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ABSTRACT: Drug efflux pumps of Gram-negative bacteria are tripartite export machineries located in the
bacterial envelopes contributing to multidrug resistance. Protein structures of all three components have
been determined, but the exact interaction sites are still unknown. We could confirm that the hybrid
system composed dPseudomonas aeruginosdannel tunnel OprM and thEscherichia coliinner
membrane complex, formed by adaptor protein (membrane fusion protein) AcrA and transporter AcrB of
the resistance nodulation cell division (RND) family, is not functional. However, cross-linking experiments
show that the hybrid exporter assembles. Exchange of the hairpin domain of AcrA with the corresponding
hairpin from adaptor protein MexA @1. aeruginosaestored the functionality. This shows the importance

of the MexA hairpin domain for the functional interaction with the OprM channel tunnel. On the basis of
these results, we have modeled the interaction of the hairpin domain and the channel tunnel on a molecular
level for AcrA and TolC as well as MexA and OprM, respectively. The model of two hairpin docking
sites per TolC protomer corresponding with hexameric adaptor proteins was confirmed by disulfide cross-
linking experiments. The role of this interaction for functional efflux pumps is discussed.

Multidrug resistance (MDR) has become a growing channel domain, and protrude into the periplasm with a 100
problem in the medical treatment of pathogenic bactdjia (A long a-barrel, the tunnel domairé(7). AcrB of E. coliis
In Gram-negative bacteria, multidrug efflux pumps play an the first crystallized member of the RND (resistance nodu-
important role in resistance by expelling antimicrobial agents lation cell division) transporter family8j. It also forms

and thus reducing their concentration in the cel)s KHence, trimers, which look like jellyfish. The 50 A thick membrane-
they may increase antibiotic resistance by several orders ofembedded part has a diameter of 80 A. Periplasmic loops
magnitude, rendering antibiotics clinically usele8s @n form the headpiece protruding 70 A into the periplasm. The

important group of multidrug efflux pumps is based on a headpiece is divided into two stacked parts. The bottom part
tripartite assembly, which is composed of an outer membraneis called the pore domain. In its center is a cavity, which is
exit duct of the TolC family, an energized inner membrane connected |atera||y with the perip|asm by three openingsy
transporter, and a periplasmic adaptor protein, also knownhich might serve as conduits for substrate entry. The upper
as a membrane fusion protei, 5). These subunits, each  part of the cavity is linked by a central pore with a funnel-
members of an extensive protein family, are thought to jike structure characterizing the top part of the headpiece.
assemble into a transporter unit during export of the Recently, a direct interaction between the rim of the funnel
substrates to span both the inner and outer membrane angng the periplasmic end of the channel tunnel could be

create a bridge across the periplasm. Crystal structures ofgetected by site-directed disulfide cross-linki} The third
proteins belonging to any of the involved families are known. component, the adaptor proteins, is also essential for a
Trimeric outer membrane proteins TolCB$cherichia coli functional efflux pump. Whereas the inner and outer

and OprM ofPseudomonas aeruginosae representatives — memprane proteins could be crystallized in their native

ofh(_:hr?r)nel tur:mels,.forkr]ning a canon-shaped hoIIova cc;}nduit, oligomerization state, members of the adaptor protein family,
which is anchored in the outer membrane b§-barrel, the MexA of P. aeruginosaand AcrA of E. coli, crystallized as
a tridecamer and a dimer of dimers, respectively, which

T This work was supported by the Deutsche Forschungsgemeinschaft - . .
(Emmy Noether fellowship, Grant AN373/1-3). represents most likely not the native form of the proteins

*To whom correspondence should be addressed. Phone: (10—12). However, in parts the structure of the monomers
;;49-9?1-888-4510- iax:+§9-931-888-4509- E-mail: andersen@ verified the former structural model of adaptor proteih3)(
iozentrum.uni-wuerzburg.de. . hali oo -
1 Abbreviations: RND, resistance nodulation cell division; MDR, showing a 47 A Iongx hellcgl hairpin qoma'” connected to
multidrug resistance; MCS, multicloning site; GST, gluthathione & flatteneds-sandwich domain folded like the already known
Stransferase; IPTG, isopropgtp-thiogalactopyranoside; SDS, sodium  lipoyl domain from biotinyl/lipoyl carrier proteins. Besides

dodecyl sulfate; LB, Luria-Bertani; DSP, dithiobissuccinimidyl propi- i i i in, othte
onate; PMSF, phenylmethanesulfonyl fluoride; NTA, nitrilotriacetic these already predicted domains, a third domain,

acid; DDT, dithiothreitol; AHT, anhydrotetracycline; EDTA, ethylene- d(?mai”: could be C_jetermined' showing a six-strarfiteerrel
diaminetetraacetic acid; MIC, minimal inhibitory concentration. with a shorta-helix. It is expected that at least a fourth
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domain comprising the N- and C-terminus of the protein PCR product using the primer pair NB_ACYC up and
exists because the structure of the 28 N-terminal and 101NB_ACYC_down and pACYC184 as a template and the
C-terminal residues could not be determinéd)( Ncol- and Xhol-digested PCR product using the primer pair

All models of multidrug efflux pumps propose that adaptor NB_Gex_up and NB_Gex_down and pGEX-3XNdel as a
proteins mediate contact of the RND transporter with the template. A multi-cloning site (MCS) cassette with a
outer membrane channel tunndO( 11, 14). Biochemical 5 CCGG overhang formed by MCS_NB_up and
experiments have supported this hypothesis showing thatMCS_NB_down was inserted into the Xmal/CIAP (calf
AcrA and TolC can be cross-linked, independent of the intestine alkaline phosphatase)-digested pNB-pre vector. The
presence of any externally added substrat§).(For the orientation of the MCS cassette was verified by DNA
AcrAB—TolC and MexAB-OprM efflux pumps, pull-down  sequencing, and the resulting plasmids were denoted pNB1
assays showed that all three proteins form a tight associationand pNB2, respectively. These expression vectors comprise
(16, 17). With regard to the assembly of drug efflux pumps, the origin of replication (p15rep) and the Cm resistance gene
the question of which domains of the adaptor protein are (cat) of pACYC184 @2), thelacld gene, the tac promoter,
necessary for functional interaction with the channel tunnel and the glutathion&transferase (GST) gene of pGEX-3X
is open. Gerken and Misra have shown that point mutations (Amersham Biosciences) as well as a MCS following the
in the o/p-domain of AcrA could reverse the hypersuscep- GST gene with cutting sites for Sall, Pstl, Sacl, Xhol, Bglll,
tible phenotype of a TolC mutant, which suggests that this Aflll, Hindlll, and Xmal (order corresponds to the orientation
region might have direct contact with the channel tunmg).(  in pNB1).

In this study, we have investigated the impact of the The pNB vectors are used to express the channel tunnels.
hairpin domain for the interaction of the periplasmic adaptor ThetolC gene was first amplified using the primers TolC_up
protein and the outer membrane channel tunnel. We haveand TolC_down and cloned into pBADMyc/Hisising Ncol/
established a genetic background uncoupling the expressiorECORI. The resulting pBADtolC vector was used as a
of multidrug efflux compounds from cellular regulation. Via —template for amplifyingolC linked to the Myc/His sequence
chemical cross-linking, we could show that a hybrid efflux Using the primers TolC_NB_up and TolC_NB_davtolC-
pump assembles even when it is not functional. Functionality (Myc/His) was cloned into pNB1 and pNB2 using restriction
could be restored by the exchange of the hairpin domain of €ndonucleases Ndel and Xhol. pNB2oprM was constructed

the adaptor protein. A model for the interaction of adaptor after amplification ofoprM with primers OprM_up and

proteins with channel tunnels is presented.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Culture ConditioAdl.
bacterial strains were grown at 3T in LB medium or on
LB agar plates with appropriate antibiotics (Sigma). Ampi-
cillin (100 ug/mL), kanamycin (50ug/mL), and chlor-
amphenicol (4Qtg/mL) were used for selection of plasmids
in E. coli strains Top10F(Invitrogen), AG100, and DC14
(29). E. coli tolC knockout strains AG100TC and DC14TC
(this work) were grown with reduced antibiotic concentra-
tions (50ug/mL ampicillin, 25ug/mL kanamycin, and 10
ug/mL chloramphenicol).

The tolC knockout in AG100 and DC14 was performed
following the method of Datsenko and Wann26) using a
knockout fragment produced by PCR with the primer pair
TolC-KO_up and TolC-KO_down and pKD3 as a template
(for all primers, see the Supporting Information). The loss
of tolC was verified by PCR. The resulting strains were
denoted AG100TC and DC14TC, respectively.

OprM_down and ligated into a Ndel/HindllI-digested
pNB2tolC vector leading t@mprM connected to the Myc/
His sequence.

For disulfide cross-linking experiment®|C was ampli-
fied using pBADtoIC as a template with the primer pair
pASKTolCup and pASKTolCdown and cloned into the
pASK-IBA12 vector using Bsal. The resulting pASK-TolC
vector carrying the wild-typéolC gene with an N-terminal
OmpA leader sequence and Strep-tag Il was used as a
template for cysteine mutations introduced by QuikChange
PCR with the primer pairs TolC_S124C_QCup and -down
and TolC_S339C_QCup and -down.

The primers AcrAB_up and -down were used to amplify
acrAB and the Pagl/Xhol-digested PCR product was inserted
into the Ncol/Xhol-digested pBADHisvector, resulting in
pBADacrAB. For disulfide cross-linking experiments, the
bla resistance gene of pBADacrAB was replaced with the
cat gene of pACYC184. Therefore, theat gene was
amplified from pACYC184 with the primers Cat_BspHI_up
and Cat_BspHI_down. The PCR product and the
pBADacrAB vector were digested with Pagl and ligated,

Plasmids were constructed using standard recombinantresulting in pBADacrAB-cat.

DNA techniquesZ1). PCRs were performed using Pfu Turbo

DNA polymerase according to the manufacturer’'s manual,

and DNA was purified using the Nucleospin Extract Kit

For the construction of AcrA mutantacrA was cloned
into an Afllll/Hindlll-digested pUC18 vector using the
primers AcrAB_up and AcrA_down for Ncol/Hindlll restric-

(Macherey & Nagel). Plasmids were isolated using the tion sites. pUC18acrA serves as a template for the introduc-

Nucleospin Plasmid Kit (Macherey & Nagel). All DNA-

tion of the cysteine mutation by QuikChange PCR using the

modifying enzymes were supplied by MBI Fermentas or New primer pair AcrA_A93C_QCup and -down and for the one-

England Biolabs. All constructed plasmids were verified by
DNA sequencing (SEQLAB).

Initially, an Ndel cutting site was introduced into
pGEX-3X (Amershan Biosciences) in front of the GST
gene by QuikChange PCR using the primer pair
pPGEX Nde_QC_up and -down. The pNB-pre vector is
the product of the ligation of the Sall- and Pagl-digested

step hairpin sequence deletion atrA via QuikChange
PCR using the primers dHP_up and dHP_do&8).( For
exchange of the AcrA hairpin against the MexA hairpin,
the hairpin sequence ofmexA was amplified using
AcrAMexAHP_up and AcrAMexAHP_down as primers.
The PCR product itself was used as a primer pair for a
QuikChange PCR of pUC18acrfacrAAHP, acrAMex-
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medium with ampicillin, chloramphenicol, 25 ng/mL anhy-

Bpul1102I digestion and inserted into the Bpul102I-digested drotetracycline (AHT), and 0.01% arabinose at°8until

pBADacrAB vector, resulting in pBADacrARHP,
pBADacrABMexAHP, and pBADacrAqscB-cat, respec-
tively.

Determination of the Minimal Inhibitory Concentration.
The bacterial strains were grown overnight in LB medium
supplemented with 5Q:g/mL ampicillin and 10ug/mL
chloramphenicol. Afterward, the cultures were diluted into
5 mL of fresh LB medium supplemented with 5@/mL
ampicillin, 10 ug/mL chloramphenicol, 0.kM IPTG, and
0.01% arabinose and grownrf8 h at 37°C. The cultures

an ODyo of 1. After the cells had been harvested by
centrifugation for 15 min at 50@) the pellets were
resuspended in 3 mL of 10 mM Tris (pH 8.0) and 40 mM
N-ethylmaleimide. The cells were disrupted by repeated brief
sonications on ice, and cell membranes were collected by
centrifugation at 1700@pfor 1 h at 4°C. The resulting
pellets were resuspended 8 M urea before SDSPAGE
and Western blot analysis.

Resuspended membrane probes were purified using Strep-
tactin Sepharose. The probes were diluted 10-fold in 100

were diluted and added to a 96-well-plate (Cellstar) using mM Tris, 150 mM NaCl, 1 mM EDTA, and 1% Triton (pH

an initial concentration of 100 cells/well. In every well, 25
ug/mL ampicillin, 5ug/mL chloramphenicol, 0.AM IPTG,

8) and bound overnight on Strep-tactin Sepharose. After the
samples were extensively washed with 100 mM Tris, 150

0.01% arabinose, and antimicrobial agents at the following mM NaCl, 1 mM EDTA, and 1% Triton (pH 8), bound TolC
concentrations were given: 0, 2.5, 5.0, 7.5, 10, 15, 20, 40, was eluted with 200 mM Tris, 150 mM NaCl, 1 mM EDTA,

60, 80, 100, 120, 150, 180, 210, 240, and 2/mL

1% Triton, and 2.5 mM desthiobiotin (pH 8). Purified TolC

novobiocin, 0, 4.7, 9.4, 18.8, 25, 37.5, 50, 75, 100, 150, 200, was examined for copurification of AcrA by Western blots

and 300ug/mL erythromycin, 0, 7.8, 15.6, 31.3, 62.5, 93.8,
125, 187.5, 250, 375, 500, and 7B0/mL rhodamine 6G,
0,0.6,1.3,25,4.1,5,8.1, 10, 16.3, 20, 32.5, angddgnL

after SDS-PAGE under reducing and nonreducing condi-
tions.

SDS-PAGE and Western Blottingrior to electrophore-

benzalkonium chloride, and 0, 1.25, 2.5, 5, 10, 12.5, 20, 25, gjs suspensions of approximately equal numbers of cells or

40, 50, 80, and 100 mg/mL sodium dodecyl sulfate (SDS).

The 96-well plates were incubated for 24 h at°&/without

dissolved aliquots of purified proteins both in sample loading
buffer were heated for 10 min at 10C. SDS-PAGE was

shaking, and growth was verified using an ELISA reader performed according to the Laemmli gel syste26)( For
(Molecular Devices). The MIC was determined using at least \western blots, a tank blot system (Amersham Biosciences)

seven MIC tests per strain.
Cross-Linking Experiments and Protein Purificatidrhe

was used as described previousty); The anti-His and the
HRP-linked anti-mouse HRP-linked anti-rabbit antibodies

chemical cross-linking experiments were performed as previ- were purchased from Amersham Biosciences, and the AcrA

ously described24, 25) with minor changes. The bacterial
strains were grown to an Qg of 0.5 in LB medium with
appropriate antibiotic selection (5@/mL ampicillin and 10
ug/mL chloramphenicol) and cultivated for a furttih after

specific antibody from rabbit was produced by Pineda
Antibody Services (Berlin, Germany). ECL Western Blotting
Detection Reagents (Amersham Biosciences) were used for
detection.

induction of the expression plasmids. Cells were washed with  5.4/th Cuwe. The bacterial strains were grown overnight

150 mM NaCl and 20 mM phosphate buffer (pH 7.4),

concentrated 10-fold, and treated with 1 mM dithiobissuccin-

imidyl propionate (DSP) (Fluka) cross-linker at 3€ for
30 min. The reaction was stopped with 40 mM Tris-HCI

in LB medium supplemented with 5/mL ampicillin and
10 ug/mL chloramphenicol. Afterward, the cultures were
diluted into 50 mL of fresh LB medium supplemented with
50 ug/mL ampicillin, 20u4g/mL chloramphenicol, 0.kM

(pH 7.4). The cells were spun down and frozen and thawed |oTG and 0.01% arabinose, and the initial number of cells

repeatedly in 10 mM Tris-HCI (pH 7.4), 1 mM EDTA, and
1 mM PMSF. Lysed cells were centrifuged for 10 min at
1600Q@ after addition of 10 mM MgSQ Pellets were
solubilized n 8 M urea, 10 mM Tris-HCI, 100 mM
NaH,PQ;, 1% Triton X-100, and 0.2% Sarkosy! (pH 8.0)
and incubated fo 1 h at room temperature. After an
ultracentrifugation step at 14909@or 30 min, the super-
natants were mixed with 50 of Ni—NTA Sepharose resin
(Amersham)/10 mL of culture and incubated overnight at
°C. Ni—NTA Sepharose resin was washed extensively wit
8 M urea, 10 mM Tris, 100 mM imidazole, 100 mM
NaH,PQO,, and 1% Triton X-100 (pH 6.3) or 500 mM NaCl,
20 mM Tris, 100 mM imidazole, and 0.1% SDS (pH 8.0).
Proteins were eluted wit8 M urea, 50 mM Tris, 2% SDS,
and 700 mM imidazole (pH 4.5). The cross-linker was
reduced with 80 mM dithiothreitol (DTT) for 30 min at 37

was adjusted to 5¢< 10’ per milliliter by measuring the
ODsoo The ODQyoo was measured frequently, and novobiocin
(final concentration of 2@g/mL) was added when the Q9
reached 0.30.4.

Protein Modeling.The interaction model is based on the
crystal structures of AcrA, MexA, TolC, and Opri\e,(7,
11, 12). The binding sites of the channel tunnels with adaptor

4 proteins were first identified by a bioinformatics approach
h (see the text) and then supported by molecular modeling

using the CharmM module of Insightll (Accelrys).

RESULTS AND DISCUSSION

Construction of a Bacterial Strain with an Inducible,
Cellular Regulation-Independent AcrAB/TolC Multidrug Ef-
flux Pump. The AcrAB/TolC multidrug efflux pump is

°C. As a control, the same protocol was performed in parallel responsible for high resistance leveld€ofcoli strains against

without adding DSP.

For disulfide cross-linking experiments, DC14TC cells
were transformed with pBADacr#scB-cat and pASK-TolC
or one of the two cysteine-mutant pASK-TolC plasmids in
any combination. The cells were grown in 25 mL of LB

various noxious componentdg). However, it is known that
expression of the three compounds is regulated by diverse
factors such as growth rate, cell density, and the presence
of noxious compound®0—32). Therefore, investigation of
the interaction between components of bacterial multidrug
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Table 1: Strains and Plasmids

strain characterization ref

AG100 19

AG100TC AtolC this work

DC14 AacrAB::kan 19

DC14TC AtolC, AacrAB::kan this work

plasmid characterization ref
pKD3 20
pACYC184 Cnf 22
pPGEX-3X Amersham
pGEX-3XNdel Ndel cutting site in front of GST gene this work
pNB-pre p15 origin of replicatiorgatfrom pACYC184 (CnR), lacl9, tac promoter, this work
GST gene from pGEX-3X

pNB1 pNB-pre+ MCS (Sall-Pstl-Sacl-Xhol-BgllI-Aflll-Hindlll-Xmal) this work
pNB2 pNB-pre+ MCS (Xmal-Hindlll-AfllI-Bglll-Xhol-Sacl-Pstl-Sall) this work
pBADMyc/Hisc pBR322 originaraBAD promoter,araC, Myc/His sequence Invitrogen
pBADtoIC pBADMyc/Hisc + tolC this work
pNB1ltolC pNB1+ tolC, Myc/His sequence, GST gene excised this work
pNB2tolC pNB2+ tolC, Myc/His sequence, GST gene excised this work
pNB2oprM pNB2+ oprM, Myc/His sequence, GST gene excised this work
pBADHisc pBR322 origin, araBAD promotearaC, AmpR Invitrogen
pBADacrAB pBADHisC+ acrAB this work
puUC18 45
pUC18acrA pUC18t acrA this work
pUC18acrAAHP pUC18acrA withouticrA hairpin sequence this work
pUC18acrAMexAHP pUC18acrAgcrA hairpin substituted witmexAhairpin sequence this work
pBADacrABAHP pBADacrAB withoutacrA hairpin sequence this work
pBADacrABMexAHP pBADacrAB acrA hairpin substituted wittmexAhairpin sequence this work
PASK-IBA12 AmpR IBA
pASK-TolC pASK-IBA12+ tolC this work
pASK-TolCs124c pASK-IBA12 + tolC S124C this work
pPASK-TolCsszec pASK-IBA12 + tolC S339C this work
pBADacrAB-cat pBADacrAR\bla + cat, CnR this work
pBADacrAngscB-cat pBADacrAB-cat acrA A93C this work

efflux pumps by determining the minimal inhibitory con-  Taple 2: Minimal Inhibitory Concentrations (MICs) of Five
centration (MIC) requires a genetic background, which Antimicrobial Agents forE. coli DC14TC Expressing Efflux Pump
uncouples the transcription of th&lC, acrA, andacrBgenes ~ Components in Various Combinatidns

from cellular regulation mechanisms. We have constructed MIC (ug/mL)

two plasmids, pBADacrAB with thecrA and acrB genes cT AP Nov Ery R6G Benz SDS
under the control of an arabinose inducible araBAD pro- — — 55 47 78 13 1250
moter, as V\_/eII as pNB1tolC wittolC under the control of Tolc — 75 nm nm  nm nm
the IPTG inducible tac promoter. Both plasmids were - AcrA 25 nm nm nm nm
transformed into DC14TC, arfE. coli K12 strain with OpM  — 25 nm  nm nm nm
chromosomal deletions acrABandtolC. In MIC tests, we T ACTAMEXAHP 2.5 nm  nm  nm nm

: -~ . . o olC  AcrAAHP 75 47 78 13 1250
determined the susceptibility of strains against the antibiotics oic  Acra 210 200 500 16 100000
novobiocin and erythromycin, the detergents SDS and TolC  AcrAMexAHP 120 150 500 16 100000
benzalkonium chloride, and the dye rhodamine 6G, all OprM  AcrA 25 47 78 13 1250
substances shown to be substrates of the AcrAB/ToIC efflux OP™ AcrAMexAHP 80 100 375 10 50000
pump @8). a All strains contain two plasmids: either pNB1tolC, pNB2oprM,

First. the amounts of IPTG and arabinose were varied to °©f €mpty vector pNB for the IPTG-induced expression of channel tunnel
. . . (CT) genes and arabinose-induced pBAD vectors either as an empty
det_ermme conditions under which the MIC test ere.a'ed vector or expressing AcrB together with different adaptor proteins
resistance Ie\(els for. DC1.4TC pBADQC"AB PNBtoIC similar  (aps). The MIC values were determined by recording the growth of
to those obtained with wild-type strain AG100 pBAD pNB. induced cultures in 96-well plates. Each value was determined using
The concentrations of arabinose and IPTG for induction were at least seven MIC tests per strain. Abbreviations: Nov, novobiocin;
— 0 : ; Ery, erythromycin; R6G, rhodamine 6G; Benz, benzalkonium chloride;
set to 66QuM (=0.01%) anq 0.kM, respectlvely, revgalm_g SDS, sodium dodecyl Sulfate.
MIC values for the reconstituted wild-type system identical

to that of wild-type strain AG100 pBAD pNB. Increasing

more resistant to novobiocin than cells lacking TolC. The
the arabinose concentration to, for example, 1320 explanation for this is that TolC could also interact with other
resulted in higher resistance levets300xg/mL for novo- inner membrane complexes to form efflux pumps, which are
biocin), which is in accordance with results observed when able to expel novobiocin to a certain extent. The data from
efflux pump components were previously overexpres88d ( Sulavik and co-workers2@) support this interpretation,
For novobiocin, we show that the absence of either TolC or because they found that deletion afrAB together with
AcrA and AcrB leads to high susceptibility as observed for genes of four other inner membrane complexes resulted in
the strain with all three proteins missing (Table 2). Interest- a further reduction of resistance to novobiocin compared to
ingly, cells expressing TolC but not AcrAB were slightly singleacrAB knockout strains. It should be mentioned that
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Ficure 1: Expression of components of multidrug efflux pumps. ¢ o 5. |nteraction of channel tunnels and adaptor proteins

Equal amounts of call3 h after induction at an Qg of 0.5 with P e : .
; ° . proven by cross-linking. Purification of His-tagged channel proteins
0.01% arabinose and QuM IPTG of E. coli DC14TC expressing in the presence and absence of DSP. Copurified adaptor proteins

different combinations of drug efflux components were subjected o
h i were released by addition of DTT before SBIBAGE and Western
to SDS-PAGE and blotted. Proteins were detected by anti-His or blotting. Proteins were detected by anti-His or anti-AcrA antiserum.

anti-AcrA antiserum. AcrAMexAHP is abbreviated MexAHP.

in contrast to the araBAD promoter, which is tightly o e hajrpin was shown by an AcrA mutant. Seventy-four
regulated, the tac promoter is leaky, which means that the o4 es (97170), forming the hairpin, were replaced by

presence of the pNB1tolC plasmid was sufficient to mediate o ppg tripeptide, resulting in the Ac/P mutant. When

resistance to a certain level even without IPTG induction. ; \\ < expressed together with AcrB and TolC, the amount
However, we induced channel tunnel expression with 0.1 of AcrAAHP detected by immunoblotting was more than
uM IPTG to have a defined expression of the protein. Thus, 100-fold lower compared to the amount of wild-type AcrA
strain DC14TC pBADacrAB pNBtolC with genes encoding  (qata not shown), and the construct failed to mediate
the efflux pump AcrAB/TolC under control of inducible  roqigtance (Table 2). This suggests that deletion of the hairpin
promoters provides an appropriate genetic background for 4, main destabilizes the protein, explaining why the efflux
studying the functionality of the protein components with pump is not functional. The instability of AcEAHP explains
MIC tests. _ also why the protein could not be copurified with TolC after
Components of the AcrAB/OprM Hybrid Efflux Pump  chemical cross-linking (data not shown). Similar observations
Interact but Are Not FunctionalTo study the interaction  \ere made with a carboxy-terminal deletion mutant of AcrA
between the inner membrane complex and the outer mem-(12) However, we can exclude the possibility that contact
brane channel, we expressed a hybrid multidrug efflux pump. with the outer membrane component is necessary for correct
Previous results show that the MexAB/OprM efflux pump  fo|ding of the adaptor protein. The protein level of wild-
of P. aeruginosacan be functionally expressed k& coli type AcrA is not reduced in a TolC deficient background
(34). Thus, we used OprM to replace channel tunnel TolC (Figure 1).
in E. coli. Immunoblots show that the amount of OprM is O, the basis of the observation that interaction of AcrAB
slightly reduced compared to the amount of TolC, which'is ith OprM is not sufficient to form a functional drug efflux
independent of the presence or absence of AcrAB (Figure pymp, we constructed an AcrA adaptor protein with the
1). This could be explained by the fact that OprM is not a hairpin replaced with the MexA hairpin. We used a 218 bp
native E. coli protein. Cells expressing the AcrAB/OprM  pCR fragment comprising the MexA hairpin and the adjacent
hybrid multidrug efflux pump were susceptible to the tested regions of the lipoyl domain of AcrA as primers in a
drugs with MIC values comparable to that of the TolC quikChange PCR. It allowed a precise exchange of the
deficient strain. Even stronger induction of OprM did not hajrpin without introducing new residues. This was important
increase the re5|stance_of the ceII_s (datg not shown)._ Thispecause initial hairpin exchange attempts, by ligation of the
shows clearly that OprM is not functional with AcrAB, which  mexAhairpin sequence into self-created restriction sites in
supports previous report8g). acrA led to point mutations resulting in a less stable protein
In the next step, we tried to find out if the hybrid efflux and reduced MIC levels (data not shown). Western blot
pump is not functional because the AcrAB inner membrane analysis shows that the amount of mutant protein (denoted
complex ofE. coli and the channel tunnel &f. aeruginosa  AcrAMexAHP) is slightly reduced compared to the amount
did not assemble. Copurification of AcrA with OprM after of wild-type AcrA protein, which is independent of the
chemical cross-linking shows that the hybrid efflux pump presence or absence of TolC or OprM (Figure 1). Unexpect-
components are in contact (Figure 2). This means that theedly, the hybrid protein had an apparently higher molecular
inner and outer components of the hybrid efflux pump can weight. However, we confirmed that it is the mature form
interact but that this interaction is not sufficient to form a of AcrAMexAHP by overexpressing the proteins, which
functional efflux pump. Similar results were shown recently revealed an additional band with a higher molecular weight
for another hybrid efflux pump composed 6f coli AcrAB corresponding to the unprocessed form (data not shown).
and outer membrane channel VceCwibrio cholerae The Interaction of the chimeric protein with TolC as well as
proteins physically interact as shown by chemical cross- OprM was proven by copurification after chemical cross-
linking experiments, but they do not form a functional efflux  linking (Figure 2).
pump @6). Although it is known that the MexAB/TolC hybrid efflux
Exchange of AcrA with the MexA Hairpin Confers pump is not functional irE. coli (34, 35), coexpression of
Functionality of the AcrAB/OprM Hybrid Efflux Pump. the AcrAMexAHP mutant with AcrB and TolC establishes
Almost all models of efflux pumps assume that the hairpin a resistance phenotype. This means that TolC tolerates the
subdomain of the adaptor protein makes contact with the exchange of the AcrA hairpin with the MexA hairpin. When
outer membrane componerit(( 14, 37). The importance  the AcrAMexAHP chimeric adaptor protein was expressed
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1.81 equatorial domain, therefore making a direct interaction of
161 the hairpins with the tunnel-forming helices impossible. All

other models agree that the hairpin interacts with the tunnel
helices. However, the models differ in the oligomeric state
of the adaptor protein proposing trimers, hexamers, or

14 AcrAMexAHP/OprM

1.24

851'0' 20 pg/ml nonamers10, 14, 37). On the basis of a detailed analysis of
0381 novobiocin the structures, we describe the first model for interaction
0.6 1 { between the channel and the adaptor protein on a molecular
0.4 AcrA/OprM level. We assume that six adaptor proteins interact with the
021 tunnel domain. This assumption is supported by biochemical
o evidence of a 2:1:1 stoichiometry for the MexAB/OprM

0 1 2 3 4 5 6 7 8 9 10 1 efflux pump componentsiQ).

time (h) Channel tunnels have evolved most likely by gene
Ficure 3: Effect of novobiocin on the growth of cells expressing duplication events, deduced from sequence homology be-
OprM in combination with wild-type AcrA or AcrAMexAHP.  tween the amino- and carboxy-terminal halvég @3). To
Prokgein exrzressitt)ﬁ V\Iloas .ind.ucedNWitthAM IPTG agg (()j.Cil‘%;. I characterize residues that are involved in interaction with
arabinose rom the beginning. Novobiocin was added to Tinal pMexA, we have determined the amino acids at the tunnel
concentration of 2Qg/mL when the Oldho reached 0.30.4. domain of OprM, which are conserved in both halves of the
protein, indicating that they are part of the MexA binding
site (colored light yellow in Figure 4). It is not surprising
that leucine and valine residues at the interface between two
adjacent helices are conserved, since they play a role in
maintaining the tunnel structure. However, there are also
conserved hydrophobic residues facing outward. A region
close to the periplasmic end comprises conserved aromatic
residues located in helices H3 and H7. Conserved valine and
leucine residues further contribute to a hydrophobic surface

with AcrB and OprM, the MIC values for all tested
compounds were significantly increased compared to those
of cells expressing the AcrAB/OprM hybrid efflux pump
(Table 2). The resistance level did not reach that of the
AcrAB/TolC efflux pump. This might be explained to a
certain extent by the amounts of OprM and AcrAMexAHP
being slightly smaller than the amounts of TolC and AcrA,
respectively. However, the experiment clearly shows that the

exchange of the AcrA hairpin with the MexA hairpin makes of H7 and H8 and of H3 and H4, respectively. Charged

OprM useful for a functional efflux- pump. __ residues, which are conserved, are rather rare. There are just
This result was also further confirmed by a susceptibility three residues all located in the more outward-facing helices
test in a liquid culture. When novobiocin was added to an {3 and H7. When the residues on the MexA hairpin are
exponential culture expressing AcrAB/OprM (final concen-  examined, it is striking that the surface of the downward
tration of 20ug/mL), the growth stopped immediately as helix (Hdown) on the opposite side of the lipoyl afidbarrel
observed for cells lacking at least one efflux pump compo- gomain is covered by small residues such as glycine, alanine,
nent (Figure 3). In contrast, the addition of novobiocin to and serine (colored black). These residues are often found
cells expressing OprM and AcrB with AcrAMexAHP led to i helices with close contacts with other proteins. The only
a short lag time followed by continuous growth. Taken charged residues at this side of the MexA hairpin are two
together, our results show that the exchange of the AcrA aspartate residues. When the MexA hairpin and the Oprm
hairpin with that of MexA is sufficient to change the ACrAB/  strycture are brought together in a way that Hdown interacts
OprM hybrid efflux pump from a nonfunctional into a jth the hydrophobic patch between the H7 and H8 and H3
functional export machinery. and H4 helix pairs, respectively, the structures fit perfectly
Model for MexAHP-OprM Interaction.The crystal struc- in both cases. Salt bridges can be formed between the
ture of OprM shows that the periplasmic entrance of OprM conserved positively charged residues in helices H3 and H7
is almost closed§), and it is obvious and already shown and the negative charges on the hairpin surface. An arginine
for TolC that it needs to be open to allow expd8). It is residue at the side of Hup comes close to the negatively
believed that opening is induced by specific interaction with charged conserved residue in helices H3 and H7 and could
the inner membrane comple¥, (39). Our results show that  also form a salt bridge (Figure 4, circled residues). Other
the exchange of the MexA hairpin is sufficient to convert charged residues on the surface of the OprM tunnel come
the nonfunctional AcrAB/OprM hybrid efflux pump into  close to asparagine and glutamine residues, allowing interac-
functional export machinery. Therefore, we assume that thetion via hydrogen bonds. It should be noted that no equally
MexA hairpin inherits the ability to open OprM tunnel charged residues would face each other in this model, which
entrance. Since structural information about OprM and MexA means that there are no repelling forces. We assume that
is available, several models of efflux pumps are proposed. this perfect assembly of the hairpins with the tunnel helices
Exceptional is the model of Gerken and Misra suggesting is a prerequisite for induction of the conformational change
that the position of the adaptor protein is shifted toward the which opens the tunnel entrance. Primarily, the proper
outer membrane in a way that thé3-domain of the adaptor  interaction of the MexA hairpin with the binding site formed
protein interacts directly with the tunnel). This assump- by H7, H8, and H3 might be important for induction of the
tion supports their interpretation of a direct interaction of outward movement of the inner coiled coils formed by H7
these two domains. However, isothermal titration calorimetry and H8.
experiments argue against a direct interaction of dig It should be mentioned that in the case of the nonfunctional
domain with the tunnel40). Another argument against the hybrid efflux pump AcrAB/VceC functionality could be
model of Gerken and Misra is that the hairpins include the restored by gain of function mutants of VceB6). Here,
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OprM MexA OprM
H7 H8 H3 Hup Hdown

TolC AcrA TolC
H7 H8 H3 Hup Hdown H3 H4 H7#
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Ficure 4: Structures of channel tunnel helices forming the tunnel domain below the equatorial domain and adaptor protein hairpins. The
channel tunnel structures are split for clarity. The helix pairs H7 and H8 and H3 and H4 are shown with the adjacent helix of the same
protomer (H3) and of the adjacent protomer {47he adaptor protein hairpins are shown in an orientation with the lipoy|sabalrel

domain facing backward. Side chains of residues, which are conserved in both halves of channel tunnels, are colored light yellow. The
helices are colored black at positions with small side chains (glycine, alanine, and serine), red at positions with negatively charged residues,
and blue at positions with positively charged residues. The circles denote residues which might form salt bridges for channel tunnel
adaptor protein interaction. Residues which conflict in the assembling of AcrA with OprM are marked with green stars. Residues substituted
with cysteine in AcrA and TolC are colored green. For further explanation, see the text. The following PDB entries were used: 1WP1
(OprM), 1EK9 (TolC), 1VF7 (MexA), and 2F1M (AcrA).

single-point mutations in VceC made it possible that the  The Interaction Model Explains the Incompatibility of
AcrAB inner membrane complex is able to functionally AcrA and OprM.In contrast to MexA hairpins, AcrA hairpins
interact with VceC. It is thought that the gain of function are not able to functionally interact with OprM. Bringing
mutants provide functionality, because they are able to the AcrA and OprM structures together explains why the
undergo the transition into or persist in an open state wheninteraction is not functional (Figure 4). There are two major
in association with the AcrAB complex. The localization and differences between the hairpin of MexA and AcrA. First,
nature of the mutated residues, which are in part predictedthe surface of AcrA, which interacts most likely with the
to face into the tunnel lumen, support the possibility that tunnel helices, is covered by three more charged residues
most probably the destabilization of the closed state of the than the surface of MexA. The additional charges do not
VceC tunnel is the reason for the gain of function and not conflict when AcrA is assembled with the H3/H4/HYairpin

the improved interaction with the inner membrane complex binding site of OprM. This might explain why even AcrA
as suggested for the AcrAMexAHPACcrB/OprM hybrid efflux  and OprM interact as shown by cross-linking experiments.
pump. When trying to model the binding of AcrA to the H7/H8/



10310 Biochemistry, Vol. 45, No. 34, 2006

H3 hairpin binding site of OprM, which might be crucial
for opening the tunnel entrance, we find there is a conflict
due to repelling charges (marked with a green star). The
second difference between the AcrA and MexA hairpins is
the size of the hairpin. The AcrA hairpin is 11 A longer due
to seven additional residues per helix. Assuming that at least
the H3/H4/H7 hairpin binding site of OprM binds AcrA,
the longer extension of the AcrA hairpin leads to a gap
between the end of the tunnel and the top of the transporter.

Recently, it was shown for TolC and AcrB by disulfide
cross-linking that there is close contact between the two
proteins ). Because it might be possible that the interaction
between the channel and the RND transporter is also
necessary for a functional efflux pump, the missing contact
between OprM and AcrB could also contribute to the failure
of the AcrAB/OprM hybrid efflux pump.

AcrAMexAHP Is Compatible with TolGn our AcrA-
MexAHP/AcrB/TolC hybrid efflux pump, there is functional
interaction between the MexA hairpin and TolC. This could
be explained by the fact that the MexA hairpin is covered
by very few charged residues, which do not conflict with
charges on the potential hairpin binding sites of TolC, even
though the hairpin is two helical turns shorter than that of
AcrA. One must also consider that TolC serves as outer
membrane component of diverse export machineries, requir-
ing an interaction site which is compatible with very distinct
hairpin domains. Additionally, when the tunnel domains of
TolC and OprM are compared, it is obvious that OprM is
more tightly closed than TolC. Therefore, a less specific
interaction with the hairpin could be sufficient for a
functional efflux pump. Furthermore, in this hybrid efflux
pump, the TolC channel tunnel assembles with its native
RND transporter AcrB, which might facilitate tunnel opening
mediated by the MexA hairpin. The incompatibility of
MexAB with TolC (35) is another hint that besides the
interaction with the hairpin interaction with the RND
transporter is necessary for a functional efflux pump.

Model for AcrA-TolC Interaction.In a manner similar
to that for OprM and MexA, we have modeled the interaction
between AcrA and TolC (Figure 4). When the charge
distribution of the AcrA hairpin is examined, it fits perfectly
to residues at the TolC tunnel surface of helices H7, H8,
and H3. Six salt bridges can be formed, when the AcrA
hairpin assembles with this part of the TolC tunnel (circled
residues). Like the surface of Hdown of MexA, the surface
of Hdown of AcrA is covered with small residues, which
agrees well with the hydrophobic area between H7 and H8
of TolC. The mode of interaction of the AcrA hairpin with
the second binding site formed by H3, H4, and’i$%&lightly
different. In contrast to H3, there are no charged residues at
H7# which could interact with AcrA. However, correspond-
ing charged groups are found at H4, which could form salt
bridges with residues in the middle of Hup. Small residues
at the surface of H7and at Hup allow a close contact of
the two proteins. As in the assembly of AcrA with TolC
H7/H8/H3, there are no electrostatic conflicts in the assembly
with H3/H4/H7, which means that the AcrA model seems
reasonable. It should be noted that the AcrA structure
determination revealed a conformational flexibility of the
AcrA hairpin domain 12). Recently, a comparable flexibility
was also predicted for MexAdd). This observation is in
good agreement with the idea of a hexameric adaptor protein.

Stegmeier et al.
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FIGURES: Western blot analysis of membrane fractions resuspended
in 8 M urea of DC14TC cells expressing AcrAA93C in combination
with wild-type TolC (lane 1), TolCS124C (lane 2), or TolCS339C
(lane 3). Samples were mixed with nonreducing loading buffer and
incubated at 100C for 10 min prior to 6% SDSPAGE. TolC

and AcrA were detected witlw-TolC and a-AcrA antibodies
(Pineda Antibody Services, Berlin, Germany), respectively.

The orientation of the helices forming the two distinct
interaction sites on the tunnel surface is a little different due
to the different curling of the inner and outer coiled coil.
Thus, the flexibility of the hairpin makes docking at two
distinct interaction sites on the tunnel surface possible.
Furthermore, the flexibility also allows a hingelike re-
arrangement of the hairpin domain, which is necessary for
the conformational change of the tunnel helices for opening
of the periplasmic entrancéd 4).

Validation of the Interaction Model by Site-Directed
Disulfide Cross-Linking.The general interaction between
channel tunnels and adaptor proteins could already be proven
repeatedly by chemical cross-linking for TolC and Acr¥s(

17, 40). Models of the multidrug efflux pumps assume that
the hairpin interacts with the inner coiled coils to induce
opening and stabilize the open configuratid®,(11, 37).

We could confirm this assumption by restoring the resistance
phenotype of susceptible TolC mutants with reverted charges
at the inner coiled coils by AcrA mutants with exchanged
charges at the corresponding positions of the hairpin (G.
Polleichtner et al., manuscript in preparation). For validation
of the second interaction site comprising the outer coiled
coils, we have identified the residues serine 339 of TolC
and alanine 93 of AcrA, which are in the proximity of each
other during the modeled interaction. The TolC cysteine
mutant TolCS124C was constructed as negative control,
because according to our model the distance between cysteine
93 at the AcrA hairpin and the position of cysteine 124 of
TolC is too far for them to become covalently linked.
Membrane fractions of (urea-treated) cells expressing
AcrAA93C in combination with wild-type TolC, TolCS124C,

or TolCS339C were loaded under nonreducing conditions
on a SDS gel, and AcrA and TolC were detected by Western
blots. Both proteins were detected in a monomeric and
dimeric form. It should be noted that the dimers of both
proteins had an apparent molecular mass higher that what
was expected, 140 kDa for TolC and 115 kDa for AcrA
(Figure 5). The same observations were made for TolC
cysteine mutants by Tamura et af)).( As expected, the
combinations of TolCS339C and AcrAA93C showed ad-
ditional bands for both TolC and AcrA at 130 kDa,
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FiGure 6: Western blot analysis of elution probes of strep tag-
purified membrane extractions of DC14TC cells expressing
AcrAA93C with wild-type TolC (lanes 1 and 3) or TolCS339C
(lanes 2 and 4). Samples were mixed with reducing or nonreducing
loading buffer and incubated at 10€ for 10 min prior to 7%
SDS-PAGE. TolC and AcrA were detected witl-TolC and
o-AcrA antibodies (Pineda Antibody Services), respectively.

respectively, and this intermediate mass points toward cross-
linked TolC—AcrA complexes. To prove this assumption,
the resuspended membrane probes were purified using Strep-
tactin Sepharose. Purified TolCS339C was examined for
copurification of AcrA in Western blot analysis. In fact, AcrA
could be detected together with TolCS339C, while no AcrA
can be detected for the equally treated control strains with
wild-type TolC (Figure 6). Additionally, analyzing the elution
samples under nonreducing conditions, we find the complex
band at 130 kDa again can be detected with AcrA and TolC
antibodies. If this is transferred to the model, this means that
our assumption of a second interaction site comprising the
outer coiled coils is correct. There are two AcrA interaction
sites at the tunnel surface of a TolC protomer.

CONCLUSION

We have elucidated the role of the hairpin domain for the
assembling and function of efflux pumps. However, the
mechanism of drug efflux remains to be elucidated. Pre-
requisite is the understanding of the efflux pump assembly.
Integrating our experimental data and structural analysis, we
have presented the first detailed model of the interaction
between the adaptor protein and channel tunnel of two
different efflux pumps. The cysteine mutants covalently
linking outer and inner membrane components make co-
purification and crystallization of the complete drug efflux
machinery possible. Knowledge of the binding sites will also
help in designing efflux drug inhibitors needed to combat
multiresistant bacterial strains.
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