o LR @t AHf
FEME— R T 3 Fh L RN MY /) NADPH
T4 W . BstFDH!'® | LbFDH"" | MycFDH!"®,
B MEAL R =8 CO,, AT L M R A4
FZruk i, XHRR pH MR Eh /N, 7E 30 g/L
HBA JEYH S T 7 R g A5t b sc s, 45
R LhBFDH 5 AfQOR M4 4 AT #E 12 h %
YA RK, 7= &k 30.00 g/L, JIKPEE
fb#%ik 98.78%; ML T, BstFDH il MycFDH

X R R IET 50% (% 5). ki e
LbFDH & L N+ M A B, H T &R
BmGDH #4858 T AU 2R 5

B J5 ¥ ArQOR 5 LHFDH 43 %I Fo ke % 4 Fil
Duet % %1 3 ik % /& pRSFDuet-1. pETDuet-1,
pCDFDuet-1. pACYCDuet-1 H1, F iR a4 1
(Y5 48 DLE om0 100, 40, 20, 10, [F]
B PR 2 A H B R AR 2R i HEF I
ey g AT 8 FhOUU 3% 38 5 41 kL (K] 3A).
B R R AL 2 E. coli BL21(DE3)H, i,
IS 3] 8 ¥k T.FE i Escherichia coli 01-08,
SDS-PAGE 43 # 4% 5 i 7w (Kl 3B), K Hk E. coli
01 F1 E. coli 02 H AtQOR 5 LbFDH #5238 T
e KT 1 AT M R Gk . 7F 30 g/L HBA JE W)
W T N 8 Mk TR B T R 4 A0 G Ak 1 i
(K 3C), 45558 E. coli 02 1 RK 77 & v i
Alik 28 g/L, WEPLTHAR 7 R TR, #—5
XS g R, 5 ArQOR+BmGDH 1K R AH L,
AtQOR 5 LhFDH A& 7 HA W = W K Wi 32 M
1 40 g/LHBA Y& JE N Al 475 5 RK P75, 1k
32.87 g/L (I 4).
2.3 HEFRIAFHE Escherichia coli 02 HI7H
HBERE TS EFMIIL

&Y HBA 5774 RK fE/K AP, B
BRI T AR 2R B e 17 28 6E 0 5 A S A%
R ONIEARBFE R EE T K -4 LB BB AR & LA
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29.0—w—
B C 107.04
25+ 100
I 90r
20 { 80r
I qé 70 -
<
S15¢ I R
S £ 50
% 10l ;>’ 40k
;ﬁ 30| o
0l 77.04 94.06
5t 121.06 Q/\)\
10 65.07 | 149.06 |HO
0 0 Ll i Il .].. .I b 1 [ I .
20 25 30 35 40 50 100 150 200
HBA/(g/L) mlz

B2 RK&KERIESIIE

Figure 2 Construction and validation of the RK biosynthetic pathway. A: SDS-PAGE analysis of purified
ene-reductases (Lane M: Marker; Lane 1: EcCurA; Lane 2: EcQOR; Lane 3: GsQOR; Lane 4: MpPulR; Lane 5:
AtQOR; Lane 6: NsQOR; Lane 7: NfDBR; Lane 8: SaPGR2); B: Cascade catalysis of 4#QOR and BmGDH for
the synthesis of RK (The cascade catalysis was performed using 20 g/L AtfQOR-expressing wet cells and 20 g/L

BmGDH-expressing wet cells at different substrate concentrations); C: GC-MS analysis of the whole-cell reaction

mixture.

RS RERPEEEES
Table 5 Candidate formate dehydrogenases

No. Enzymes Sources RK/  Conversion/%
(€49)

1 LbFDH  Lentilactobacillus 30.00 98.78

2 BstFDH  Burkholderia stabilis 13.27 43.69

3 MycFDH Mycolicibacterium 2.18  7.18

vaccae

PETHIC IR, 1T 2 = WX A 1) 28 4%
it WUE T R BN AR AR AR A A SRR E
WR . JKAHH 100 mmol/L Tris-HCI 2% ik (pH
7.5), SR 3 AGEEIR I H R A LA R
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YL, ARIFFELLEA R E. coli 02 Jfifk
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W RNAKR pH. AHAHEES 5. Y
HBA SHHIEYH BRAN P B &t . NADP
FE . B R RS RS T 2S5 b
WA AL SE IR A RK 77 8 0 20 PF 48
b, 0 5E AR 2 F T A AR AL T 1 DL A 2 A
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Figure 3  Construction and verification of eight dual-enzyme expression strains. A: Schematic representation

(38.1kDa) o0

-— - - -

of the eight engineered dual-enzyme expression plasmids constructed in this study; B: SDS-PAGE analysis
of E. coli 01-08 (Lane M: Marker; Lane 1: Soluble fraction; Lane 2: Insoluble fraction); C: Whole-cell
biotransformation performance of the Escherichia coli 01-08 strains at 30 g/L HBA.

100% , A ai e o 4 AR i A 15 1 J5¢ (isooctane, 10), 5+ A fiif (isopropyl ether, IPE),
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&R0 PLE R X HBA 2B RIF faif - acetate, BA) . 5 {fj (chloroform, CF). 1 2
Ji, % AQOR WL BA RAFLERYIMG . Hikss 1 2 B (methyl tert-butyl ether, MTBE) . H! JiZ
B A HLE R RS BT, e KR (methanol, MeOH). — H & W i (dimethyl
HHOIMARER S350 10% A LR, H%ET % sulfoxide, DMSO). H 7 (toluene, Tol) #1345t
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the co-expressing strain Escherichia coli 02. The
optimization was performed in a pure aqueous phase
and 10 organic solvents with a volume fraction of
10%.
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$£ pH 7.0 A fidi [ v pH.
233 CERTEEAFR S EBEI L
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100 mmol/L Tris-HCI Z& i HPEAY 10%-80% 14
BB TR T g X 2 4i B Ak Y 52 . &5 51
FH(E 6C), MR T FRIRFHCH 0-30% B
PR AR AR TG PEAE AR 90% LA L, H 30% B
INBITEPEIEE ; AR BT 40% 5, i1k
TSR TR, 80% A ARSI 21 24 10% B AHXT
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Figure 6 Optimization of reaction conditions for the co-expressing strain Escherichia coli 02. A: Effect of
temperature in 100 mmol/L Tris-HCI buffer (pH 7.5) with 0.5 mmol/L NADP'; B: Effect of pH at 32 °C with
0.5 mmol/L NADP"; C: Effect of n-butyl acetate content at 32 °C in 100 mmol/L Tris-HCI buffer (pH 7.0) with
0.5 mmol/L NADP"; D: Effect of the substrate-to-sodium formate molar ratio at 32 °C, pH 7.0, with 30% n-butyl
acetate and 0.5 mmol/L NADP'; E: Effect of NADP" concentration at 32 °C, pH 7.0, with 30% n-butyl acetate
and an HBA:sodium formate molar ratio of 1:2; F: Effect of buffer type and concentration under the same

conditions with 1 mmol/L NADP". Data are mean+SD from three independent experiments.
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Table 6 Three different fed-batch feeding schemes

Schemes Titer/(g/L) t/h
20+20+20 46.65 25
30+30 46.60 22
40+20 46.55 20
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Figure 7 1 L-scale synthesis of raspberry ketone (RK). A: Residual concentration of

4-hydroxybenzylideneacetone (HBA) during enzymatic biosynthesis of raspberry ketone; B: Time course of
raspberry ketone (RK) titer and substrate conversion efficiency.
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GC-based determination of product concentration. A: Calibration curve of RK for quantitative

analysis; B: GC chromatograms of the RK standard and the RK test sample.
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Figure 9 NMR spectra of RK. A: '"H NMR (400 MHz, DMSO-d6) ¢ 9.14 (s, 1H), 6.98 (d, J=8.4 Hz, 2H), 6.65
(d, J=8.4 Hz, 2H), 2.67 (dd, J=9.1, 5.1 Hz, 4H), 2.07 (s, 3H); B: *C NMR (100 MHz, DMSO) § 208.36, 155.86,
131.59, 129.49, 115.50, 45.09, 40.62, 40.41, 40.20, 39.99, 39.78, 39.57, 39.37, 30.23, 28.79.
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