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8 ZE. [%7%]) &RILEBE(Protocatechuic acid, PCA)-2 —seiidh ey T 2E M ML, THE YT S b
WA th a4 AT R4 i, B AT PCA 69 & kR A L F 5 MY F 3RI, R M ik R BCEAR Bt 2R
FEm— AL IR, [ B8] et 54K T 82-3-% 0B L B p-HBA-3H F 347 F R KA, A
B IR ILRBR G A sk, [ %) ALk RO4 A F 40 DNA A 4248, PCR ¥ 38 #5323t &
AR T BR-3-#0E A B p-HBA-3H, #MHE FLARE T4 H BL21(DE3)/pET21a(+)-p-HBA-3H, #-F &
ot KT BR-3- 0B, 2R3 2 IR T B (p-Hydroxybenzoic acid, p-HBA)#& 7 T #t47 PCA
W ik, St e SR AT, [ R]) ST RAR TR ANBAREXMATHE T &
T FHakik, @it A M PCA F & Tk 1.156 g/L. AL & Mg® . Triton X-100 * 4446348
R, B KR IR RE BRI IniE Z 6 eiR-80 AT AL B 6 HEAT. ik s 4k
Hah b3 S AN R BT AR G TAZE 0G50 AE, Y PCA ¢l 4e, (450 ) it A My ds ik
WiEFEILT PCAWIGEE. ZEAT, HAEMETZLMni) T b4 Z R SR K.
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Biotransfor mation of protocatechuic acid
YANG Xiu-Qing’ LIU YaNi XI Jing-Wen

Key Laboratory of Chemical Biology and Molecular Engineering, Ministry of Education, Institute of Biotechnology,
Shanxi University, Taiyuan, Shanxi 030006, China

Abstract: [Background] Protocatechuic acid is the main active ingredient of some plants and can be used
as a precursor of many polymers as well as various drugs. At present, protocatechuic acid is mainly
extracted from plants by chemical methods, with poor extraction efficiency and certain degree of damage
to the environment. [Objective] The cloning and heterologous expression of p-hydroxybenzoic
acid-3-hydroxylase gene p-HBA-3H for realizing the biotransformation of protocatechuic acid catalyzed by
p-hydroxybenzoic acid-3-hydroxylase. [Methods] The p-hydroxybenzoic acid-3-hydroxylase gene
p-HBA-3H was amplified by PCR using Rhodococcus sp. R04 genomic DNA as a template and then
constructing recombinant genetic engineering strain BL21(DE3)/pET21a(+)-p-HBA-3H. The expression of
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p-hydroxybenzoic acid-3-hydroxylase was induced, and conducted biotransformated of PCA by this
enzyme in the presence of the substrate p-hydroxybenzoic acid (p-HBA), besides, the conditions of
biotransformation were optimized. [Results] The p-hydroxybenzoic acid-3-hydroxylase gene was highly
expressed in E. coli. The yield of protocatechuic acid by biotransformation can reach 1.156 g/L.
Optimization experiments showed that Mg?* and Triton X-100 have no effect on the conversion efficiency.
Increasing the dissolved oxygen content of the reaction system and adding appropriate amount of Tween-
80 can promote the conversion reaction. On the basis of continuous cell transformation, proper amount of
glucose can effectively increase the transformation efficiency of engineering bacteria and reduce the
consumption of protocatechuic acid. [Conclusion] This study realized the high-efficiency and green
production of protocatechuic acid by bio-enzymatic catalysis, and provided theoretical research basis for
the industrial production of other important fermentation products.

Keywords: Protocatechuic acid, | ntermediate metabolites, Biotransformation

JFEILAER A% 3,4-—F2 3K HI R (Protocatechuic
acid, PCA), NP EWELMERA, £+
AARAR, T TR ROk KR Ry
w2 Rl 24 10 35 T R0 AN 22 i 2 ) B A
Y, HAYE A bAA . U . B .
P e WS A A REVR I T2 Akl i o
DASER A1 7 FAT I T 7% PCA (7R & 7%
AERA , oA = vk SR BER AR AR A Tk A A
. 7ELIEAE FE THMNH PCA HRIE
R ELAERF] 0.075 9 molg®; Fil I ik 4R EL
PCA 11714 By 0.623 mo/gl® s ik A4 ey 3 i A
B AR BOS M EE HH A9 PCA, & USRIl L 21 4
FEFARBCR , AILb A5 PCA REURICY
2.889%61"% ;) FiT A I S — Ak B A R P R
PCA, i RBCE N 64.094+2.756 pg/g™ . VL b7
PAE A ) 5 I TR 2, T H AR EL T 258 2448
Af, TEZ ARG R PCA A AR FE S HFE
PEPCRAL, FIB AL Ty 2 rp 5L 40 T 50k}
&7t 2 B3,

T N o2 5 % PCA BIRIFSY 884 b T4
BT 2RI L B A 2O 5% (0 i T T3k
FEEL PCA fF7EZ R , (75 PCA 2L W5 Ak ik
BRSO TS AN IR 45
FORH R A B AN 2 B LB T T PCA AEY)
5k, 0 Okal 45| A 2 BRFEAT I F (Ubi C)#% K
o T TR AR P4 4 S TR - AT D R 2 0 A 5 S D %

ik, TERIERR R A TR 4R iR L
MR a s 7= A2 ) 4-HBA 4kl PCA, Hi™ & i
ik 1 168.1+11.6 mg/L™;  [wIRH i £ T3 A1 FH 7
5 W I AL R BT B R B AL S PCA, Hm AR
62.8%™° [l At A 273 A T RS ML T 0 R AR
T RN PCA, HALR N 30%-40%"% . Ffi]
TR £ o i DR L A A S 2EL O B e o B T AR R
FRFRAN T LBRE RO4 BEE T iR iR i 2L 2
KK, KILERE RO4 252K R AR X 2
LR R -3- 52 AL il Ik R EOR 250 T B35 Bk
R Sz R R BT ERE RO4 BRI A
p-HBA 6 h J&, I I8 24 i P B8 A A 0 28 %)
AR, RUIZIBKERREH p-HBA, FRATHZL
BRI RO4 Hx IR I IR-3- 72 b i SE N FE 4] 2 K
IAFT B AN ek, IR FRE =Yl p-HBA
Ay PCA FFE HMesh. W 1 7R, p-HBA 7E
p-HBA AL N %Ak 4E R PCA.
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Figure 1 Biotransformation pathway of protocatechuic
acid
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A5 A0 B T — P o L 1 0 A ) A A T
derE = PCA, iKY p-HBA @i fb2p 5 ik Tl &
B, RS S AREM . E R A TR
BL21(DE3)/pET21a(+)-p-HBA-3H i S Kk x5k
R R-3-FRACE I AT AE W AL, I B XA %
EErT AL
1 MR5ETE
11 ##

111 Ekk. BAEIIERE
I ## Rhodococcus sp. R04, E. coli DH5a., E.

coli BL21(DE3)F1J5i ki pET-21a(+)3) iy A 52 5 25
f2o TR IR 5 LB B3R Ak (g/L) - R F ik 10.0,
W EEEEHCY) 5.0, AALEN 5.0; JEALT PSR
3 (g/L) : KH,PO, 293, K,HPO43H,O 5.87,
MgSO,-7H,0 0.30, FeSO,-7H,0 0.01, NaCl 0.20,
(NH4)>S0,4 5.00, NiSO,-7H,0 0.006, CaCl, 0.03,
T RREN 1.00, fdEIcERERA W 200 pL. fHoRIT
Z VK (g/L) : Nag-Citrate- 2H,0 0.18, FeSO,- 7H,0
0.034, CoCl,-6H,0 0.005, Na,Mo0O,-2H,0 0.005,
CuSO,-5H,0 0.004, MnCl,-4H,0 0.002, ZnCl,
0.003, H3BO30.002, H:filia 4k 7% Bl i s
Ji 10 mmol/L 5 A5 BEAE A i
112 FERFIFNEE

BELHi 4 Py U Hind IIIFN EcoR 1 1) [ TaKaRa
4\ H]; FastPfu DNA Polymerase DA &2 T4 DNA
Ligase It A b5t X4 A YHE AR A PR | 5 B
%EME DNA [RDIiiat 5 £ (Agarose Gel DNA Recovery
Kit) R385 38 5/ N U7 £ (Plasmid DNA Miniprep
Kit)g A R 2 e st E R A IR A | 2R
HEZEWA Sigma-Aldrich 2375 X F 55 H R (4-
IR R) M R LA IR (3.4- — R ERHR) W A
A LAY TRR(E ) R A FRA w5 HA Ak~ 3]
W H R s e A R

PCR 1%, MJ Reserch /Al ; 87 ik 40 i i
BL, TR Z YRR A R | 5 Waters 1525
Binay HPLC Pump #l1 Waters 2487 Dua

Absorbance Detector, Waters 23w .
12 7%
121 MEREFRER-3-FHEEERE R 1

e AR - S 07 AR B LT RS RO4 AYFEDN 4, LU
ZIERTA RO4 JERZH WAt , DL P1 (5-TAGAATTCA
ATGCAACCCGCACGGTC-3', % EcoR 1 i &) #
P2 (5-TAAAGCTTTCAGCGGTCGGGCCGG-3',
© Hind [ 520) 514, PCRA 1 X ¥4 528 F iR -3-
EACBEREA p-HBA-3H. SI¥ A TAEY) TAE(E
TR B BR S FI A . PCR W AR ZR (B0 uL):
[ 41 DNA (50 ng/uL) 1 uL, 514 P1.P2 (10 umol/L)
& 3uL, dNTPs (2.5 mmol/L) 5 uL, FastPfu DNA
Polymerase (2.5 U/uL) 0.5 puL, 5xFastPfu buffer
10 pL,ddH,0 27.5 uL ; PCR v 4514 : 94 °C 5 min;
94°C45s, 58°C30s, 72°C 1.5min, E¥ 30 IK;
72°C10min, 4°C{RfF. BERHLIK/TB4ifk PCR
P IR R
122 HHEFRKNIHEREE

4 pET-21a(+) ki 5 a1 - Bt p-HBA-3H 43 5]
YEAT Hind III#1 EcoR 1 XUV, BV T4
DNA & %5 5% L 2 E. coli DH50 B2 2541
W, AL YA 24 50 mo/L AR E M LB
St, 37 °C Bigiad ik . BRBCEAR RS, 5
A5 50 mg/L &K R R W LB A 3L, 37 °C.
200 r/min ¥&3% 35 3% 10-12 h J5 42 BUTRL, 1 E 55
PET-21a(+) i A p-HBA-3H JE[H 741 IE#, 15
| pET21a(+)/p-HBA-3H & 4 Jfi ki,
123 FWEEXBPR--HZABHNIFSHRE

W 8 41 TR R pET-21a(+) 25 Jit K 43 Wil %5 4k
% KR # E. coli BL21(DE3) 32 A4 M, ik
PRI AT 2 50 mo/L 2N R R LB AR .
2% 37 °C ¥iFRad ik, PREBCE A A ORI KA FF
W& pET-21a(+) %8 JFURL I X BE K #F 5 4%
b, BEAT 50 mg/ll Z FHEZRM LB AL
FEHk, 37°C. 200r/min B35 8-10 h, ARG LA 2%
AR R T 50 mo/lL Z N R R 1Y LB IR IR
Fi4k, 37°C. 200 r/min %37 & ODgoo 214 0.6 i},
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JIA 0.1 mmol/L IPTG M IG5 533k, 16 °C Kx
FS WS KB . 4 °C. 8000 r/min &.0> 10 min
WA, FARAH 20 mmol/L Tris-HCI (pH 8.0)
HE, 40 WA 15 min B A4, 12 000 r/min
B0 10 min BUEIE, 4 SDS BN MM R H ik
R I8 158 .
124 STEEFRBERFEILRERALERFEUR
FrRfERI LRI

B PRBUE i p-HBA H1 PCA fUARERES, , I&
F 20 mmol/L TrissHCI (pH 8.0)Z% rhitith, Tk
FEVLFEI#E 10-200 pg/mL bRAERESL, SRIGUET 748
AP AT LASRAT L ER MR O AR A 45
RPN E P K, AR (p-HBA R R h
0. 25. 50. 100, 200 pg/mL; PCA HJERLEE K O,
50, 100, 200. 500 pg/mL){¥) p-HBA FI PCA [fJ#5
HEFERS 20 pb 1 A SRR LA, 00 0 pfi
PR, I DL T ARRLEEAT: B (PR pg) Y2 ¢ R 2
FRUERTZR o
125 [F)LERERAVEEEL

TARERALPE . KA KA E. coli BL21
(DE3)Z: 0.1 mmol/L IPTG 55, Kl T 4°C.
8 000 r/min #5.0> 10 min WA BEA, B {AH] 20 mmol/L
TrissHCI (pH 8.0)Z& ik, TR UL 2 A
AR ] 9 2% 1l 2 B B 7R 22 ODgoo fH M 3.0,

PPN FEILASTR (A . B ODgoo A 3.0 HYTA
7 50 mL, JiIA 200 pg/mL p-HBA, 200 r/min &%
KW 2=4 h )5, BU1 mL KW 12 000 r/min 2.0
5min, BRI, KRG SOEAEE3E (HPLC)R
p-HBA HUTHFER L K PCA 4k i . Waters C18
{63545 [4.6 mmx150 mm, 5um]; #EIAH: 9% G
1 91% /K JHEEBR Y pH = 2.5); FEil: Eif; &
3K 250 nm; $E38 : 1 mL/ming JEREiE: 20 LB,
1.26 JRILEERAIEE LR R EITE

AR . DL 1.2.4 Hiill g bR U T 2R R
THEAKYE 12 S RORAERI PCA 1A i,
MR AR E] p-HBA sEPrfzfb i, ‘25 p-HBA Jx
I WA A Y FL (B L 100%R1 M F 44k %

ISR AT SRATRE S AR 35,
SEEOAE SO E SR AR HERI BT, SRR AR S RN
B ) S ISR S AH (R 2D BREEA T 20 AT, A A
5 HRNNARHE i PIrA5 45 5 2 22 [ A bR HE) 5T i) 22
VAR H B RE ST e 20 G % FREC PCA
FRUERE 7T 20 mmol/L Tris-HCl (pH 8.0)Z% Mk
fr, FCil 100, 150, 200 pg/mL = Fl A [6) He BE )
PRSI, & IPTGIES G EA TREREHK S
200 pg/mL p-HBA TR GHEH N 2-4 h J5 , B 1 mL
JV 12 000 r/min 2.0 5 min, B EFRG; K
BN W05 2 R CR IR ) F1 3 3%
AN TRV B B B A VR IR A i ) SR FUR S, H
20 pl AW A S AGRAE @I, e A
o, AEEE,

127 [RILEEREELI IR FHL

AR AR . SE I 2 S N AR R R
ODegoo 4 3.0 YA 50 mL HfII AR H Bk 200 pg/ml
) p-HBA, 37 °C##E i 3 h; X B S 4
ZHIF], 37°C. 200 r/min #&¥%% SN 3h, B
3AFEATIRE:, HPLC MG S 3K

MO St Ak R (R« SEOAH i 1A 32 S ODigoo
J 3.0 A 50 mL Him ALk EE S 200 pg/mL FY)
p-HBA, SR J5 4 BN A ZLHk >4 1.2, 5, 10 mmol/L
) Mg, 37 °C. 200 r/min % /2% 3 h; &2
AU M@™, HARKMEMIF . HHE 3 FA7K
55, HPLC il iz b 3 %

Triton X-100 X 55 Ab R AGFEM : SLI 20 S iy 14
FJ& ODgoo M 3.0 MR 50 mL Hfin ALk R
200 pg/mL 4 p-HBA, SRJ5 457N 0.1%. 0.2%.
0.5%. 1.0%f%) Triton X-100, 37 °C. 200 r/min 4
Y N 3 hy X HRAIANE AN Triton X-100, x4
ARl BB 3 A7, HPLC Rl b
A

- i-80 X ALK AN . SE A S AR R
ODeoo 47 3.0 AYTAI 50 mL HI AL >4 200 pg/ml
1) p-HBA, SRJ5 43U 1%, 2%, 4%, 8%t
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JR-80, 37 °C. 200 r/miny&¥% ) 3 h; XFHEZHA
whnntkik-80, HAREMAME . FH B 3 ATl
55, HPLC il fz b %

HELEEEAITFEAL R IR - (1) WA FRJE: ODeoo
1 3.0 B 50 mL HFIMAZIRE R 200 pg/mL Y
p-HBA, 37 °C. 200 r/min ¥z 3 h; (2) ¥
NYETF 4 °C. 8000 r/min &> 10 min 13, Uk
A (3) HifAH 20 mmol/L Tris-HCI (pH 8.0)/42% i
W 2 Y5 FIMR 22 vl FE2 R 1A 2 ODegoo N
3.0; (4 JMA p-HBA ZZG A 200 pg/mL, 37 °C.
200 r/min 4% v 3 hy (5) B (2—-(4)%; KL
B — IR FEAL 45 R 5 45 HPLC K60 5 )0 i %

P FEBRIE N AR . S ARSI
FERRRE SN A IR B 1] S AR FE 1 mL (B 50 mL
S ) 10911 #i 7% 15 (Glucose,  G)IEA BRI,
HA R G E S A S AR R B — 0 RN 45 R S
3 HPLC il Sz i 34
2 GREAH
21 WMEREXFR-IZRUBHNERNRESEE

PILTERTR RO4 & DNA WAl , PCR ¥ 143k A5
PR HIR R -3- AL SE A p-HBA-3H., %L A
Bt R/ R 1285 bp, [ 2 MY 1 H Y p-HBA-3H 3
PR S A B

kb

B2 XMEEXFER-3-BLEERFEN PCR G
Figure2 PCR amplification of p-HBA-3H gene

7E: M: 1kb DNA marker; 1. 2: XIFIEZEHAR-3-2 (LAl SL
p-HBA-3H PCR 7=4.

Note: M: 1 kb DNA marker; 1, 2: The PCR products of the
p-HBA-3H gene.

Bk YL R E. coli DH5a J832 2541 i
H, JELT TS PCR e TECRE, 25 RILA 3.
VKIB 9 &7 pET-21a(+) % [ UKL KT % DH50
SRR AE R i e I FAPEXT R, H PCR =4 K /N2
4 200 bp; JkiE 5 Ik IE 8 J& IE A i BH: Fo ks B,
FBR/INA) SR 1500 bp, BHA: FERE R B A8 KA T
¥ AN pET-21a(+) i A1 p-HBA-3H LA 74
EHfi, 153 pET21a(+)/p-HBA-3H F 4 JFikt .
22 NREXRPR-3-BUBIFSRE

4 SN T f2 W BL21(DE3)/pET21a(+)-p-
HBA-3H £ 0.1 mmol/L IPTG i S35 A% B 5L 28 H
MR-3- ¥Rk, M iR L i SDS RN Mk %
WER L PIASIN B A 3k . LR K/ N A 1285 bp,
HEAS TR/ N 47.12kD; HE 470, 24
IPTG 535 & A HAL Uk pET21a(+)/p-HBA-3H
()R T BT 68 7 A B b3 W 45 KD A2 Ay B — 2%
B A A, S BRI 4> F i (47.12 KD)—
2, 1k B X R FEOR R -3- PR AL Tl A K A 1 P s
23 WEEFRBERMELRERACERER
HPLC #&3

FI SRS 22 K345 p-HBA il PCA [y 4%
SRS, WA (K 5)ATHAT, p-HBA
7E 250 nm A Fe R g, 78 210 nm AbA —4
JNEE Wil PCA 7E 218 nm F1 256 nm Ab A7 Wz 1l
W, WIETE 250 nm A2 A A RBOM Rl

kb M1 2 3 4567 829
10
6

3 ELHFRMNER PCR &k

Figure 3 Colony PCR amplification identification of
recombinant plasmid

{E: M: 1kb DNA marker; 1-8: FHIEZEREB; 9: BMEXTHA.
Note: M: 1 kb DNA marker; 1-8: Positive clone fragment;
9: Negative control.
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14.4

4 p-HBA-3H EHH SDS-PAGE &34k

Figure 4 SDS-PAGE analysis for the expression of
p-HBA-3H protein

H: M: AWM Marker; 1: & 0.1 mmol/L IPTG BRM 5
PET-21a(+) iy 4 Ml i L3 2: 2 0.1 mmol/L IPTG 55
& pET21a(+)/p-HBA-3H (140 i i% i,

Note: M: Protein marker; 1: Supernatant of cell lysate containing
pET-21a(+) induced by 0.1 mmol/L IPTG; 2: Supernatant of cell
lysate containing pET21a(+)/p-HBA-3H induced by 0.1 mmol/L
IPTG.

Absorbance
o

200 240 280 320 360 400
Wavelength (nm)

E5 xiRERBPREMEILREEREIMEIE
Figure 5 The UV absorbance spectrum of p-HBA and
PCA

THEF— A R PR B, J52eR) HPLC i
IS HE 250 nm ARG K o

R 58 St BB e A DU A 250 nm, 4] 6
JFRUE S p-HBA Fil PCA i S 30 A (i &, PCA
HUIE A 2 8 min, p-HBA ZJ°4 12 min, %45 5%
VIR TS A RERE p-HBA Fil PCA #4753
B, NSRS A R T

i ODeoo {E >N 3.0 A B 50 mL, LA 200 pg/mL
p-HBA, 200 r/min 3% 51— Bt B[] 5 8 S5
B0 A BV A SRR A sk O, il 7 ORr
7K, 7E 8 minFl 12 min B4 51 H1 38 T PCA F1 p-HBA
W, U RN JE A p-HBA &%k
y PCA.

24 [R)LERBERAVINAE R ERNE

MR 1 ATAEL, YR LR AT R
90.98%, iiMARTE Ay HPLC i 41 RE % i s
IR o 8, I Hor B BKF , 35 T SO
W PCA 537 .

0.012
0.010
0.008 p-HBA
0.006
0.004
0.002

0 I I T [l 1 1 1

0 2 4 6 8 10 12 14 16 18 20

AU

0.008
0.006
0.004
0.002

0

PCA

0 2 4 6 8 10 12 14 16 18 20
¢ (min)

E 6 XMEEFXFERME/ILRBNSEGEEIEE
Figure6 HPLC chromatogram of p-HBA and PCA

0.015} p-HBA

0.010 ¢

AU

PCA

0.005 1

0.000

1 1 L L 1 L L 1 1 L J
0 2 4 6 8 10 12 14 16 18 20 22
¢t (min)

E7 FYE)LEERA
Figure7 Detection of PCA
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£ 1 FRESRB HPLC MESRREIE
Tablel HPLC method validation of standard sample

Loading system (10 pL+10 pL)

fems St+Buffer  S+100 pg/mL Standard PCA  S+150 pg/mL Standard PCA  S+200 pg/mL Standard PCA
Total area 5738 422+77 7481 983+124 8040 789+231 8 699 37696
Areadifference 0 1743 561+143 2302 367+169 2960 954+103
Corresponding quality difference (ug) O 0.933+0.015 1.337+0.005 1.810+0.113
Theoretical quality difference (ug) 0 1.0+0.3 1.5+0.2 2.0+0.2
Recoveries (%) - 93.30+0.31 89.13£1.32 90.50+0.52
Average recoveries (%) 90.98+0.06
RSD (%) 1.1+0.2

TE: S SRR - o,

Note: S: The experimental sample. —: No data.

25 IIEREEMERILFERZEHTL

ST RE AL 2R R« S5 20 RN BE 2 5 W T
2 HPLC K, [ 3h)5, ErE sk RA
/D) PCA HERR, TR SO A Kt PCA A=
B, H. p-HBA JLF-5E b1k (3£ 2). RN 2RI
AR HR-3-F AL M AE AL A B PCA 1 B Fh s B4R
BE7E A

Mg X AL R A SR o 0455 Xof B2 A0 5
M@* I SZBR A 7E RO EAT 1. 2, 3 h JEHURE, &
HPLC G, 2 B0 20 52 56 75 45 Bisf 1] B 9 S LR IR
A A 25N K (3R 2), {H 2 h PCA B4 i il
p-HBA Ak 5%} B 2 A1 HU A RS 00T . SE36 4]
ISR RV M@ (19 52 004 5t 22 i) J L e A 24
B, FEIERIN M™% S5 AL R 450N

*2 EVECSSIRIRAK

Triton X-100 X 4% {b 2 (520 < % Triton X-100
W&, 4 HPLC A&, 7£ 8 min 1 12 min
B4 TC R S0 B, BRI Triton X-100 A2
SIS L T o 43 K S B 2 RN 2 A S
AT 1. 2. 3hEBUL N K4 HPLC &, & BLw
2SI TR 7E A IR BE Y PCA B R ZE A K,
S TP RN [ JE Triton X-100 F{SEEG4E
WILF I 5] . LN Triton X-100 AN REMAS K
Jo AT B 2 B M TG p-HBA  iE AL PN 1 38
K, BRSSO A I RICR (3% 2).

I -80 X AL AR AL . At ii-80 i T 4%
O, 2 HPLC A, 7€ 8 min Al 12 min B
Tohe S B, LB AS I -80 AN S I 4
T o 43 B0 5206 2H A0 B 2 AR R AT

Table2 Conditions optimization of biotransformation experiments

2 h amount of

3 h amount of

2 htransformation rate of 3 h transformation rate of

Groups Reaction conditions PCA (umol) PCA (umol) o-HBA (%) o-HBA (%)
A Static 0.26+0.02 2.35+0.28 0.40+0.12 3.20+0.11
Oscillation 60.93+0.25 67.18+0.55 84.10+£0.24 92.70+£0.15

B Addition 5 mmol/L Mg2+ 58.67+1.04 67.54+1.23 80.90+£0.22 93.20+£0.19
Not addition Mgz+ 61.01+1.23 67.34+1.07 84.20+0.32 93.00+1.29

C Addition 0.2% Triton X-100 54.84+0.36 64.40+2.03 75.70+£1.04 88.90+0.14
Not addition Triton X-100 55.49+0.22 64.95+0.39 76.60+0.34 89.60+0.21

D Addition 2% Tween-80 69.85+0.31 69.86+1.64 96.40+0.61 96.10+1.32
Not addition Tween-80 55.48+0.57 67.60+0.34 76.50+0.42 93.30+1.14
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1. 2. 3hJEBU VKL HPLC Kl , & PSR
(AR -80 AYSLERZH PCA =¥ T 5%
WEZH, SZEGZHAE 2 hi p-HBA JLPHEAL5E 4, T
XTHRZANTT 3-4 h A e fe iR 2). g
VN JINAS T) o JEE T 90RL-80 114 52 36 45 T 22 () 22 AR/
FERHVS It 75 -80 BENES MU KA AT PR 4 I B 1) 3 378
P, HHT p-HBA 5 PCA MBS iz, MRS
PCA 17" & .

LR FE AL AN TR XS AL R R . FE T
SEh R L, Ak 3-4 h 5 ROV 4 HPLC ¥,
12 min Zb %A HBUR P IR, B p-HBA 2158
AR, TYIETEBGR R R, 4 h 5N
s AR R TG IN, 7 YIAE I L R A e
R ZWE /L, £ 7hJEMIRIEK. AT/ PCA
O IFE NG I E AL TR B R 2 0T T i 8
A SZE , Xh T B A R R AT DL 2 R A iR )
p-HBA. Al , TEi%E S A SC 50 Bl X S 4 &
HATOLAE, IO T A& 0E, — 5 AT DLk TR TR 4
HETE 8 A= A7 55 AR R, 53— 5 TR AT Al T AR 1R
XF PCA W, MR FE R . R 3 ik
AL SIS TS INBR IR TS KA p-HBA b2 ™)
PCA =ik, BRI 3 s 5 R A7 2L
B TR AR, b PCA By4iFE. ATt
FAFHAERAN R AW T | LA RN 58
RGBT N ] A2 7R 0.92 g PCA, 458 8 25 b 5
PCA it Al ik 1.156 g/L .

R 3 EEERALRAFIRIRERE

Table 3 Continuous biotransformation and supplementation
of carbon source experiments

p-HBA transformation Amount of

CHENES rate (%) PCA (g/L)
First round of control 92.91+0.31 0.415+0.021
First round of addition G 91.98+1.25 0.411+0.016
Second round of control 77.08+2.34 0.338+0.082
Second round of addition G 89.22+0.57 0.398+0.058
Third round of control 37.47+3.26 0.167+0.036
Third round of addition G 77.83+1.61 0.347+0.064

3 Wik

Bl A= YR AT R R, AR AL C B
FF KRR b, SRR, 429
AL RN LA R kR L RONVE TS R
— A, AR ESR M s
PREGE kRSS2 X FRBE i B — i LR 5 et
AHIGT L EIRA T X ¥R TR IR - 3- P2 AR T ) v 4K
FiAHE M BL21(DE3)/pET21a(+)-p-HBA-3H, Jfiz
FHZ T AR B A0M o VRSB T IR LA IR AR W e Ak .
ML AR b, #h R A NS PCA Jr Al ik
1.156 g/L. Oka Z5FIF] 4-F3K R AL BEE 1
PCA A=Wt Ak iy ik 1168.1£11.6 mg/L™4, A<
775 Okal ZEHFSE Y PCA Frig BEAA Y , R[] =2 ik
TET At B ERARTR],, Okal 4515 SR 4352
P - D] T 2 25 i TS5 28 W 2 (L R BRLAR Y) 4-HBAL,
SRIGTE A E R AL EE ™4 4-HBA %44k
i PCA, T ARSI 2 B F X 2 2K iR -3-
FRALBRRE Y p-HBA H4Lk PCA , Bk B 30
ARSI N i R PCA R [EIIBCR IE A AT 15 90%L
b, SEELT PCA MRl Tl Qnyak e,
ALATIOL , 5 0 oA oA 2 O ™ it 1 Tl Ak
Az AL E B E I SR

SAFALSZ BB T Mg?* . Triton X-100 %f
FEALCR M B /NEE B ICRZ A, (RGN R AR &R
RV A S TS IS i Y i 3R -80 RE S U I 1k
VLR EAT [ S 0 245 R 5 M 48 T 3 o 8 44 e
AT G I TRE R ARk, Rl BE A8 AT 50k
/b PCA [THFE . A Sl 55 & IS JINGE Y ok B2 1)
Mg B B 3 BRI 2 vh T TR O 4 M B B 1, %5
T PR B TV R 3% R P AR WFg & B 2 h PCA 1
AR A p-HBA F Ak A R N BE T RE S X —
Ji RUA A S o A I 22 BH A R k31 -80 1T L i 3
REAYNBEYE, JFHXT A . ESME
A R ARSI ek IE-80 fEsE A
R T TR 440 L 1) i a5 P L A R F p-HBA 5 PCA
(85 iz, $0m PCA (= it, [RIEnt i -80 Xf
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FR A KA — 2 iEEER, {3 Trition X-100 X}
BRI AR KRN, TS & e e 2
R EALSCRI B R AN, FRATIE XA [F 175
SR BE AN [E]A SL TR DA K AN R A R S SR A
T RS IEAT T 5280, RIS FHEE N 16 °C,
SR B Sk 37 °C WAL S0 fie i, VR AF IR [R] 48 h
Z ARSI, HRERGEAE 7 dRLE,
AT A W 78 TSE 56 ) A o B PCA i
FEMIILGE, 7 hIJa SOV PCA nl B 5 4Tl ke
fi, FRATK PCA bRifERE & FHEIKZ ., 7 hia
I AR iy L B SS AR Ak, D0 RA S TR R Y
PCA J& 9 KW AT o i s At mi e B 4R A Ak RE
JIT ARG Ak S5 1 465 o IO s I 97 W5 T A st
Sy eI

1 A= Y055 AR AR 5 0 =8 AT SR 5% B0 e Bk A4
MAEAL A, AL B A 2 AR /0, L
I 52 Al B AR A o FF A Ay A W e A AR B4 2 e
Tia] o5 i 5 40 M L, [ A 200 M LA 20 2 v
R IAE - N T B o= = N 7 CA ) B A T 7
SR BRGNP RIS R S R -3-
FRAL R LTS MR A AE T A, 7 A U bt B
Bl AR, R 3% e AL S I R BB A A A B
B, EPIRFAL AN ) A R SRR, b
iR AT 2 A 200 40 3 P It ] F 358 o i AR AR
LA Ak 3 RS, = Je W A 4y s sl 2
T B — 5 AYABURE o QSR 53 Hh Rk A A ok 2 A 7
fEfk, FTLATL, PCA (=il &gt—H 4,
BOBE R Tl 4B A = $E AL B b 57 At

4 S

ARG LI RA HE T X F 30K B R -3- 2 L il 11
ERFEA R BL21(DE3)/pET21a(+)-p-HBA-3H,
LAY Ak PCA 77 i] ik 1156 g/L, SN b i
W PCA [l %5k 90%LA s S5 Ak SEa6 3]
Mg™* . Triton X-100 %% {b Ak 5 2 Mk /N EE 28 0%
M), AL IS0 AR 2R AR VS AU B VAR I 8 T 3 -
80 REMSALHEHL AL RN (W HEAT,  [RIEH B W R FE 14 4

W A A b 3 A A A RE RS A S i TR
AIEALR, B PCA BT AE.

REFERENCES

[1] Adefegha SA, Oboh G Ejakpovi Il, et a. Antioxidant and
antidiabetic effects of galic and protocatechuic acids: a
structure-function  perspective[J].  Comparative  Clinica
Pathology, 2015, 24(6): 1579-1585

[2] Ajiboye TO, Habibu RS, Saidu K, et a. Involvement of oxidative
stress in protocatechuic acid-mediated bacterial lethality[J].
MicrobiologyOpen, 2017, 6(4): e472

[3] Tsao SM, Hsia TC, Yin MC. Protocatechuic acid inhibits lung
cancer cells by modulating FAK, MAPK, and NF-B pathways[J].
Nutrition and Cancer, 2014, 66(8): 1331-1341

[4] Winter AN, Brenner MC, Punessen N, et a. Comparison of the
neuroprotective and anti-inflammatory effects of the anthocyanin
metabolites, protocatechuic acid and 4-hydroxybenzoic acid[J].
Oxidative Medicine and Cellular Longevity, 2017, 2017: 6297080

[5] Kakkar S, Bais S. A review on protocatechuic acid and its
pharmacological potentia[J]. ISRN Pharmacology, 2014, 2014:
952943

[6] Yin MC, Chao CY. Anti-Campylobacter, anti-aerobic, and
anti-oxidative effects of roselle calyx extract and protocatechuic
acid in ground beef[J]. International Journal of Food
Microbiology, 2008, 127(1/2): 73-77

[7]  zillich OV, Schweiggert-Weisz U, Hasenkopf K, et al. Release
and in vitro skin permeation of polyphenols from cosmetic
emulsiong[J]. International Journal of Cosmetic Science, 2013,
35(5): 491-501

[8] Zhao DW, Wang PH. Study on the extraction technology of
protocatechuic acid from Syringa oblata Lindl. leavesJ).
Medicinal Plant, 2011, 2(9): 49-51

[99 Li Y, Yang DB, Ha P, et a. Ultrasonic extraction of
protocatechuic acid from Schisandra chinensigJ]. Chinese
Journal of Ethnomedicine and Ethnopharmacy, 2009, 18(8): 11-12
(in Chinese)

2, BT, MENE, S5, MR TP s LR IR Y T
R[] T E RER A EEZY, 2009, 18(8): 11-12

[10] Liu YB, Zhang ZH. Technica study of enzymatic hydrolysis in
extracting of protocatechuic acid in net cliffbean[J]. Journa of
Xinxiang Medical College, 2014, 31(10): 800-802 (in Chinese)
XA, sk ARTE. B EE O 1 e S LAS R (9 T 2 5E ).
S BB R, 2014, 31(10): 800-802

[11] Yang YC. Extraction of protocatechuic acid from Scutellaria
barbata D. Don using supercritical carbon dioxide[J]. Journal of
Supercritical Fluids, 2013, 81: 55-66

[12] Williams KM, Martin WE, Smith J, et a. Production of
protocatechuic acid in Bacillus thuringiensis ATCC33679[J].
International Journal of Molecular Sciences, 2012, 13(12):
3765-3772

[13] Wang YD, Cheng GG, Yu XY, et a. Research progress of
biotransformation in natural product chemistry[J]. Chemical and
Bioengineering, 2010, 27(2): 7-10,14 (in Chinese)

ERESY, BT, RN, 4. AR AR AL E R

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



W BRI A

3387

[14]

[15]

[16]

[17]

[18]

[19]

IR HERL]. fh2# 549 T A%, 2010, 27(2): 7-10,14

Okai N, Miyoshi T, Takeshima Y, et al. Production of
protocatechuic acid by Corynebacterium glutamicum expressing
chorismate-pyruvate lyase from Escherichia coli[J]. Applied
Microbiology and Biotechnology, 2016, 100(1): 135-145

Okai N, Masuda T, Takeshima Y, et al. Biotransformation of
ferulic acid to protocatechuic acid by Corynebacterium
glutamicum ATCC 21420 engineered to express vanillate
O-demethylase[J]. AMB Express, 2017, 7: 130

Liao ZL, Li HR, Fang X, et a. Method for carrying out
whole-cell catalysis on natural anthocyanin by utilizing
microorganisms and transforming natural anthocyanin into
protocatechuic acid and application: CN, 107058409 A[P].
2017-08-18 (in Chinese)

BRAR, 22005R, Jrkf, . —Fh R GCE Y gk R AR A
T REALF LA A Jy i N A [E, 107058409 A[P].
2017-08-18

Yang XQ, Xi JW. Transcriptomic and benzoate metabolic
pathways of Rhodococcus sp. R04 cultured in biphenyl[J]. Acta
Microbiologica Sinica, 2015, 55(7): 851-862 (in Chinese)

W, MRS, BRSSP T LUK RO4 B St RIAFIoR Y
FRACHIR AT, TRl 2015, 55(7): 851-862

Huang SH, Zeng HW, Xiang JR, et a. Synthesis of
p-hydroxybenzoic acid[J]. Chemical Engineer, 1989, 20(5): 5-7
(in Chinese)

W, BN, %%, G ORERPRIA K. ¥
TR, 1989, 20(5): 5-7

Hu XW, Zhao QW. Determination of protocatechuic acid,
protocatechualdehyde in Feng Han Gan Mao Ning granules by
RP-HPLC[J]. Chinese Journal of Modern Applied Pharmacy,
2002, 19(1): 53-56 (in Chinese)

[20]

(21]

[22]

(23]

(24]

(29]

e, B L. RP-HPLC L E WIERE 7 i) i s LZR
R SRR & R EIBAGR Y27, 2002, 19(1): 53-56
Han Y, Xiong ZL, Yang CJ, et a. Determination of
protocatechuic acid in rat plasma by high performance liquid
chromatography[J]. Chinese Journal of Chromatography, 2007,
25(2): 207-210 (in Chinese)

WITE, BERRNr, BRI, . RSOROH GG E K R gk
M IELZRER[]). (A, 2007, 25(2): 207-210

Hu CK, Bai FW, An LJ. Mechanism for Mg®* to enhance ethanol
tolerance of fusant SPSC[J]. Journal of Dalian University of
Technology, 2004, 44(2): 228-232 (in Chinese)

R, FRGR, RN BRI RS bR SPSC MR M
REBLHILI]. RIETE TR 244, 2004, 44(2): 228-232
Staurouskaya AA, Potapova TV, Rosenblat VA, et a. The effect
of non-ionic detergent tween 80 on colcemid-resistant
transformed mouse cells in vitro[J]. International Journal of
Cancer, 2010, 15(4): 665-672

Duan YY, Zhao W, Cao DP, et al. Effects of surfactants on
production of sodium gluconate[J]. The Food Industry, 2014,
35(10): 118-120 (in Chinese)

Bemgde, A, BN, & SRS 0w A
AT, 4 Tolk, 2014, 35(10): 118-120

Webb C. The role of cell immobilization in fermentation
technology[J]. Australian Journa of Biotechnology, 1989, 3(1):
50-55

Wang CX, Zhang TJ, Xiao YQ, et a. Continuous production of
glycyrrtinic acid 3-O-mono-B-D-glucuronide by immobilized
cellg[J]. Transactions of the Chinese Society of Agricultura
Engineering, 2016, 32(15): 301-307 (in Chinese)

TR, I, HEE, & BERAIEE SR A a i
PRI T B RR L] Al TRE2#4ik, 2016, 32(15): 301-307

WAL R I 1Y

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



