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#1E B tm I S. xenophagum C1 (pBBR-2605-HiBiT)*t TBBPA E-A R 4F ¢ K M oh e B 5 R #% ,
RAKAZ R FR 4 0.010-0.050 umol/L; a-BF /%, —B&/Fe 1R #H SAn £.B& Chrl 2604 3+ TBBPA A 2 3%
R fe, AT HEMENEM ML E. coli BL21(DE3, pET30b-2604) 4 3 d A 2} 2.0 mg/L TBBPA #
Fefif 5T 35 44.415% [0.296 mg/(L-d)], 2# & T B TR 09 K30 R AR H AR 4 2 Rl 5 T xf
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Functional characteristics of the gene cluster in response to
tetrabromobisphenol A stress

BAI Xue'?, XU Meiying’, YAO Hui’, ZHENG Xiaodan’, WANG Lunji'", CHEN Xingjuan®’

1 College of Food and Bioengineering, Henan University of Science and Technology, Luoyang, Henan, China
2 State Key Laboratory of Applied Microbiology Southern China, Guangdong Provincial Key Laboratory of Microbial
Culture Collection and Application, Institute of Microbiology, Guangdong Academy of Sciences, Guangzhou,

Guangdong, China

Abstract: [Objective] To understand the molecular functions and potential applications of the
significantly up-regulated gene cluster chrl 2605-chrl 2604 in response to tetrabromobisphenol A
(TBBPA) stress, we investigated the roles of chrl 2605 and chrl 2604 in the specific recognition
and efficient degradation of TBBPA. [Methods] Synthetic biology methods were employed to
construct Sphingobium xenophagum C1 (pBBR-2605-HiBiT) and Escherichia coli BL21(DE3,
pET30b-2604) as chassis cells for biosensing and degrading, respectively. The response
characteristics of Chrl 2605 in the chassis cells to different pollutants were analyzed by the
luciferase activity assay. Additionally, the degradation activity of TBBPA by Chrl 2604 in the
chassis cells was determined by high-performance liquid chromatography. [Results] The
xenobiotic-responsive element Chrl 2605 exhibited a highly specific response to TBBPA. The
Chrl 2605-based chassis cell of S. xenophagum C1 (pBBR-2605-HiBiT) demonstrated high
responsivity and sensitivity to TBBPA, with a limit of detection ranging from 0.010 to 0.050 pmol/L.
The 2-oxoglutarate/Fe-dependent dioxygenase Chrl 2604 in the chassis cell of E. coli BL21(DE3,
pET30b-2604) displayed the degradation rate of 44.415% for 2.0 mg/L TBBPA within 3 d
[0.296 mg/(L-d)], which was significantly higher than those of most reported microbial strains
under non-co-metabolic conditions. [Conclusion] The chrl 2605-chrl 2604 gene cluster can
accurately recognize and degrade TBBPA. Specifically, the xenobiotic-responsive element Chrl
2605 specifically recognizes TBBPA, whereas the 2-oxoglutarate/Fe-dependent dioxygenase Chrl
2604 efficiently degrades TBBPA.

Keywords: tetrabromobisphenol A; xenobiotic-responsive element; 2-oxoglutarate/Fe-dependent
dioxygenase; specific recognition; efficient degradation

PUYR XY A (tetrabromobisphenol A, TBBPA)
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PEAETIOL SR, T = A R it
TBBPA 7EA L W FL R ) H 2558, 1Ei&H
R U AE S 2 e R R I R R —
AR IR e 4 L 2 HLJG IS S
P, ERGTG YR F I E AL, MAY
YENEB RGP o0l , 153 TBBPA 154
W R R RN . BRTC ARV,
T W RE 8 1 G SR IR SR 45 F R it TBBPA,
UL R A S R R R A e e i
U ATFFREE . B AT R
A BLECEAU A5, SRINT, ZHBMT TBBPA IRk
AR Blan, BRI & (Pseudomonas sp.)
IDT WHRAESFASCI ST 40 d PIXF 10.0 mg/L
) TBBPA [Afi#-AH 51.9% [0.129 mg/(L-d)]!",
7 FL I & (Shewanella sp.) XB R TE R A5
T 7d WX 1.0 mg/L 1) TBBPA F# i %4 85%
[0.121 mg/(L-d)]"*, G PR AR AR A SR A
—Jy T2 AR P iD= 850 TBBPA. [ fif it
Juff, H TBBPA X4 E MR, SEMA
W) P A gt PR RN R D 5 59— T e BT
Y/ TBBPA R i 2 3 Ris e, AR
BT A BESZ I TBBPA i i R i . PR
ARG S TBBPA F#H A MR 2 4
A EEY A 3R P4S0 F i U
O- I ILFE RS W05, (HIX A F oA sk L
(B2, FHSC A MR AR P AL T A HRE
AU TERT IR B, TBBPA {54
3035 T T & 5 UR W & B E (Sphingobium
xenophagum) C1 B chrl_2605-chrl_2604 F£[H §%
3 FFEEL . Hod chrl 2604 FEIRI(NCBI % 5%
5ok ASY45240.1) 4 o 1% iR /Fe MR AL

B4 B, Al REXT TBBPA ELA MM chrl

2605 FEN (NCBI & 55 05 ASY45241.1) % i 5
A=Wy I O S DR -, AT B LN . TBBPA Jf:

JEE Chrl_2604 8 [ BIFRIEEY S R TNT chri_

2605-chrl 2604 R HFE 5T D BE KN T 1,
AT 53 o b R T S AR ) IO e N SR IR T
Chrl_2605 F1 % )t & il /N5 2 19 1% 2% 40 i S.
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xenophagum C1 (pBBR-2605-HiBiT), #f 5%
Wy I3 Wi 57 5 55 R 7 % TBBPA. (14 4 S5 i 17 1)
it [REE  7E K% A [ & (Escherichia coli)
BL21(DE3, pET30b-2604) H1 155 3 =ik a-F 1% —
fiR/Fe 4 i P XUIN 4 i Chrl 2604, #F 5% H: %
TBBPA WIFEf#EDIRE, BTEMW] chrl_2605-chrl_
2604 F N #E1E TBBPA i b7 F1 5 it b il 4% 0 21
e, MIRABRA Y% TBBPA (1) R Gt
PR EZ %, R 3T TBBPA ML JT
1 B V5 Gy B 2t €5 v 20026 W AR B A P 4
PEIIS SRR

1 AR

1.1 R}
L11 FZERFH

TBBPA (41i£>98.0%) . X[ A (bisphenol A,
BPA)(£1i £ >99.0%) 4 B 116 2 e bRA: fe Bk 47
et A B E] ;T IREK 2R B (decabromodiphenyl
BDE-209) ( #i £ >96.3%). R %%
(bromonaphthalene, BrN) (4}i £ >97.0%). 30% i
A Ak E % W (hydrogen peroxide solution, H,0,) .
4 1Y IR (perfluorooctanoic acid, PFOA) (4 J& >
98.0%). 4= % % ot fifh iR (perfluorooctane sulfonic
acid, PFOS)(Zli J=71.7%) 3 [ ™ MM SCJE R AL
A PR Al 4 9 O S fih iR (perfluorohexane
sulfonic acid, PFHxS) (£ £ >82.1%). .5 & i
(pentachlorophenol, PCP) (4l [ >98.0%) ., + G 1k
7K (decachlorobiphenyl, PCB-209) (4fi &£ >96.0%) .
7N#-1,3-T i (hexachlorobutadiene, HCBD) (4l
J#>97.6%) . — AW (dicofol) (4l i >87.1%) |
N L 2K 15 (n-propylphenol, n-PMP) (4L £ >98.0%) .
5 N 3 K )y (isopropylphenol, i-PMP) ( 4fi J& >
98.5%) M I 1 e S g R A A IR A W

Nano-Glo® HiBiT Z4fig 8750 & [ Ml
B AR AR A E s A marker, AN
B % (ampicillin, Amp). FIB%:Z (kanamycin, Kan),
PR K %5 % (gentamicin, GM) . 57 N &-B-D-Fift 2

ether,
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F. i 1 (isopropyl PB-D-1-thiogalactopyranoside,
IPTG, 4 £ >99.0%). — & H Jk & JE W ¢ [tris
(hydroxymethyl)aminomethane, Tris, 4 & >
99.0%]. &%/ BEEE (dithiothreitol, DTT, #ii >
99.0%). T — k¢ FE B FR £ (sodium dodecyl
sulfate, SDS, 41i[>99.5%) 4 [ 4= T4 4 T2
() B A BR A F
1.1.2 EHRFEFREG

S. xenophagum C1 (pBBR-2605-HiBiT): i
o B RS T BEAE chrl 2605 3R 37 S A
oK G ZE /N 3 R 5 F 51 (5 -GTGAGCGG
CTGGCGGCTGTTCAAGAAGATTAGC-3'), &
WASE chrl_2605 $£H L3 JE sh+ ¢ 31 (5'-TTC
CCGCGATTGCGATTTTTCGCAAATGTAAATT-
3NVENRLE S B, JFERG JE R R B
Wit BT BamH 11 Xho 1 BEEIA &5, $2HU™
i £ # /K pBBRIMCS-5 () DNA, fiiJlj BamH 1
il Xho 1 BRI M I AE 37 °C oA T ab g &
A A B L) K pBBRIMCS-5 Jii ki DNA Jf-4fifk
I, ) 20 B AT Rl B A B S ik Ak
AR, I CZE E. coli DHSo B2 35
R . PR ERBH P T R B 2H Bk pBBR-
2605-HiBiT Jf HL i 5 fb & S. xenophagum C1 J&
AWM E. coli BL21(DE3, pET30b-2604):
XF o~ I8 TR/Fe MR UM S 58 ) chrl
2604 HEATVLEL E. coli %18 AR B4k
T8 o B A BT AR chrl_2604 F
RAEAT A A, IR ALEE R B W it o0 3l s T
Nde 1 Fl Xho 1 BYINL o $EHX E. coli Feih# 1Ak
pET30b A DNA, {#i ] Nde 1 £ Xho 1 FR il 14 P
VITGAE 37 °CA&AF T b BEIEE A F Bt L K& pET30b
ki DNA Ffalifbnhfic, F A m 73 A
B AR T, JFE LR E. coli
BL21(DE3) /& 3z & 4 M v . E. coli BL21(DE3,
pET30b): $2HL E. coli ik # K pET30b ki ,
AL R E. coli BL21(DE3)EAZ A4

S. xenophagum C1 (pBBR-2605-HiBiT)
TeHLER 35 5 HETE UL SCHR [22]; E. coli BL21(DES3,

pET30b-2604) 4= £ J& #l #h B % % (g/L) -
(NH,),SO,4 0.5, NaCl 0.5, KH,PO, 1.0, NH4NO;
0.1, Na,HPO,4 3.0, CaCl, 0.01, MgSO0, 0.5, 4k
A RBEW 1 mL/L, JoALE o 2 R (iR
YR A RN R]) 1 mL/L, 4iA: Z B (mg/L):
YR 2.0, MR 2.0, 4i4: K Bs 100, iR
50, 4EAEK B, 5.0, MHER 5.0, 44K B; 5.0,
Wl 5.0, 44K Bs 5.0, 44K By, 50.0, X4
FEIEFER 5.0, BiERR 5.0,
1.2  S. xenophagum C1 (pBBR-2605-
HiBiT) % A~ [ g X B #HL4R0 0 52 53 47

# S. xenophagum C1 (pBBR-2605-HiBiT) 2
M3 50 pg/mL GM | LB KRR 35 K,
30 °C. 200 r/min $5 323 %, EZE R K ODgoo fH
20 1.0, BIRREFRI 10 000xg B 0> 10 min J5
g B, WCEERIAR . I TCHLER R 97 JE Pk v v A
2 WG, HA—aE WL SRR R A, %
18 2% M9 i b TR PR B i B O ML B R 3 .
£ 8 mL /R AR B B 2 B A 50 uL A~
[@ ¥ ¥ i) TBBPA. PFOA. PFOS. PFHxS. PCP,
HCBD. Dicofol. PCB-209. 2-BrNP. BDE-209
B GAE TRV, BRI R T A
FE, A 200 uL JTEHLER HE FE L, 30 °C |
200 r/min EGEFE 14h, HERM ODgoo (HIEF)
0.4, HX 50 puL B 1A 85 32 W4 n 50 pL 1 Nano-
Glo® HiBiT 2 A 7], 1E1b2: & e Y bk
TG BREEAHT, RIETHC 150 pL 35 WA
A AE ODeoo TE AR HEAH NS 5 Y6 (H
1.3 S. xenophagum C1 (pBBR-2605-
HiBiT)Xt TBBPA i F=4H9 0 Bz 53 4/

4 S. xenophagum C1 (pBBR-2605-HiBiT) 4%
Fi #5450 pg/mL GM (1) LB ¥ A5 37 3L p
30 °C., 200 r/min K5 3230 7%, EHZE WK ODgoo 1H
250 1.0, BRI 10 000xg B.0> 10 min J5
g b, WCERR . FTCHLE R 9% SR U R AR
2 WA, HA—EWBICHEE R SR R A, ¥
BRRTE 2% ROHEFP il TR 3R 3, 78
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8 mL ARFR A% 3 BOH - 43 A 50 uL AN[H]
WL HyO,. BPA . i-PMP. n-PMP £:, 5%
TAPLE R T, A 200 uL T HLER 15 55 5
30°C. 200 r/min #3514 h, HZEEE ODeoo
{HILF] 0.4, B SO pL KRR S I 50 uL 119
Nano-Glo® HiBiT 2Lk, 781k & 6L
AT E WM, [RIAFE 150 pL 3555
WFESHINAE ODegoo TH LA HEFIX ¢ FEAE
1.4 8. xenophagum C1 (pBBR-2605-
HiBiT)*% TBBPA HIMNa R 14 B 53 4f

4 S. xenophagum C1 (pBBR-2605-HiBiT) 4%
2] & 50 ug/mL GM Y LB & 1A K% 758 3
30 °C ., 200 r/min 153514 % & ODgoo (LN 1.0,
10 000xg & 0> 10 min, 3% %, WEREME. H
TCHLER 1% 77 He R A B A 2 WS FE T M R B 37
Ferp, PR 2% MR RN 2T O ER B IR AL
o 7 8 mL AR AR BB 4B A 50 ul
) TBBPA +}#(0.00. 0.04. 0.20. 0.50. 1.00.
2.00. 5.00. 12.00. 20.00, 28.00. 32.00.
40.00 pmol/L, ¥R T AW ey, T HRmE %
KT ZAWEERE, A 200 uL JoHLER R =
B, i TBBPA M2k i 43 5 2 0.000. 0.010.
0.050, 0.125. 0.250. 0.500. 1.250. 3.000.
5.000. 7.000. 8.000. 10.000 pmol/L. FFAHEREY
BT 200 r/min FFE IR T, 30 °CHEEHEEFE 14 h,
HZERIKRAIM ODgoo (HILF] 0.4, MAN, bHE IS
AR K 37 B[R] R A i gE — 20 BIF 5 B AR X
TBBPA M2 G Ny . FEHER A 2% MR T,
7E 8 mL AR AIAREBEEH A 50 uL ) TBBPA
B (0 pmol/L A1 28 umol/L, ¥4 fit T & H e
H1), 30 °C. 200 r/min 43 94535 8. 11. 14,
17. 20 h; 7£ 8 mL AR AT A
50 uL A9 TBBPA £} (0 umol/L Fl 28 pmol/L,
BT A Wb, (R R 1%, 2%.
3%. 5%. 7%, 30°C. 200 r/min 5% 14 h, #%
Ja B 50 uL B5F2 WAL SIS 50 pL ) Nano-Glo®
HiBiT 24N, 7Efb2s Ao Bt ot

>4 actamicro@im.ac.cn, 7 010-64807516

REFETE M, 55 B 150 ul 5% 37 WORE & 5
OD oo [H ARG AR XS 92 YG1H
1.5 o-8F K —B/Fe 4k £ 1E X n & B
Chrl_2604 EERIFRIAMNKL

1€ E. coli W F IR AMIE & 13l H A2 2R
IPTG W )& K AR 23, g SeBl o,
T JiR/Fe MK M DU 4§ Chrl_2604 119 fz KR
R, WA H R FRIR M B e fE
5 L T S AR MR, fF E. coli BL21(DES,
pET30b-2604)it 5 55 F2 W14% 0.5% 4R L A1) 422
FhZ B LB 5323, 37 °C. 200 r/min K% 3%
% ODgoo 535K 0.4, 0.6 F1 0.8, JIALME N
1 mmol/L i IPTG, 7£ 20 °C (20 h), 30 °C (10 h),
37 °C B W& P TR . HU i tE
1) IPTG 5 R B, TEARRIBEIARWEE T 251 A
LR 0.25. 0.5, 1 mmol/L [ IPTG, ¥ ODgoo
0.4 WERCE T 20 °C, 200 r/min %5 20h;
ODgoo N 0.6 FUTERE T 30 °C., 200 r/min T i3
10 h; ODgoo M 0.8 [ E T 37 °C. 200 r/min
TS 3h IBERERE, Eik. 5000 t/min .0
3 min WCHE AN, i FH 2449 2% vh (300 mmol/L
NaCl. 50 mmol/L Tris)PEi& A MITIE, Ja A
2% v (50 mmol/L Tris-HC1, 100 mmol/L
DTT. 2% SDS. 0.1% {REr 5 . 10% H i) EE
FR, BT 100 °C FZ& ¥ 10 min, 10 000 r/min
B0 3 min J5 B 3§ W 1T SDS-PAGE 4317,
K EM: 150V, 50 min, [FEE 20 ul.
1.6 E. coli BL21(DE3, pET30b-2604) %7
TBBPA HIFERE M BE S HT

¥ E. coli BL21(DE3, pET30b-2604)42:%h % 7
A 50 pg/mL Kan Y LB W& E; 3256, 37 °C,
200 r/min F5 7734 R . R H % 0.5% BYFERM R I
PGSR e LB 3535 4E, 37°C. 200 r/min
K 2 B WK ODeoo (20 0.8, IMALKWE R
1 mmol/L #J IPTG, fE 37 °C. 200 r/min 514 F
PR 3 he ISR, I S5 000 r/min &
> 3 min WEERAR, FEFHTCHLERGE e 2 IR,
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T LU R R AR G TR 28 vh ol B B AR . 7R 5K
IR RE SR FL I ALK EE S 1 mmol/L Y IPTG .
0.06 mg/L Y a-Fll 1% — 2 . 0.05 mg/L [ FeSO,4
PA M 2.0 mg/L B9 TBBPA, F 37 °C. 200 r/min
iR 3d, WEARX AR E. coli
BL21(DE3, pET30b-2604), JC IPTG 5% . A
IPTG 5 F{HJC FeSO4. A IPTG /5 F{HTC o-fii
% R). FERRERTRISO. 1. 3 d)Zr A HC AR
i B8 T =80 CCYR R IR AE, WIS TER VR T 1L
AT RE FR R R AL B . 7E R R
A 0.5 mg/L HINFRYI[2,2" - . (4-F2 FEAR L) - /S B
PRE], AR BE R AT R AR EUS
0.22 um JEMEIT ERE S . B2, A R R0RAH
TE(HPLC)IZ:M %2 TBBPA AU . HA % &k
T, KR 40 °C; WBIAH: 0.05% BEIR/ NG
(D/B); #6 % 0 min, 70% B—4 min, 95% B—
4.5min, 95% B—35min, 70% B—8 min, 70% B;
Ui 1 mL/min; #FFEREE 15 ul; KRR 208 nm.

2 EREH

21 S. xenophagum C1 (pBBR-2605-
HiBiT)%xt TBBPA H40 57 43
2.1.1 XA E KB R FFHIE

F|F BPROM (http://www.softberry.com/berry.
phtml? topic=bpromé&group=programs&subgroup=
gfindb) Hl MEME (https://meme-suite. org/meme/
tools/meme) X} chrl 2605-chrl_2604 FEFFHEH 1T
AEYE B AEA 0T, DL T2 R R i 4514

Promoter

35 —10ppa

SIE S ISR PR RLE] . B, it BPROM
D) 35t o000 5 PR e v RS SRR S B R A, B
J& FIFH MEME 9336 X6 Ji 80 DX 4 <7 1 204 7
IyMT . BEREAS, TE chrl 2605 RN 5 chrl
2604 FEH (W)JE 37 XIS EZ I T — AR5 37
(TTGCGAT) (& 1), J& 3+ X IBAAAE L] Y PR~
FEF, R ok e 3 DR LA A () A0 7 s R s 8
Ky se A MR, X KRB chrl_2605 F chrl_
2604 1) SR 58 28 /0 52— A [R] 18 7 5k PR 9]
¥, AR AT BEAZ 54 W o vy e S R F- Chrl_2605
0 F B, H Chrl 2605 8 [ Y 7 e 4R a]
REIFIAHG chrl 2605 F1 chrl 2604 f3k

0 A LA B E SRR 8 A A i 7 A<
22 Pt 3 DR - TR 31 O o 4 3 IR ek B2
Jg—Fh ki A AH HLY, TBBPA 1R ] BE# 5 4= 9
Jo M) N B S I F Chrl 2605 LR, 9F U
chrl_2605-chrl_2604 SRR Rk . I TR
Chrl_2605 & FH R FCR S R e, ARG
PEFE T 10 Mk A HLL A FE IR 4. bR
H#x ik &% TBBPA 4, B iEH /LS Y
(PFHxS. PFOA. PFOS). & ft{k& ¥ (Dicofol
PCP. HCBD. PCB-209) L) KR ft 4k 4 ¥ (BDE-
209, BrN). Xf A [mlvE B i< ACA HLY i iE T S.
xenophagum C1 (pBBR-2605-HiBiT) 1% J&& 41l il 1)
DGR BTG TEIEAT 00T, 45 S 3 B A% B Al il X
XIS RV BE IR AL A9 TBBPA R HLH i 24
SR (AR T 52 A5 S- (8] 2A), T HAL i A8 B
H A . AR A IRAR Y ) BDE-209
BrN 4 B A T X AL, YR A 2 B B

Promoter
-35-10 Pos

HIHH

chrl 2606

<

Conserved motif

()

Bl chrl _2605-chrl 26045 FEfRELEH
Figure 1

1 23 4567

Structure of the chrl_2605-chrl_2604 gene cluster.
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POGE SR N(E 2B, 2C), X # W TBBPA

J& Chrl_2605 % 5 H 7 k5 S MR e ik, S.

xenophagum C1 (pBBR-2605-HiBiT) % J& 41 ity fit

A %X 5 TBBPA 5 HA i LAY, I

X} TBBPA 2 14 S Uil s

2.1.2 ¥t TBBPA X~ 48900 S 43HE
Chrl_2605 %% 5 K+ 8L X TBBPA A%

SeEm Ry, HALH AT HeA 2 F: —J& Chrl_2605
B EEIR ] TBBPA; —J& Chrl 2605 E [ H
$2 35000 TBBPA B9 ™ 9, M2 30 i X)
TBBPA [ S pkma i . Pk, ASBFoE i T
TBBPA (1) 3 F = 2ERE A% 74 : BPA. n-PMP Al
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Figure 2

Luminescence response of Sphingobium xenophagum C1 (pBBR-2605-HiBiT) biosensor to the

halogenated compounds. A: Luminescence response of S. xenophagum C1 (pBBR-2605-HiBiT) biosensor to the

brominated compounds; B: Luminescence response of S. xenophagum C1 (pBBR-2605-HiBiT) biosensor to the

fluorinated compounds; C: Luminescence response of S. xenophagum C1 (pBBR-2605-HiBiT) biosensor to the

chlorinated compounds.
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Figure 3  Luminescence response of Sphingobium xenophagum C1 (pBBR-2605-HiBiT) biosensor to the
degradation products of TBBPA and H,0,. A: Luminescence response of S. xenophagum C1 (pBBR-2605-HiBiT)
biosensor to the degradation products of TBBPA; B: Luminescence response of S. xenophagum C1 (pBBR-2605-
HiBiT) biosensor to the degradation products of H,O,.
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Figure 4 Responsive characterization of Sphingobium xenophagum C1 (pBBR-2605-HiBiT) biosensor. A:
Luminescence response of S. xenophagum C1 (pBBR-2605-HiBiT) biosensor to low concentrations of TBBPA
(0.000, 0.010, 0.050, 0.125, 0.250, 0.500, 1.250 pmol/L); B: Luminescence response of S. xenophagum Cl
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10.000 ymol/L); C: Luminescence response of S. xenophagum C1 (pBBR-2605-HiBiT) biosensor to 0.000 pmol/L
and 7.000 pmol/L TBBPA at different incubation times; D: Luminescence response of S. xenophagum C1 (pBBR-
2605-HiBiT) biosensor to 0.000 pmol/L and 7.000 pmol/L TBBPA under different inoculum conditions.
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