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Tl Wy R AR DU R SR D B A 0 T I 5 1 2 Pk, 0GR 2 T B3R 5 WS R s 4 A e
3 P450 BRI o ik A URPE B % HpaB A HpaC PIFRIER, AN SCTEBRIEEERE (Saccharomyces
cerevisiae) AT BAATEVER 4- FHEIE TR -3- BALBE (4HPA3H) , ‘B0 DK IE YR AN AL
= P450 MR AR ER, AR g . 7ES — AN ILFMEE R IR A L G0 (TAL) thEMERT,
AN [E B 55 HpaB fiff f1l HpaC g 2H & 750 R4 L- B & BR 5% 4 o B AR 7= P e iR L F B AN TR g
F1. DIHISER BB (Pseudomonas aeruginosa) ) HpaB BRI B Yb 11K (Salmonella enterica)

*?@_ ) HipaC 5 1) 53 UL €5 7] 2 7 B I P2 e, SRS 92 B ATIA T (289.4+4.6) mgL', WAL

el J ARARE -5 SPURM AR A 0 1 4 CECSC IR 07 RELCAT AR ELR G 7 40 . G4k I

s 1 HpaB [ # 2 RIS — R (FAD) 45 2808 B0 6 Sk S S o i 3 15 U A 4 1 K V5t

#ﬁg N HpaB M7 G065, T A7 B0 7 T AR SR T . 45 b, BRATVAESL T — R R 77 iokk
FHLEL 3 P450 S AT B 3 5P T W AE AR ST B L
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1.5 AR ELE IFAE 76 4 AN T RE HIAT 55 42 A\ 7 Y5470 o v 4 e A

B A2 A PSRRI 2 A R P o 4 Sy
E IR IIAT Z B AL, 31T & D RE S e 1X—
R E ARG T — R REY . WA, A
P REAR S [ BEAE BRI (Saccharomyces cerevisiae) B#hE
A AL R ADIE R P SRR B oA, BAR202 4
SBPIR[1]e BEGAEYIRIGAT B (Escherichia coli)
ARG B AR A T AR Y5 R 587400,
B BEEAE. ZRANMAZEH[2-8]. AT
K BRI P2 WA R, Wb AU A 5 S S U I 1) 3k
o A E @Y R R AL OB, T4
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&4 T BE FR 20 M (0 3P4SOl . FE 4 Y5 4 i (. 5 P4 50
Tl 308 5 e LA E 2L AR B P IO ) 5 4 L S 11 A R B £
¥y F, I H 3 ENADPHAM FADH, 284 X 1 1 iS4 F .
XM A BB A A PR ) T TR A b
AR A1 O € 3 PAS ORIV £ [9,10].

Wi R A S — Fh A A R P )t 2 R R ) TR 4 L e
FPASOMEZ 5 G R . IXFIRIR=H), WAEFN3,4-—
FEEREERR, DLAHATAEMISREIR (CGAD. WmHERR
KW (CAPE), #) iz TEZ. & 54 6
RS [11-14]. RAREY e & EEK, WA
AN A B B B VR — P AR T H T N4l FE[15].
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R, I & BCAE ) 5 J7 1A g A2 7= ik 2 EX) A2 4
BN AR — PR AR SRk RE[16]. — D EENEER
WIS IR I AR N E R (Phe) E B, 78 RIEIRM
AFN3NAL B AT A R AL, DLIRAS R A G SR
[17,18]. Fih K iRt T EERR -4-F2 4L (C4HD AR
GIR-3-524LEE (Coum3H), “BATTHREAE Y U5 HE S 4 41
Hi 2R PASOFHS 1 N AU (19,200 2R, A DKt
TE R YR CAHLERE H RIEER, ME KT
WIE Coum3HAEAEY) h A TG THEIE]F[21,22]. 55— Fk
FEURAN R () REE SR AE K AT T v ) 2 40 o 52 PR AE ) 6 B
AT, LinfllYan[9[UESE, KIAHF# KRR M 4-2 50K 2
1R-3-¥2 40l (AHPA3H) RERLIIHLKE AN & S F2 1L
FIWNHEERR . RodriguesZ5[10]H AR E (Rhodopseu-
domonas palustris) UL R PA50EF——CYP199A2
RT3 7 SRR AL N WNERR . Zhang Al Stephanopoulos
(231 FH4-F& R © WG AZERRE (4CL) AR E IS
W22 H (Saccharothrix espanaensis) ) 4mi% Coum3Hf
() SamSHE A, ¥ %F 75 IR LA N unHERR oAb AT IS A 5T
T HMERR (Tyr) & BINHERR ) TALFI Coum3Hig 4% .
AW A ) Yao [ 2412 Hi R FH MK I #F B4 o v [ 21 11 4-
FRILTE 2R -3- BN %A (HpaB) FINADPH-3# % A ik

Phospho-
pentose =p E4P Trp
pathway A

DAHP ==p CHO =P

- TyT

——p Phe =y Cinnamic
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R B (HpaC), MJERAV4-F2FRFENIRIR H &, gt
Tk AERRIFI SR AG BURE . 215 S &Ik
W] 1 HpaBFI HpaCIR AL G M B AT 2 1 R4 1% £ V5 ]
[9,24]. XL TAALERMEY) PR E— D AR T
54 0 € 2 P4 S Ol (1) o R A= ) i3k A5 i gl 1 3 I
[25,26][E1 (a) ],

AHEFT R VR B R A R A (TAL) A
4HPAHE &) CHASFIYIF KIS hpaBF hpa CHR [H 48 %
AR AN 5 TR B I B2 AT %), s Dy £ RS 19 B
hoke g 7 UnEERR I AR S BORAR[E T (b 1.l 3R
W3 RL, EHE— AL E I TAL L s 8 (TUD FifE
kL, VARASFERIEhpaBR hpaCHI &M A S CHPA
JURL), FRATHIEE T 2 Bk i HE R 1 1 BF TR PR IX 5T
WL LA R 7 12 R A% T (5 PRI kS I AS [ B 2H 5 B 51 R
AN [EINHERR 2B P= R ). S5 RR, ERRIMARIET, W
AR (Pseudomonas aeruginosa) [ hpaBEEA 1
WITIKHE (Salmonella enterica) WhpaCEE4 & A=
eSS B s, N (289.4+4.6) mg-L'. HpaBff
HHpaClifg 1) f £ 4 & 5 8% BRI AL T B R 4 (1) AH 2548,
A8 T S e R S A B AT AR
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Bl 1. 5 BRI Bp oA e o e R 1 AR OGS AR (a) DR LFR KT 1 i B I A e O R 2R 1 & OGS AR IR B (o) T A I I B v 4
EIBAEH 2 A AL IL R AL AR OR B &L (o & AR IR AR O BE BE Dol 8 (4 & S DUAS . BAP: 4-BERR /R BENE; PEP: BFR I A% U HH PR ;
DAHP: 3-Jli%-D-Flho i1 JEfR-7-BiR; CHO: 43 3(W2; Phe: MRNZMR; Trp: (M&IR; Ura: JREENE; Leu: SE&MR; HIS: HEMR.
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2. MR 55

2.1, SRR DA A B B R A

FFN 7AW T AR R A SE [ [ 2 A2 )
FARFE G (NCBD #d e B R 8  2 IKEERE (Rho-
dosporidium toruloides) TALY:H ¥4, %0511tk
J&, A4 GenScript EWH AR A F AT R 1A . M
NCBIEE e R RESRAT 1 2 MR KIS hpaBM hpa C
FERI AR 51, I ARRE I 7 SU3EA T & ple. X EeFE [
B 43 5% 8 T-pUCS57-Simple-01%]pUC57-Simple-153iX 15
AR OBk A pUCS7-Simple i pUCS 7eh — AN K AR
Bsal B4 55 R A R f5 TS o

R"L ABICT I ORE

FRAT MR BB Y 474 119 3 R 41 43 391 5 B 17 U 3
FPopcis Peaki M Prpss BA K 2 1E FTexoos Tapwis Tarns
Tevef Togre 2S5, BATE RS Y, FIHESE
G MRS (OE-PCR) ¥ Tanoss Ponet M1 T o FI
FPAEETE i, RRFTHIEERNEREE (BTU) Tixos-Procr-
Toemrr X RZBATF TP LK “2ATU” JKA[27].
AVLEP o P T o Z IR TE T BN FE T (¥ Bsallig il il
RIRINL g3, v JE SRR VTG T A EL (b) 1o BAiT
BFEPHIE T Torn-Proxi-Tero™M Tever-Prows-Trer» HAH]
Notlfig Y], ¥ L34 “2S [ ATU” 43 5 82 24 [F 1 i
FipRS415, pRS413FfIpRS416H1, 7#/E T pRS415-Blank.
pRS413-BlankF1pRS416-Blank 347 5 i«

Plasmid Description Source
pRS415 Single copy plasmid with LEU2 and ampR marker —
pRS413 Single copy plasmid with HIS3 and ampR marker —
pRS416 Single copy plasmid with URA3 and ampR marker —
pUCS57-simple Blunt cloning vector, kanR marker GenScript
pUCS57-Simple-01 hpaB from E. coli (protein accession No.: AAR11357.1) GenScript
pUCS57-Simple-02 hpaB from Klebsiella pneumoniae (CDO16163.1) GenScript
pUCS57-Simple-03 hpaB from Photorhabdus luminescens (AAO17197.1) GenScript
pUCS57-Simple-04 hpaB from P. aeruginosa (PKG21040.1) GenScript
pUCS57-Simple-05 hpaB from P. putida (ADA63516.1) GenScript
pUCS57-Simple-06 hpaB from Sulfobacillus acidophilus TPY (AEJ40622.1) GenScript
pUCS57-Simple-07 hpaB from Enterobacter cloacae (PJG38870.1) GenScript
pUCS57-Simple-08 hpaC from E. coli (AAR11356.1) GenScript
pUCS57-Simple-09 hpaC from Klebsiella pneumoniae (CDO16164.1) GenScript
pUCS57-Simple-10 hpaC from Photorhabdus luminescens (AAO17198.1) GenScript
pUCS7-Simple-11 hpaC from P. aeruginosa (PKG21041.1) GenScript
pUCS57-Simple-12 hpaC from P. putida (ADA63517.1) GenScript
pUC57-Simple-13 hpaC from Salmonella enterica (GAR62209.1) GenScript
pUC57-Simple-14 hpaC from Achromobacter sp. (CUJ32851.1) GenScript
pUC57-Simple-15 TAL from R. toruloides (CDR39392.1) GenScript
pUC57-Simple-101 Coum3H from Saccharothrix espanaensis (ABC88666.1) GenScript
pUC57-Simple-102 CYP199A2 from Rhodopseudomonas palustris (OPF94131.1) GenScript
pRS415-Blank The cassette Teyor-Pppei-(back-to-back Bsal sites)-Tgpy,, was cloned and inserted into the Notl site of pRS415 This study
pRS413-Blank The cassette Tgpy-Ppoxi-(back-to-back Bsal sites)-Tpp was cloned and inserted into the Notl site of pRS413 This study
pRS416-Blank The cassette Teye-Prpps-(back-to-back Bsal sites)-Togr, was cloned and inserted into the Notl site of pRS416 This study
pRS415-hpaB-01, 02, hpaB was digested from pUC57-Simple-01, 02, 03, 04, 05, 06, 07 by Bsal and inserted between the digested back-to- ~ This study
03, 04, 05, 06, 07 back Bsal sites in pRS415-Blank
pRS413-hpaC-01, 02, hpaC was digested from pUC57-Simple-08, 09, 10, 11, 12, 13, 14 by Bsal and inserted between the digested back-to- ~ This study
03, 04, 05, 06, 07 back Bsal sites in pRS413-Blank
pRS416-TAL TAL was digested from pUC57-Simple-15 by Bsal and inserted between the digested back-to-back Bsal sites in This study
pRS416-Blank
pRS415-Coum3H Coum3H was ligated into pRS415-Blank This study
pRS415-CYP199A2 CYP199A2 was ligated into pRS415-Blank This study




FAIXS hpaB hpa CFITALIY) 2 K] Fr Bt 43 51l FH Bsalli
Y), BN B FTE I pUCS7-Simple i bi H B ok, 43
AIZEFZE|pRS415-Blank. pRS413-BlankfllpRS413-Blank
R, MR — RV EETU. RIFIE T IrE EMERN
TU, 4351 9pRS415-hpaB-01% pRS415-hpaB-07. pRS413-
hpaC-012% pRS413-hpaC -07AIpRS416-TAL, 3r1pRS416-
TAL-01%pRS416-TAL-057> A Fa AR KIHAF B il 4 i
{AH# (Klebsiella pneumoniae). KYeHFE (Photorhabdus
luminescens) ‘Bl &% 5 M0 B A% RAR S E (P putida)
KIEH hapBF1 (50) hapC. 4%, hapB-06Ff1hapB -07%
INREIRTRER A B TPY (Sulfobacillus acidophilus TPY) SRR
1 hpaBRIBHIA T (E. cloacae) FJRH hpaB, hapC-06
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CYP199A2FE [N 4y | i% 82 F|pRS415-Blank 1, JE/pRS415-
Coum3HFIpRS415-CYP199A2.

2.2, Uk AL

FAT ¥ H T J5RL v BE 19 K 1 #T B Trans T 1E 52
Yl B fE37°CF B T ¥ il 7100 pg-mL 'k 7 55 & 2
100 pg-mL ' & R IR RS R AT R S R . W
Mg FoRE (£1) %JLIpRS416. pRS415F1pRS413%y
JFORLE 28 (37 ) . RATHI I LiAC/PEGYE K #4 4k R i
P REBY 4741, 1] HIE 57 G b 1Y 35 57 5 0] 240 i 2R AT 7
W51 77(28,29]. K25 H T AW LA H 1) B A BE Pk
k% 7 SyBE_Sc03020101  #kF1SyBE_Sc03020102 #&1E

MhpaC-073 7= B v 1T B 2Kk U5 1) hpa CHN TG (4 4T 1 &
(Achromobacter sp.) WhpaC. WAL, AT Coum3HA

|2 AT T R 2 A T P

Strain

Description: Chassis strain (plasmids contained)

BY4741
SyBE_S¢03020001
SyBE_S¢03020002
SyBE_S¢03020003
SyBE_Sc03020004
SyBE_Sc03020005
SyBE_Sc03020006
SyBE_S¢03020007
SyBE_Sc03020008
SyBE_Sc03020009
SyBE_S¢03020010
SyBE_Sc¢03020011
SyBE_Sc¢03020012
SyBE_Sc¢03020013
SyBE_Sc03020014
SYBE_Sc¢03020015
SyBE_S¢03020016
SyBE_Sc¢03020017
SyBE_Sc03020018
SYBE_S¢03020019
SYBE_S¢03020020
SYBE_Sc03020021
SYBE_Sc¢03020022
SYBE_S¢03020023
SYBE_S¢03020024
SYBE_S¢03020101
SyBE_S¢03020102

MATa; his3A41; leu2A0; met1540; ura3A0
BY4741(pRS416-TAL, pRS415-Blank and pRS413-Blank)
BY4741 (pRS416-TAL, pRS415-hpaB-01, pRS413-hpaC-01)
BY4741 (pRS416-TAL, pRS415-hpaB-02, pRS413-hpaC-02)
BY4741 (pRS416-TAL, pRS415-hpaB-03, pRS413-hpaC-03)
BY4741 (pRS416-TAL, pRS415-hpaB-04, pRS413-hpaC-04)
BY4741 (pRS416-TAL, pRS415-hpaB-05, pRS413-hpaC-05)
BY4741 (pRS416-TAL, pRS415-hpaB-01, pRS413-hpaC-04)
BY4741 (pRS416-TAL, pRS415-hpaB-02, pRS413-hpaC-04)
BY4741 (pRS416-TAL, pRS415-hpaB-03, pRS413-hpaC-04)
BY4741 (pRS416-TAL, pRS415-hpaB-05, pRS413-hpaC-04)
BY4741 (pRS416-TAL, pRS415-hpaB-06, pRS413-hpaC-04)
BY4741 (pRS416-TAL, pRS415-hpaB-07, pRS413-hpaC-04)
BY4741 (pRS416-TAL, pRS415-hpaB-04, pRS413-hpaC-01)
BY4741 (pRS416-TAL, pRS415-hpaB-04, pRS413-hpaC-02)
BY4741 (pRS416-TAL, pRS415-hpaB-04, pRS413-hpaC-03)
BY4741 (pRS416-TAL, pRS415-hpaB-04, pRS413-hpaC-05)
BY4741 (pRS416-TAL, pRS415-hpaB-04, pRS413-hpaC-06)
BY4741 (pRS416-TAL, pRS415-hpaB-04, pRS413-hpaC-07)
BY4741 (pRS416-TAL, pRS415-hpaB-01, pRS413-hpaC-06)
BY4741 (pRS416-TAL, pRS415-hpaB-02, pRS413-hpaC-06)
BY4741 (pRS416-TAL, pRS415-hpaB-03, pRS413-hpaC-06)
BY4741 (pRS416-TAL, pRS415-hpaB-05, pRS413-hpaC-06)
BY4741 (pRS416-TAL, pRS415-hpaB-06, pRS413-hpaC-06)
BY4741 (pRS416-TAL, pRS415-hpaB-07, pRS413-hpaC-06)
BY4741(pRS416-TAL, pRS415-Coum3H)
BY4741(pRS416-TAL, pRS415-CYP199A2)

All strains were sourced by this study.

SC-Ura-Leul 37 3 vp it 47 15 3%,
() P8 BF 5 Ak -7 AT FHAS &5 PR s g

g R L AL JE 15 2
SLE R A AR A



326

Bz (SC-Ura-Leu-His) A TE:# 5%k, g
[ BR35 7E30 °CF LA250 r-min ' R R B R AEAHTA
MR, K TS IR AL N 20 mL R R p, HE
AR K BB K (24920 h). B RE IR
M PR T 50 mL SCHEFRIEH, HIAHOD ¢ CGEE
W 5E WK 600 nm) 0.2, #E30 °CHI250 r-min 451
T, H12ELE A EHERRRR O, 4740 M b S R 9%
96 h. s Bk R, BRIk N T 415005 g L
PR . T REFAR I AT 3 PAT 525

2.3, WHERR 5500 7 SRR B FE HCS e S A

REETERE, BWERBE R SO0 KSR O
V550 1)1 DN IR e B e U DR T A S S P TR =
TREW 3 A 8 200 e LASE O MERR A0 75 R R, 1%
PRUEAT P IR B A LA IS 86 76 38 10 A8 v OF B U R
Ty ZJE IR AW IR AE B B AR RSB P R
fEFIRC#% 1 7 B e2695M1248 7Kl &% (Waters Cor-
poration, Z£[E) ] Alliance” &= X AH it (HPLC) R4¢
XA AT RS IN o BT A FH ) € 3% B f yMassLynx V4.0,
{0344 9 ASCIS® Express C18 (10 cm>2.1 mm, 2.7 pum,
Sigma-Aldrich Corporation, £[E). ksl EE
A (FEED MCIEHO0.1% (VIV) HRRMK]: FriEH
(R B e AR P L2 3. BE SR I AT 0.2 mL-min ',
FEUR 935 °C, BEREAARRNS nlo WNMERR AR I 1<
326 nm, XA SRR R A310 nm. 2 5 HRHE S
P B I TE] 565 EERA DA it o] S 2H 23 1) R 0

2.4. hpaB IS 182 53 4T R 25 Mg A4,

AR Clustal W2AE 22 T B 6 b0 b 17 V6T K
FFH (EchpaB). W& SETHAAE (KphpaB). KICHF
(PlhpaB). 4GB HME (PahpaB). LEMKFH (Pph-
paB). WERRTATE TPY (SahpaB) FIPNAMHTE (Eph-
paB) [WITRNIE hpa BY MR SRR 5. HpaB 50

R3 UMM AG A SRR T HPLCKE EE e i 6 F

Mobile phase proportion (%)

Time (min) B c D Flow (mL-min") Curve
0.00 15 0 85 0 0.2 1
2.00 35 0 65 0 0.2 6
5.00 55 0 45 0 0.2 6
8.00 55 0 45 0 0.2 6
8.50 15 0 85 0 0.2 1
15.00 15 0 85 0 0.2 6

A IRIENS — TR (FAD) SRS K 20 ) 2%
SWISS-MODELM it FIE#EHBS (PDB ID: 2YYL,
HAEARE, EED 5K MMEEG. RIEE
PEVELER 3BT, B /T T HpaB It — AN 45 448[30,31] .

3. 45851418

3.1, BEEE RGN HERR A= W) BOSAR A 2

B — AN 41 B (5 X PAS OB 1 kR 2 S A A
% -4-F2 10l (CAHD, & LRI N ERE o & 5
2. BT ESERR [FAE B 4- 7L 450, Bl LA TAL (3E
2K PASORG) BLIEH M NN E SR (a)]. 7E
AT TAEM SR b, FRATUEBA T —FhoR B % 45 1 TALTE
P PG I BE b REAE O it B DR, T AN SRR A B T
U AR AN B R AR A AR [32,33]. BRI,
AT TALK & ikt & G/, 7= & A~117.5mg L,
5 HABSCER[33]1/H .

AR AR T B0 4 A €8 Z P45 O Coum3 HoKG %)
DR NMIMERR . Rl FTIA, Bk T {8 A Coum3H
Ab,  CLIE B R A At 22 P 0T DL K T AT B ik
B SR AL N WHERR . D T I IX L il A R R B R
YERFIERER AT FE (B D, RATE R B2 T A
) /g () TUFF4 5ok L i 4 F I BE R CILEE 27T, SR 1A
2>, WL (o) FizR, LA %11
) Coum 3 HEG MK H VAP BE 2218 () CYP199A4 2% A fig
TERERE R TAE, ST~ YRR S A I 2. S 7 IR
B KA i hpa BRI hpa CHI DI RE, FA1¥TE 7 3F0H T
e REA A A 1 7 %8 O AL T-pRS415 KL F (1)
Tenoa-Proci-EchpaB-Top I TU; @AV FEALAL T-pRS413
}_)ffi*ﬁj:E,(JTGPMl_PPGKI'EChpaC'TGPDE/:]TU; LB @FHAL
IR FRL. EREMEOL T, R 3 — a8
ks AL T pRS4165RL_E ) Teye,-Prows-TAL-Trgp, » 45 5
VR, ACHIE AL TALLL & hpa BRI hpa CPH AN FE K I}
B A WU 1) 201 A B EORE S R o R TR P D 1 €
W o T B R HE R (BT UG AR AR, 200 (6.3 +£0.3)
mg-L' (Appendix A, Fig. S1). HIt, ¥ILiEH T
HpaB§ H1 Hpa CH [ [7] I A7 £ X T B B vh & sl ok 18
PR LB

Coum3HFICYP199A2(F A AKEAEH, WiHpaB
FMHpaCHIH & TERE BEH RE/E I, XAERIEE LR,
SRR A TR R A ENEEERH. — MR —15
VR E 5 H 2R, T RE S B REAS BRI BUIR 4F



M. ML, HpaBFHpaCH g EA 2> T/
B, XA E BRI . FRATHEN, ALY Rk
P hpa B CE: R 4H & W] e LL >k B K BT B B 2k 8 T AR 45
BAF, EAN ] RE e o S T R R A 2 A BE 4T A 2
o Ak, REAHNENADPHELFADH, 1] f2 % HpaB Al
HpaCH i 1 4 HZAE I [25,26]. FE#E T RAIHT 5L
BAVLEEH REANNEA T X LR 2

3.20 T AR 7w e R R B[R] — AR A Bl () hpaB Al
hpaC 1) Dy RER

BARATE VI UE S 7 HpaBEg Al HpaClifg 1 T e,
R RGN HE R 1) 235 30028 AR TA 314 NI R 7K o RATT
e, LAt [ — PR IR AR T A B UK
Ro ik, FATEAR L F KR L HBE, SR )
Z R WA B AN AR . FRAVER A B4
IEAIEA R X482 T H” (PSI-BLAST) 45l %
T KIGHAF B8 hpa BRI hpa Cxf S g R V5 B, R 0 A
ANF 1 OFf A Y5 1) g 55 DR J AT B O P T LA o PR AR R
(>90%), 102>k Ust 1) B ) AH AL 7E 80%~90% 2 [A],
T 204 S Y5 1) B 1R AH A PE 7E 70%~80% 2 0] o M4 |
&, hpaBXF N AL = T hpaCo 1E 785775 HEH)
it 25 AN G PP AU AR AAPE 4G B0 T, FRATIES: 1 4P
KIRIIE . il 28 e T A (KphpaB, FHAE: 96%;
KphpaC, FEIME: 85%). KICAFH (PlhpaB, FHAIME:
82%; PlhpaC, FME: 77%) . HlGHR A EE (PahpaB,
AHALENT3%; PahpaC, FBIMENS58%), LA RAR
B (PphpaB, FUWEN42%, PphpaC, FNEN
25%). P XL R oRIE R JE T 5 22 IR,
RRNBINREE AR SRR FRILGE, EiE
IDEEE

B ) FH [ ) 7 2 K J A O o R A A I B
BAVRIG T BARER GRURIFR2) FELEH R 25445 gk
1T REER TR 25 7R T W HE R R 7 I P 22 77 o

HEESYBE_Sc03020003 (KphpaB. KphpaC) FISyBE
Sc03020004 (PlhpaB. PlhpaC) 7=/ fyuiHERS t SyBE

Sc03020002 (EchpaB. EchpaC) F /b, Hrhxh#& &g
A D B A I HERR RS B ({43 9 1.2 mg-L Al
2.1 mg-L™"). SyBE_Sc03020005E# (PahpaB. Pah-
paC) [P LA 52 23t WHERR P 32 = #1)68.2 mg-L ',
Lt SyBE_Sc03020002F #k7~ S it 1165, 2 AT
2, AR & GBI A T — L b, A
43596 mg-L ', 7ESyBE_Sc03020006E 1k (PphpaB.
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Strains containing hpaBC from the same source
Bl 2. & ANEhpaBF hpa CHL & KA [R] B A Hh ol i K H 5 4400) 75
%EE‘JFEO R 22 L3RI TR UK 9 (4 34~ 4T S 56 530 H 1) A v i

PphpaC) i, EIRFTIAN 5 KT 0 B AR AR,
{EHERR P AR B e T 1765, kF]16.8 mg'L ',
g BT, AN )[R — 0 R oR 5 P Rl i 5 e BRI A R
HIE ZRIA 2 M. FRATIAN, SyBE_Sc03020005 14 #
' PahpaBF Pahpa CIEAS 1 — L 5T .

3.3. PahpaC 5 HAhKIF hpaB 1L & 15 G ook R A= 7=
1) 5]

FH T MR AR B P B i i HS R Hpa BFAI Hpa C% 1
FEMEERR () RO, A1 R T WA ) — R e
5 AR b v ] g A R A R R A . DA ST AR
U, M 2 R OR IR 0 4L T R E B LRk B
PR HEAGTE TR 3 40 MR 25 M SRR AR 2R Tk B H bR
PN AR A TR I — AN T 74[34-36]. B, A%
FePahpa CEWF T IL 5 HADYI M RIEhpa BIH &, X2
T e 3R B2 i HpaCl@ Kt NADPH & i NFADH,, 4R
J& F5-F FADH, % #% 45 HpaBR E AT F240 S 2 [26]. FRATTHE
T AICTRL, A IR B e AT L B A S T RE 4T
KRB (B3, #£1FE2). fESyBE Sc03020007
(EchpaB. PahpaC) Bk, FRATTAINZN 1 55 vy () un
M%7 &, 12.8 mg-L™, iEfit-FSyBE_Sc03020005 (Pah-
paC) F111168.7 mg-L o AL & (iR = w4 I,
7E1.3~6.8 mg-L ' 2 [f], XLt HEY, HpaCHia] fEA
S BRI o

RNT B IUEIX — W, BAEH T 58 A
>k B SahpaBA EnhpaBW hpaBXE R 5 Pahpa CHE & . R
AIPEAES. T mg L WIEERR, JE A T PR A4E22.7 mg- L ik
1%, 5 SyBE Sc03020005 (PahpaB. PahpaC) Ttk
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Bl Caffeic acid

p-coumaric acid

50

40f £ i
S 20
o ] o -
o pad Fa 5
g 4 b .

g g g g

a (o (a (o

((/c‘)(\Q {.Q‘\Q Q\\\Q Q&\Q

Strains containing PahpaC
E3. PahpaC5 It hpa BIC 2L £ % WNMERR & B OS2 . 75 45 A1 [F] Pah-

paCHIA i hpaB (1 B Ak rh R Fl oS & SRR 1K A T AN . iR 224K
IR BRI W (K 3T S0 T 55 1 B b oA i 22 1HL o

MERR I = S AH L, VIARCRZE R . RAMNERIL, WEE
P& e = 1R DL B Y O K 2 B R R e A (13D,
ot B SRR B B K 2 SyBE_Sc03020009 (PlhpaB.
PahpaC) Bk, ~442 mg L', ¥R EHRILHZSYyBE
Sc03020012 (EnkpaB. PahpaC) FHkk, 249 mgL'.
SRTT, AL BRI e AP AR R RG o (R FRAT T
W, fEHpaCFIHpaB I H 2 [8] ] BEAEAE — AN AE )
[PRAS . B E, HpaCHgR iZ A EPREP IR,

3.4. PahpaB 5 HAth hpaC WIEC A 5 FH 6 o R 2 A= 7 1)
AL

TRk, BMEFEPahpaBE FABY)FIKIFE I hpaC
HATEC A . DMEMIBE LRI, hpaBo] REXE4 5 G IR HE
A4 e S 4D e A S AR B G BREAE FH[25,37,38]. N
TR X —HEW,  FRATT PR A H AR TR K VR ) hpa C

FEK 5PahpaBi# AT L & FRATTHI T HH S 50K 4 3L
AR R 3T R[4 (a). KIFIEK2]. SLIGLE
RAR S A%, PaHpaBl 5 H At 4 # ok U5 1) Hpa Cil
YVIRRIRF e &, HEMR T e RAEHEIE. SyBE_
Sc03020013 (PahpaB. EchpaC) 1w mf i 7= & M
37.6 mg-L"'. SyBE Sc03020016 (PahpaB. PphpaC)
[ W HE R 77 N 68.49 me- L', 5 2 1 3R A5 B 1 B Rk
SyBESc03020005 (PahpaB. PahpaC) iRz (77 &
HEA—F, M7ESYBE_Sc03020014 (PahpaB. KphpaC)
MISyBE_Sc03020015 (PahpaB, PlhpaC) Ekkd, i
MERZ () P B 453k 8 7 175.86 mg-L'f1241.3 mg- L',
XA GRS G5 N80%, X F 4x17.8 mg LA
16.8 mg-L'. Appendix A (Fig. S1) H45i T &ACENE
BERR O HERR 5 0 A SRR I il U 1] . Kphpa CRIPLA-
paCHERE R 5 Pahpa BIF-& RIS T s T R AR
AR PahpaC.

TSR AA RIS, AT T IR
(SehpaC) ML EFHJE (AshpaC) WHIEFET HAINH
ANH I hpa CRER 43 5 5 PahpaBYME . 1E875 Pahpa BRI
SehpaCHTHE#SyBE_Sc03020017t, FRATAE3 T whnndEfz
M e i (289.4+4.6) mg-L'[Kl4 (a). Fig. S1]. H
TXAEE R, FATRSYBE_Sc0302001 74 7 frynmuk
FRAE S A5 AT I A) R (TOF-MS) Al K AT I 1] Ji i
/TRHEEEEH (TOF-MS/MS) [ H{ ACQUITYUHPLC £ 4t
(Waters Corporation, 3£ [E) FIf#5 HM % H 2 (ESD
BT XEVOG2-SQ-TOFFi i {X (Waters Corporation,
FED BT T RAE (Fig. S2). PR HURE b K AL 1S 2
BT (107, 117, 135, 146, 161, 17451179) S
MEBR A it 15T 1% B8 7 AH [F], 58 PEUE B 7 A 58 P i) 2
PR SRR A2 7 T WHE R o o R 7 B L B

200r BE Caffeic ac.id ) -e- PahpaBKphpaC -~ PahpaBKphpaC

~ p-coumaric acid g ,_51 sor -= PahpaBSehpaC T8 80r -=- PahpaBSehpaC
‘—.'m P -+ PahpaBAshpaC g -+ PahpaBAshpaC
£ 200 2 100k g o0
$ £ 3
g2 4 o S0r =

o & & & 6 & © 8

\\Q{b ‘(\Q’b \\Q(b \(\Q’b \(\Q{b \(\Q{b 0 A p : . ! & 0 L ' 0 !

& & X R o 2 0 20 40 60 80 100 0 20 40 60 80 100
Strains containing PahpaB Time (h) Time (h)
(a) (b) (c)

B 4. PahpaB5 H A hpa CHC A A58 FXTWINHERR 22 7= (2R . Ca) 37 AH [ Pahpa BFIAS [5] hpa CYE) B R il i A0S SR 107 B A BT AN T

REELL

FoR MR B[ 34 FAT S50 T 51 AR I 22 (8. (b)) WINMERR N (o) X 7% SRR 17 B bifl 2 WE I [ A8 A B o iR 2 2R R R M3AS AT SR8 1 5

R HIBR T O 221



PRSyBE_Sc03020003H [ Al 2 & i 2406%, FFHLL
WA Rk (SyBE_Sc03020002, EchpaBHEchpaC)
FHMERR 7 A AR mpR T 43 4% . AE AR SYBE_Sc03020017
I 90% K Xt A R AL Ak, K 426.9 mg-L ',
XA ARA 14 5o T 6 % R v ) WA e T 7 B R
1£ SeHpaClig Al PaH pa B Ik A 42l T 11 S S A 7] RB 42 L-
&SRR K & A VAR R SRAS SR Z (Rl & . 55— AN
AshpaCZ35 ) HpaC Rl i A Fl PahpaB R AEAR I 1 #) [F) 1
F, WiEERR P A 2.7 mg L.

AT U R B AR R T A o PR A M R R o

PR A0S A SRR S R AR 5 kb #3477 I SyBE_

Sc03020015. SyBE_Sc03020017. SyBE Sc03020018[ %]
4 (b) Ml (¢)]. HH, HFkSyBE_Sv03020017 (Pah-
paB. SehpaC) 345 1 & im7K-FHINMHERR[ (124.4+2.4)
mol-ODg, 'To 7E4N ML AR B W R i T Y, X 5
T2 (197 81 T-20 mol-ODyy, > T WMHERR 7= A= 7E 96 hy
IRAARFRE LTHEA . X — KRB — DR ST 7 3RATHHE
W, RIHpaBFIHpaCI 24 & 1F B i M P U AR Hh dp 4t
AW I SRR & (R SR . BT S, HpaBf& ] 1
ERPRSUS B, (B85 B2 LA & I HpaC & 1Bk AL,
LS I REAN 2 8L (1) v 28055

3.5. SehpaC 5 H Ath hpaB HIHC & A3 F GH 00 HE B A= 7= 1)
Al
%-F-SeHpaCHl1PaHpaBH & 153 T IR I BH
Pk, FRATHEN SeHpaC5 HoAth Y HpaB i 2H &t 7] GBI
RIFE . N TREIX— s, FATKE S A SehpaCHITU
(R R 43 331 55 o Ath CU A 2 1) hpa BIY T U IR 5 R L 55 4k, B
MRk (C & HTALFTER R (5. RIFIE2).
GEREW], BRPahpaBAilt, SehpaCitA 5 HAbIE hpaB
RAFIRITF P FVE R . B#kSyBE_Sc03020013 (PakpaB.
EchpaC) [FMNHERR 7= 4w, N23.2mg L', HAhp
FEITImHERE P &35 /N T 10 mg- L. #ESyBE_Sc03020019
(EchpaB. SehpaC). SyBE Sc03020020 (KphpaB.
SehpaC) FMISyBE_Sc03020021 (PlhpaB. SehpaC)
P, SeHpaCJL-F A AIEH, 48K % & SR ul
RE AR A . FESYBE_Sc03020022 (PphpaB. Seh-
paC). SyBE Sc03020023 (SahpaB. SehpaC) FISyBE
Sc03020024 (EnhpaB. SehpaC) Eikk™, SeHpaCH E.
HARBR 0 & TR TG VE,  AH B 287~ W un ek R 11 7 &
HSRIRAE . ARG BT 73 45 4, HpaCHIHpaBA7{EAH F
RO, IXFP R T RE Sk B I PR AN B 2 18] R ) 4 R T
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Strains containing SehpaC

E5. SehpaC5 LAl hpa BALE X NHERR A= 7 (K520 . & A A A SehpaC
ANAS 5 hpa BT B AP E R A0S 7 5L 0R )™ A T AN R o IR 22N
MIEIRA B (1 34> P AT S48 T 550 L RO i 22 48

FADH,. FADH, & i HpaC#siil ¥ M\NADPH& &), Ul
S HpaBJ A G0 #2050 2 I FADH, K B R, U2 4 8
TEAREOATREEMS o, B2, B
DR B T 2EL G 2 R T G A e e A 2 A R IR
WhER), HpaBLHpaC [H] (1) 4 i % 7% v] B /& QB A
rZ—.

3.6. KHEHNG HpaB (8 F i 4544 7 Hr

AT A5 20 B AN o3 B 5 2 1 B AROE T i — BOU
&, RIHpaBw] G845 MO 2 50 e Ak 21 kR 1 i A vh
AR HI[25,38]. WFFC B S T R B AL T
PEZE G AL O T30 5 M HERR 1) 7 B B
bR 7 AR SR M U HpaB4k, AT A Clustal W24k
X HeAt I8 HpaBZ FE 1R 5 #1 HEAT 1 Huxs 5200 (BRI e
EchpaB. KphpaB. PlhpaB. PahpaB. PphpaB. SahpaB
MEnhpaB%AFEB TRk flg) [39]. ¥EE6 (a) Pr
ARHIEERTEE R, FERBESS S AL b R T — S )R
FERRAL, FATHENTPRC A OHE. T8 EOME R E i
FEN: B, FRATHE T WEMNE (Thermus thermophi-
lus) HB81 ] hpaBie H. 4 SR S5 A Him (), How] 5 FAD
MRS A 9] Hk, FRATTH SWISS-MODEL B4 17 43
B [ g HB8 Y hpa B FADZS S IR AL,  BETIHRILAE
AT AE ] B hpa B 5 FADH, 45 & 1 i 74 45 14
[UnkEl6 (b) Fron]e HZx(E M B hpa BS IR Fr 51 [F]
EYETE45%~53%2 8] o 3X — AL I R 56 3RAT ] e 08 T30
hpa B FL R 2 1A LA GE Gk, I L8 X s i 24 AE 156
() PHARICAHOHE. ZZEPrAEE, TATHE /X
BES IR T A
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KphpaB
EnhpaB
EchpaB

PlhpaB
PahpaB
SahpaB
PphpaB
KphpaB
EnhpaB
EchpaB

PlhpaB

EITLPEFAQCIALLAGACAST

A

PahpaB
SahpaB
PphpaB
KphpaB
EnhpaB
EchpaB
PlhpaB 117 KLEKETDAMIIVSEAKVVATNSALTHYN
SVDEEVDGYI VV S[EAKVVATNSALTHYN M 0l

PahpaB 117
SahpaB 170
PphpaB 119
KphpaB 237
EnhpaB 237
EchpaB 237
PlhpaB 237
PahpaB 237
SahpaB 230
PphpaB 167
KphpaB 297
EnhpaB 297
EchpaB 297
PlhpaB 297
PahpaB 297
SahpaB 286
PphpaB 215 G
KphpaB 415
EnhpaB 415
EchpaB 415
PlhpaB 415
PahpaB 415
SahpaB 403
PphpaB 327

ASIGE STVSLGVAERMLEVEREKTRNR

KSADDLRQORDATAEWSRLSYGWMGRTPDYK
KSADDLRQORDATAEWSRLSYGWMGRTPDYK
KSADDLRQORDAIAEWSRLSYGWMGRTPDYK
TSADELRQQRDAIAEWSRQTYGWMGRSPDYK
RSADELRQQORDAIAEWSRLTYGWMGRTPDYK
HTKEDLVRRRTMMMHWARYAHGMMGRAPDYL
WAMS

YVRGSNGMDHVERIKILKJMWEA I GSEF GGRAELYEINY|SGSQDETRLOK

6. i 2 ML R 5 AN R RIS hpaBIA P 91 22 57 L G5 RSt . (a) TSR hpa BV & ZEFR FP A1 ELXT . (b) AR 4 WE SR HBS 5 BC /R FAD ) AR 25 44,
XS B AERCAT I ipaBREAT T 4R . COFEMI I R IERRIG RS & 6L i LA AL CbRIE . Val: S&IR; Gin: &M Pro: W& Ala: WEIK.

MR HE FRATTEE L () S5 ML T LA BE T, S A HELX
W R SRR AL 2 S B AL S RS M B IR SR )OS Bk,
T # A fE+H SaHpaBMI PpHpaB/¥ 41 5 HAth Ji HpaBJ¥ 41l
P FEIEPEARAG, Rl AE PR 2R OB 45 A 0L s I T 75 5 R IX
P, NSRRI AL PaHpaB 5 HoAh 44~ 51 [R]
TR HpaBRgZ A 22 5. ek, FAIHE T 64 E N
AR FEIR206. BRABEIE208. MR H239.
FLEFR300. FENE B30 LRI R4 722 VB AE I S oz
M, BENEAMUAE T IR PaHpaBH [K6 (¢)].
B, XUk A7 T FADSS &85 8 Bl . FRoA 1HED X
6 FRIESXT T Hpa B AL TG 1tk A B mT . 4%, X
S B A7 A A AR T B I HE 2B W A R A R SRR SR I
WEe £ BRI, FRATT0 R S M PR B B8 hpa BIELAG d5t v i 1
HETE IR AT TWESE, e sl iR 1) 7= e it 18
IR FE 7 1) o

4. 53¢
B A I R R IR AR S T IR R AR AL

EUAE TR EY RS T A 5 [40]. FERAED
T E A AR BRI AR R AT — A AR

SR ST 5 H AR DR B ORS B ARH o 9 e A NI AR
o, A O A R R R 1Y) A R AR, 43 ) AT
YL WE 2 TR AR LR B (Rhodopseudomonas pa-
lustris) 1S3 1 HEY)IR A M €22 PASORE 1P > & A4
Coum3HAICYP199A2, JFfpiIthfE Kt w153 1
NHERR P20 [10,21,41,42] FERANTBTFE A, —ADEHE
B T R ASE AR AR P R A —— TR T R e Y LT &
MR . e, FRAVAERR I B BE A I 7 Coum3H
MICYP199A2, I 76 4 %A A Run il I 1 i 10 0%
. S5UbE e XSk, B HpaBMI HpaCH [FI{E H
& AHPA3HE (1) T X RE 0% 72 9 B th D& R HERg , #)
AN (6.3+0.3)mg L', Lin[9]H1Yao[24]%& H I
WFFEAE B, X L8 A5 R i B A AR 7 R AR
1 D) fE o

BRI T & TAL. EcHpaBfIEcHpaCHE 1)
BRCEREER, HHG R FEA L P8R
ATERAS & o AN [ A2 T 058 5 O] s A P T A2 A0 % MEAE AT 22 S
TR, B, KA [F b e i e A SRS R R AT D4R
AR A YR R SR I U4 [34,43]. 1R, IR
I &AL T 2 AHME IR hpaBMhpa CEER, 13
B T Z ML AHPASHEG & SRR, &3



PR i R ) 7 B R R e R SR AR R TR hpa BE
(PahpaB) [ 4H4A BT 3RAT 0 0 HE R = & 35 18 3 ] 432
Z R . 8t HpaBMIHpaClig 1 e & 17, &1L
B ARSYBE_Sc030200 174 £ i A& I ) Wi HE L 7= &= (A
Xt & A K AT BV hpa BRI hpa CH R 46 1 7 SyBE _
Sc03020002 (I MNmERR = &) HEw T 45.96% (6.3 mg- L™
P 3289.4mg- L), WA YIEEY], HpaBH HpaCH)
B HHC AT A TEAR S 1) B AR A BT TR RS B
ZiEE A EREENEH.

BEAh, T R S e PR 4H AT W IR v TR Y
TEJR, FRATTN Ko L K hpa BFE I I BEAT T 240 07 o
FATR I T VT BEAE M A kS 2R B 6N R LR TS VE
fi7 5 Val 206, Gln 208, Pro 239. Leu 300, Phe 3017l
Ala 472, "EAIVERL T FADSE S48 Bl . AT NFADSE
HiGEUE T hpa BRIHEAGTE % UL K hpa BYj hpa CHit & i
B . X —HENR R 1 — A ARk o B 14 1 AR
Jrle 5 b, FRATE URAE BRI R Bk SEEL T W HERR (1) &
B, EerErcEikE] (289.4+4.6) mgL”, S TR
O PHETR (1) dpt e 7 e 2 — o ASHIT T N AT $ A 22 A S iy
(B ) S S FH T B A 4 R - BB M 8 1 05 IR 3
BT —ANE B ET S R

g

AHFF AR E R ESIE (2014CB745100) Al
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Compliance with ethics guidelines

Lanqing Liu, Hong Liu, Wei Zhang, Mingdong Yao,
Bingzhi Li, Duo Liu, and Yingjin Yuan declare that they

have no conflict of interest or financial conflicts to disclose.

Appendix A. Supplementary data

Supplementary data to this article can be found online
at https://doi.org/10.1016/j.eng.2018.11.029.

References

[1] Galanie S, Thodey K, Trenchard IJ, Filsinger Interrante M, Smolke CD. Complete
biosynthesis of opioids in yeast. Science 2015;349(6252):1095-100.

[2] Martin V], Pitera DJ, Withers ST, Newman ]D, Keasling JD. Engineering a
mevalonate pathway in Escherichia coli for production of terpenoids. Nat
Biotechnol 2003;21(7):796-802.

331

[3] Ro DK, Paradise EM, Ouellet M, Fisher KJ, Newman KL, Ndungu JM, et al.
Production of the antimalarial drug precursor artemisinic acid in engineered
yeast. Nature 2006;440(7086):940-3.

[4] Paddon C], Westfall PJ, Pitera DJ, Benjamin K, Fisher K, McPhee D, et al.
Highlevel semi-synthetic production of the potent antimalarial artemisinin.
Nature 2013;496(7446):528-32.

[5] Ajikumar PK, Xiao WH, Tyo KE, Wang Y, Simeon F, Leonard E, et al. Isoprenoid
pathway optimization for Taxol precursor overproduction in Escherichia coli.
Science 2010;330(6000):70-4.

[6] Zhou K, Qiao K, Edgar S, Stephanopoulos G. Distributing a metabolic pathway
among a microbial consortium enhances production of natural products. Nat
Biotechnol 2015;33(4):377-83.

[7] Nakagawa A, Matsumura E, Koyanagi T, Katayama T, Kawano N, Yoshimatsu K,
et al. Total biosynthesis of opiates by stepwise fermentation using engineered
Escherichia coli. Nat Commun 2016;7(1):10390.

[8] Liu D, Li B, Liu H, Li BZ, Yuan Y]. Profiling influences of gene overexpression on
heterologous resveratrol production in Saccharomyces cerevisiae. Front Chem
Sci Eng 2017;11(1):1-9.

[9] Lin Y, Yan Y. Biosynthesis of caffeic acid in Escherichia coli using its
endogenous hydroxylase complex. Microb Cell Fact 2012;11(1):42.

[10] Rodrigues JL, Aradjo RG, Prather KL, Kluskens LD, Rodrigues LR. Heterologous
production of caffeic acid from tyrosine in Escherichia coli. Enzyme Microb
Technol 2015;71:36-44.

[11] Yoshimoto M, Kurata-Azuma R, Fujii M, Hou DX, Ikeda K, Yoshidome T, et al.
Enzymatic production of caffeic acid by koji from plant resources containing
caffeoylquinic acid derivatives. Biosci Biotechnol Biochem 2005;69 (9):1777-
81.

[12] Sachan A, Ghosh S, Sen SK, Mitra A. Co-production of caffeic acid and
p-hydroxybenzoic acid from p-coumaric acid by Streptomyces caeruleus MTCC
6638. Appl Microbiol Biotechnol 2006;71(5):720-7.

[13] De Campos Buzzi F, Franzoi CL, Antonini G, Fracasso M, Cechinel Filho V,
Yunes RA, et al. Antinociceptive properties of caffeic acid derivatives in mice.
Eur ] Med Chem 2009;44(11):4596-602.

[14] Wu J, Omene C, Karkoszka ], Bosland M, Eckard ], Klein CB, et al. Caffeic acid
phenethyl ester (CAPE), derived from a honeybee product propolis, exhibits a
diversity of anti-tumor effects in pre-clinical models of human breast cancer.
Cancer Lett 2011;308(1):43-53.

[15] Xing Y, Peng HY, Zhang MX, Li X, Zeng WW, Yang XE. Caffeic acid product from
the highly copper-tolerant plant Elsholtzia splendens post-phytoremediation:
its extraction, purification, and identification. ] Zhejiang Univ Sci B 2012;13
(6):487-93.

[16] Celik S, Erdogan S, Tuzcu M. Caffeic acid phenethyl ester (CAPE) exhibits
significant potential as an antidiabetic and liver-protective agent in
streptozotocin-induced diabetic rats. Pharmacol Res 2009;60(4):270-6.

[17] Bourgaud F, Hehn A, Larbat R, Doerper S, Gontier E, Kellner S, et al.
Biosynthesis of coumarins in plants: a major pathway still to be unravelled
for cytochrome P450 enzymes. Phytochem Rev 2006;5(2-3):293-308.

[18] Nakamura S, Minami A, Fujimoto K, Kojima T. Combination effect of
recombinant human interleukin-1 alpha with antimicrobial agents.
Antimicrob Agents Chemother 1989;33(10):1804-10.

[19] Cheniany M, Ganjeali A. Developmental role of phenylalanine-ammonia-lyase
(PAL) and cinnamate 4-hydroxylase (C4H) genes during adventitious rooting
of Juglans regia L. microshoots. Acta Biol Hung 2016;67(4):379-92.

[20] Kim YH, Kwon T, Yang HJ, Kim W, Youn H, Lee JY, et al. Gene engineering,
purification, crystallization and preliminary X-ray diffraction of cytochrome
P450 p-coumarate-3-hydroxylase (C3H), the Arabidopsis membrane protein.
Protein Expr Purif 2011;79(1):149-55.

[21] Ro DK, Mah N, Ellis BE, Douglas CJ. Functional characterization and subcellular
localization of poplar (Populus trichocarpa x Populus deltoides) cinnamate 4-
hydroxylase. Plant Physiol 2001;126(1):317-29.

[22] Li M, Schneider K, Kristensen M, Borodina I, Nielsen ]. Engineering yeast for
high-level production of stilbenoid antioxidants. Sci Rep 2016;6(1):36827.

[23] Zhang H, Stephanopoulos G. Engineering E. coli for caffeic acid biosynthesis
from renewable sugars. Appl Microbiol Biotechnol 2013;97(8):3333-41.

[24] Yao YF, Wang CS, Qiao ], Zhao GR. Metabolic engineering of Escherichia coli for
production of salvianic acid A via an artificial biosynthetic pathway. Metab
Eng 2013;19:79-87.

[25] Huang Q, Lin Y, Yan Y. Caffeic acid production enhancement by engineering
a phenylalanine over-producing Escherichia coli strain. Biotechnol Bioeng
2013;110(12):3188-96.

[26] Prieto MA, Garcia JL. Molecular characterization of 4-hydroxyphenylacetate
3- hydroxylase of Escherichia coli. A two-protein component enzyme. ] Biol
Chem 1994;269(36):22823-9.

[27] Heckman KL, Pease LR. Gene splicing and mutagenesis by PCR-driven overlap
extension. Nat Protoc 2007;2(4):924-32.

[28] Gietz RD, Woods RA. Yeast transformation by the LiAc/SS carrier DNA/PEG
method. Methods Mol Biol 2006;313:107-20.

[29] Nell RE, Phillips RH. Contributions of brewers’ yeast to a diet deficient in
reproductive factors. J Nutr 1950;42(1):117-27.

[30] Liu Z, Fu J, Shan L, Sun Q, Zhang W. Synthesis, preliminary bioevaluation
and computational analysis of caffeic acid analogues. Int ] Mol Sci 2014;15
(5):8808-20.

[31] Xiao P, Zhang S, Ma H, Zhang A, Lv X, Zheng L. Stereoselective synthesis of
caffeic acid amides via enzyme-catalyzed asymmetric aminolysis reaction. J
Biotechnol 2013;168(4):552-9.



332

[32] Zhang W, Liu H, Li X, Liu D, Dong XT, Li FF, et al. Production of naringenin
from D-xylose with co-culture of E. coli and S. cerevisiae. Eng. Life Sci 2017;17
(9):1021-9.

[33] Rodriguez A, Kildegaard KR, Li M, Borodina I, Nielsen ]. Establishment of a
yeast platform strain for production of p-coumaric acid through metabolic
engineering of aromatic amino acid biosynthesis. Metab Eng 2015;31:181-8.

[34] Kim E, Moore BS, Yoon Y]. Reinvigorating natural product combinatorial
biosynthesis with synthetic biology. Nat Chem Biol 2015;11(9):649-59.

[35] Sarria S, Wong B, Garcia Martin H, Keasling ]D, Peralta-Yahya P. Microbial
synthesis of pinene. ACS Synth Biol 2014;3(7):466-75.

[36] Zhao S, Jones JA, Lachance DM, Bhan N, Khalidi O, Venkataraman S, et al.
Improvement of catechin production in Escherichia coli through combinatorial
metabolic engineering. Metab Eng 2015;28:43-53.

[37] Xun L, Sandvik ER. Characterization of 4-hydroxyphenylacetate 3-hydroxylase
(HpaB) of Escherichia coli as a reduced flavin adenine dinucleotide-utilizing
monooxygenase. Appl Environ Microbiol 2000;66(2):481-6.

[38] Galan B, Diaz E, Prieto MA, Garcia JL. Functional analysis of the small

component of the 4-hydroxyphenylacetate 3-monooxygenase of Escherichia
coli W: a prototype of a new flavin:NAD(P)H reductase subfamily. ] Bacteriol
2000;182(3):627-36.

[39] Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H,
et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007;23(21):2947-8.

[40] Luo Y, Li BZ, Liu D, Zhang L, Chen Y, Jia B, et al. Engineered biosynthesis of
natural products in heterologous hosts. Chem Soc Rev 2015;44(15):5265-90.

[41] Choi O, Wu CZ, Kang SY, Ahn JS, Uhm TB, Hong YS. Biosynthesis of
plantspecific phenylpropanoids by construction of an artificial biosynthetic
pathway in Escherichia coli. ] Ind Microbiol Biotechnol 2011;38(10):1657-65.

[42] Kang SY, Choi O, Lee JK, Hwang BY, Uhm TB, Hong YS. Artificial biosynthesis
of phenylpropanoic acids in a tyrosine overproducing Escherichia coli strain.
Microb Cell Fact 2012;11(1):153.

[43] Chai F, Wang Y, Mei X, Yao M, Chen Y, Liu H, et al. Heterologous biosynthesis
and manipulation of crocetin in Saccharomyces cerevisiae. Microb Cell Fact
2017;16(1):54.



