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De novo biosynthesis of 3-phenylpropanol in E. coli
GAO Hutao, WANG Jia, SUN Xinxiao, SHEN Xiaolin, YUAN Qipeng
( State Key Laboratory of Effective Utilization of Chemical Resources, Beijing University of Chemical Technology, Beijing 100029, China)

Abstract: With the increasing consumption of fossil fuels and growing depravation of environment, development of
substitutes for petroleum-derived compounds is becoming more and more important. In the past few years, bio-based
production of chemicals, fuels, nutraceuticals and pharmaceuticals from renewable raw materials via metabolic
engineering has gained significant attention. As a high-value fragrance with aromatic taste, 3-phenylpropanol has been
widely used in the production of food additives, cosmetics and etc. It also acts as the precursor and reactant in
pharmaceutical and chemical industries. Because of its high efficiency in promoting bile secretion and mild
antispasmodic function, 3-phenylpropanol is widely used in the treatment of cholecystitis, gallstones and biliary
surgery syndrome. The current production method mainly relies on plant extraction and chemical synthesis, which,
however, are challenging due to the high cost of catalyst, strict reaction condition and low product yield. Recently,

engineering microorganisms has become an attractive alternative to efficient production of high-value compounds, such

Wi BHA: 2021-10-21{&EIHHA: 2021-11-29

HeWMB: BxRESFAITL (2018YFA0901800)

SIBAX: BIRE, FE, F0FhEe, Bk, RER. EABITERNLEY G 3-RREE[J]. ElEWS, 2021, 2(6): 1046-1060

Citation: GAO Hutao, WANG Jia, SUN Xinxiao, SHEN Xiaolin, YUAN Qipeng. De novo biosynthesis of 3-phenylpropanol in E. coli[J]. Synthetic Biology
Journal, 2021, 2(6): 1046-1060




%24 www.synbioj.com 1047

as flavors, fragrances, cosmetics, pharmaceuticals, solvents, biofuels and other chemicals. It is of great significance to
construct a microbial cell factory to synthesize 3-phenylpropanol from renewable resources. In this study, we designed and
constructed two different artificial 3-phenylpropanol biosynthetic pathways by establishing a connection between the target
compound and the microorganism’s own metabolic network. Especially, the pathway that relies on carboxylic acid reductase
exhibited high efficiency in the production of 3-phenylpropanol. When using glycerol as the sole carbon source, the
recombinant strain successfully generated 91 mg/L 3-phenylpropanol in shake flask experiments. By eliminating the rate-
limiting steps, increasing the carbon flux towards the shikimate pathway and knocking out the competitive pathways,
the titer of 3-phenylpropanol in the shake flask fermentation culture was finally increased to 841 mg/L, representing a
9.2-fold increase compared with the titer generated by the original strain. This work provides a green and sustainable

approach for the production of 3-phenylpropanol.

YYYY

Broaden upstream
metabolic pathways

Knock-out competitive approach

Pathway screening

3-phenylpropanol

Keywords: phenylpropanol; metabolic engineering; the shikimate pathway; artificial pathway design
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THEE. RMEEY D, BB, i
YRR, BAERA . 57 B8 RN o 45 5
FERIRIR o el TV 2 206 R AR A o S 0 79 £ A
of, PRI RIRTT B A& W 5 R AW G0 .
KHIBIOR, e SR ORS8RI — oK
JR e 3R R ARG AL K 05 B R AR AT A
Z N A A B RS A 3K 2
T i SR JIEL 7 ) AR B AR R . IR b

AT 7 IR % . EARE . HIE R 5 45 5 R4,
HLGS B2 e i OR 97 B AR . IE O R FE AE
ARG REL AP, AE SR T AW & E
B, NIRRT BMERER . Luss "™ fE2017 F K —
i fhe i i o I 45 0 RO R AE 5.7%,
P BE L2 BRI A, A RS
i REE K.

A28 74 I A 26 7 T 2 i R PR £ R A A T
SHIAR SR AL R A B M R A TR RS B



1048

BRENE $2E

AP AR, RN — R m R SRR ESR
MEAL T B 264 T 34T o Bl 1 SRR OA 06 H AR 1 IR
AT, BUARM AR @i Qi TAE
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AR IR T & B A 7 e DB A & 4 1) 4
Az 7 07 3T B AR A 2R S A 1
NSRS S S I (S G K
VRS RN B UM BE 5T B B 5 TR g B
VR R R R IR TR AR W T, S
A A R R B A A 5 RE G B R B DB A A b 1
GRAEDFECE) ZHTET MY st
At UL AR T IR AR Y S LA
HE =T R RS A AR N E
BRI R R . #2030 4F, WA KR L e
BOE BAEMHE ARG R, A BAED P A B
B, E PR e g S RIE ST . AR LA AR 2
AU TRE S B SR BE T T P A 3- 2K N B &
B R, X RRA T IR R AR &
17, RUCAH N AR, 2054 R 5 MBIk
B A% 43 il A R R A A B R O T X TN I R
(PEP) #1D-7refbEi-4-152 (E4P), £ DAHP &
e A B R IR A5 (1 5 — M & 4 3- i 4 -D- B
PrAAE B IR - LIE R NG . @it s L N RIA . HIF5 5%
. TR E SIS, AW ECEER T
AP, RS 3- K R

1 MRHRIGTA
1.1 ERERAINES

Hul. i (g, o (Big4h), Fisher
Scientific; CaCl,» MgSO,, J.T.Baker; Zi5## , Omnipur
Calbiochem; R L 8¢ . W N HFH R FMlE=R,
Fisher BioReagents: IR B BEI ISR &, ks
PR & R ARIGAA &, Zymo research;
IR RS . A% N VI, New England Biolabs.

I B0 ML, Eppendorf centrifuge 5424; A4 &
> #l, Eppendorf centrifuge 5430R; #t % 1A% AX »
UVP Digidoc-It Darkroom; CTO-10AS /= Z0BAH (i ,

Byt AN 26T, Beckman DU650;  F
4%, Eppendorf Electroporator 2510

1.2 BRENEREE

WK (Escherichia coli) FER4H, ¥
iF 51 ¥ PCR 159 3| b i A Wik 12 1 4 A JE .
aroL, ppsA, thtA, aroG"; LI ERAFA KIE TR
JBEZLFF B (Rhodobacter glutinis) 2% TN & R = 34
fr B EE N tal . RV T-HLFE I+ (Arabidopsis thaliana)
A IR A MG EE N 4CLI. RIE T A K
(Leucaena leucocephala) 1) PIAE B4 B A 340 Ji il 2%
Kl CCR; F34b, 3#id NCBI 2 4% 43 21 1) e U5 T 74 1
THEERRE (Clostridium acetobutylicum) 1% 2 18
JREGHE N er fEAE AWM TFE (L) BRMBARA
Al G s SCHR Y AR TE AL SO B I R TR T i
FE KB (Mycobacterium marinum) )38 IR i&
JR 6 car i 5 R FE 2R BE IR A w6 s 3 UG 72
WA B (Bacillus subtilis) JE R4, & 11514
PCR 73 2| 2 ih 4 -1 25 T4 i 3 % Wl 2 [ sp o

8 i % v B A S Kpnl. BamHI 43 %)% arol
ppsA~ thtA aroG" 1) 3 B v P DUsi KL 2 4K pCS27
by 3B % s AT 5 Kpnl. BamHI. Xbal 23 %) %4
4CLI 1 CCR- tal Ml er car Rl sfp 1 2 5 i % DU
bR pZE12-luc |5 JEIE Kpnl. Xbal 43 54 al-
erv car-sfp 1t 2 B 7 ¥ UL FURL UK pZE12-1ue |
8 i Sacl. Beul ¥ car-sfp ¥ % 2| pZE-TAL-ER K]
H2 AN HE

1.3 EfISFLE

PEEPTAE Rk R R L R IE B
4 mL LB 7MKL E T, T37°C, 220 r/min
FRIE R, 1 mL K i AT T R R B BT B 50 mL
KRR FRFEN 250 mL HEFE R AT R0 i R B S 97
R B R % B 7E 600 nm Ak 16 % B (ODy,,) 4 0.6
BRI\ 284K 5 4 0.5 mmol/L ) 57 1A 2 7 A 2 L b
# (IPTG) #%, T37°C, 220 r/min4k4EH57748 h,
FER% 12 h BORE F T 0O €3 73 4

LB#:0E: 10 g/LEER. 10 g/LEMEN. 5S¢/l
W ER¥y, W T ZE K, T 115 °C F K 30 min,
1] % [ A 1% 7= FE I N 2% BB AR -
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MO 57 20 g/L Hil, 7 g/LBEEEK, 2 g/L
MOPS, 6 g/L Na,HPO,, 0.5 g/LNaCl, 3 g/lLKH,PO,,
2 g/LNH,CIl, 1g/L (NH),SO,, BT E£E T/K,
T 115 °C F KB 30 min.

FT A R IR B AR A I M BT 75 (i, K&
. EBER. AT ETERLZKRESHN0.5 mmol/L.
MO 5% F7 FE 78 B2 Pl I W 7 BN TR N &k E R
0.5 mmol/L [ MgSO, #10.05 mmol/L ] CaCl,.

1.4 HPLC1&l

BILH RN AR WERR. WER. XK
B2 3-2% TR A 7R oot T 1) R 2 0 FE R AR E R i o A
YHERE AT R BERURE S 42 HPLC K6 I ) 5 B . {3 ]
DIKMA C,, S AHFE LA J 1 53k R By i v S50 3l
3, B A A N 250 mmx4.6 mm, ID 5 pm,

TWENMNIREGYRE . 28 K Z8=30: 16:
54 :0.1. FEIR A40°C, MIAHE N 0.8 mL/min, &
WS T8] 9 25 min, A% K 205 nm. 254 nm.

1.5 SCIEEFFOBRFL
N oGS IS NS O AN I 7/ X - N
*1~%3.

2 g

2.1 HEPIEREF 3-FREEEAIRIT

A PR SCER R T, Chen 2% P2 R 7 5 iR 4
Bg A E B (4CL1) 1A BE 4 g A i 5 B

R RS R 005
Tab. 1 Strains used in this study

Strains Genotype Source
Trans 5a Lab Stock
BW25113(F") Lab Stock
BW25113(F") ApykA ApykF This study
GO1 BW25113(F’) harboring pZE-CCR-4CL1 This study
G02 BW25113(F’) harboring pCS-ER This study
GO03 BW25113(F’) harboring pZE-CCR-4CL1 and pCS-ER This study
G04 BW25113(F') harboring pZE-ER This study
GO05 BW25113(F") harboring pCS-Carsfp This study
G06 BW25113(F") harboring pZE-ER and pCS-Carsfp This study
GO07 BW25113(F') harboring pZE-RgTAL-ER and pCS-Carsfp This study
GOS8 BW25113(F') harboring pZE-tac-RgTAL-ER-Carsfp This study
G09 BW25113(F")ApykAApykF harboring pZE-tac-RgTAL-ER-Carsfp This study
G10 BW25113(F’) harboring pCS-lac-APTA and pZE-tac-RgTAL-ER-Carsfp This study
Gl11 BW25113(F') harboring pCS-tac-APTA and pZE-tac-RgTAL-ER-Carsfp This study
G12 BW25113(F")ApykAApykF harboring pCS-tac-APTA and pZE-tac-RgTAL-ER-Carsfp This study
2 ARSI P HI B Rl ROk
Tab. 2 Plasmids used in this study
Plasmids Description Source

pZE12-luc pLlacO-1; luc; ColE1 ori; Ampr Lab Stock

pCS27 pLlacO-1, P15A ori, Kanr Lab Stock

pZE-CCR-4CL1 pZE-luc carrying CCR from Leucaena leucocephala , and 4CL1 from Arabidopsis thaliana This study

pZE-ER pZE-luc carrying ER from Clostridium acetobutylicum This study

pCS-ER pCS27 carrying ER from C. acetobutylicum This study

pCS-carsfp pCS27 carrying Car from Mycobacterium marinum and Sfp from Bacillus subtilis This study

pZE-RgTAL-ER pZE-luc carrying TAL from Rhodobacter glutinis and ER from C.acetobutylicum This study
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Tab. 3 Primers used in this study

Primer

Sequence 5'-3'

CCR-4CL1-1-F-Kpnl
CCR-4CL1-1-R-BamHI
CCR-4CL1-2-F-BamHI
CCR-4CL1-2-R-Xbal
ER-Kpnl-F
ER-Xbal-F

ER #E-Spel-F

ER HE-Sacl-R

TAL HE-Spel-F

TAL E-SacI-R
Car-Kpnl-F
Car-BamHI-R
sfp-BamHI-F
sfp-Xbal-R
AP-Nhel-R
TA-Nhel-F
APTA-Xbal-F
APTA-BamHI-R
pCS-tac-J2-BamHI-F
pCS-tac-fz-Xbal-R
tac-Car HE-F-Spel
tac-Car fE-R-Sacl

gggaaaGGTACCatgectgetgeggetecage
gggaaaGGATCCttatttggtcggcageggeaggtg
gggaaaGGATCCaggagatataccatggegccacaagaacaageagt
gggaaaTCTAGAttacaatccatttgetagttttgeccte
gggaaaGGTACCatgaacaaatacaagaaattatttgaaccaatcaaaattgg
gggaaaTCTAGAttatatatggtttgcaacttcaaaagcatcec
gggaaaACTAGTaattgtgageggataacaattgacattgtga
gggaaaGAGCTCacaacagataaaacgaaaggcccagte
gggaaaACTAGTctegagaattgtgageggataacaattga
gggaaaGAGCTCcgacaaacaacagataaaacgaaaggcc
gggaaaGGTACCatgtcacctatcacccgegagg
gggaaaGGATCCtcacagcaageccageagac
gggaaaGGATCCaggagatataccatgaagatttacggaatttatatgg
GGGAAAtctagattataaaagetcttcgtacgagactattgtgat
gggaaaGCTAGC Cttatttettcagttcagccaggettaace
gggaaaGCTAGCaggagatataccatgtcctcacgtaaagagettg
gggaaaTCTAGAatgacacaacctctttttctgatcggg
gggaaaGGATCCttaccegegacgegctttta
gggaaaGGATCCgtcgecaatcacgegtgaagage
gggaaaCATAT Gttataaaagctettcgtacgagacta
gggaaaACTAGTctegagttgacaattaatcatcggeteg
gggaaaGAGCTCcgacaaacaacagataaaacgaaaggce

(CCR) IR 4-FEZMRMAF 1 5018 mg/L 1) 55 Car JL[FIFRIE IS B 4G 58 5 200 1%k = diitt, %

4-FEEE, WHRS4-FERN S FEMALL CF
WAL —AN2 T FRATHEN 4CL1 A1 CCR AR
A AR A AR . 5341, SunE P F G IR
WREE (ER) AR EERR 53] 1 366.77 mg/L
(2K IR 1T R A T2 R A A TR 45 M L (I 2
3OLHR Z (AIAFAE— AN XU s FoATHE I ER 56 0% 1
T RIS ) 3- K N I . T e e, #it 7
— SR T T A I TR P A PR R IR 2R 7 3K T
BEAEM IR 1. ZEe b, WHEERZ 4CL1 #
CCR ¥R IEIE N RERE, #2557 ER 4L T
BUEEIE J5 A B H b P24 3-8 P I

FAh, AR RESCERIRE, KICEIE T
M. marinum W2 ERIE [ I Car 58 %15 J6 & 81 0% & ik
FRERIE JFUN X B B 2Rk &4 B2, T KA B R
SRATAE B I It Sl T DA T SR AL & 4 3 Ak D A Y
MIEERIL G, % T Car RIS LU iz, HED
BRI R N IR FE A 2R TN B s Sfp S SRR Tl 2
ZF FFF 1 B R vz KSR B R I, AH DG SOk R

T T 50— MR T R BR L JR I Car (9 427 3-2K Y %
MIEM @2, Z@fe b, WHIRZ ER AR XL
B JEUAE R AR, 56 7E Carsfp IUHELL KR I
W JEONWE . AT L 2y 8 AR 0 S8 56 6 IR IX Y A i
2 (B & REA LB H b5 1.

2.2 TEEEARERE 3-FRENRIERE

221 HHEE ARHIGGERER]

NISUE AR 12 ATAT, 1o i N se sk
73 R 4CL1 AT CCR G DA A T8 1 88 4 3% 12 DL A
ER Xf AR (RAEAL T P . i T 4CL1 4k AR R BT
75 30 (1 o 18] 7= 4y PR 5 A IS A B A DL 440 15
B HAAE G DT, BT AR S 4CL1 T CCR B
R, B3 ARER, PRS2 53],
LA TR A

¥ #5754 pZE-CCR-4CL1 {1 BW25113 (F) 1#
PR GO1 HEAT R EE 77, ek 95 % e vk FE A A TR 5



%£2% www.synbioj.com

1051

Glycerol v Cinnamic acid CoA

4CL1

Pheny]a]anme Cinnamic acid '

e

NA{DP}I NADP'

l | R

Pathway 1

‘I

L

1

>~ 1

CoA o ” [
©/\)L o ©/\/‘ OH = @/\/\ OH :
1

1

I

Cinnamyl alcohol Phenylpropanol

________________________________

Pathway 2 :

NADPH NADF' .

Ll

OH -

Ll

Phenylpropionic acid Pheny]propanul :

_________________________________

@13%@@%&%%%&%@ML

RgTAL—
CCR—
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4CL1—3R H Arabidopsis thaliana & 5125 A ZEHERH
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Fig. 1 Design of synthetic routes of 3-phenylpropanol

RgTAL—phenylalanine ammonia lyase from Rhodobacter glutinis; ACL1—from Arabidopsis thaliana coumarate-CoA ligase;

CCR— cinnamoyl-CoA reductase from Leucaena leucocephala; ER—enoic acid reduction from Clostridium acetobutylicum Enzyme;

Car—carboxylic acid reductase from Marine Mycobacterium; sfp—phosphoubiquitin transferase from Bacillus subtilis

TAEBE RS CRRREER . WERFEED,
533 RIS SR WIS 7405 3 hy
WIERAE 6 h) IR N 1.5 g/L 1R
R, 24 h)5153)91 mg/L RERE [KI2(a)], X
F B 4CL1 F1 CCR Ae % #5252 B R 9 AL IR
AT K . T R R AT e 2 R IR 5 4-FF
SERAE 467 b TR, 3 M I B R S B
PP AL TG MR TR S5 . [RIFE, D950k i IR 1L I i
ER S J6 47 DA I ) 4 Ab 35 4, 1) 485 45 45 pCS-ER
1) GO2 T PR 19 R I 12 3 B 20 3 IR IS I 48R N
1.5 g/L B RAERE, 24 h 515 2] 129 mg/L #) 3-2K A
B (20 ], X% W ER A8 3 52 A A B N R
Yy, [EVRE B GT PR I 1R A 3 1 A o AT STk
ROE, 5 XU A I B R T R R B A
S yE R I AEAE IS, ER B IS MRS P,
FRATTHE s R 320 T T ER S 2K TR IR %) 8 A6 3 2 A %
AEEOMLLQ%¢%Mi%%E&ﬁML&

AIAT, fH 2 H T T TR 1 A A 3 R AR AT DA
ﬁ%*mo R ) T A0 3 R E 3 — 2P TR N S 5
IHIE

i 1 X A 45 2] [F] 1] 4% i pZE-CCR-4CL1
pCS-ER [¥] GO3 B bR HEAT IR IS 38,  [FFE 43 3 IR
W EE 15 g/L B AR, 48 h 5 kil 3
16.6 mg/L A KERE DL K 287.5 mg/L KN, HEA

il 2] e 2 72 3-8 A g LI 2Ce) Jo 7 M BiX
o1 100 1D Ji K] A ER R PR A TR D A A 3 1 A G T A
FEREAL S, R 2 b () I A7 78 TR RE R R PR R I
ER 21 Jc K PR R G S R 2K N R, 1 S 36 25 R 3R
HH 4CL1 A1 CCR A~ BEHF 2K T4 R 4% 4k AR il 3- 2R TH I
SV EERRE T RNR.

IR TG IR AL JEU B ER X PUAERR . PRI H5 4L
BRI ZR], A pCS-ER 1) GO2 B Pk ) & i
BRI IR E 1.5 g/LIJEETR, 24 h
Jaf32)578 mg/L RN IR [E2(d) ], XK ER
o PR ) A i A B v, Bl R A 1M R T A
FERSEAR B T ER W Ak v 1
222 KRBT REERZE2

BERIEEE 2 AT, B sz,
FE O T Ak A RE I A A% 3- R TR I, ER {4 A FE IR
A RE R R IR E . 422 i AR A s
PR () 38 % T30 e, o T 0 o VS S R K
Carsfp X 2K P R I ME AL TG K545 47 H pCS-Carsfp
(1) GOS B AR HEAT BRI EE %, 40 3 IRIN IR 5 R
1.5 g/LBIRINER, 24 h 5153 1.51 g/L 89 3-8 4 B
L3 ], SEo6 & 3R B 3R 1R AL i B Carsfp SR
TXRNER B 58 A . N 758 E 24 ER A Carsfp
I FH B PR R TR B8 75 R % Ak R 3- 2R TN I, 4 ER 14
AR T R BT IR NS, A
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(d) Production of phenylpropionic acid from cinnamic acid in
strain G02

B2 LR A OB IE SR 1
Fig.2 Validation of coenzyme A-dependent reduction pathway 1

PZE-ER ] GO4 ¥R 7E 24 h K 1.5 /L i PORE IR %
1G5 1.26 gL KRN IR [EI3(b)], #HALFRME
HAEf 5 DUBORL B 52  T 123%. 458, i
AL 15 ) [F] B 4% 717 47 pZE-ER Al pCS-Carsfp ] G06
BAREAT RO 9%, 20 3R INZIRE N 1.5 g/L 11
WHERR, fE48 h &KL T 429 mg/L 1) 3- K N I,
X 3 B R R I8 TR I Carsfp (IR A2 2 14T [R]A
RS W0 20 E R B AR S R AR R T
319 mg/L M1 113 mg/L [E3(c) ],

3 A 3 RS RN 7 ) R AR R B 1 DR TR R R R D
JE T Car I 422 1, FE Car AL EERR £ B T K
RN NIUER AR, K% A pCS-Carsfp )
GOS MR HEAT BRI ES 9%, 24 hJ5¥s 1.5 g/L I PIEER
AR 3375 mg/L A EERE [ 3(d]. XEW

Car BEWE 122 WAEIR KD, (BRI T HEAL R TR
M5, MEAAERKEERMR. LiRiga RE
B (RHR IR I S5 I Car 13 JEU& A2 BE W 1 IR A R e
WO B bR 3- 2K T, O 73R 2R RRAN B R
A7 OB S YR EAR, R P 2 A R
B F7 48 T LB 3- K B0 K A

2.3 MNLEHL3-FRE

K AF 3w B S AU 8 R IR A fe 8 77 A
L- RN, 1 KIET Rhodobacter glutinis 1) 7K
TR ARG EE N ral RENS A L-2RK T4 24 IR Il 2 2k
AR RERR - AR IS BAT A HRTE 7T DA I 12 14 2
TR R B, 0 Wang 55 2 I FH SR [ 41 4 il 2
(Trifolium pretense) [V tal Z£[K, 7£18M 3 mmol/L
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Fig. 3 Validation of carboxylic acid reductase-dependent pathway 2
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Fig. 4 De novo production of 3-phenylpropanol in strains
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Fig.5 Production of 3-phenylpropanol in pykA/F knockout strain

DHAP—dihydroxyacetone phosphate; PYR—pyruvate; PEP—phosphoenolpyruvate; E4P—D-erythrose-4-phosphate;

DAHP—3-deoxy-D-arabinoheptanoate heptaphosphate; TktA—Transketolase; PykA/F—pyruvate kinase; PpsA—phosphoenolpyruvate synthase;

AroF/AroG™/AroH—3-deoxy-D-arabinoheptanoate heptaphosphate synthase
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Fig. 6 Strengthening of shikimate pathway on production of 3-phenylpropanol
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AroB—dehydroquinic acid synthase; AroD—dehydroquinic acid dehydratase, AroE—Shikimate dehydrogenase;
AroK/AroL/AroA/AroC—dehydroshikimate dehydratase; Phe A—prephenate dehydrogenase
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