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Abstract: Hydroxytyrosol is an important fine chemical and is widely used in food and medicine as a natural antioxidant.
Production of hydroxytyrosol through synthetic biology is of important significance. Here we cloned and functionally
characterized a hydroxylase encoding gene HpaBC from Escherichia coli BL21, and both subunits of this enzyme can be
successfully expressed to convert the tyrosol into hydroxytyrosol. A HpaBC gene integration expression cassette under the tac
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promoter was constructed, and integrated into the genome of a tyrosol hyper-producing E. coli YMGSA*R using

CRISPR-Cas9 technology. Meanwhile, the pathway for production of acetic acid was deleted, resulting in a recombinant strain
YMGRDI1HI1. Shake flask fermentation showed that strain YMGRD1HI can directly use glucose to produce hydroxytyrosol,
reaching a titer of 1.81 g/L, and nearly no by-products were detected. A titer of 2.95 g/L was achieved in a fed-batch

fermentation conducted in a 5 L fermenter, which is the highest titer for the de novo synthesis of hydroxytyrosol from glucose

reported to date. Production of hydroxytyrosol by engineered E. coli lays a foundation for further construction of

hydroxytyrosol cell factories with industrial application potential, adding another example for microbial manufacturing of

aromatic compounds.
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Fig. 1

The metabolic pathways for the production of hydroxytyrosol from tyrosine” .. TDC: tyrosine decarboxylase;

TYO: amine oxidase; ADH: alcohol dehydrogenase; HpaBC: hydroxylase; DODC: levodopa decarboxylase; TyrB:
aromatic amino acid transaminase; KDC: keto acid decarboxylase.
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AROI10*, ZEHWREW AT LU MPL A R ik
SR S5 D P A 7 e R O AR g A
R RSN -, A RIBKIET E. coli BL21
FAL W3 N HpaBC I13E4T £ BR R 7= ¥ & 42 4
T, SEEL T A R B R AL A R S T I

Glucose Hydroxytyrosol
| A
f// HpaBC
DVkF:: AROIO* )\
R PEP E4P FOL
¥ Tyrosol
l porB HpaBC ] or pabA::ARO10* ‘
I womscemmnifsmnemny pabB::ARO10* adh
HAc ' Lacl::ARO10*
E aroC rA
DAHP ~2% 4 SHIK . cHA 20 4upp 4HPAA
ackA-pta B | ! feaB
trpE::ARO10* phed |, l
. | TYR 4HPA
Ac-CoA TRP  PHE

2 KB EANRBAEEBRESFEEREBEMNRERENE (G6P: 6-HEREEME; PEP: MERIFEEN\ AENER; E4P:

4-TEER TR EENE; DAHP: 3-BiS-PUhi{H-FRER-7-B4ERES; SHIK: FEER; CHA:

S B, 4HPP: 4-BREFHE

B%: 4HPAA: 4-BEEXZEE: PYR: WEIEE: HAc: CF&: Ac-CoA: ZFEEHE§ A: FOL: MER: TRP: BHE:
PHE: XR&E: TYR: WEEK: 4HPA: 4-BEXZE: pykF: REIESHEE: aroG: 3-BR&E-p-FHAEERE
T-HEER S B8; aroE: BEEBREES; aroC: HXEEEKEE; tpE: SSEEFRESHEE; phed: HXERTAIEE; tyrd:
DEERTOLEE; oyrB: FERDLEREEEE; feaB: RCHEIREEE; adh: B2IREEE; poxB: WS LEE; ackA:
ZERMEE; pta: WEERYE ZELES: ARO10*: FAEAERELIRES: HpaBC: $Z1LER)

Fig. 2 Engineering the metabolic pathway in E. coli for production of hydroxytyrosol from glucose. G6P: glucose

6-phosphate; PEP:
acid-7-phosphate;

phosphoenolpyruvate; E4P:
SHIK: shikimic acid; CHA:

erythrose
chorismate;

4-phosphate;
4HPP:

DAHP: 3-deoxy-arabin-heptanoic
4-hydroxyphenylpyruvate; 4HPAA:

4-hydroxyphenylacetaldehyde; PYR: pyruvate; HAc: acetic acid; Ac-CoA: acetyl-CoA; FOL: folic acid; TRP:
tryptophan ; PHE: phenylalanine; TYR: tyrosine; 4HPA: 4-hydroxyphenylacetic acid; pykF: pyruvate kinase; aroG:
3-deoxy-D-arabinosylheptanoate 7-phosphate synthase; aroE: manganese oxalate dehydrogenase; aroC: chorismate
synthase; #rpE: anthranilate synthase; phed: chorismate mutase; #yrA: chorismate mutase; #yrB: aromatic amino acid
transaminase; feaB: phenylacetaldehyde dehydrogenase hydrogenase; adh: alcohol dehydrogenase; poxB: pyruvate oxidase;
ackA: acetate kinase; pta: phosphotransacetylase; ARO10*: phenylpyruvate decarboxylase; HpaBC: hydroxylase.
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1 #REFE

1.1 ##
1.1.1 BBk R

YMGS5A*R AR L FE R, B e
FH R 2 B R ATORE AN R 1 TR
1.1.2 5|9t

g AT S 1R 2 s
1.1.3 5

AFF 5 H I FH R F R AR T B A0 45 30 1 ) 1 %
BRRAT TEHLER SR A 24k AN
BRAW SR EE-B-D-BAC LT (IPTG) WA
iR MR AR R A IR E] AR . BRI
B R R . R RIREREW AL TAEY T
() B ABRAR; FEEE. B RS AR
HE 0 B Sigma-Aldrich (7 Fif); BRSIPERN
VI EcoR 1 F1 Hind 53400 B 2R /R BHE
Nwl; %M Solution I . PrimeSTAR®DNA %
G Ex Taq T . rTaq B30 A AW TR (K
) fRAHE,
1.1.4 BEFRERZ W

LB i3It (g/L): BEbERy 5. &AM 10,
NaCl 10, [k LB #5575 5H 2.0% (W) Bl

F1 FHARPTAEKRS B

¥y KB A 121 C L 15 min.

MOY Jigikt (g/L): NayHPO4 12H,0 17.1,
KH,PO, 3. NaCl 0.5, NH,Cl 1. #j#ZjHk 20, i
BBy 0.25. 5 mmol/L MgSO47H,0., K# 5 1H
115 C. 15 min, ', MgSO,7H,0 75 H
MK, KR 121 °C. 15 min,

PBS ZZwhi (g/L): NaCl 8. KCl 0.2,
Na,PO, 1.42, KH,PO,40.27.,

1.2 HHEE
1.2.1 2ALEEE N HpaBC WFREU I T 40 Fopith gt

LBBE E. coli BL21 FEF 41 Akt PCR
PRI 2 3L N HpaBC (GenBank % 5% .
CP053601.1), ik 5 K P A~ BIR i e il 17 37
EcoR 1 . Hind 111435151 A3 K 5 35 .

¥ pEtac FUk Al HpaBC & K H BR il 4 P9 U il
EcoR 1 | Hind NI4T W EEY) 5, FH Solution I 3%
FERFVEATIERE N E. coli IM109 JE&A2 254 it
i 16345 IM109/pEtac-HpaBC Ttk .
1.2.2 EHAWEKRHE

K F A 27 6 Ak 10 # i 1) 2 41 SR pEtac-
HpaBC % ABERER =R YMGSA*R i, FRAG7
BRI A FE R YMGSA*R/pEtac-HpaBC.

Table 1 Strains and plasmids used in this study
Strains/plasmids Features Sources
E. coli IM109 Gene cloning This laboratory
YMGS5A*R E. coli MG1655 AfeaB ApheA AtyrB AtyrR lacl::AROI10* trpE::ARO10* This laboratory
pabB::ARO10* pabA::ARO10* pykF::AROI10*
YMGRDI1 YMGSA*R ApoxB This study
YMGRD2 YMGS5A*R AackA-pta This study
YMGRDI1H1 YMGS5A*R poxB::HpaBC This study
pEtac Ptac-KanR This laboratory
pEtac-HpaBC Ptac-KanR This study

pCas Kan Pcas-cas9
pTargetF pMB1 aadA
pTargetF-poxB pMBI1 aadA sgRNA-poxB

pTargetF-ackA-pta pPMBI1 aadA4 sgRNA-ackA-pta

This laboratory
This laboratory
This study
This study
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Table 2 Primers used in this study

Primers Sequences (5'-3")
HpaBC-L GGAATTCATGAAACCAGAAGATTTCCGCGC
HpaBC-R CCCAAGCTTTTAAATCGCAGCTTCCATTTCCAGC
poxB-u-L GAAGAACCGT CCACAGGCCG
poxB-u-R-q TGACGGGAAA TGCCACCCTT GGTTCTCCAT CTCCTGAATG
poxB-u-R-z CATTTGCTGT CCACCAGTCA GGTTCTCCAT CTCCTGAATG
poxB-d-L-q CATTCAGGAG ATGGAGAACC AAGGGTGGCA TTTCCCGTCA
poxB-d-L-z AAAGGAGGAA CTATATCCGG AAGGGTGGCA TTTCCCGTCA
poxB-d-R TCCGCCAGCG AATGGCAC

poxB-u-HpaBC-L
poxB-HpaBC-d-R
poxB-u-HpaBC-d-L
poxB-u-HpaBC-d-R

CCGGCTCCGT ATATGGATTG
GCTCGCGGGT AAATTCCCAT

Sg-poxB

testSg-poxB CCAAAACACTCGAATCGGCA
ackA-pta-u-L TGCCAACACCTGTCCAGACTC
ackA-pta-u-R-q

ackA-pta-d-L-q

ackA-pta-d-R CCTCTTCTCCCATACCAAAT
ackA-pta-u-d-L CGATCGGCGGCATAAAACGG
ackA-pta-u-d-R CGATCCTGAGGTTAATCCTTC
Sg-ackA-pta

testSg-ackA-pta AATGGTGAAGAGTACCTTTC

pTarget-R

CATTCAGGAG ATGGAGAACC TGACTGGTGG ACAGCAAATG
TGACGGGAAA TGCCACCCTT CCGGATATAG TTCCTCCTTT

GTCCTAGGTATAATACTAGTCCAAAACACTCGAATCGGCAGTTTTAGAGCTAGAAATAGC

AGCTGCGGATGATGACGAGAGGAAGTACCTATAATTGATA
TATCAATTATAGGTACTTCCTCTCGTCATCATCCGCAGCT

GTCCTAGGTATAATACTAGTAATGGTGAAGAGTACCTTTCGTTTTAGAGCTAGAAATAGC

CGGACTAGTATTATACCTAGGACTGAGC

% F CRISPR-Cas9 4% A& MU xf % 1 #
YMGSA*R R ™= LRI KR poxB il
ackd . ptaViy BT TR . RIS PCR HYJf
244 poxB bR IR IR BEAT I8 4L, RS poxB T
S, PR UKL pTargetF 1 pCas F:[q]%% A TH
bR YMGSA*R LA Ik Feke, Bk kLS
P15 poxB BRI EE YMGRD1., RHAH[R]
H 7 M B ackA-pia SR IR A9 R B YMGRD2.
KA PR3k 45 tac-HpaBC FER# &Rk E,
¥ H 5 ikl pCas Ml pTargetF I [F] 7% A T #k
YMGSA*R H, Fiik kA5 I 7% YMGRDIHI

1.3 ERABEHG
PR AN ZE LB AR RS IR 5L F Ry
F%, PRBCAREVEREAN TS 20 mL LB JRIAR 57

. 010-64807509

A 100 mL #EEH, F 37 C. 200 r/min }5 5%
W Fi 1% R R, S A 50 mL LB WAAR:
FRHER 250 mL EE M, F 37 °C. 200 r/min K%
7% 10 h JFWERA, B TREAKsE—k, %
R 50 mL MOY WA SRS 250 mL H#EIE
1, T30 °C. 200 r/min ¥555 48 h, FFFE 12 h LK
W ODgoo R W &t Horr, Ui RIBFEALBEET,
TR ODgoo 1551 0.5 BHIIAZMRE M 1 mmol/L
B IPTG 5%, AP ITHIiA R EEHE:
FIBEE (50 mg/L) ALHEWEZE (100 mg/L).

1.4 SDS-PAGE Hjk&#H

¥ YMGS5A*R/pEtac-HpaBC Hikk7E LB 155
FHrpiE PRFE 24 h )5, 6 000 r/min .0 10 min,
WA, Bk —k s, 25 mL PBS 2%

B: cjb@im.ac.cn
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MR E R, WERES O R R ULEE, ity
SDS-PAGE HiL UK KIE .

1.5 AEBEABEH

B ERIGIERE TR, DL 1% m A 32
50 mL LB #IAEFRIER 250 mL #EIEMESH, T
37 ‘C. 200 r/min §53% & ODgoo M 1.5-2.0 i}, F%
HEO10% MM R T2 2 L MIY #5573
SL REERES

KRR AR E N 1.5 vvm, ZETHE N
TR S AEFF K RIS iR 40 (Dissolved oxygen,
DO) fH 30%—40% % = F% W 600 r/min; Jifil
200 g/L BEREM R (8 mL/IK) #b 35 Mk A= K
IR, BRERERAEORIE . RA
Wi B iR & B2, 0-14 h 4 37 C, 1448 h Hy
30 'Co AEE R, ke K A sk
B pH A 7.0, AF[EIBE 4 h BURER I ODgoo .
ZHE . TR EE AR EL R . RIS, 5
Tl I 7 2 2 U B AR AE S g/l
1.6 &M A%
1.6.1  BRER. FRELEREEA I 7 Bk

B R BERCHE KW 15 min, B0 U B, IF
K AL B R L U8 o = RO A B3 (HPLC) 43
MrH R . Wik 1 mL/min; FEBIAHA 80% (V/V)
FIHER (0.1%, W/V) F1 20% (V/V) BY4EH i
WU AIR C18 4 (4.6 mmx250 mm, 5 pum); FE
W 28 C; PEHKh 280 nm; LEAMGIEE; MEREE
10 pL.
1.6.2 A LB 7 vk

FESRALBEA] 1.6.1 Jridi. HPLC /MM &4 T
ik 0.5 mL/min; JhAHA 5 mmol/L #ifiiia;
PR IRA AR 4> M AL (7.8 mmx300 mm ,
9 um); FEfE 55 C; RID /RZEERKIG; vHEEE
10 pL.
1.6.3  FEWHRI 7 vk

BT R A AE IEA AT A (LR B B B
AT RT) SEAT ARSI
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2.1 ¥:1LE§ HpaBC BIRIE

K BURL pEtac ik 2 {LF HpaBC, 1 #4 4
HIE 4 B YMGSA*R/pEtac-HpaBC WATiH S5
It SDS-PAGE Hiyk 73 #r. &l 3 s, BRI
AR (KB 3) FAHIETTIERR S (KIE 5)
YA 2% 3 A LUK AR, HOR/IN g I AE
58 kDa #1119 kDa 24y, 5 4-F 5K LR 3-F0
Al (HpaB) FIE KL JAE (HpaC) HIEEIES> T

A Hind 111 (7 526)

HpaC ?; it

a \I'{an
V 4
H; paB \/(

T7t

pEtac-HpaBC
7702 bp

EcoR 1 (5427)
Ptac

BamH 1 (5168)

584

19.1

E 3 pEtac-HpaBC [RHiEE (A) K HpaBC £ 1{LHEs
SDS-PAGE Hjk 5 #E (B)

Fig. 3 pEtac-HpaBC plasmid map (A) and SDS-PAGE
analysis of HpaBC (B). 1: marker; 2: YMG5A*R whole
cells; 3: YMGS5A*R/pEtac-HpaBC whole cells; 4: the
cell-free supernatant and 5: the precipitate of
YMG5A*R/pEtac-HpaBC cells.
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] FH Pk YMG5A*R/pEtac-HpaBC K ¥ 48 h, ¥
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HpaBC M HLATfEfbIE M. {HifEE5 %1k HpaBC i
I, ZH Y L T AR, W — APk
T P T L T o
2.3 ZERERIRIZAR

L B R B AR T R, A bk
YMG5A*R/pEtac-HpaBC 1F{EZTRTR ZH1 pH &
RIS . KGR 9  TRis 1% B2 G A
OWIFRZ: poxB Hk K -3 1t V3 T R Ak B AL
RNER; QTG A 4 ackA. pta FEHFRIEK
LR FIBE IR 4% L BERB AL SR o 43 30l B
R YMGSA*R F 5K poxB. ackA-pta, FHEET
HE K YMGRDI1 Al YMGRD2 J-% 28 2 W24 ik,
KF-

020
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Fig. 4 Production of hydroxytyrosol by strain
YMGS5A*R/ pEtac-HpaBC.
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3 fron, S kKEHR YMGSA*R ML,
poxB KPR ackA-pra B W R ER BIFEAR T SRR
Fo Hr, poxB HEKRERFEH YMGRDI LR
TR B ERAS . 7R AT AR YMGRD1 i {4
WeRE = T AR YMGSA*R #1 YMGRD2 (K] 5A),
R CIRE A A R T A A . HBEE &
% A E) A FE K, YMGRDI Bk A9 A= K A4 A8
Gz, o3 0TI AT B A e A T AR SR 0T A i HL AT
—ERET . %5 58T T A A Y 7 B R A O
(1 5B), A% 12 h N5k BR H g BAR) 5 g/Ls KT
24 W), ROAEPHEFEIS, XL MR AR A S W
MRS E RN Z —. ANl 5C iz, poxB JEA
R i P TR R, e R 128 gL, 5
PR MR YMGSA*R M H$E & T 22.38%; fH
ackA-pta K& PR B X8 1 T 5 i 19 FR 2R 52 ) ¢
/N XU BRI SRR AR A T IS A5 o

2.4 HpaBC BEEMEBERIX

FAEE tac 58 3h T IRF%E HpaBC FEIR Y Fik £9F
443 YMGRDI PR poxB FERAL S, RISk
YMGRDIH1., 55X HEERAH I, YMGRDIHI 1)
YA R (K] 5A), HJE R AT RESE HpaBC
AT 1 2R 38 ) M 9 Z2 R s A FRAVE R
A AR A — e 1 R YMGRDIHI 3
ke F 1% st 77 S Bl N ) S B4 B TH)R R R s 3
(Kl 5C), T LBEH B EE ™ & KiRies, ik
fitf HpaBC TGk S il 1 i st 2 Ak Sy 7% 56 s 1t o
YMGRDIHI P #k & B b 2 Ik i it = it 8 1
T, 48 h IHEIEREEE = k5 T 1.81 g/L (K 5D),
FEXT T 25 2 8 TR R 1S IR P 4

®3 TRENRAEZpH RCEREE
Table 3 pH and acetic acid content in fermentation
broth of different strains

Strains pH Acetic acid (g/L)
YMGS5A*R 4.88 3.09
YMGRD1 5.83 1.27
YMGRD?2 4.95 2.69
YMGRDI1HI 5.84 0.73
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Fig. 5 Fermentation results of different strains. (A) Cell growth. (B) Residual glucose. (C) Tyrosol production. (D)

Hydroxytyrosol production.

%P YMGRDIHI Wbk, %% T IRE ORI
R LR ARO10* GBI 30 'C, /L HpaBC
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Fig. 6 Effect of temperature on tyrosol and hydroxytyrosol production by strain YMGRD1H]1. (A) 30 °C. (B) 37 °C.
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Table 4 The content of intermediate products in the
fermentation process of YMGRD1H1 strain

Time (h)
0 12 24 36 48
Shikimic acid = = — - _
4-hydroxyphenylpyruvate 1.23 236 5.68 6.01 7.97

Mid product (mg/L)
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Fig. 7 Hydroxytyrosol production of strain YMGRDI1H]1
ina 5 L fermenter.
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Table 5 Comparison of biosynthetic production of hydroxytyrosol in recent 5 years

. Scale Substrates Titer ~ Reaction
Methods Strains @) (mmol/L) (@L) time (h) References
Active  MG1655 AfeaB ApheA AtyrB AtyrR lacl::ARO10* 2 Glucose 2.95 48 This study
cell trpE::ARO10* pabB::ARO10* pabA::ARO10*
PykF::ARO10* poxB::HpaBC)
Active BW25113 AfeaB/pZE-Arol10-ADHG6/pCS- 0.05 Glucose (13.8) 0.65 48 [7]
cell TPTA-HpaBC Glycerin (108.7)
Active BL21(DE3) DtyrR::FRT-DPheA::FRT- - Glucose 0.27 30 [20]
cell DfeaB::FRT-kanR-FRT/pA-aroGfbr-
tyrd” /pC-TDC-TYO/pE-HpaBC
Active HMS174(DE3) [BBR] ori cat 0.05  Glucose (50) 0.27 48 [21]
cell PlacUV5-aroE-aroD-aroBOP
PLtetO-1-aroG*-ppsA-tktA dbl term]
[pl5a ori bla PlacUVS5-tyrB-tyrA*-aroC T1 term
Ptrc-aroA-aroL dbl term] [RSF ori kan lacl
T7prom-PcTDC-T7prom-RsTYR-T7term]
Active BW25113 AfeaB/pZE-Arol0-ADH6/pCS-HpaBC 0.05 L-tyrosine (16.56) 1.24 48 [7]
cell
Active BL21(DE3) AtyrR::FRT-APheA::AfeaB-FRT/pC- - L-tyrosine 0.21 30 [1]
cell PcAAS-HpaBC
Active BW25113 AfeaB/pRSF-HpaBC-tyo-tdc 0.05 Tyrosine (15) 1.89 36 [5]
cell
Active BW25113AfeaB/pRSF-tyoMUT1-22- 5 Tyrosine (30) 3.37 48 [6]
cell HpaB23F9-M4C-dodc
Resting BW25113AfeaB/pRSF-tyoMUT1-22- 1 Tyrosine (45) 4.69 48 [6]
cell HpaB23F9-M4C-dodc
Resting Pseudomonas aeruginosa 2 Tyrosol (43.43) 5.75 18-27 [22]

cell

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