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Cloning and expression of genes encoding key enzymes of a
marine paraben-degrading strain

XU Hui, LIU Caotong, PENG Xue

School of Life Sciences, Jiangsu Normal University, Xuzhou 221116, Jiangsu, China

Abstract: [Background] 4-hydroxybenzoic acid and its esters are precursors for various aromatic
compounds. They are, however, difficult to be decomposed in the nature, causing environmental
pollution. These pollutants migrate to the ocean along with ocean current, damaging the marine
ecological environment. [Objective] To screen a 4-hydroxybenzoic acid esters-degrading strain
from the marine environment, predict the metabolic pathways of 4-hydroxybenzoic acid esters by
whole-genome sequencing and annotation analysis, and analyze the key enzymes in the pathways
[Methods] We isolated the 4-hydroxybenzoic acid
esters-degrading strain through enrichment culture. We used gene cloning technology to express

and the functions of the enzymes.

the genes encoding key enzymes in the metabolic pathways of 4-hydroxybenzoic acid esters in
Escherichia coli and explored the activities and enzymological characteristics of the recombinant
proteins. [Results] A strain (B1 strain) was screened out from the seabed sediment and identified
as Citricoccus nitrophenolicus by 16S rRNA sequencing. Bl can grow with diverse
4-hydroxybenzoic acid esters, and the growth status was the best when methyl ester was the only
carbon source. Genes encoding carboxylesterase and monooxygenase were successfully expressed
in E. coli. The optimal reaction conditions of recombinant carboxylesterase were pH 8.0 and
30 °C (30 min). The activity of recombinant monooxygenase depended on coenzyme, and Mg*",
Mn®*, Zn**, and Fe’" can enhance the activity of monooxygenase. As further identified by
fluorescent quantitative PCR, z13175 and z09075 were genes encoding carboxylesterase. In the
absence of oxygen, B1 strain carried out anaerobic respiration and reduced nitrate to nitrite.
[Conclusion] Carboxylesterase and monooxygenase are key enzymes in the conversion of
4-hydroxybenzoic acid esters to protocatechuic acid, which play an important role in the
biodegradation of the esters.

Keywords: 4-hydroxybenzoic acid esters; carboxylesterase; monooxygenase; heterologous
expression
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S AL TR DR ) AN R REE ol A48 L PN 2 1
Ve, IR S P, SRR A YR K
2 AHBA FREA T IEMEICR, £

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



1774 (YIS Gk

Microbiol. China

e B A 2 G PR B A 1 o RO e T L IR
FRME TR, 5 4% G e By 68 700 1 B4 R R H R
BN LG, AHBA PR LE D i) a5 TR AT AR A Dy T
HAWBEHD 24 EHEE 2 E LR T
FRERHERERVE A & s s g, R ELE 2014 4
(GB 2760—2014) It #fE 7] H¢ X 32 5 7% HH fig H
BaE . TR AN AN R AN AR A B S 750 FH £
Frlr™,

Imai 259151 Ozaki 2% B 4HBA g7 A A
PN T2 B 1 3 AR R 16 ¥ (carboxylesterase) At 1 FH
RN 4HBA FIEEZ; Koseki 45Nl ASN 3
TR PR TR R T %) 0 9 K O T Ak 5 A R 2R
MK % . 4HBA PRTEGFE NG b by it 47 LE W R
fift, HWIRSMET 4HBA BETERBRNSEG I MALIE
AT KfRE R AHBAY; 4HBA W] 7E 5L INA M1
FATF A s LSR5 TR LA R ) 2 R AT LA
2,300, 34008 4,5 DL EBEATIHF, 430l L
51 2,3 WU R 3.4 RUIMAREY . 4,5 30
A OMELL B IR AR N SR T 4K
it . R T 85 1) Ak AR A P e 2300 N — R TR I 21 5
LAk Ak

AHBA iR REME LLURL ) 1T K95 A B 3
KH, S R AR A s e oK, oF
1M 4P A R R A NP, AT 5 4
PR, A ST E T,
4HBA [ig K WA F oK A8 oA 2375 YL 30
B, S NERRE e E, PR R AN
TRFL PRI R AHBA Y B /K- 1] 7
SRS A, FLARIE Y R EFTRE S 4HBA
FeAEAR AR R A o) B, 4HBA i
() Rl 358 YRR T . R ARTE L A
PR A YRR AT, P S B R TS KA B
Bk 4HBA BRIS YR R85, (HibfeLb
B A R AT BE P AR X R E B R AN G
TEREPY, Hik, FHRDemA 4HBA BRI 7

FREX EE,

BEE WS AR 4HBA TR WA IR A
WHoE, BLEHRIE T LR AT REf# 4HBA FERAMA:
Wy, AR % A e AR R K S VR FE G AR
o ARSI L e B — ik AHBA FEREfR
W B, 38 SRR A (ISR STIZ A YT 4HBA i
) [ A A I S A T A R IRV, X Sl RE S IR
BT RE TN AHBA BRARISHEES, 0k 56
SR gm S S Y, S T RREOR R H Y
R, WERR BRI L ARG, o
— IR FCR TR BR B A SN E M7 4HBA FgFEf7
AP, DA YRR 4AHBA R
HEHE R IR

P

1.1 #8
1.1.1

FES WA AL AT TR eV, T
AR, 20 °CIRFF
1.1.2 EHE

LB ¥igidk(g/L): bR 5.0, BREE Ik
10.0, S fk#h10.0, FpHIEHZE 7.0, N TiEKE;
FRILR I RIS SCk[21], pH EIE R 7.6, WM
0.05% 4HBA HIfig Bl A S 36 1) i v B 5 2k . LA
EREFRIEFREIN 16 @/ A BERE A BT A5 A R
) R AR TR
1.1.3  FZERX T

PBS ZZ i : KH,PO4 0.27 g, Na,HPO,
142 g, NaCl8g, KC10.2g, Jil 800 mL Z& 1
IKFEOT AR, pH (EIAZ 74, BJAEAE] 1L,

AMP ¥ 48 (100 mg/mL): 10 g N HH &
WA, SEEEMIEIMKEKERZ 10 mL,
0.22 pm RIS IR 93 %<, —20 °CIRAF o

Sanprep 120 PCR 7 #j2lifbif] &1 PCR
Py g, ATAY TR RGARA
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Al G ZH DNA 2500 &, RRAEF
AR ABRA ] 5 JoAE s RGN VI Nde
I. EcoR 1, FHEYTROGE)ERAF,; b
SR A G RT-qPCR A&, RIRtigise Aty
BHA R ]

1 BCRAR 5L (HPLC), IRFFHEA F] 5 PCR
1, FigTRH A BR ARl 2t it PCR X,
HE MR AL ) A BR A F o
1.2 7%k
12,1 BBEMNEREFRTSMSL

VEVPFE S I A WA ST, Bl g b
AL ST 0.05% 4HBA HEAY 100 mL A Tk
Rigegkrp, 30 °C. 180 r/min fHIGIRG 9%, 5
FRILVEMFEL 100 pL FH7 A B 55 38 h 4k 212 IR
SR, B 4 W5 B R T AR R R
FVMR E A TRk o e alifh Ak, SR AR A Al
R IRk

WL TR VERHAE . PRBUE AN 8] (14 5 B V% 1F
TR, F RPN B HMIEE, Wi
K EARXT AHBA  HIWE )R FH AR DL 26 H3 5 2 45
SRR PR B
122 H#HREE

W B i B A TR AR ETT 16S TRNA FE K 1
FhUE, PCRYIE T HIE 16S rRNA K 3 51
#) 27F (5'-AGAGTTTGATCMTGGCTCAG-3")Fl
1492R (5-TACGGYTACCTTGTTACGACTT-3),
PCR JZ WA : DNA 4l (105.6 ng/uL) 2 uL,
514 27F F1 1492R (10 umol/L)4% 1 pL,
2xPrimeSTAR Max Premix 25 pl., ddH,O 21 pL,
PCR JZ W 251%: 98 °C 30 s; 98 °C 30 s; 65 °C
32 s; 72 °C 35 s, 35 7ME¥; 72 °C 2 min,
PCR ¥ ¥a/=#pafifb ot 24 TAY) TR (R
Bt A R v BEA TR o #4531 0 5L X e 91 7
EzBioCloud 1 NCBI %4 F K& 5 Hp 5l AT
FIEVHIEE R, SR)5Ed MEGA 5.0 B{4dk1T &

Gk BT
1.2.3  #R% Bl EHRAIATEL 14

B1 Wk MR R B T, R
PR ERVE RN, BC A [5) $h vk B2 i 3% 97 2
WEIR M NaCl Z¥REH510 0. 0.5%.
1.0%. 2.5%. 5.0%. 7.0%. 10.0%, pH 7.4,
¥ Bl WtkE: AR BN R A R SR 3 T, BRI IG
We B —5, T 30°C. 180 r/min 544 F B335
16 h JEHORE, W@ AS[EERVEEE T IR ODsoo
B, KA IR,
1.2.4 #R3 B1 EHEXT 4HBA B5IPERR4F 14

WEHL 10 Fl 4HBA FRZE, 7EEH 0.05%
4HBA Pis g ME—RiUR i oL ER B SR I P A E
MR R ALE DR WA, T30 °C. 180 r/min
U YRR, B 6 h U, i RSN
THTE W ODgoo 1B, I FH i SSOBCHH £ 15 A 1)
AHBA [ig (R FRRE 0 o 8 2 HPLC RN AS ] v i
HEEJE . AHBA mWEmEBURRIE R fEMZ, 45
B FE TP ER SRR AR ZE AL, 1O A RS
YA AL ) TR
1.2.5 Bl Btk EEEENF 5

X Bl BRI T SR AL e A, a6 RE
A2 DNA $EHU. FEATR . SCEME . SOUER
K ML AESE T AL, SARI)F . d#ad Fastp
B R AR 20 0 S5 0 B AT R, DARIR A A
Bl WG AL I8 S 1) Reads #E47
i 5 4 B S L0 A B e, T DU S B
J Jo £ AR T T O

P Bl BHARSE R ST LA T,
NCBI 1 Prokka X 3 PRl 2H 14 4 it 35 PR 13000 A
R, 5 Nr. Swiss-Prot, GO, KEGG. COG
5 AR PEEAT LEXT A3 A IS, A5 BRI Y 2 e
WS ad Flye B/EXT =ARIF Reads it
PP, 454 gt 3 D A B 5 v R 45
R, LA EGE
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1.2.6 MWEFRIEHMAE

WRIERFYINL S K b TSI T (E 3T
HAYHE 213175, 209075 il 210245 514, #%it
FIPEE RN 1 PR, 5I0H MR AR
ulE . A Bl WHRIER 2] DNA Shftk, 7E
Q5 F R B R ABHEM F X 2 A R BLlk 1y
B ARAES W AR DNA /NG B KR S K
JEMPITK, T PCR R .

PCR W& IR B IKEHIES , il PCR ™~
Y et i r alifb b B . JE 213175,
209075 1 210245 5|50 340 5 Nde 1)
WO, RS YRS EcoR TRV
B, L Nde 1F1 EcoR 1XFF4 R 78 44
pCold-li# 1T W VI ; ¥ 4lifbJ5 PCR 4 #
pCold-T15T k7 g U] J i 2k P Ak A TE JC 48 v Tl
MIVER T E AT B 3%E , M a4 kL z13175-
pCold-II. z09075-pCold-IIFl z10245-pCold-1I.,
Xof A SR R AT DD B AIE R G R O AR A
() T 2 R 36 A T AR TR () B A R
NEIEATINY, HE—2 0 sa bR g R
1.2.7 BRMERFSFTESHK

¥ 4 R z13175-pCold-II . z09075-
pCold-IIF1 z10245-pCold-1143 51 %% A K 5 A
DHSa ™, BRECBHM:SEREF#F &4 100 mg/mL
AMP () LB i+ 37 °C., 180 r/min 3555574,

£ 1 z13175. z09075 FA 210245 5|40% it
Table 1

Primer design of z13175, z09075 and z10245

¥% 1:100 HAIF A 100 mL LB (% 100 mg/mL
AMP) & IR 5 FR B AT Y KRR 5R, 2K
ODqoo N 0.7 B HUEBEFRIRUKIA , R HEINAZ
WeRE 1 mmol/L W& MBS IPTG, 15 °C,
100 r/min ¥535d% . 4 °C. 6 000 r/min Z.»
10 min Y &EHA, F PBS Z ik (pH 7.4)H B
&, FR 4 °C. 6000 r/min 2.0> 10 min J53 -
. EEWAR, 150 W AR Ss, (58K S s,
M 2R R BT 10 min. 4 HE 2 AR R
4°C, 12000 r/min &.0> 5 min, 532 5 RED
kR

FHBPERERNREARZ, AT
Xt H B EE 5T, IR Ni-NTA 84T
M T AR PR AV R 2 R T 52
W (20 mmol/L  Tris, 300 mmol/L NaCl,
1 mmol/L PMSF, pH 7.4)-f 5 Bk, W
LB R 22 0 (20 mmol/L
Tris, 300 mmol/L NaCl, 20 mmol/L Bfkmk,
pH 7.4)EAT ke, Ve B RFE M4 & E
M, WOHE WV s B e AN [R) e B 1 Ik s 35
R RU LR B = W R N = | SO T LR 3
W25 WO B U T SDS-PAGE 2 11
HLPK, % sl R250 Yefa | B i &
2k, difb)fa M EAE A F-20 °Cka It
£, ATEssn,

Clk/EA F1¥1F 51 /AN
Primer name Primer sequence (5'—3") Product size (bp)
z13175F ATCATCATCATCATCATATGATGACCGAACCACAGAACAC 40

z13175R AGGTCGACAAGCTTGAATTCCTACTTCACGGTGTAGTCGA 40

z09075F ATCATCATCATCATCATATGCTGACGGTGGGTGAACGCGA 40

z09075R AGGTCGACAAGCTTGAATTCCTACTGGCCGGCGGCCCGCA 40

z10245F ATCATCATCATCATCATATGATGGCAGATCGCGCAGACAC 40

z10245R AGGTCGACAAGCTTGAATTCTCAGGCGTGTGGCCAGCCGG 40
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1.2.8 EIEMERE

14 4HBA HEBAE AL R, S
) SN — e B TAL e, 3 3 s A5CROH €8 EA JiS
Prit s i K A UG N A3 BT RS 1R N
T ERS I R SR (1 mL): 0.1 mL 20 mol/mL
4HBA Hg, 0.2 mL F§EA4ifb#, 0.7 mL
PBS Z& #h i (pH 7.4). i i3 il 5 IS W) 52 0 A4S
DU BTG, 1 — 2D R 90 PR TR T oty AR S0 o At 1Y)
BOE B . pH L B RISE SR, LAk AR i 1
%M
1.2.9 RT-qPCR ¥

WS RNA #2075 (Trizol #5)h$2
Bl FFEAE RNA, K5 S 5% S50 &k
RNA S H 550 cDNA, 5 i i % % & &
PCR il JR R R A JL N AE RNA /KF Rk
. ASIIGET 16S rRNA B NS
LU AHBA H ER 5 5 RAABREE , X R4
4HBA i3 RIXRREN. BAHAKE 3 1F
7o PCR WA Z: SYBR Green Mix 10 pL,
Primer 1, Primer 2 (10 pmol/L)%$ 1 uL, cDNA
FiHz (38.6 ng/uL) 1 pL, ddH,O 7 pL. PCR FZ )i
M. 93°C 8 min; 94°C9s, 60°C30s, 40
PR

s oA q . R¥ T ta
’] -
‘.‘i = Yl R
-7 e . 5 ’
\ t \ “t' Ve A =
. . ‘
" . P
J " \ » 81
[ L . b ~ ? el L4
o &= .
.’;4 P i
F e ga b
s 2 N\, 5]
N ! P
- 1 i 3,

. -f '
’ .
. =iy / -
- / .
b 3 1 i

é,scherfchi\a B1 strain '_'u ®
eI S

s

| -
, "

3 = 4 ” | S
ol é-rmum:ioi‘w 9.5 fam ¥20.0 kSE(U) 12.f|2:‘m§y:lu

2 ZERE54

2.1 EMREIFES AL

DL 4HBA HPi il — B U5 0 JCHIL R 1 77 5k
BRFRwdk, SR AR AT . R DT
PR 2RI T . JEH—Fk 4HBA I BRREARTE
P dre 0 1 TR ARAE 5 22 R F RN R, 5
N Bl. Bl tkEEEAG, BERRE, £l
el ABEW.

Zop = IR, DLRI A AR S 9 1 %
M, Bl BMRQ OS2 50, BT HtkE, HIE
SHEARWE 1A). Rit—EHE Bl WkHIE
&, TEFHEE T MEHSLIREE, i 1B By
N, Bl WHRIESEE HEHR, BERAN
0.5 pm, 522 RO O R L5 RARAT
22 BERERNEE

K351 16S rRNA 3 [H P41 7E BLAST |-
TR BT, FEIET 16S rRNA JEKFHIM R
GEREMIE 2). 4PREY] Bl Htk'S Ciricoccus
nitrophenolicus G XL REIE, 5 Citricoccus
nitrophenolicus PNP1 AU R 99.58%. M3 ¥
FICAR . TEASERHIE I 16S rRNA JE[F J3 51145
HE Bl WKk N Citricoccus sp., I HATA R

Citricoccus nitrophenolicus Bl

)

o \ ;3“..'.‘.,,

O

1 Bl EHRRSHHER A KIBFFRE (AP O BT RbkR 4 22 RGL@EPREL B: B MR 5T

A

Figure 1 Morphological characteristics of B1 strain. A: Gram staining of Escherichia coli (negative control)
and B1 strain. B: Scanning electron microscope of B1 strain.
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99 |B1 (0Q159057.1)
66 L < ni
83

83

Citricoccus nitrophenolicus PNP1 (GU797177)

Citricoccus yambaruensis PS9 (AB473562)
Citricoccus alkalitolerans YIM 70010 (AY376164)

95 Citricoccus muralis 4-0 (AJ344143)

40 Citricoccus parietis 02-je-010 (FM992367)

87 —Citricoccus zhacaiensis F$24 (EU305672)
Citricoccus lacusdiani JX] CY 21 (KT318581)
Micrococcus terreus CGMCC 1.7054 (jgi.1058018)

735

I
94

Micrococcus flavus LW4 (DQ491453)

Micrococcus antarcticus T2 (AJ005932)

100
35 L:Micrococcus endophyticus YIM 56238 (EU005372)
62 7 -

Micrococcus luteus NCTC 2665 (CP001628)
Arthrobacter oryzae KV-651 (AB279889)

Pseudarthrobacter enclensis N1O-1008 (JF421614)

Paeniglutamicibacter cryotolerans L13 (GQ406812)

73 Glutamicibacter creatinolyvticus ICM 19049BA (XF01000117)

L
0.005

E 2 Bl EHET 16S rRNA EEFFIHEMNRGE LB R

Glutamicibacter mishrai $5-52 (KT444697)

96 -
98 ﬂmwibw!ﬁ nicotianae NBRC 14234 (BINE01000038)

77 _fGlumm!cfbacter protophormiae DSM 20168 (X80745)
94 Glutamicibacter soli SYB2 (EF660748)

S B0 GenBank &3¢S B4

o3 3 ERRCTARIE T 3 EG ARRFOR 0.5% 0 e 81 Ak 22 5

Figure 2 Phylogenetic tree of strain B1 based on 16S rRNA gene sequence. Numbers in parentheses represent
the GenBank accession number; The number at each branch point is the percentage supported by bootstrap; The

scale presents 0.5% sequence variance.

2.3 Bl EHMEMRRER
FiF% 16 h G MASAS[FEhW T B1 A RRI A
WK 3 s, S RBFEMEL, Bl Wik
16 NaCl YR FE N 5% 7% G PR SR &, Rk
HISF- IR MR BE LN 3.5%, Bl B1 Btk ﬁ—%ﬁ’a
Mif b, 5 H I PP EE Hh o) AR 3 6
2.4 Bl E#k% 4HBA E5HIPE RS 4
AHBA 572 W2 Bg 1 i VE R 7K A A
4HBA FIfE2E, 2451 4HBA fif 5 4HBA 45
PEWR ISR 2 4 255 nm, {H4$HE2E % 4HBA 1Y
H WA IRIAS R) DS AT 3 e o 0 s i) [X 4345 i
&5 4HBA. Z5RWE 4 s, Bl kAT LIF)

3.00
250
2.00
1.50
2
1.00 ¢
0.50
0.00

Bl strain nE. coli

600

00 05 1.0 25 50 7.0 100

NaCl (%)

3 FERKRET Bl BRI Escherichia coli
ERKIKE LR
Figure 3 Comparison of growth concentrations of
Bl strain and Escherichia coli at different salt
concentrations.
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< Time (d) O Time (d)

g ——4HBA propyl-4dHBA —— 0Dy, D _——4HBA butyl-4HBA —— ODgy
= 0.60 S 10 0.30
g £ 08F T T .
£ 040 ¢ E psl = F T Jo2 g
5 ] & 04l - S
- 0.20 © g 0.10
g § 22

I—-r—)_-'_A'?A
3 0.00 2 0.0 0.00
g 6 S 0 2 4 6
© Time (d) Time (d)

E _———4HBA pentyl-4HBA —— 0D, F :74HBA hexyl-4HBA —ODy,
= 06 1.50 = 1.50
=] =]
= =
E 04 1.00 g 1.00
= Q g Y
[=] o)

g 02 0.50 S 3 0.50 S
2 =

3 00 L 0.00 g 0.00
z 8 £ 0 4 6 8

o Time (d) o Time (d)

G ~—4HBA heptyl-4HBA ODg, H _——4HBA octyl-4HBA —— ODgy,
3 S 004 0.40
g E 03y —F—=—= 1 o 0.30
= = g
g £ 002+ 020 o
£ g 001} 0.10
3 5
g g 0.00° f fes 0.00
S g 0 g 4 6

Time (d) Time (d)

I —4HBA nonyl-4HBA == 0D, ] ——4HBA decyl-4HBA 0Dy,
E) 5 =
= 3.00 5 0.30
£ £
g 200 . E 020 o
fee] B =t &
S Q .8
kS 1.00 © g 0.10 @
S 00 = : ' : 0.00 2 0.00
& 0 2 4 6 8 S 6

4 Bl FHXA[E 4HBA BEHIPEARIE N

Time (d)

Time (d)

A: 4HBA HIfi5. B: 4HBA Z[f5. C: 4HBA [Nfig. D: 4HBA
T8 E: 4HBA JXl5. F: 4HBA C'Jii. G: 4HBA Jifis. H: 4HBA “Ei5. 1. 4HBA T-fif. J: 4HBA 285

Figure 4 Degradation of different 4HBA esters by B1 strain. A: Methyl 4-hydroxybenzoate. B: Ethyl
4-hydroxybenzoate. C: Propyl 4-hydroxybenzoate. D: Butyl 4-hydroxybenzoate. E: Pentyl 4-hydroxybenzoate.

F: Hexyl 4-hydroxybenzoate. G: Heptyl 4-hydroxybenzoate. H: Octyl 4-hydroxybenzoate. I:

4-hydroxybenzoate. J: Decyl 4-hydroxybenzoate.

Nonyl
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I 4HBA W5, s, N, THE. R, C
B, PElR M TBRiF T4, HE 4HBA “FERAI
4HBA ZEER AR S5 T ARBAE K . B1 Wtk
THFERE S FINE 4HBA B, Bl K ODeoo
B BT E RS, BRI, R 28,
W BT IR 2 T % . Bl EPEXT 4HBA H
fii . 4HBA ZFRHMEMACE R, W3R 2 d R
AR AT IR R 90%, Bl K% B[] (g 388 i A3
Y1 AHBA W] 58 P&

2.5 Bl EtkHIEEREAB SR

2.5.1 Bl EWRERFEHFFHE

RGN 7 25 R S B RS A, BL Y
SIEN 4 — 45 3 422 841 bp FUSE B FRIR Y {14
ZH 1 (GenBank % 3¢5 PRINA668264), GC 1%
i 68.90%, WWHkGmiSIEREIA 2 958 14,

DL K JE N 3 046 737 bp, COG LA TE
2 021 1, KEGG ZHEFR 1 628 1~, GO %
PRI 1301 4>,
2.5.2 GO MREEH

s GO TR REL: R &I Bl 1) GO %
HE Y R g S H B2, R 643 >, FL
Hh, AR 2 (metabolic process)gmfid L K iz £ ,
A 240 4, &b 37.3%; {5 5 (signaling)tH K4
IR, HA 11
2.5.3 Bl E#{XS 4HBA BiEE 00

H4E KEGG LhBeSER e R S A i, 45
4 Valkova 2562 Wang 2558, w5
AH G i I A B P vh SR AR D 1 S A Y, e
LA AHBA FRfClhEE & 5 s, 4HBA
BRI B e PR R TRTRBEAO L T A2 4HBA,

OO-R COOH  protocatechuate 3,4- COOH
4 hydroxybenzoate dioxveenase
| ]( arboxy lestmasT 3-monooxy 3-monooxygenase Ve S
= 1\/\DPH’N/\DH COOH
COOH
OH
4HBA ester 4HBA Protocatechuate 3-carboxy-cis,cis-muconate
3-carboxy-cis,cis-muconat
cycloisomerase
(|) 3-oxoadipate CoA- O  3-oxoadipate 4- carboxymuconolactone
transferase enol-lactonase / decarboxylase HOOG
—— —— ———— e}
COSCoA oS 0H o’ ©
COOH COOH
COOH
3-oxoadipyl-CoA 3-oxoadipate 3-oxoadipate v-carboxy-muconolactone
enol-lactone
3-oxoadipyl-CoA
thiolase
0]
HONS-COA ===== TCA cycle
Succinyl-CoA

5 B1 B8 4HBA BEiR#E

Figure 5 Pathway of B1 strain metabolizing 4HBA ester.
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Ih 4HBA BRZEFEMGAIEREEDER, HApRmRE
Jig o I RN Y S Bl 5 2R L 4HBA 7EHUIN4R
g AR R R A R LASTR s JRULAS TR AEAH
KEGVEF T AT AT, R Wy it — 20 B i
AN ZRIRIEIR

R 4 2 DR Ty e FIRH Ao B e A 3 B
FERTE R T LR %« LR 210245 (pobA)di B
St ; FEIH 210250 (pobH) . 210255 (pobG)di it it
JLZETR 3,4 AUMEANE; FE 210260 (pobB)Zmis R
Ak SERE s FER 210265 (pobD). 210280 (pobl).
210285 (pobJ) 4 1 I BE N R i 5 JE R 210270
(pobC)Zmtih INBEMIR M ; HE[H 210275 (pobF)4hY
WA . SRTTATEARI B & IR i R R I A1) S
5, A2 R R AR R i AR

HRAE B1 B Ak 423k PR AL 550 0 #r e B, Hem]
REAFTE 2 DHASR IR NR I LA 213175 M
209075 , UL B — A 4 15 B0 AR B Y g A
210245, Forb, JEH 213175 F1 209075 Zwb 3R
PR PR AR 1 5T 5300 26.9 kDa F1126.7 kDa,
FE 210245 45 0 BN AU & 1 B4y ik
45.1 kDa, AWFF0KEXTIX 3 AR PE T e B I 7E

A B
kDa 1 2 3 kDa 1

97.2 — U

66.4 — s

972 — |

66.4 — .

443 — W

-— 29.0 — .
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=
S— ——

20.1 —

29.0 —
20.1 — -
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6 =HEH SDS-PAGE #0

KIGFFE P T RIE
2.6 FTIKFAEHIIE

4 PR TR IR g 22 K 34K 213175-pCold-11
z09075-pCold-1I Fl B fin %A H 3R ik £ 1k
210245-pCold-11, FEH FikiZ: Nde 1l EcoR I
BV, 47 1% IR HL Ik . 2 W )
z13175-pCold-TF ki B 15 E] 4 363 bp Al
756 bp Wi FBt; 209075-pCold-T1JF 47 i
NAS5] 4 363 bp 1 747 bp Pisk A Bt; 210245-
pCold-TIFT A ¥ e [N 155 4 363 bp Fl 1 224 bp
Wik Br, HUKIRUESS SRS O —3, 3 43R
IRE A IR R o
27 BEWMEBHWNISESRAHLER

W E AR ARG H, & IPTG
15 °CNIRE S 5 PR ORI, 48 SDS-PAGE
HLUK A E H B RIA T, PP R E o B 5
FUZHTE Talifb b, Hvkes R 3 MHNE
H¥FE, BafbERAaRHNER, Hf
z13175 5 209075 4ut R BRI 73155351k
26.9 kDa #126.7 kDa, z10245 Zfish i) s hn4a i sy
Fih 45.1 kDa, 5HLIKERAHFR(E 6).

C
2 3 kba 1 2 3
972 _ v [ S
66.4 — I I
u3_N =
| —
29.0 = ol
0 —. -
20.1 —

143

A Z13175 SR TRER BT 4L 8 . B: 209075 i it 2 R Mg 145 2

HEH. C: 210245 ity S fnA M E 41 2 . 1: Protein marker; 2: W SHIEEHHEE; 3. BREEA

LTt
Figure 6

Recombinant z09075-carboxylesterase. C: Recombinant z10245-monooxygenase. 1:

SDS-PAGE detection of recombinant protein. A: Recombinant z13175-carboxylesterase. B:

Protein marker; 2:

Preinduction protein crude enzyme; 3: Crude enzyme protein after induction.
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2.8 HERREESAI R MEEAEHRNER
2.8.1 HREAFSEGIEMEHMLE R

T T T A G 00 52 1 A R Hh S AN [ R 2 1)
FRIRTENE , 16 30 °CAMFT S — & I | 5 4
HPLC Yy 4HBA HESHIFREE &, 1EME
213175 5 209075 St (1) 12 1R T Bty 1 015 1 1o A
b, KR R TR Bl A S SR AR R T AR . O
Xf S LA ZR i 22 oh il pH AT LA, 25 SRR Y]
biE pH {HBYYG Ry sz i B, RIRER
Mt E pH 7.0-8.0 JuFE NG PEESS , 76 pH 8.0 i)
MG A (B TA); TREE(20-40 °C)XRIRBREE

PR IA B, 78 30 CCAM T FRIR IR MGG P
ferm (B 7B); BbAh, s )% A S v A
—ERGIN, 25 LB Bl A SO B R3S R
TEAKIE /Y, 5 30 min J5 Y80 E B A8
b, U R R TR Il S 1 AT e K EHE (B 70),
JIr LARA, 5 92 R T it 52 7 45744 pH. 8.0, 30 °C
J I 30 min, SRFPLACIE I EEIE S W A% X R
PRFRAGEUES TRETE AN, 2550 7D FoR . 40
PERNE, Y 4HBA FERE/D T 0.027 mmol/L,
AR 2R 1.5%, [AIRHRIN 2 A% %) 4HBA
A& 7E).

Ag B “Too,
= = =07}
= = =06}
T jani s
N ¥ J05}
z 2 Zo4t

L
£ g 203}
hs bS] So2l
= =] =
B =] L01t+
= ] =] .
= 60 65 7.0 75 80 & 20 25 30 35 40 = 5 10 15 20 25 30 35 40
pH Temperature (°C) Time (min)

D~ E
= 1.730 0.014
2 =)
£1.720 E 0.012

£ 0.010
%1710 =
= = 0.008
g7 < 0.006
P =]
E1.690 S 0.004
=] =
& 1.680 2 0.002
S 2
$1.670 = 0.000
~ CG EG CG EG

7 FREREEEEE AN

A: pH XPRIREREHEGPEATRZR. B: MEEXRIRERREE YR, C: SIS

[ X5} 352 PR T T 14 1 () 52 . D < 2 BR TR BEFEFS S A1 fk 4HBA H BRI 43 1. E: 4HBA A i, CG X HRAH ;
EG 5L 52H

Figure 7 Detection of carboxylesterase activity. A: Effect of pH on carboxylesterase activity. B: Effect of
temperature on carboxylesterase activity. C: Effect of reaction time on carboxylesterase activity. D:
Optimization of 4HBA methyl ester residue by carboxylesterase activity reaction. E: Production of 4HBA in
carboxylate esterase reaction of recombinant strain. CG: Control group; EG: Experimental group.
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035
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Production of PCA (mmo!/L)j>
Production of PCA (mmol/L)

Control NADPH NADH
Coenzyme
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0.04 |
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e WO OF o O OF &
C O

Metal ions

B8 BMEEEMEAN A WEAFRREELRIRPCA) A MR, B: WE 1 AR 6 )8 51Xt

J5LLASHR (PCA)AE 7= Y 52 )

Figure 8 Detection of monooxygenase activity. A: The effects of different coenzymes on the production of
protocatechuic acid (PCA) were determined. B: The effect of different metal ions on the production of

protocatechuic acid (PCA) was determined.

2.8.2 HINEEAEMEKRNER

AU INE WA 4HES 1 NADPH #1 NADH
TR 210245 S fidh i B0 AU 5 PR, 2T R
HPLC A5 I B 52 17 7™ 1) i LS R () 38 i
i TR T BN SR P ) S T A
FWAKRZ (1 mL): 0.1 mL 10 mol/mL 4HBA !
fi, 0.2 mL HfN4AMEE W, 0.1 mL 10 mol/mL
NADPH/NADH, 0.6 mL PBS ZZ i (pH 7.4).
RN 8A Fin, ST RRCRUS NG )M,
VR 0 S ) 1 B fn AU R VR, BB A
fity e FE AR A VE TR SR RO o [R]85 B g 4%
7 NADPH 1 i Bl 8 - Bk B AUl R it PS4
PIRCR T o 4 Jm B 5 R A Ak R s n 2]
B S AR ZR i 8B s, Mg, Mn®',
Zo* Fl Fe X B fin S 0 A S MR, i
Co” 1 Cu XoF B fip ATV A 1 S B A o
2.9 z13175 0209075 7£ RNA 7K PHIRILE

Wit Trizol LR B1 AR AL RNA, 2%
MR LUK IO, 45508 R 3 ARG 45T, K/l
9 23S, 16S M1 5S, ULBHEREUY RNA 24 0] {E
AR S s B cDNA

it — A IE 213175 Fil 209075 A 4 i #2 2

BEBEAYZER, DL 4HBA BEE38 NME—RRIERE 5% BI
WRE, TR IL R R, WOt &
PCR A5l FE K 213175 Fil 209075 £E RNA /K- |
A EET B, 45 9 FR, 213175
1209075 76 RNA K- g Rik &34 i, Bpa]
PE—E 80 5E 213175 F1 209075 ¥4 g 4t i 1R R i it
LA

100 [ weK
mz13175
80 mz09075

60 +

40

i '
0

CKl z13175 CK2 z09075

Relative expression

9 E[E 213175 1 209075 RNA KEREE
CK1: K[ 213175 BXTHRZH; CK2: K[ 209075
B X B ZH

Figure 9 Expression levels of genes z13175 and

709075 RNA levels. CK1: Control group of gene
z13175; CK2: Control group of gene z09075
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3 WwE5&#

B E Iz AAAE T I, H I
DL E SR RSP 28 PR BT I 15 e In) 8, 5 4 Ik
S YRR RE S, Z2HET TR
AKHERC T L AN R R A DR A e P42
S8 A 3R AHBA Bf# 18 Pseudomonas putida
WCS3585%, i H AT Wi i HoAth 2 05 B WAk &
YIRIRE ST s TR DR vh 20 B 0 g 4k T A
ERVRIEN 40 g/L XL T 5 B 2 BR 05 KR i
ik 90%T . ARSI B1 H AR AT 2 F TR
W, TEIRWPE 0.5%-5.0% LN AK RiE, Xt
T E PR HA TG (BRI IE S 3.5%). &
YA S B UE ] B1 Wbk RE IS %A% 2 Fh 4AHBA
fis2s, 5 Enterobacter cloacae EMPS%} 4AHBA H
BE . CBRAROTREAR A 250 mg/(L-h)AfLL, BI
FEXT AHBA HIEE . MR AR 322 R Hi
(9 1/4, Z25VERT BB AR X 4HBA BRAGACHE
A G, (HFEAR R R 22 5 2 B EA R
AR AR B TR AR Rl A TR T B 2 A
Ik

WMAEYIREfR AHBA A2 E247 3 Fh. J5L
FKIRIFEAED | RIS, ZKH R CoA
AR DY A 5Tl A AR S A I B
4HBA P U e ih oA I LR IR A8, JF PR
FERMRXTZ M AHBA BRRMFEMNEOL, A BA
X 4HBA WIE ., ZPRFEMACER ., IRYTE
4 d NHSEA AL, Jiménez 25PE B & Ak
LB YIERRETE Pseudomonas putida KT2440 HH
pobA FEFESFE AHBA TR (R BRBR BRI IL I . A
WFFEIN B Bk AL 64531 2 /4G % 7R TR T il
ML, KR 213175 5 209075 DA 1 A4t o
IR IR 210245, 4350%F 3 ABEEE BT 58
B Ry A TR AR, O T R 5 R T A it AR B
SAUTE O T RRALE o 235 2R SR D R R G Ik e 3 S 1

ZAFH: pH 8.0, 30 °C; FAIAEFHE MR IKK
HOT 4G, Hoh NADPH N fEhimG, &8
F Mg Mn*' ZnR1 Fed A i 4 i 1
AWIEER . WP E & PCR A AL [
z13175 1 209075 7E RNA /K iRk g, i
— IR UEREIN 213175 H1 209075 Ay i it ¥4 PR P
MR EEIN o LA g5 2RFRW] B1 BERknE L
WRIRIBAZ M/ AHBA Fg2k, J5 2 Ui
FRRH G Tl S R % PR AOE — A, DR
4HBA MRS

Citricoccus sp.)] Z 4 i T Z MR E
2002 4, Altenburger 2P Y MUBE i v 43 25 15
3| Citricoccus muralis 4-0(T)F kK, THFK, F1
N NI N7 N4 LN 1 3E 2T AL 7/
G2 IR TP R R R A TE . & A
A 25 12 KA BR) /4 Citricoccus nitrophenolicus
PNP1" R EAT AU i 28 B (pNP)°7 . X 5R
KRBT RS YINEE S, 16S IRNA JEH
FrAl x5 KW, Bl WHRS  Citricoccus
nitrophenolicus PNP1" ARAIUE e, HlA
T4 B1 AR 75X pNP HAG AH 7] ) R4 ik
T HE— LRI . ZIWF TR E IR P A7
EZFh Citricoccus JRFE T, {HHE & T
Citricoccus T )@XT 4HBA a2 1b& W 0% fd ot
FEIH JCHRIE o ASWF ST B IRARGE T TR R BRI
1) Citricoccus W)@ AN YT 4AHBA FR2S i B id
1, LARORIRBR G AN A BETE 4HBA PR
WP RER . AR5 B Bl wkE— 22 5
VR PR A AR W R U 05 A R AL W i
WAV, NIRRT AHBA FERRT5 049
AR PIRE AR AL T — Rl BE
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