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High-density fermentation of Escherichia coli to express
4-hydroxyphenylacetate 3-hydroxylase and efficient
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Abstract: The 4-hydroxyphenylacetate 3-hydroxylase (4HPA3H), originated from Escherichia coli,
converts p-coumaric acid to caffeic acid. In order to improve the efficiency of caffeic acid biosynthesis,
we engineered E. coli for overexpression of 4HPA3H. The high-density fermentation of the engineered
E. coli was conducted in a 5 L bioreactor. Subsequently, the conditions for whole-cell biocatalysis were
optimized. The dry cell weight of the 4HPA3H-expressed strain reached 34.80 g/L. After incubated in
the bioreactor for 6 h, 18.74 g/L (0.85 g/(L-ODsq)) of caffeic acid was obtained, with a conversion rate
of 78.81% achieved. To the best of our knowledge, the titer of caffeic acid is the highest reported to
date. The high-density fermentation of E. coli for overexpression of 4HPA3H and the efficient

biosynthesis of caffeic acid may facilitate future large-scale production of caffeic acid.

Keywords: 4-hydroxyphenylacetate 3-hydroxylase; caffeic acid; high-density fermentation; whole-cell
biocatalysis

WIMERR (caffeic acid, CA) J&2—FHET MM REP. HALIXH SRR (p-coumaric

4-F IR A, ¥k 3-3.4-2
BRI IR (CsH,0,COO0H, 4Tt N
180.15), | IZHET @ MM RAR LY,
WS . BRIEAK . ZEF . mmERnRE I N BT
K BROMHERR B 2R 2B E R, npumt .
B 3G 7 B R 2500 BOED | LA eI ok
FRTEE ML . 25 Aot fh ATl 35 & ¥ 56 T AR
R, (ER, AEY R e R S R 2R
FEREMBTRI A, I H" RS2 RN R
s, S —J5Tar, MIMERR T2 T B
B TE w7 20 00 SO0 26 R AT, T8
ARSI T i B =S R B Sy WAt /= SIS
R JE, WIHERR A=) & B E s 7AW 51 )

: 010-64807509

acid) AKX, 4-FHEK LREE 3- 1L iE
(4-hydroxyphenylacetate 3-hydroxylase, 4HPA3H)
NP, w255 i H AR P HERR
27 HAT B R WA R I HoX PRI B A4
(110121

1994 4E 2 A BE5E 274 % 4HPA3H 1973 141
AR T R AE 2012 AR%E
SEFIFRIK T R ER IR 4HPASH, JFHl 1%
B A X A R A ) MR TR, e S Wi R PR
(7= k% 3.82 ¢/L (461.12 mg/(L-ODgyo))! s
4HPA3H Je i 4-32 LI L MRMR 3- B0 i 4 g
(4-hydroxyphenylacetate 3-monooxygenase, HpaB)
FINAD(P)H-# Z A L )i (NAD(P)H-flavin

B<: cjb@im.ac.cn



ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech
HpaB
O o, H,O O
FADH, " FAD
HO
~ OH \ / ~ OH
=
HpaC
HO HO
. . NAD* NADH . .
p-coumaric acid H* Caffeic acid

B mHER A A R R
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1.1.1 EM5RN

SEI6 BT B9 K FF B (Escherichia coli,
E. coli) BL21(DE3). E. coli XL1 flJfik; pET28a
NS E R A o
112 BERESFERF

EHEN In-Fusion FIRRE4: 9 U1 BamH 1 |
EcoR I #JJlJ H TaKaRa /A A ; iR/ s HE G
FE /NS AEHEEE DNA [mIlict ) &3 m
HITMMERAYRBEARAE,; RIEREA
i e MR AR AR B BR A w5 JobLE R
¥ F b 2 A R BR A F

LB K532 3E (g/L): Wbk 5, BRE A 10,
FAkdn 10,

M9 $iFRIEE (g/L): T KA BEIR A N
17, BEMR 2081 3, #iahE 5, Mebkwr 5, Ak
B 1, E Ak 0.5, LKBREE 0.5, & 1b45 0.011,

VIR REERE R (g/L): T K EBmRE —
BAO17, BRER —EBR 3, #IAIME 10, FEERR S,
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Ak 1, EAksh 0.5, BKBEREE 0.5, Adk
£50.011,

RHE SR B (g/L): AR 500, [EEEER
100, &I 10, LKBRBREE 7.

DL SR K E 454 115 °C . 30 min,
b i . SRR AN AT B KA

MORICEBEW (g/L): L MMM 0.84,
ANIKEEAES 0.25, MAKAFLE 1.50, Sk
i 0.15, #ER 0.30, HHEREI—IKEW 025, —
KRR 1.30, FriEfRek 1.00, % T 0.10 mol/L
HCL, %M 0.22 pum g 16 R

WA (g/L): FLBHERR 60, SN %E-B-D-fi
AEFUMEF (isopropyl-B-D-thiogalactoside, IPTG)
Bk 2.38, K 0.22 wm JE R UERR R

50 mmol/L %) PB ZZ ¥ (g/L): + /K&
BERR S 40 17, B &80 3, pH ¥ 7.0,

12 FH&
1.2.1 ITIEEHMBEIESFREMRL

KA AT & K 4HPA3H () HpaBC %t [H ¥ 51)
A )\ E. coli BL21(DE3) 3450 ¥ e A s NCBI
M3 b E. coli BL21(DE3) 43t X 5 41 1
Snap Gene (4.2.6) &i151¥), 5149t
PR 23 bp FJS 26 bp ME AT B —H 43, FFhn
F#4Ak pET28a L4 BamH [ 1 EcoR [ A1V A AY
15 bp [EWE 751 2519811k HpaBC-F:
5'-GACGGAGCTCGAATTATGAAACCAGAAG
ATTTCCGCGC-3'#l HpaBC-R: 5-AATGGGTC
GCGGATCTTAAATCGCAGCTTCCATTTCCAG
CA-3', 51 MEREYF B A RA R A
Mo BITEGI L BL21(DE3) K41 DNA
Bt £ % PCR 3% J5 VIR [l HpaBC [l
JBt; pET28a JiikiZ: BamH [ il EcoR 1 X
Y vIe i, F In-Fusion i&3#%M## HpaBC
BN R BOEE % pET28a #4K |, A BTl E
Pk E. coli XL1 J&z&4ifierh . Pk A -RIE:
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RPUMERBAE PR TR, SRR, P
iE i W 343 T pET28a-HpaBC J&i ki, #f
pET28a-HpaBC i kiid id fb2a i b ki A =R
W% #F# E. coli BL21(DE3) & 22540, 4k
RIAPER RS, RS, ARERKR
ODgoo M 0.6 I AZHKE 0.2 mmol/L i) IPTG
WS 3 h, BRENEIARYIN T GIR R
20 ho Hp KRR . SN & —338
37 C. 250 r/min. BHFRES 4R E R
SDS-PAGE kil £ 1383k, [ 20 h J5 R H &
RORA (1AL (HPLC) A& ERR

IPTG s&— M B AWTERE S S A, X T
PR A LA — 7 1 B VR L R 3R AT 2R M9
B B IR B AE K & ODgoo M 0.6 Ze47, %t
WAl IPTG MMEEHTTIifk, A IPTG B4
g} 0.025, 0.05, 0.1, 0.2, 0.4, 0.6 mmol/L.
B 3hJE, MALWE N 4 /L WY& T
fig, 37 °C. 250 r/min JZ M 20 ho FEE5M600
JEE TSI 52 1 45 R JS VR Y ODegoo {H , HPLC £
DB PR ) 7 i
1.2.2 ThFigsHF

BH M7 A E coli BL21(DE3)/
pET28a-HpaBC, £l T3¢/ 100 mL LB 15573
(FA 0.1% RIREZ) MHETERY, 57T 37 C.
250 r/min BFEIR SR, WHRAEK E ODego 2
2.0 fE P TR
123 SEEXE

Pl LA 4% MR i e fh TG 2.5 L W)
IR BESE SRR 5 L RIS, e BRI R
37 C, ¥IiRF M 300 t/min, #H <&M 3 L/min,
A i R BR AL (300—-800 r/min) 4E 4% AE
30%Z5 45, R 25%—28% (WIV) 7K I T 45
TS IR ISR pH E-N 7.0, 5 B VR0 A= 4
ANWTHEIN, ke EEE P RS EORWT R R, PR
A F b PRI E A5 [ 5E Y 800 r/min, M,
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AR AR, B SRR 8 L/min, XK %
T TP ) 0 A B RE R, T AR ) JC Ik Ak s A
K, WEIFGRE BT, SEB R RN EE, MR
KT AL 10%—30%89 4N =, 83 5L
R TEE I TC %) 065 20 SR A AR 3 % Bk kA T
B ICSERE RIS BE ODeoo 1A 220 4 19 5K
B, SRR bR A K e E T R AR K
AR, TERBEP R EREMALWE S 2 g/L
MFLHE S EANRER . A TIREF KN
S, BUFEHER R B AR R K (2.0 4. 6.
8. 10. 12 h) MHHIF MR E (ODgpo=5), KH
SDS-PAGE Fiill & 1335 ; Kk S/an TR
PRE BT 50 mmol/L /) PB ZZ M (pH 7.0) Jx
NAAFRH, IMALIREEN 4 /L BIRY), T3
WEH 3.3% (VIV), TERH AL 20 h,
HPLC KMk R - £
1.2.4 ERECEHRL

K FH B2 0 1 A7 4 200 B A Ah i) 6 il B 0L 4%
. BUASEM TREK, EET 50 mmol/L
) PB Z& 0P (pH 7.0) WAKZRH (ODgoo=5),
BT 37 C. 250 t/min $& K H WY 20 he 5517
ZNRP I = BAREIS IR EE | SOV AR R
B W RN JES ) — UK A S X A A A AL A
WA P D552 0
1.2.5 ERLZBESMEMEEL

PLS L AR b, BCTEE 8 g/L (ODgy=22)
(P ZART 3 LitiR) fm%E LWHF M
THEERE, EET 50 mmol/L PB (pH 7.0) Z&
WP LR AR A A LL 1.67 g/(L-h) 1Y
TN 2 R N A . RN pH FE A 7.0, fiE
PR B N 800 r/min, i N 8 L/min, JiE
Yt SR L 5.4 g/(L-h) BOUINE i AR
W, fE 37 ‘CJ 6 he
1.2.6 #®MAITEGZE

WA 7 R - BB R i
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MkE 10 7%, BLOE BV 4 0.22 pm JEIRE 8.
A A% (HPLC) K& R . #ish
MR ZIR (0.1%, WV) K- el 5 SO0
JEVERG; Ui 1 mL/min; K00 323 nm; 5
HMEGINES ; A3E4: K EF-C18M (4.6 mm»250 mm,
5um); iR 35 C; HERER S L.

BRI 771 SR SBA-40E A W% Jdk
A EAT ARG o

WA & BRRIOEEE ODeoo 4K H
SN THER WA R 600 nm FIE
HAE ODgoo ELFNAHMI T HOC R T4 T
(g/L)=0.361 5 ODj000

SR FH A 08 B 1R ) 3R VA T g 68 JE P, DK
(sodium dodecyl sulfate polyacrylamide gel
electrophoresis, SDS-PAGE) R ¥&&E H /01
ANFITEBE AL UK oy B A I 3 3Rk . U SIS
ODgoo 4 5 TR, B5EETEIA, A 50 mmol/L
i) PB ZZ ik (pH 7.0), A BHE JS A AR P18

2 B2 7 2, u:ﬁx‘;—?';

SLESE A 3 IR, I s R A Y B bR HE
% (X+s) #Fow, Il Origin Pro fHl/EF:TE K
CIEES AL

2 BEREAW

21 REIEEHKRESTIKEMUER

LI KIHHFE E. coli BL21(DE3) 4N
Rk, it PCR P74 3515 HpaBC MY LA F B,
WK 2 Fros, EERCH IR R PCR 345 AL A
B, HAH /NN 2 093 bp, 4 In-Fusion %45
il A4 F T B AY Bk pET28a-HpaBC, HiZki Kk
/IR T 462 bp, iR pET28a-HpaBC 4% A K
% ¥ E. coli BL21(DE3) H, & 926545 210
& 3, E. coli BL21(DE3)/pET28a-HpaBC FIx} Hd &
¥k E. coli BL21(DE3)/pET28a #f It., fE2 58.9 kDa
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2 4HPA3H E[E (HpaBC) &Y PCR {174
(FRik &5 1) F1 pET28a-HpaBC FRhL (FEIKEET 2)
Figure 2 PCR amplified products of 4HPA3H
gene (HpaBC, lane 1) and pET28a-HpaBC plasmid
(lane 2). M: DNA marker.

fl 18.5 kDa AbA I &4, 40502 HpaB Fil
HpaC. WAHZE R B RWE 4 Fin, TRERK
E. coli BL2I1(DE3)/pET28a-HpaBC( 1) i 1t
20 h J&, RuFEeeERR . EXTRER E. coli
BL21(DE3)/ pET28a(1l) J5Z i & H A 6 il 1) win
MEfR AR 22, IERH TR RI#K E. coli BL21(DE3)/
pET28a-HpaBC H. A il {b X] 7 & g 72 5k A i
WA R D 35 2

PR IPTG MMk B 23X B R AE K I 6%
JEFNONMERR 7 A S . 5 R SA PR,
FARZLWE H 0.05 mmol/L 1) IPTG %S,

kDa 1 2 3 4 M kDa

58.9

18.5

15
10

3 JEEFESH

Figure 3 Protein expression analysis. M: protein
marker; 1-2: E. coli BL21(DE3)/pET28a; 3-4:
E. coli BL21(DE3)/pET28a-HpaBC.

A R [ 962 B ODgoo A 5.52. 15 5 57 Y & 1k
% 0.4 mmol/L B, TE#E ODeoo tH BT P4
o KBS H PTG eI 25 i i Mk 1
AR nE SB, IV JE IMERR Y 7 A, K
PR PR LM N 0.05 mmol/L 1) IPTG %%,
AR P PR 7= e e M 1.80 @/L, BE R ER AL R
9 40.93%. TR R ERAL ODgoo Y B
PERBL, GnE 5C, FRAZLUEIE N 0.05 mmol/L
B TIPTG 555, Ho B0 OD oo Y G P AR X 55 15
PO G PR K E) 0.33 g/(L-ODggo)
22 IREEMKNSEELXEE

T K E. coli BL21(DE3)/pET28a-HpaBC

«—— p-coumaric acid

7

At/ Caffeic acid /\

5 10

4 RERNECRNEER

15 20

t (min)

Figure 4 Liquid phase detection results after catalysis of p-coumaric acid by E. coli BL21(DE3)/pET28a

(I)and E. coli BL21(DE3)/pET28a-HpaBC (II).
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02F
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5 IPTG iREXTEMRE . MIMEER = 2 0 841
ODgoo B 7 14 B 52 M)

Figure 5 Effect of IPTG concentration on strain
growth (A), caffeic acid production (B), and
enzyme activity per unit ODgq (C).

TARE AR AR, R 5 L R IERESE T
TR R SR o TEWI IR R R IR SR B 3R v
W RE & BR8] 24 5 h, ODggo AT LLIEE 16, TEH]
IREEFR AL IHAESE BREEMAMEZ S 0 g/L) W),
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HEAT MR AL AR A A4 o Y TR & I I [
15 h, BRIFRM EA KRN 0.06 h ', K EREH
HIRPRERR B RAL (0.5 g/L) WA LASE TS
Tl fbAd =, FUBERT IPTG ¥al LIXES A lac
BRI T, FUBILALC R F R S
Fe IPTG 5038 A 1E 0 = % B A B is 7,/
FUBAS B VR —FIBR U5 T LAY R A Q] A,
PRI AERE b DL S A i b MO 5537 5597
PRI, R TR S s A A i 4 s 2 e LA
PR IRCR o MAE R FERE P R R bk, A hE AT
DA TIAERARACY:, DX 3 AR .

T 3 R R 2 R R I TR RS R B A R R
L, WK 6, SDS-PAGE Kl &5 5 /R H#k 75 S
2h M 4hEARD, MEKES 6. 8. 10, 12h
B Z HMZEIFAK, HPLC il oz ™~
AR, WE 7, EHRES S h AU B,
WNMERR 7 5 4.46 /L, BEIREEALEN 96.52%,
e 2 T v AR I 7 1) R 2R 2 5 i TR AR 1)
ARAS P, 375 e ik ) 2o K 77 T A2 1 B AR 19 95 4
R TR IR R 8, £ 24 h B
K, WATRIGTE 34.80 g/L (ODg0=96.27)

2 3 4 5 6 7 kDa

58.9

18.5

15
10

Bl 6 A REIFSHTKIT 4HPASH &R RIZEM
Figure 6 Effect of different induction lengths on
4HPA3H protein expression. M: protein marker; 1:
without induction; induction for 2 h (2), 4 h (3),6 h
(4), 8 h (5), 10 h (6), 12 h (7).
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Caffeic acid (g/L)

2 4 6 8 10 12
Different induction duration (h)

7 AENFE ST UNHEES = 8 B 5
Figure 7 Effect of different induction duration on
caffeic acid production.

120} —— OD, 112 1.5
—o—Glucose - ’—_,:
90| —e— Specific growth rate 1o 1" =
= b
= 24109 o
v 60 6 v s
S 2 3
S {06 &
30¢ 130 2
103 3
&

E 10
g 10.0

0 5 10 15 20 25
¢ (h)

8 E. coli BL21(DE3)/pET28a-HpaBC &% &
AR K%

Figure 8 Growth curve of high-density fermentation
of E. coli BL21(DE3)/pET28a-HpaBC.

AP, AR T A SCEkE B4
K T T 5 % i % I 4% 0K 4HPASH Ay /KE0
23 MUhEREMEMEECRSEY
2.3.1 RN R ST unmEEES = 2 B9 F

TE AHPA3H AL JEE 4 X 5 52 1R 5 1 oo i i
(A S I FR SR S 0 o 2 R Sk R T
It HAEA (R A B AR, T AE M V5 0 i
N =3 i/ by | T W o 1 1o
BCERR 520, IR 53 0 AR (pH 3.0)
FEW (pH 7.0, pH 9.0) BB A Z i i 14

: 010-64807509

R, W LR AW ] 4 g/L . RN
TN 9.9%. WA ME N S g/L.

S5k BN AW 0T XA [R) % B ik A b
FEMIMERR AT BRI o W] 9A , 2Rk 4 g/L
() 0T TR LAK i A WA TR 20 B pH oy
3.0, DIRyACTR AR A SR H Wi e R 1 7= A
0.70 g/L, FEE/R¥LALEN 15.15%. iAKW H
SEAL IR R pH 7.0 B, ISR R A5 5
TS, MESOREBCRA, FLUE W =om
AZNARZR A, WIHERR (7 R & T 4.7 4%,
wn ol R R Gk F) 332 /L, FEIREAL KRR
T1.78% o ¥4I pH 715 2 9.0 B4y 1) 935 it 2
BR, HR A G W2 pH FHim, I 20 h
JEHERL T BRAREY, MK pH AL A
REREY CREZ)P, E MR 1
BEARZE 2.27 g/L, BEIREEALAR Ty 49.20% A=Al T
PR IR A W AT RE S IR 7 A AN 1 SR R
Zr BT LAKBL, RPN SRR LA pH o 7.0 Y%
WL AR R, 4 i A Ak ™ o g ™=

HERE
2.3.2  AEHERE X MIMEES = 2R 20T

Xof i IR OO I PR ) RN K A TR
AL NADH!" (R HRT LS T 0 A K
PEEHLRE AL o X SO A I A R (0.
2.5, 5.0, 7.5 F110.0 g/L) A5, #H
BN 9.9% . KW (WK pH ol 7.0) &
HeE 4.0 g/L,

Z5RNE 9B s, AUSINEIANE, iR
By HA 0.07 g/L, BEIRFEALSE 1.59%. Hiah
WREN 5 o/L LA, WIMERR ()™ 54 2.93 g/L,
FEIRBEAL RN 63.34% o 224 40 vk 184 i ==
7.5 g/L I, WNMERR Y > 2 218 g/L, JE
IREEALRN 47.11%., WREETFISINZE 10 g/L, Wi
MERR 19 7 o 22 BTG, AR P Dt DXL AT 2 i 2
ARG AR T R R, SE A TR AR
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TN R, AN S o/ A
2.3.3  RIGEXTUNHERR ™= = 895200

DA 7 TR M DR 40 4 0 AR A R i e R
P E e Ao ok R W SE /S e S 2D o o 1 0}
HEAL A B HE R () 520, SR R B AS [m] A4 A
F14) J52 o7 Y 5t >F S o R A ) SRR RN, R
B, AR RBOBRA B RN R
$3.3.6.6.9.9.13.2.16.5.23.1.26.4 F1 29.7%
(TR 850 , -4 T S oy w7 26 W 7 S vk 2y
59/L Y (BRCIRZS pH K 7.0) LU K4 g/l

ZERANE 9C, AT L B B v b
WNMERR 7 B R . AR LN 3.30%I, Bk

3
2 -

/N W
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Figure 9

MR Al LIk F) 4.43 g/L, BEIREE AL R K
95.80%. NI I K E 29.70%00), BiHERR
AU 0.35 g/L, BEIRFALZE R 7.65%, Ui
0 22 T AR A AR 0 AT L AR v R ) 7
2.3.4  JRYI—IRME N EXTIHEER = 2 89520

O AT W98 R B PR A SR — U AR ik
JEE 2od v 2% BN A A A N R R T
HON 3.3%. HIAFRRINKEEN 5 gL, TERY
XA R AW 3 2. 4. 6. 8 A1 10 g/L
AT AR

g mE oD Fian, ARLR BRI —IK
PEGS IR B 25 W MERR 7 i . — IR PRI AZ

—=

il B B N &
0.0 2.5 5.0 D

10.0

eic acid (/L)

4.5

3.0+
) ] I [
0.0 2 4 6 8 10

The concentration of substrate (g/1.)

Caffeic acid (g/L)

EMARER. BEERE. RREFRKD—RMEMN 2 XSRS = 8 895200
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and one-time addition of substrate (D) on caffeic acid production.
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Figure 10 Production of caffeic acid by whole-cell
biocatalysis in 5 L fermentor.

3 4k

H R0 F R BRI 4HPA3H & B
MERR (ORI 5E 240 FHEMUKF (3R 1) ARF5ER A
T R A PRI s 4HPASH W R T
PR, HAYRTHIAT 34.80 g/L, AW
JEH TR B 5 4HPASH T 8% 1 1 & e (i 1020
I FLAE 2 % R e vp SEBL T FHAR G B¢ 048 42
I FLBEEA TS S 7" 4HPA3SH, i id i 3 JE K
Al DLy A M p AL SR A R S I A e, 3O

Table 1 Comparison of biosynthesis of caffeic acid
Hosts Inducer  Cultivating way  Gene (organism) Scale Substrate Titer References
L (@L)
Saccharomyces — Shake-flask Tal (R. glutinis), 0.05 L-tyrosine 0.57 [11]
cerevisiae cultures HpaB (P. aeruginosa),
HpaC (Z. mobilis)

E. coli IPTG Shake-flask CYP199A2 (R. palustris)  0.05 p-coumaric acid 2.80 [31]
cultures

E. coli IPTG Shake-flask HpaB (P. aeruginosa), 0.05 p-coumaric acid  10.20 [18]
cultures HpaC (P. aeruginosa)

E. coli IPTG Shake-flask HpaB (E. coli), 0.02 p-coumaric acid 3.82 [14]
cultures HpaC (E. coli)

E. coli Lactose  High-density HpaB (E. coli), 3.00 p-coumaric acid  18.74 This work
fermentation HpaC (E. coli)

: 010-64807509
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