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#9 K, 4T # (Flavobacterium johnsoniaeu)B4 & B2 2 % B % A4 2L ) FjTAL = X #F # (Escherichia
coli) 4-% R TER-3-5 Jm R B/ A% ¥ & BAIE R B 5 &R K B EchpaBC, #@iT AR E AR E
MR BR A RIR 42, FNE A KMATHR T AT RA ., B RE BT IRk, 3 E 2B A WAL R
RSP KRR FE N LG AR 5007 X, MHE—ZF] TRERMK, FFFH HPLC 4 H7iX &
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ﬂmswmwd [46] AR RAARE B3 TRk, AWE RS A Fo KA B 3 0438 Ao
LA 0GR 95, 4L T FjTAL A= EchpaBC #9 %k, M kIF T owedEBR & = A E 4k, Aok Bi ey
B RERT A,
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Abstract: [Objective] To realize the de novo biosynthesis of caffeic acid from glucose by
reconstruction of its biosynthetic pathway in Escherichia coli. Fine-tuning gene expression
allows us to improve caffeic acid production, which paves a way for the high production of
caffeic acid and its derivatives in E. coli. [Methods] The biosynthetic pathway of caffeic acid
was reconstructed based on FjTAL and EchpaBC, which encoded the tyrosine ammonia lyase in
Flavobacterium johnsoniaeu and the 4-hydroxyphenylacetate 3-hydroxylase complex in E. coli,
respectively. The reconstructed pathway was then introduced into commonly used E. coli
strains. We improved the expression levels of FjTAL and EchpaBC by screening constitutive
promoters, utilizing an intermediate-based biosensor, and increasing the copy number of the
key gene. Thus, a total of fourteen recombinant strains were obtained, and the production of
caffeic acid and the intermediate p-coumaric acid in these strains was quantified by HPLC.
Moreover, the effects of different nitrogen sources and substrate concentrations on the
production of caffeic acid were investigated. [Results] We realized de novo biosynthesis of
caffeic acid from glucose in E. coli. The use of constitutive promoters other than the commonly
used T7 promoter contributed to the yield increase of caffeic acid. When glucose was used as
the substrate, the yield of caffeic acid was increased from 1.40 mg/L to 96.40 mg/L. When
tyrosine was used as the substrate, the yield of caffeic acid was increased from 1.78 mg/L to
123.31 mg/L. Furthermore, the yield of caffeic acid reached 162.73 mg/L when a p-coumaric
acid biosensor instead of a constitutive promoter was used to drive the expression of EchpaBC.
Moreover, the yield of caffeic acid was improved to 185.15 mg/L in the case of introducing an
extra copy of EchpaBC. [Conclusion] We constructed the strains with high production of
caffeic acid by promoter engineering, using an intermediate-base biosensor, and increasing
copy number of the key gene. Our study laid a solid foundation for the high production of
caffeic acid.

Keywords: caffeic acid; Escherichia coli; promoter engineering; biosensor; dynamic
regulation
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WA P TR (3,4- % Bk TR AR IR ) & — A K AR 1
KlGW, HABRPUEENE, TS RER
b At AL T ARSI B K. [RIET, ek
MR B AU EE . T . BURGLFBINIE S 2 R
A RE RS, B R T P 40 e E O i
BPIRANIRIT o BeA, IHERR 25 s A iE
MRS AL A P OGS A , Ak B iR | iR
RO WIMERR A 2 N A R AZ AR B,
WNMERR S 25 A BRI b2 O I A 1
W 3 Bl A . SRR P H R R 1Y) 75 i O
i, KK, BT ZEE S, 8 i
B o A UEAFAEA B R AR = ik
PSRN MBS, TAE & CEA LU AL
(1) & Tk A Prditk , i KA F i (Escherichia
coli) , 7+ & BREAT 1 (Corynebacterium glutami cum)
R PR 1% 1) (Saccharomyces  cerevisiae)%:, fiEL)
AR R A A B AR, R A M ERR £ R
BHIEEATA; Q) A A ARG EA M JHI
o ARARSERRE . L, fAE & e B
MERR A P e A sa 4 1 i 07 =0

T A B ) ) 2 AR 3 ) 2 B R IR AR TR R
AR, J5H& 4N 2 PR Z i (tyrosine ammonia
lyase, TAL) il 4-% KO8 £ 3- 7% Bt Ak i
(4-hydroxyphenylacetate 3-hydroxylase, HpaB)/{%
T 2R A AL R i [NAD(P)H-flavin  oxidoreductase,
HpaC]& A M (HpaBC) K U A Ak A sk iRl
N T P ERR B i, [E NS B AESME
i 18 | A PR P2 R R SRR ULAL S TR T e T
— ZANWFFE TAESN, I Zhou 5L T AN[H) Sk
I8 HpaBC filf, JFM e 17k B % ve f5 10
[C T (Klebsiella pneumoniae)f) KpHpaBC #E47
ME PR A Ak S, Wb T 2 R B R ) 0
PRI Wang S5 18 BRI 2R 1 5% 4 i 42
S e ) O B S A W I [ o 2 PN A R 2
e S 1 3= A | N = B o W 1 e
P SR AR A T B S AP SR AR Wy A

Y BB 40 Pan S84 L-ARER &
G B 5 DR 1) S0 i 2 4 Ry A (] g 4 7Y
BT, RN TREREERA T LR
(7= MY Guo A3 o) 5 T i S R A WAL SRR 11
BRI VE SR, B2 1 s 2R = )™ TR AR AE AR P
AARXT LB, 2R = R T 3.9 fiF )
Zhou FFTEFIHAT AT s El 5 T 00 4 o2 R A 2
R AWML IR B S A TREE R 45, TRl e = Ak
FASE A ZASFE R BEA T PR s bl B 4R T
e,

AW TR BE B T 2 I ¥ FT R (Flavobacterium
johnsoniae) i1 it 24 IR itk Z i FjTAL FIKIAAT IE
(Escherichia coli)y 4-f5L7K £ I2-3- 5 il 42 ity /
1248 2 A AL SR 52 5 /K EcHpaBC E A4 IR
B BGE I, AR AT R EA T AR 1 DA Sk A
B FEULEERE b, ZRE N R ST TR . A%
JEERAN T 1 B0 285 R4 R 08 T S i 3 R % DL B0
W, XTUMMERR SR A s T, T
WP ™ o, X SIS R AT Bl i R A v
(ELATT AR D0 ARG ORI 8 2R 7

1 MBRE5HRE

1.1 ##
1.1.1 EHE. FRAFAS14Y
AHWFSE B AR LR 1, B K SOk L4 2.
AT TR B 2 i A T A TR (i) B0
ABRAFIEE, 5IP)FHINE 3 iR,
1.1.2 EHE
KIGHFE IM109 F1 DH50 3% ] T ki iy
#, BL21 Star(DE3)/E R MiHERR & mfE £ 40 .
LB Hi#: 5 (g/L) : AR ¥R 10.0, [ EEHT 5.0,
FAALEN 10.0. LB $557 5L F T R HFF o B 5%
M9 33 (g/L): M9 Broth 11.30, #ij%gkH
5.00, FfbE50.014 7, BREREE 0.246, BRI
0.003, EhERFIIZ 0.01, CaCOs55.00, M9 k53¢
JEFH T WM ERR A R R 2 B PR R RS %
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Table 1 Bacterial strains used in this study

Escherichia coli strains Description Sources

DH5a F ¢80 lacZ AM15 A (lacZYA-rgF) U169 recAl endAl hsdR17 (r, mg ") ThermoFisher Scientific
phoA supE44 L™ thi-1 gyrA96 relAl

IM109 endAl recAl gyrA96 thi-1 hsdR17 (r, ", m,') relAl supE44 D (lac-proAB)  ThermoFisher Scientific
[F' traD36 proAB lagl9Z AM15]

BL21(DE3) fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS, A DE3=A sBamH Io AECcoR I-B New England Biolabs
int::(lacl::lacUV5::T7-genel) i21 Anin5

BW25113/p1J790 K-12 derivative; AaraBAD ArhaBAD, Cam® [17]

BL21 Star(DE3) F~ ompT hsdSg (15~ mg) gal demrnel31 (DE3) pLysS, Cam® ThermoFisher Scientific

CAO01 BL21(DE3) containing pCTCQ-1 This work

CA02 BL21 Star(DE3) containing pCTCQ-1 This work

CAO03 BL21 Star(DE3) containing pCTCQ-2 This work

CA04 BL21 Star(DE3) containing pCTCQ-3 This work

CAO05 BL21 Star(DE3) containing pCTCQ-4 This work

CA06 BL21 Star(DE3) containing pCTCQ-5 This work

CAO07 BL21 Star(DE3) containing pCTCQ-6 This work

CAO08 BL21 Star(DE3) containing pCTCQ-7 This work

CA09 BL21 Star(DE3) containing pCTCQ-8 This work

CA10 BL21 Star(DE3) containing pCTCQ-9 This work

CA1ll BL21 Star(DE3) containing pCTCQ-10 This work

CA12 BL21 Star(DE3) containing pCTCQ-15 This work

CA13 BL21 Star(DE3) containing pCTCQ-16 This work

CAl4 BL21 Star(DE3) containing pCTCQ-17 This work

DHO1 DH5a containing pCTCQ-11 This work

DHO02 DH5a containing pCTCQ-12 This work

DHO03 DHS5a containing pCTCQ-13 This work

x2 AHREAARK
Table 2 Plasmids used in this study

Plasmids Relevant characteristics Sources
pACYCDuet-1 pl5A ori, T7, Cm® Novagen
pET23a pfl ori, T7, Amp® Novagen
pPACYCDuet-2 A derivative of pACYCDuet-1 containing kanamycin resistance gene (Kan®) replacing This work
chloramphenicol resistance gene (Cm®)
pCTCQ-1 PACYCDuet-2 containing FjTAL gene driven by T7 promoter and EchpaBC gene driven by T7 promoter This work
pCTCQ-2 pCTCQ-1 with the promoter of FjTAL gene replaced by glnSm promoter This work
pCTCQ-3 pCTCQ-1 with the promoter of FjTAL gene replaced by J23101 promoter This work
pCTCQ-4 pCTCQ-1 with the promoter of FjTAL gene replaced by J23101* promoter This work
pCTCQ-5 pCTCQ-1 with the promoter of FjTAL gene replaced by J23101** promoter This work
pCTCQ-6 pCTCQ-1 with the promoter of EchpaBC gene replaced by ginSm promoter This work
pCTCQ-7 pCTCQ-1 with the promoter of EchpaBC gene replaced by J23101 promoter This work
pCTCQ-8 pCTCQ-1 with the promoter of EchpaBC gene replaced by J23101* promoter This work
pCTCQ-9 pCTCQ-1 with the promoter of EchpaBC gene replaced by J23101** promoter This work
pCTCQ-10 pCTCQ-8 with the promoter of FjTAL gene replaced by glnSm promoter This work
pCTCQ-11 pET23a containing padR gene driven by Ipp0.2 promoter and lacZ gene driven by P9 promoter This work
pCTCQ-12 pET23a containing padR gene driven by oxb20 promoter and lacZ gene driven by P9 promoter This work
pCTCQ-13 pET23a containing padR gene driven by 0xb20 promoter and lacZ gene driven by P9* promoter This work
with two PadR binding boxes

pCTCQ-14 pCTCQ-10 with the promoter of EchpaBC gene replaced by P9 promoter This work
pCTCQ-15 pCTCQ-14 along with padR gene driven by |pp0.2 promoter This work
pCTCQ-16 pCTCQ-14 along with padR gene driven by 0xb20 promoter This work
pCTCQ-17 pCTCQ-10 added with EchpaBC gene driven by J23101* promoter This work

Kan®: Kanamycin resistance; Amp®: Ampicillin resistance; Cm": Chloramphenicol resistance.
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x3 AKHARFASY
Table 3 Primers used in this study

Primers Sequences (5'—3") Purpose (construction)

FjTAL-F CATCACCACAGCCAGGATCCATGAACACCATTAACGAATATCTG pCTCQ-1

FjTAL-R AATTGAGCTCTTAGTTGTTAATCAGATGATCTTTCACT

EcHpaBC-F AATTCATATGAAACCAGAAGATTTCCGCGCC pCTCQ-1

EcHpaBC-R AATTCTCGAGTTAAATCGCAGCTTCCATTT

pACYC-gInSm-Up-F tcagataaaatatttctagaTCTGCTTTATGCCTGATGCG pCTCQ-2

FjTAL-gInSm-Dn-R tattcgttaatggtgttcat CGTGGATTCCTCAAAGCGTA

pACYC-J23101-Up-F tcagataaaatatttctagaTTTACAGCTAGCTCAGTCCTA pCTCQ-3

FjTAL-J23101-Dn-R cagatattcgttaatggtgttcatGGTATATCTCCTTCTCTAGTCTCTAG

pACYC-J23101*-Up-F  tcagataaaatatttctagaTTTACAGCTAGCTCAGTCCTA pCTCQ-4

FjTAL-J23101*-Dn-R  tattcgttaatggtgttcatGGTATATCTCCTTCTCTAGTCTCTAG

pACYC-J23101**-Up-F tcagataaaatatttctagaTTTACACTAGCTCAGTCCTAGG pCTCQ-5

FjTAL-J23101**-Dn-R tattcgttaatggtgttcatGGTATATCTCCTTCTCTAGTCTCTAG

glnSm-F AATTGCGGCCGCTCTGCTTTATGCCTGATGCG pCTCQ-6

glnSm-R TTAACATATGCGTGGATTCCTCAAAGCGTA

J23101-F GGCCGCTTTACAGCTAGCTCAGTCCTAGGTATAATGCTAGCTACTAG pCTCQ-7
AGACTAGAGAAGGAGATATACCCA

J23101-R TATGGGTATATCTCCTTCTCTAGTCTCTAGTAGCTAGCATTATACCTAG
GACTGAGCTAGCTGTAAAGC

J23101*-F GGCCGCTTTACAGCTAGCTCAGTCCTAGGTATATGCTAGCTACTAGA pCTCQ-8
GACTAGAGAAGGAGATATACCCA

J23101*-R TATGGGTATATCTCCTTCTCTAGTCTCTAGTAGCTAGCATATACCTAG
GACTGAGCTAGCTGTAAAGC

J23101**-F GGCCGCTTTACACTAGCTCAGTCCTAGGTATATGCTAGCTACTAGAG pCTCQ-9
ACTAGAGAAGGAGATATACCCA

J23101**-R TATGGGTATATCTCCTTCTCTAGTCTCTAGTAGCTAGCATATACCTAG
GACTGAGCTAGTGTAAAGC

LacZ-F AATTACTAGTTTATTTTTGACACCAGACCAACTGGTAATGGTAG pCTCQ-11

LacZ-R TTAAGCATGCCCATGATTACGGATTCACTGG

oxb20-PadR-Up-F accgccagagataatttactcgagatcaaaCTATTTACAAGAGGGGGGCGTG pCTCQ-12

PadR-0xb20-Dn-R gegtattttaatactctcatttttactcctgtcat GCCGGGTAATACCGGATAGTC

P9-F AATTGCGGCCGCTAAATTATCTCTGGCGGTGTT pCTCQ-14

P9-R TTAACATATGGATACCTTTCTCCTCTTTAATGAATT

PadR-t0-Dn-R gtcectettecacctgetgacttaagATTTGTCCTACTCAGGAGAGCGTTC pCTCQ-15

P9-1pp0.2-PadR-Up-F acaccgccagagataatttagcggccgcAAAATATTGACAACATAAAAAACTTTGT
GTT

0xb20-P9-Up-F aacaccgccagagataatttagcggccgcCTATTTACAAGAGGGGGGCGTG pCTCQ-16

t0-EcHpaBC-Up-F aaatggaagctgcgatttaaaatt GCATGCGTCCAGTAATGACCTCAGAA pCTCQ-17

EcHpaBC-Dn-R agcggtttctttaccagactcgagTTAAATCGCAGCTTCCATTT

Underlined sequences for restriction enzyme recognition sites, and lower-case letters for overlapping between DNA sequences.

http://journals.im.ac.cn/actamicrocn
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SRR FEAN 7] U5 o) i 26 TR ke e T S e
BRr - HEHE , AWFFEAS TS A A AR 3
MO B FESL, BDAE MO K% 3R 3L b4y T
0.00-2.00 g/L MEEHEEUY)(yeast extract, YE),
10.00 g/L #5511 ik (tryptone, TP)FI 10.00 g/L E
K3 (corn steep liquor, CSL), AHJ i85 3554351
1454 MOYE, M9TP Fl MOCSL.

VEMTERRETMAAR , AN EER
F-RAREE R T EE A 100.00 pg/mL, &R
{5 ol 25.00 pg/mL.

1.1.3  EZRAFIFLR

ISR, Jeatm A SRR A A R
MEER . 20N B 3 A R A PR M i
Mg, ETAEY TS RMA RS E;
TIANamp Bacteria DNA Kit, FARAAEEHE AL
FBRA ] F A E GXL DNA B4 (PrimeSTAR®
GXL DNA Polymerase), T4 DNA % £ i A1 PR il
PP , TaKaRa 2\ 7] 5 [7] J5 # 2 i (ClonExpress”
I1 One Step Cloning Kit), F 5% i MERE A= Myl 45 i
AR W]

PCR [ FIHL ZEfL RS, Bio-Rad A +]; ki
Biaeda, BBREIESABRA A HIRET IR,
TR BT AR YA A A PR A R 5 TR 2R
AR, FERRCHRBHL (P ENARA H] 5 &AL
WAL, S S P EDARA A .
1.2 MNMERS & AR oX B F0 B Ak B A

T RE S 1R T W R R PUE M BL2I
Star(DE3)H i fHl, E/CAIH A-Red /- FRYELA
(A-Red-mediated  recombination) 7 ¥ ¥
pACYCDuet-1 ¥ RPUIE GBI 2 R
Zi[ = - I R S P I L 32 g2 W g A
pACYCDuet-2""", 3 [ 2 FQ T B 1) ik B U
M omEB AL FTAL (WP_012023194.1)1'1,  my 254
S MER YRR A Al 2% fE A R,
EchpaBC ¥4 | BL21(DE3)Z&[K4H DNA, %3

<l actamicro@im.ac.cn, & 010-64807516

A2 DNA % TIANamp Bacteria DNA Kit #&
B, BARDBRE AR Ui 45, iy
pCTCQ-1, LI& TN FiTAL JER Tk b
¥, FIFH5I4 FjTAL-F Fl FjTAL-R #£47 PCR 4"
AR FTAL B, H PCR ¥ AR
(50.0 pL): PrimeSTAR® GXL DNA Polymerase
(1.25 U/uL) 1.0 pL, 5xPrimeSTAR GXL Buffer
10.0 pL, dNTP Mixture (2.5 mmol/L) 4.0 uL, I,
TS 1H1(10 pmol/L)4% 2.0 uL, & FjTAL fYBik:
iR 1.0 uL, ddH,O 30.0 uL. PCR Jz )i 5544
98 °C FiZEE 5 min; 98 °C 281 30 s, 60 °C B
K 30s, 68°C M 1.6 min, 330 MEFR; 68 °C
ZEM 5 min, JFZE PCR 34 1 SN R AR 5%
11-51% PCR § 3EAHML, # A EER 4 pACYCDuet-2
H AR AN T 5% Fj TAL A Btiiad BamH 1/l Sac 1
Mg V) & 2 5 AR A h m 2k . BEfS, dd gl
EcHpaBC-F Fll EcHpaBC-R *f BL21(DE3)J%: [ 4
DNA #7918, 3875 EchpaBC H B, % Nde I
1 Xho T D] 42 3] bk v () ZR AR LA B+
AR EH TR pCTCQ-1. AWML T 4 Fhk
AT B R FHZH RS 35 F-(ginSm, J23101, J23101*
1 J23101%*), 435I UK FTAL FI EchpaBC
FIKE) T7 Jash U A5 S0 N Y 54150k
pCTCQ-2-pCTCQ-10, HHXHEAFFIWIE 2.
J& , PR TS EE A TR b 2 T B A N
Hh AT I P EEZH AR LR 1o AHDCERIAR R
AR E S 1 T e e R 0,

R T AR LI G A A WAF S R lacZ
VE R & BL R A= W18 J s . &l T pET23a-
|pp0.2-padR-P9 ki, {i#i ffj LacZ-F Fl LacZ-R
14\ BL21(DE3)#:[H 4] DNA ¥4 lacZ K
B, @it Spe 1A Sph 1 EFYIERE Bk AU
Wi, $Rf% pCTCQ-11 BTk, Ffif, HEil[F
VR0 pCTCQ-11 HUK5h padR ik 1pp0.2
ZH R 55 8 BT Bl oxo20 ZH AR I B,
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153 F4H Tkl pCTCQ-12. ¥ pCTCQ-12 40 it
KirP i PO JABIFHGE ALY 2 > PadR Frmthss
AL PO*A BT, 158 T Bk pCTCQ-13,
W Bk 3 AFHEA TR 31 A DHSa 1, RASAH
N T AL A% DHOI-DHO3 (£ 1), It4h, LU
pCTCQ-11 MR, FIFHEI4) P9-F Al P9-R #17
PCR ¥ 143545 P9 J5 81 v Bt, 4 Ndel 1 Not I
BEYI 5, A pCTCQ-10 AHWN 7 &, 155 & 4H i
% pCTCQ-14, % PadR-t0-Dn-R F1 P9-1pp0.2-
PadR-Up-F 5|# M pCTCQ-11 F#"1 T Ipp0.2-padR
B, 8 R R 4 ok L Ad A 2] pCTCQ-14
T, PRAGE AR pCTCQ-15; HIHIAH RS ms 14
HEE A R pCTCQ-16. LI pCTCQ-10 MHRAR
F A t0-EcHpaBC-Up-F #l1 EcHpaBC-Dn-R 5|4
PrHaf83] J2310%-EchpaBC FrB&, i [AlFE LA
IrikiERE pCTCQ-10 AN E, 15FIF AR
pCTCQ-17 . PCR ¥ 34 s b 1k R K F2)¥ = %
PrimeSTAR® GXL DNA Polymerase #:{Fi5 845,
[vi] PR F 4 S R AR R AL FE L ClonExpress” 1T One
Step Cloning Kit fifi FHUEHH 5
1.3 B-FFEHEEMENE

Z: BROSCHR[23 4B 1Y -1 LA il 37 1 DU
SE TR TR ST AR B S A0 b, BRSBTS
43 BBk B # DHO1-DHO3 HEE7% T 3 mL LB
WK FE 5L, 37 °C L 220 r/min $E KRG % 10 h,
FFIE M ODgoo=1.0 Ji7, % 1:100 4% F1 %] 3 mL M9
TREE FRFE R REFE 1 h, SRS A ) e B g %ot
MR, SR 5% 2 h J5 4T ODeoo M Bl
B—E BB 12 000 r/min 250> 1 min WA
&, fA 1 mL Z buffer (60 mmol/L Na,HPO,,
40 mmol/L NaH,PO,, 10 mmol/L KC1, 1 mmol/L
MgSO,, pH 7.0)E £ il A 100 uL & F1 50 uL
SDS (sodium dodecyl sulfate, 0.1%), iz E
ZURANNG, JFAE 28 °CFAIA 200 uL ONPG
(2-nitrophenyl B-galactopyranoside, 4 mg/mL), 5§

LRI N 1, FR R 5 ST BTN 500 pL
Na,COs (1 mol/L)Z 1k by, 152 (I [E] t,
e, LA 12 000 r/min B0 10 min, B EIER
HEAT ODano MZE , LR BUEIG I -2 FLWET
B, AR AR,

B - b FLB T A A =

1000xOD,,, /[(t, —t,)xV xOD,, ]
1.4 FHEHKBAEES

PRBCA TS T 3.00 mL LB WA, 76
37°C. 220 r/min §53% 10 h, fFEW ODg0=1.0 i,
Fi¢ 1:100 #5703 10.00 mL LB Wi ss g2 irp ghkal
Ft 4 h, BT, 5000 r/min B0 5 min ICEE A,
FH MO WA SR B B ATINE, 55463 100 mL
HEFH (7% 30.00 mL M9 WK FEEE, ODggo 4
WRE(EZY 0.1), 7E 37 °C., 220 r/min &R FE 48 h,
1.5 FJHEHREEYIA HPLC 247

B 1.00 mL ABEBRIMASEIEI IR TR
HEYRYG 1 min, 12 000 r/min B5.0> 10 min J5B E
W, BEE K, BIFIRCIR CERAEBOR . )
AT ZE K TARhZ8 R 5e sl e, A 0.30 mL
ok 4l F WA, VAR 0.22 pum JE IS &%
FH o JH € 2ot FR e ] 26 ot 2 R RN PR o o 7
TR, T T2 A 0] 2 T R e R A o VS VR RN
R THAL BEAR S — i 7 HPLC A . HPLC I 5E
%M. ORERly ZORBAX SB-C18 FAH G ikhE:
(250 mmx4.6 mm, 42K 5 um), A A 4 0.1%
FERAY K, Tishil B M iba s i
0.80 mL/min; F:JN 30 °C; #HREREN 10 ul; Wi
MERR T 2 R A IR 433124 324 nm 1 308 nm.,
AWFFER BRI s, HARRRE : 0-8 min,
5%—50% H i ; 8—10 min, 50%—100% H F% ;
1012 min, 100%-5%EE; 12-24 min, 5%
DL RBRAE S AR I 4, AR bR vt Ze 1153
2L TR R T 7 40 v i T R G A R P

(1
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2 BER500

21 MHBEREREZREMREERBTE
H R Rk

R R T, HREE 8T T7 % HTF5h
PRI R Rk, AR ek A
T7 3 871 pACY CDuet-1 JFR: FH T M HERR & %,
WARE, % £ BL21 Star(DE3) A @& =t
P£, pACYCDuet-1 JCIEfEIZ W RAE, FIH
A-Red-mediated recombination J5 B 1% 5 ki 119
PUPE R R R AR R R PR B [, 15 3 8 40
K. pACYCDuet-2, Bf5, 43 FI5 A 29 [ AT
BT 110 T e i B P S IR FJTAL ALK AT B
[ 4-F 3R R -3-FRUN AU /A% 2 3% SR Ak A i g
SSRGS IER EchpaBC 7% pACYCDuet-2
FIFHN A, 1B E AR pCTCQ-1 (Bl 1A),
Wz TR 43 i AR AT BL21(DE3) A1 BL21
Star(DE3) "7, 45 2 AH N (1) F 2 B A% CAO01 F0I
CA02, iRtk K EEG 4T HPLC 0¥, 45
RWIR: 7E MO 55 FR LTSI RIS B, 7E
2 oo el 2H TR AR A TR Hh A B e R L AR E
R, CA02 MIHERR (kgL & T CAOL (&
1B). [Al}, 78 M9 #5533 B s s i 2 i s it
TR, (UAE CAO2 KB R I 2w ERR , 1
CAO1 HFfARA M E R (B 1B). ik R R
B, AW HE A A SR AE BL21 Star(DE3)
rh S H A A B SRS IR | 2 TR R I
i S 5 A J 1) B 3 R R 1

TEMC LR b, XF CA02 Ay MIERR EF T 1
HIE . 78 M9 FEFRAh U ag bt , CA02
(A IR AR P i A, 290 1.40 mg/L (B 2). I T
PRITUMMERR 7 it I AR A I L, 43 38 I T FTAL
Fl EcHpaBC 1 ELHAF FI K 9y s 4 R A 4 &
MR, 450 oR, DABKZARR A KT, oinm s ™
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N 1.78 mg/L, HE it 5 YA
XEERICE ; W& S RIKYI, miHEmR
FrEEIAT 67.60 mg/L, XTEEE S EZ) 1.22 mg/L
(B12). FIRSERED], FTAL AKX MR
AP RERCIE , 2 MMMERR 5 B 3 BRI R 22
22 ETFRIFIERMMEER S~ =R
BT T7 5 s+ B AR A IHERR Mk G Bk
RETHRCAK, AMS R MG s+ TR FTAL
1 EchpaBC 315K, H5e, ik T ginSm,
J23101, J23101* Fi1 J23101** 4L 4 AR5 E 1)
HWAE T, Hi ginSn B8 Tl a2
JZ-tRNA 5 i (glutaminyl-tRNA synthetase)fi ity
LN gInSHY IS BTl Fr A3, 323101, 323101+
A1 323101%* f2& 3/ N 1A B AN [R5 B 20 B R0 i
S, BRI 4 8 s TRk sh FTAL
FFeik, 15 2HH N A E 4 Bk CA03-CA06, iX
SETRARAE MO 55 SRS A B85, d 5 HPLC 434
BB AT E A DA R A I PR 4 T,
H ginSm 3K 3 FjTAL F2ik 1 CA03 HmnnfEER /= &
i, VAR B RE 2B A IR, Ak
F] 83.31 mg/L 1 98.46 mg/L (& 3A). R
FY RIS KX 4 a3l 7405 T8 3l EchpaBC
335, 1S3 E4 E Mk CA07-CA10. HPLC 4%
RE/R, & J23101* )5 81 CA09 HuirEfz
B i, FEUS AR S 2R IS T, b
FRr= 5450 8.87 mg/L A 21.63 mg/L (%] 3B).
5 CA02 MlH, J ool o 1T AR B AR A i iR
PRI, SRR, BTkt
FJTAL FI EchpaBC 257K 1T LAAG 854 = il
MERR 17 it . 7EIZOFRC AR B, B FTAL 1
EchpaBC LR sh T a4, HEIEAH R
$i pCTCQ-10, K5 H:S A BL21 Star(DE3)J5 #7153
AW CALL, ZXEPRIERAN 5.00 g/L #i % b
8% 100.00 mg/L % 24 R (1) M9 B3 37 3L ik 47 R 1
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Tyrosine Glucose

1 DB EM SRR EEMREEXBIHEFRIRE A R LS R N T2 FOR 7R &
K. GoP: HjZbE-6 -BIR; FOP: HM-6-WIR; RuSP: AZMAME-5-BIR; PEP: BERRMGEZ:UNIAR; E4P: o
BERE-4-BEM2; DAHP: 3-JiiS-D-Bal i {fI Befil-7-#5 M ; CHA: 73502, B: SH4U50R pCTCQ-1 HyH FIA:
FFBREE ™40 HPLC 23, A M AR 2 B VS Ik B2 4359124 5.00 /L F1 100.00 mg/L. Tyr: FEEZJR; PA:
X GRR; CA: WIHER

Figure 1 Reconstruction and heterologous expression of the biosynthesis pathway of caffeic acid in
commonly used Escherichia coli strains. A: Schematic diagram of the de novo synthesis pathway for caffeic
acid containing the recombinant plasmid pCTCQ-1. G6P: Glucose-6-phosphate; F6P: Fructose-6-phosphate;
Ru5P:  Ribulose-5-phosphate; ~ PEP:  Phosphoenolpyruvate; ~ E4P:  Erythrose-4-phosphate; ~ DAHP:
3-deoxy-D-arabino-heptulosonate-7-phosphate; CHA: Chorismic acid. B: HPLC analysis of fermentation broths
extracted from commonly used Escherichia coli strains containing the recombinant plasmid pCTCQ-1 with

glucose and tyrosine added at concentrations of 5.00 g/L and 100.00 mg/L, respectively. Tyr: Tyrosine; PA:
p-coumaric acid; CA: Caffeic acid.
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60

Yield (mg/L)

12 |

Glu Tyr PA

2 CA02 AE:=#¥R9 HPLC ST HiZhk
(Glu). &2 B2 (Tyr) FXT A 52 R (PA) B v B 43 5
4 5.00 g/L. 100.00 mg/L 1 100.00 mg/L. ;=&
TERUCE 3 IR S, 4P RBCFE

Figure 2 HPLC analysis of CA and PA from CA02
strain. Glucose (Glu), tyrosine (Tyr), and p-coumaric
acid (PA) were supplemented at 5.00 g/L, 100.00 mg/L,
and 100.00 mg/L, respectively. Experiments were
performed in triplicate with similar results. Bars
display meantSD.

FIT A MHERA 7=t 4331~ 74.18 mg/L i1 103.26 mg/L
(# 3C). X RMIMERR ™ 5t 5 CA03 AH2Y, i
FHAJE 3+ 2 s bk CA04—CA 10, [H L,
EFE CALT FEATMIMERR = 7 B R 0 5 25
2.3 UNHEESR S PR AR A BRIE SR EM AL

R 5 & B R I R S 5 00 i 4, JCHUZ
PEXS TR A A H AR = 6 R A B2, &
AA VAR RHE Y (YE) MIYE iRl
BEHIVETIMERR (1 & B 2R 30 I, e T
CALL TEURIN T AN AR EE UM MOYE 3% 57 3
R BE TS X LR S IR i, R PR RE SR
U I A 0.00 g/L #40%] 2.00 g/L B, BiHE
iR~ A 71.18 mg/L Z i A £ 30.71 mg/L (&
4A), VLIRS BUITE — & F2 2 2s il o
BRI G . I, AR 2R T 58 2 A5 A
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TS B R (TP) A KK (CSL), 455 & B CAll
£ MOTP 1 MOCSL 15 S5k v 8 Fir A5 W E 2
H054 10.31 mg/L #1 5.99 mg/L, kT M9
e Hn =i 5 (8 4B). S, T
MO 35 55 5L o U INA R 32 1% 7 26 1 B i 24 R
X IMERR P S RS2 . A SR 5.00 g/L
BN 20.00 g/L B, XA SRR FNMERR 1977
BIbEZ 5800, 5 LR AR R it i 2.81 mg/L $25
F| 4.41 mg/L, WIMERR ™ 15 B 76.32 mg/L $& = F
1 92.89 mg/L; Y4HjZHE S HH 20.00 g/L BN
1] 40.00 g/L W}, WhIHERR - mE B A YEIN, B lik
96.40 mg/L, X7 SRR AR B 5 - JC I S84 i
(F 4C). B RIKYI M 100.00 mg/L 3 i F|
200.00 mg/L B, BIMERR it 102.35 mg/L 340
£ 110.18 mg/L, [A]HJ RGN 3 K & p %y & R
2, fElik 83.36 mg/L (Kl 4D); Y& RIS
YIrH 200.00 mg/L /%] 400.00 mg/L i, miwE
MR 7 B HE N(123.31 mg/L) S B AR ) i 34
(119.13 mg/L), X5 SRR 2E I T,
H A& 4758 60.48 mg/L F1 68.34 mg/L. ¢ I
FFiR, MO K g7 e MR RR & 1 i fe A I B
FREL, J5c T A A A A I 2 R N IR B 4
20.00 g/L 1 200.00 mg/L,
24 WEEBREMERSEHNWESMK
wmFETR, R R R, BE T
T UMMERR A BCRE T, {EL [Tt ARSI 3 R X A
GRRIER, FERIANE T, BEE AT
2 4 FF B4 (Bacillus subtilis) 4 %% 5% 3 I A
PadR K H:Mw 1 JCAF Ppagc FHE T X5 & SRR AE W)
s, I R T A R 5L 19 )
BRI ALY e, ARG R T ER
AW IS A AR AR 1pp0.2 JE 3l 3K 3
i) padR FIFE T Ppage BLIE ) P9 Ji7 Bl F I 434
B, Hor 1pp0.2 Ji5 32 B KW AT i 2 1 G i
S 1pp B g 2h e e f i 3L lacz
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3 ETERHFHEMEHLHEN CA3-CAll XEFYNEESNM  A: ginSm, J23101. J23101* Fi
J23101** J3 3143 9K 3 FjTAL 3k FrfS B 41 H fk CA03—CA06. B: 1% 4 N 8740 519K 5 EchpaBC #
KIS E A R CAO7T-CA10. C: gInSm i3 3 73K sh FjTAL ik R, J23101* )5 873K 5h EchpaBC ik
FrAS B bk CALL, %5 BN AR 2 BRI S Ik B2 43512 5.00 g/L A1 100.00 mg/L. 5 i 3

WHEE S, S5RBCFME

Figure 3 Quantification of CA and PA in the engineered strains CA03—CAll obtained based on promoter
engineering. CA03—CA06 with FjTAL (A) and CA07-CA10 with EchpaBC (B) driven by glnSm, J23101,
J23101* and J23101**, respectively. CAll was constructed with FjTAL driven by the gInSm promoter and
EchpaBC driven by the J23101* promoter. Glucose and tyrosine were supplemented at 5.00 g/L and 100.00 mg/L,
respectively. Experiments were performed in triplicate with similar results. Bars display mean+SD.

BT PR )5, MBIEA R pCTCQ-11,
HHAEE A DHSo 13 I FE L ¥k DHO1. FfJF,

X DHOL [ - ZUBE T RS M R4 T T A, 2551
78 DHO1 HAA R IR R A (& 5B). AL

ZARGINBImRE, AFRE pCTCQ-11 Hi
1pp0.2 Ji3 Bl &4 i KA A T recA 38+
U TS oxb20 2 RIS I 31, 15 2 S AR
¥ pCTCQ-12; ¥ pCTCQ-12 ¥ P9 J3 8 755
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L7 2 A PadR KR PESS G081 PO*E 3l
+, 153] pCTCQ-13, FH L ki pCTCQ-12 Fil
pCTCQ-13 4335 A DH5a ", 35459354 14 bk
DHO2 11 DHO3 (/& 5A). %} DHO1-DHO3 iX 3 >
PRI BB YA T T T R . BiliE
X 7 SRR S FREEIN(0.00-200.00 mg/L), 3 K
()2 FUME T BE Mt Bt =2 34 m, Forh ik DHO1
1) B-EFUME T S PSS 0R B2 AN 1 140.91 B4/
#| 5241.66, DHO2 fy 228.15 Hahns| 1 537.41,
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F£4 300.00 mg/L M LA EBF, 3 ANEERE B-2EFL
BT T P 35 A B S AR, 300 BH & AT W LA o 1y
FOMR, (A SR E M A SR A A w1 (
5B). B, XX 3 ASTRAR A A0 MDA KR T
TIE , BB BRAR I A K B X A SRR
FA 3 o 3z 20 B S R (81 5C). £5% BTk,
DHO1 7E 3 Bk 2 ZUE G 1 5 = , DHO2
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Figure 4 Quantification of CA and PA obtained from CA1l in different M9 fermentation mediums. A: MOYE
medium containing different concentrations of yeast extract. B: M9 medium, M9TP medium supplemented with
10.00 g/L tryptone (TP) and M9CSL medium with 10.00 g/L corn steep liquor (CSL). C: M9 medium supplemented
with different concentrations of glucose. D: M9 medium supplemented with different concentrations of tyrosine.
Glucose was supplied at 5.00 g/L in both A and B. Experiments were performed in triplicate with similar results. Bars

display mean£SD.
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Figure 5 Construction and evaluation of PA biosensors. A: Schematic diagrams showing the construction of
the three PA biosensors. B: Evaluation of B-galactosidase activities of DHO1-DHO03 supplemented with
different concentrations of p-coumaric acid. C: Measurement of cellular growth of DHO1-DHO03 supplemented

with different concentrations of p-coumaric acid. Experiments were performed in triplicate with similar results.
Bars display mean+SD.

25 EYERBENSHHTAZERSMEE  BHEAFK pCTCQ-15 Al pCTCQ-16, #HIHFA
BREY == BL21 Star(DE3)H RT3 H & CA12 #l CA13. Fifi

I [FRE A A OT SR A AR N, S5, X 2 PR 43 ) AR S R A s I R 1)
JGIF 1pp0.2-padR-P9 Fil oxb20-padR-P9 4 MO HiFRILh b T &M, HPLC 4r#r kB, CA12
pCTCQ-10 H3K35f] EchpaBC ik J23101%, 1%  HRuMERR ™= 4351k 72.16 mg/L F1 162.73 mg/L,
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X7 SRR A 1.84 mg/L F13.62 mg/L (K] 6A);
CA13 HHHEERR ™ 5L 53514 1.78 mg/L F19.89 mg/L,
X} 7 LR 28.89 mg/L 1 120.88 mg/L (&
6B). IR BRI [ A= ) 14 JEk i R A W ME TR 5 1
kS, LU Ipp0.2 JE8hFUKsh padR ik
CA12 RESE ARt 7 1 ] IR 1 v 3
b KA1, CALL HRES S BRI L AL R 0.55 g/g,
1M CA12 PR AR Y HALRCE N 0.81 g/g,
BT CAIl & T 47.27%. el i, 4=k
JEARAT T 1 S A A B TR 5 M o R AR
T, PETHOMEERR A R ACR
2.6 &N EchpaBC HY#% N #1185 MNHEER 7= 2
J T AR SRR AR AL RS IE

23R T HAME N EchpaBC #% UL 55 0% . 78
pCTCQ-10 H¥éin—4~f J23101* Ji3 5h F IR sh %
ik EchpaBC, 153#| &4 Fiki pCTCQ-17 (&
7A), I H S A BL21 Star(DE3)H 4545 @ bk
CA14,HPCL £l 45 5 2.7~ (Kl 7B): L4 20.00 g/L
RPN KRS, CAL14 K& T4 o iR = i
5 CAl1 M EW A8k ; LA 200.00 mg/L &
R AR, CA14 WIHERR /Y 7= KR4 Tt

A X 7 2 BRI AR R B BRI, CA14 HrmE
R H R i Al ik 185.15 mg/L, FRAMRIEYHAL
R 0.93 g/g, MHET CAI 2R T 69.09%,

A AT UL, 30 EchpaBC 4+ D3k e i 5 4%
RO R AR
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Figure 6 Schematic diagram showing regulation of EchpaBC expression based on PA biosensors and
quantification of CA and PA from the engineered strains CA12 and CA13. A: CA12 containing padR gene

driven by the Ipp0.2 promoter. B: CA13 containing padR gene driven by the oxb20 promoter. Glucose and
tyrosine were supplemented at 20.00 g/L and 200.00 mg/L, respectively. Experiments were performed in

triplicate with similar results. Bars display mean+SD.
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Figure 7 A schematic diagram showing the
construction of recombinant plasmid pCTCQ-17
containing two copies of EchpaBC genes (A) and
quantification of CA and PA (B). Glucose and tyrosine
were supplemented at 20.00 g/L and 200.00 mg/L,
respectively. Experiments were performed in triplicate
with similar results. Bars display meantSD.
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