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E, R IBRR B B 1E 5 4F N-hexanoyl-L-homoserine lactone (C6-HSL)&E %37 %] AcrB.
TolC #F F EB #9452 %4, ITC 4 Rit—HiE% T C6-HSL 5 AcrB. TolC #9548 Z4 M. ITC 4R
B R T AcrA 5 A1 5 AcrB. TolC Z Al A £ R 6948 ZAF A, f AcrB 5 TolC X IA] L9 B 8948 Z 4%
A BRI RE B F AL 2] AcrAB-TolC T AL 64 - 5F S5 LA 1938w, JESX T AL E AL
R ey smE s, [48] FINT AcrAB-TolC S HR ALKy kX fathfl, EXT
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Transport function and dynamic assembly of a recombinant
bacterial multidrug efflux pump, AcrAB-TolC

JIANG Jiafeng, XIAO Lan, XIE Hao', SHEN Lei, CHEN Ziren

School of Chemistry, Chemical Engineering and Life Sciences, Wuhan University of Technology, Wuhan 430070,
Hubei, China

Abstract: [Background] Multidrug efflux pump mostly presents in the form of membrane protein
complex, which makes major contributions to bacterial drug resistance. The transport function and
assembly of the efflux pump are among the important issues for bacterial drug resistance and drug
development. [Objective] Taking AcrAB-TolC, an important member of resistance-nodulation cell
division (RND) family, as the research example, this study aimed to investigate and analyze the
transport activity and in vitro assembly of the multidrug efflux pump complex. [Methods] Basing on the
gene sequence of AcrAB-TolC complex in Escherichia coli, the recombinant plasmids containing acrA,
acrB and tolC genes were constructed. Each subunit of the complex was expressed and purified. This
study then explored the transport functions of the complex and subunits, the interaction between
subunits and substrates, as well as the interaction between subunits and their dynamic assembly by
means of fluorescence spectroscopy and isothermal titration calorimetry (ITC). [Results] The expression
and purification of the subunits of the AcrAB-TolC complex have been achieved with the homogeneity
to over 98%. It was confirmed that living cells with expressed individual subunits had increased activity
to transport ethidium bromide (EB). The activities of AcrB and TolC to transport EB were affected by
N-hexanoyl-L-homoserine lactone (C6-HSL), a quorum-sensing signal molecule. ITC results further
confirmed the interactions between C6-HSL and AcrB or TolC. In addition, there were obvious
correlations in AcrA-AcrB and AcrA-TolC, while no significant interaction was found in AcrB-TolC. In
the in vitro assembly experiments, the monomolecular fluorescence intensity of AcrAB-TolC subunit
increased with time, which validated the dynamic assembly of the complex subunits on the membrane.
[Conclusion] The AcrAB-TolC efflux pump and its subunits were expressed and purified. The activity
of AcrAB-TolC to transport and its interaction with substrates were verified. The dynamic assembly of
AcrAB-TolC was observed. These results facilitated the study of bacterial drug resistance and

antimicrobial strategies in associating with multidrug efflux pumps.

Keywords: bacterial resistance; resistance-nodulation-cell division family (RND); AcrAB-TolC; C6-HSL;
isothermal titration calorimetry (ITC); fluorescence; dynamic assembly
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MR, 2019 4, 42BRZy 495 FIET- 24 524
W 25T 56, Hih 127 5 N EH AT A
i 2k et 2020 45, A E 40 G 2 Wi )

g &R TN ()7 N N E <R N S g e
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MISNHERE T, BEARPT 25 BN IR EE 5 (3) X
AT 25 WA FHRE i sz Hop i g AR 3L AR
RS 5 (4) T2 B T A= ) 40k B RELAv AR B o e 7
X A AR R o, 2R A ) e
B E MRS I RERER G, BRI PP A R
SV TP BRSNS AR A B R Y
T U2 A0 AT 14240 (quorum sensing, QS)%K
R, Gl B REWE Y QS /5T
SRR IR MRS, SRR AT B
MEZZPMERZ AEE AL GIEK, M5
P 2nneial, nlfES 5 X 2% R B
1 QS f55 /T Unmh = 22 & FR N iR A s,
TE 20 TR T 257 oG B A R I e

i 25 45 35 40 ML 5> A6 K W (resistance-
nodulation-cell division family, RND)/Z{{AF7E
TH RV T 2 255N R, TEIRIK
FEor B 25 R b, R AR B IA R B
0214 AcrAB-TolC ZZ54MEAR K i jE RND
FIRM FENAFR, HNERIZEN AcB. AR
Al AT AcrA M AMEGE I 8 1 TolC 4k, =
5y 2% RV A 25 W) A0 HE L A= PRl BT R i)
PSSR RIS 2, TR AN 25 VAT i
HABEEAMEHAT Y AcrAB-TolC & ARSI
AKX FR WS R LA, H = 2150 i fb 2=t
Fehy 3:6:30710, Fedi B id i, AcrA B
Rk, 5 AcrB = RIKGEGTE R, AcrA-AcrB &£
G, FH TolC =RIKLE G, HBEMAA
ZER AT REM SR A A KDY, AcrAB-TolC
TEATIH % s THRERT , JIEYI AN AcrB i oz il FF ik &b
A G, TE AcrB 5 JIE IX 35, o £ v ik B JoT 1
R B R AER T AR %, £l
i TolC Fl AcrA Z [A] W4 1 HI T 4T JF 1) 3 16
1) Ji 7R s 222

H AT, X T MEAR A 4255 RND FIRTE
WIIBIESE, TEDREYEZH e e is IR i is vk

TR T B — R ALY DU T % 1 245 7
& T BT R SR AT AR BT 258 . Rt
ARFTRGE X AcrAB-TolC 1 ¥: iz T HEFI T RE
HAEPATHETE , PN AR S A TR S I Y
FIRFNLAL | e is Dy REIMN i K AR S Bl A 4 U
g5, LU Z 25 5bHEE A GBI 2 ik & 42
T Y £ R RSB

W EERE

1.1 &tk SIHIRIERE

W 5% Bt F KW #1568 (Escherichia  coli) T B
K-12, DHS50. BL21(DE3). Jifi pET-28a(+)
NASLR FARAF . PCR 511K DA T4 T
FE( R B AR A F 58, LB Hi3fJE(g/L):
JREE R 10.0, FERRPEE 5.0, Sfk4h 10.0, pH
7.0, 1x10° Pa K 20 min,, i FHRTAINZ 0.22 ym
DB BRI R AR 2R B IE R 30 pg/mL.
1.2 FERFIFNEE

T B -B-D- 2 F M 1T (N-dodecyl-B-
D-maltoside, DDM), ZZ 7ebRiFI A Fl 5 40 bR F&
[NZH DNA P4l a . N EE-p-D-iift
M IR 2 ZL B T (isopropyl-B-D-thiogalactoside,
IPTG)#I Ni-NTA 6FF Zilspalifbi g, £ 1.4
Y T RECEIE) B A PR A W] s KOD-plus , TOYOBO

*1 KARFFAAS

Table 1  Primers used in this study

BIE/ES 191751

Primer name Primer sequence (5'—3)

AcrA_F Nco 1 GATATACCATGGATGAACAAAAAC

AcrA R-Xho1 GTGGTGCTCGAGTTAAGACTTGGAC

AcrB F-BamH1 CGCGGATCCATGCCTAATTTCTTTATC
G

AcrB_R-Xho 1 CCGCTCGAGATGATGATCGACAGTAT
GG

TolC_F-Nco I CATGCCATGGGCATGAAGAAATTGCT
CcC

TolC R-Xho I CCGCTCGAGGTTACGGAAAGGGTTA
TGAC
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/NH]; Alexa fluor 488 NHS Ester, Z2%AEMRML
(EH B HEBR/A A ; Alexa FluorTM 532 C5
Maleimide F1 Fluorescent Dye Removal Columns,
R LB TA B A IR A B A

HAMEE.OHL, Beckman 23] 266506
JCEETE, BBOCHARABRA ] SRR E A
1%, Malvern 23w 5 ARG BB, Nikon
/NG
1.3 SFEYFEXR

FUHME LN DNA P il ) &4k
IUE. coli K-12 MIEHN4 DNA, i F i {5 Bl
(KOD-plus)53-5*%F acrd . acrB. tolC FEH 17
PCR ¥, PCR JZ Wi & & (50 uL): Genome DNA
(50-100 ng/pL) 5 pL, dNTPs (10 mmol/L) 5 pL,
10xKOD plus buffer 5 uL., MgSO,4 (25 mmol/L)
2ul, KOD-plus (1 U/uL) 1 pL, Primer F
(10 pmol/L) 1.5 uL, Primer R (10 pmol/L) 1.5 puL,
ddH,0 29 pL. fill# (touch down) PCR & i 5514 :
94 °C 2 min; 94 °C 30 s, 65 °C 30 s, 68 °C
90 /210 s, 10 MEH, B KIRE-1 °CHER;
94°C30s, 55°C30s, 68°C90s/210s, 104
fE¥F; 68 °C 10 min, Fl/SZMET). THfb. EHIG
Fo EEE 2H Rk 2544 pET-28a[ AcrA]. pET-28a[AcrB]
Al pET-28a[TolC], %5 A E. coli DH5a JE&3Z 25 H
DIRAE, % A E. coli BL2I(DE3) LA 321k, Hi%k
A TTAY) TAR () ey A RS W AT I o
14 FEEHHRESHAK

O ORI R IR TR E RS RIS R
(30 pg/mL)[Y LB 3G FREPRIl4k, 37 °C 559
12-16 h, Phvk M 2 3-5 mL LB KR 5+
F(EHFIBE XK 30 pg/mL)H, 37 °C. 220 r/min
BigE 12-16 h, SRIGHE 1:100 MRRIHLAEFRIT
LB MWK FRECT FIRE R 30 pg/mL)Hr,
37 °C. 220 r/min 5% & ODeoo fH N 0.4-1.0 I}
I IPTG (& HE 1.0 mmol/L), T 16 °C B

37 °C kL1557 16 h, P AMIEAR L FEE A 1R
EOBEFERANE T 4 °C.6 000xg 250> 10 min,
WS AR TR TTHE T7-20 °C fR-A7-

Bl g MEDIEEST 10 mL Rl A
[20 mmol/L Tris, 300 mmol/L NaCl, 1 mmol/L
7% H JL 78 19t 960 (phenylmethanesulfonyl fluoride,

PMSF), pH 8.0], F4NMB#EHLALTE, 4 °C.
10 000xg &.0> 20 min. 7 AcrA RYREHES 2.0
FIER E S Ni-NTA #E1E 4 °C TIRAL S
4h, LMWK B (20 mmol/L Tris, 300 mmol/L
NaCl, 50 mmol/L imidazole, pH 8.0){ti%, T
Ve C (20 mmol/L Tris, 300 mmol/L NaCl,
500 mmol/L imidazole, pH 8.0)"F it . %5 AcrB
5% TolC A IR J5 150 B ST 4 °C . 100 000xg
B0 25 min, PIUEE R TP A JFI 10%
(FREAEFI50) DDM BTN 1%, 4 °C i
WIRMHRAMARS , 4 °C. 100 000xg B.0> 1 h;
B E SRR 10 5)5 5 Ni-NTA WIS 4 °C T iR
H4E4A 4 h, &84 0.025% DDM RIZE K B
Ve Z W, T&A 0.025% DDM ik B K
(20 mmol/L Tris, 300 mmol/L NaCl, 500 mmol/L
imidazole, 0.025% DDM, pH 8.0)F ¥/, 3k
R AL BIEL T %A 0.025% DDM 1)
pH 7.4 W52 2% L %5 W (phosphate buffer saline,
PBS)HF /5 22555
1.5 21 Z%E(ethidium bromide, EB)HY
)ik S My

4 °C, 6 000xg &[> 10 min Y% AcrA .
AcrB. TolC WAk Fiki07s £, H KPI Z& o
(100 mmol/L KH,PO4, 5 mmol/L MgSO,, pH
7000k 3 W, HEIFHEEZE ODgoo fHN 1.0,
B 900 pL B k5 600 pL [ 25 umol/L EB IR 4,
ME RGP, FIMEME YT EB &%
sk, $RHES RS, AT T 8 000xg Z il
Z0 1 min, 5 B3, EET 1.5mLKPI, LI

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



Ve am st HAME 2 25N AcrAB-TolC [R4515 I R F B 24 4H 2% 4621

[F) 25 AR E DO, HIVEARXT EB B5MHEf
o WA 1 HAEFRAY E. coli BL21(DE3);
XTHRZ T A & A il kAR EE B 1 INP-AidH
LT o EB MFRICR A MER=(X—X0)/ X0 100% ,
t 4 EB (4B SMHERT B o AR RS A5 14T,
T 2 VS 0 B v 22 2 BR IN TR 4> F- C6-HSL
BT X 0.1 mmol/L, LUK C6-HSL Xf4#h
HEZE W A2 EB T5 R .
1.6 FRHEXLE

ST E R TE 37 °C YEAT. R E WA
Bl 280 pL, SE4FRESM . e BN
38 uL, 7E 750 r/min fig% hi e 19 ¥, T i
6] 4 s, [ B8 S0 150 043 5347 T AcrA-ActB
AcrA-TolC F1 AcrB-TolC HYJAH ./ R L K
T e B C6-HSL il AcrB . TolC [ AH T AF FIAG I
1.7 AcrAB-TolC SMIFR I EN7S R Ao B 2

HAext AerB HE A THOERIC. AcB
FRSCHIEENT T 10 mmol/L PBS Hr, VREEE:HIH
2-20 mg/mL, PRI HEFERTIMA 0.1 mL
1 1 mol/L kR A AN G i 2 pH 8.3-9.0, M4
ARSI 50-100 uL/mL Alexa fluor 488 NHS
Ester (10 mg/mL)AJHLRL, iR T REGIR S5 HERE
H 2h, SRR AcrA. TolC 7 EhRIC. AcrA
1 TolC HYCHEUEENT T 10 mmol/L PBS 1, ¥R
=124 50-100 pmol/L , #2ehric . 8 F I EE /R
HoR(10-20): 1 8 —FR A, EiREEIR SR
H 2 ho REEEVAMCYI KA Fluorescent Dye
Removal Columns 77| & 25 .

AcrAB-TolC #MHEZE 1) 14 41 5 25 25 il R
4 N I 5 9¢ )6 i 53 8% (total internal reflection
fluorescence microscope, TIRFM)JlliE . H#2¢
FRicif i) AcrB. AcrA. TolC KK & T it
. F RE MR 3 B9 8% A8 (1,2-dilauryl-sn-glycero-3-
phosphocholine, DLPC)fX I, 5 1 h J5 #4740
B, UL BE /3T AcrAB-TolC #MIEZE 13

BRI SRR LR 50 pmx50 pm,

GRS

2.1 AcrAB-TolC E&#FTEINEEMRIA
54k

RIS A A iR 1k pET-28a[AcrA] .
pET-28a[AcrB] fil pET-28a[TolC] Y X 7 +F
BL21(DE3) % ik1E &, M IPTG 435li#47 T
S 3ik, SDS-PAGE H JkR: il 4% 5 5 il 4] —
#(, RI7E 43 kDa (AcrA).113 kDa (AcrB) .55 kDa
(TolC)Ab WL B I TR IL , RUIEWIHEAF T
FERPAE T BEN(E 1A-1C), FFH 0.1-1 mmol/L
e B JE R N 1Y TPTG XFF AcrAB-TolC 453V 3£ /1
FFRIFILBERW, 1A, FIH Ni-NTA %
FZEMHARN; AcrA. AcrB. TolC flZiifkti 3k
57 (& 1D), HHAE KT 98%.

FIF 35 AcrAB-TolC &4 1A% WL 1Y
KIHFF I BL21(DE3)fE F 18, if—2 X AcrAB-
TolC 5 W.AEXT TAMER iz iKWtk EB
WY a TE PR HEAT TS . BT K R SRR 40
A AcrAB-TolC EAARKEERH, HIL, DIATHER
KR BL2U(DE3WE S XTRRZE [, DAEA Rk
JidE 2 1 INP-AidH BURL R BL21(DE3) A X ]
M, 4588 1E, 1F)E/", BL21(DE3)% ik
T AcrAB-TolC & & R E 41 W FEXT EB B X
RHAMNERH B S XA, [H7E AcrA . AcrB
il TolC 4% K22 6], AcrB Xt EB (45 BRI 4k
HER T AcrA Fl TolC, Aid2ERIHFANRE
X FEHH L R 2H 2 b5 i N I AcrAB-TolC 45 V.3
W25 7T %SRBG & W50 4 % DL X
EB iz, Kk, JCigWimh I 2k iy 2 A #0 fE 18
1125 AcrAB-TolC 1) 4H 25 31 i H A M4
#E1E B XF EB BURBCEMANER . SR1M, AcrB
NG 2 H , AcrB R IAXTTF AcrAB-TolC
02 VAR T 2 2 TRV BS o B v 1) DT R B B X R
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A \Da 1.0 B pa M 001020510 ¢
100 = 130 - -
— L |
75 = 100 s
50 5
35
D ) F
kDa 40[ # AcrA - BerB 100
130 -4+ TclC -y BL21
100 ~ 30} - INP-AidH 95t
75 s =
G s
[}
= 20t £ 90+
50 — % =
2 o} 5 osst
--BL21 -4 INP-AidH
L n L PR | 80 L L L M
0 300 600 900 1200 0 300 600 900 1200
£(s) L(s)

1 AcrA. AcrB. TolC BIESEKIEA. B, C). 4iik(D)UKXT EB AR EV(E)FISMNHE(F)

M: 43

FEFRIE. A—C: 0, 0.1, 0.2, 0.5, 1.0 451X IPTG ¥kEERH 0, 0.1, 0.2, 0.5, 1.0 mmol/L, #i3k¥g
] B FEXT I B ; D: AcrA. AcrB. TolC 73 BIXt R 4ifb i SR WIL; E. TAHIMERE W ILAE

KX T EB SRAYSEN ;. F: B4 SMIFR AL AR IA XS T EB AMIERY)
Induced expression of AcrA, AcrB, TolC (A, B, C), purification (D) and EB uptake (E), efflux (F).

Figure 1

=74
o

I

A, B, C, M: Molecular weight marker, 0, 0.1, 0.2, 0.5, 1: Total proteins of cells induced by IPTG at
concentrations of 0, 0.1, 0.2, 0.5, 1 mmol/L; D: Showed purified subunits of AcrAB-TolC complex; E, F:
Showed EB uptake and efflux by cells with expressed subunit of AcrAB-TolC complex.

ZH 1T T RREH T 9 B8 I3 A A HE 3 A 15
B AR 2, X ] §E5 INP-AidH f) R K520 T
M 7 M B AN AR K

A B RAR T A TE R AcrAB-
TolC £ 3& , Hfa L HEN , %SN3RIk AcrAB-TolC
BV AT LS 5N AcrAB-TolC & A 1AM 4
%, S 5% EB Wiz .
2.2 AcrAB-TolC E&#4 & T ES C6-HSL

HHEEEH
ARFFHMRIE, RND KAE—E TS5

IS4
=

THZRAERE QS 1557 F B A& 2 2R N
B i 2 3 200 AT T IR v 24 R PN i
C6-HSL %} 1547 AcrAB-TolC & 4 1A T 41 1t
WA i2 EB G PEME M . EB (W HEIURISME
B W, X F R Kk AcrAB-TolC &2 4 1AV 3
FI AR B T 75, C6-HSL XF EB [ HUFN &1 HE TG i
Femi (B 2A. 2B). X FRIBAHEA AcrA
FER AT &, C6-HSL % T EB f 45 U A HE
IR EF(E 2C, 2D), M FREAFHEYA
AcrB W3 H 4l TolC V.3 A9 41 I 1 7 , C6-HSL

B/
o
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A B ) C
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S 8¢t s 330}
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[ o L 5
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o S o
5 4l g
= ; <
o o 92t g 10¢
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30 }
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t(s) £(s)

2 C6-HSL 33RIEH AcrAB-TolC E &AL EME EB 3B /EMHIFM A FlB: C6-HSL Xf Tk
WA A AcrAB-TolC &4 MO FEAN 14 (19 EB S IANSMEZ T ; C Al D: C6-HSL Xf T3RIKA AcrA TJE
Y EB SHICHAMIERZ I ;. E fLF: Co-HSL Xf TRIkA AcrB WEAEAN I 19 EB SBURI SN HERZ W 5 G AN
H: C6-HSL X F3RikA TolC WEHEAHE ) EB HICHI S HER i

Figure 2 Effects of C6-HSL on EB transport activity of bacteria expressing AcrAB-TolC complex subunits.
A, B: Showed the effect of C6-HSL on EB uptake and efflux of bacteria without additional expression of
AcrAB-TolC complex subunits; C, D: Showed the effect of C6-HSL on EB uptake and efflux of bacteria
expressing AcrA subunit; E, F: Showed the effect of C6-HSL on EB uptake and efflux of bacteria expressing

AcrB subunit; G, H: Showed the effect of C6-HSL on EB uptake and efflux of bacteria expressing TolC
subunit.
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X EB WG ia TE A MEIER, R4 EB 1Y
TR FAMER A K. BT AcrA A JH
JREE T, {NAE AcrAB-TolC & & A4 58 v &k ¥ 3h
e, KEHZS®REKYEREMEERN, Bl
C6-HSL %f T AcrAB-TolC & &4 S 1Y EB %%
B G PEFEATCRZ A s 1 AcrB Fl TolC 43514 4
JEFSMEEIEE M, HEM AT AcrAB-TolC
HARXT EB Wyi%ia , HERIA T EB Wi%ia G
PEA .2 Co-HSLAEMIKY 5 EB &l b3k
iKY AcrB il TolC SR, 2/ %i5h 55 BB
551 AcrAB-TolC & A4 AcrB Fil TolC W J&
B4 %%, T AR X EB A% 32 15 T (18] 2E—2H).
T4 AR, BT B4 AcrB WA EE 4 TolC

A -
0.6t
0.4t

02r

DP (ucal/s)

0.0

-02 r

0.6 1
04}

0.2

DP (ucal/s)

0.0

02

0 10 20 30 40 50
t (min)

3 C6-HSL 5 AcrB. TolC HHE{/ER S EE M

WAL R FRIA AR AR B E M EB i iGEm
K, AEETEEHEFR R AcrB WKL 5L TolC i
K520, Ff L C6-HSL X EB %32 15 1 Ay 41 )
LE TN TE .

N T #E—HUESE C6-HSL 5 AcrAB-TolC &
ARG WAL A EAER, 20 R R S
FeARMARX T 24k #Y AcrB ., TolC 5 C6-HSL YA
HAEH . (K 3A-3D)45 %], C6-HSL 5 AcrB
M TolC ¥IRIUH T 4k BH 8 1 AH B4R F (1E
B, N>1), 10 H5 AcrB U456 3 B 8. (N=5.12).
LR VA EZE R Co-HSL i EB #4312 15 1k () 5256
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Figure 3

Isothermal titration detection of interaction between C6-HSL with AcrB and TolC. A, B: Showsed

the isothermal titration curve and heat change of the interaction between C6-HSL and AcrB. C, D: Showed
the isothermal titration curve and heat change of the interaction between C6-HSL and TolC.
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Figure 4 Isothermal titration detection of interaction between AcrAB-TolC each subunit. A, B: Showed the
isothermal titration curve and heat change of the interaction between AcrA and AcrB. C, D: Showed the

isothermal titration curve and heat change of the interaction between AcrB and TolC. E, F: Showed the
isothermal titration curve and heat change of the interaction between AcrA and TolC.
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Figure 5 The dynamic assembly process of AcrAB-TolC efflux pump on the DLPC membrane. A, B, C, D:
Respectively showed the changes of fluorescence point intensity and number at the beginning of assembly, 15,

50 and 65 min.
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