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SYNOPSIS

The MexAB-OprM drug efflux pump is central to multidrug resistance of Pseudomonas
aeruginosa. The ability of the tripartite protein to confer drug resistance to the pathogen is
crucially dependent on the presence of all three proteins of the complex. However, the role of
each protein in formation of the intact functional complex is not well understood. One of the
key questions relates to the (in)ability of MexB to act independently of its cognitive partners,
MexA and OprM. Here we demonstrate that in the absence of MexA and OprM, MexB can
(i) recruit AcrA and TolC from E. coli to form a functional drug efflux complex, (ii) transport
the toxic compound ethidium in a gram-positive organism where the periplasmic space and
outer membrane are absent, and (lii) catalyse transmembrane chemical proton gradient
(ApH)-dependent drug transport when purified and reconstituted into proteoliposomes. Our
results represent the first evidence for drug transport by an isolated RND type multidrug
transporter, and provide a basis for further studies into the energetics of RND-type
transporters and their assembly into multiprotein complexes.

ABBREVIATIONS

RND, Resistance-Nodulation-cell Division / TMA-DPH, 1-(4-trimethylammoniumphenyl)-6-
phenyl-1,3,5-hexatriene p-toluenesulfonate / DDM, B-D-dodecyl-maltoside / IMP, inner-
membrane protein / MFP, membrane fusion protein / OMP, outer membrane protein / IPTG,
Isopropyl B-D-1-thiogalactopyranoside /DSP, Dithiobis[succinimidyl propionate]/ CCCP,
Carbonyl cyanide 3-chlorophenylhydrazone

INTRODUCTION

P. aeruginosa is a pathogen that easily infects immuno-compromised, hospitalised patients. It
is also the main cause of mortality of patients with Cystic Fibrosis and is characterised by an
innate resistance to a wide spectrum of antibiotics [1]. Multidrug resistant strains of gram-
negative organisms such as P. aeruginosa rely on tripartite protein assemblies that span both
the inner and outer membranes to pump cytotoxic compounds from the cell. P. aeruginosa
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expresses several such multidrug transporter complexes of which MexAB-OprM is the
predominant system involved in intrinsic drug resistance. In the tripartite complex MexB is
the inner membrane spanning protonmotive force dependent xenobiotic efflux protein (IMP),
OprM is the outer membrane protein (OMP) and MexA is the periplasmic membrane fusion
protein (MFP). AcrAB-TolC from E. coli is a homologous system with MexB and AcrB
sharing 70% identity, MexA and AcrA sharing 57% identity and OprM and TolC sharing
19% identity.

Crystal structures have been reported for MexA [2-4], MexB [5] and OprM [6]. The crystal
structure of MexA reveals that the protein is comprised of a membrane proximal domain, a 3-
barrel domain, a lipoyl domain and an a-helical hairpin domain. OprM is a trimeric channel
with an outer membrane spanning, pore forming [-barrel domain and a periplasmic a-helical
domain. MexB was found to be a homotrimer in mass spectrometry [7] and X-ray
crystallography [5]. Each monomer of MexB consists of 12 transmembrane a-helices
constituting the inner membrane domain. The connecting loops between TM1 and TM2 as
well as TM7 and TM8 fold into two large periplasmic domains, which form the pore domain
and OprM docking domain. The overall architecture of the proteins from the MexAB-OprM
complex closely resembles that of the proteins in the AcrAB-TolC complex from Escherichia
coli [4,8,9,10,11].

The structure of an assembled tripartite complex has not been determined yet and despite the
available crystal structures of the individual components the details of assembly remain
largely unknown. The interaction of a tight complex between all three pump components in
vivo was confirmed as the tripartite MexAB-OprM complex could be purified from
overproducing E. coli or P. aeruginosa cells without the need for chemical cross-linking [12].
Genetic and biochemical studies further suggested that the interaction between MexA and
OprM occurs through the a-helical hairpin of MexA and a-helical barrel of OprM below the
equatorial domain [13-16]. Also, MexB most probably interacts with the periplasmic tip of
OprM via its top B-hairpin regions [14]. The details of the interaction of MexB with MexA
are much less clear, but several studies implied the importance of the B-barrel domain in
MexA for interaction with MexB [17,18]. Cross-linking data for AcrA with AcrB suggest
extensive contact between the lipoyl, (-barrel and membrane proximal domains of AcrA and
the periplasmic domain of AcrB [4].

Most studies indicate that the MFPs and IMPs form highly specific interactions that do not
allow interchange between homologues pumps. For instance, MexA and MexB cannot be
functionally interchanged with any of the other Mex systems in P. aeruginosa [12,19].
MexAB is also strict in its requirement for OprM. Although MexAB can form a partially
functional complex with OprJ [19], it cannot form a functional complex with OprN from P.
aeruginosa [20] or TolC from E. coli [16,21,22] However, recently, functional interaction of
MexB with- AcrA and TolC has also been reported [17], raising questions about the
exchangeability of tripartite components from different organisms.

Another question that also remains is whether or not RND multidrug transporters can
function independently from their MFP and OMP. The RND multidrug transporters AcrB and
AcrD from E. coli have been purified and reconstituted into lipid vesicles. For both proteins,
the transport activity was dependent on the presence of the MFP AcrA [23,24].

In this study we have investigated the role of the MFP and OMP in drug efflux by inner
membrane proteins by (i) expressing MexB in E. coli in the absence of MexA and OprM, (ii)
expressing MexB in the gram-positive organism L. lactis where the periplasmic space and
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outer membrane are absent and (iii) purifying and reconstituting MexB in proteoliposomes
and measuring drug transport in the absence of the other protein partners from the tripartite
complex.

EXPERIMENTAL

Cloning of MexB and MexA in E. coli

MexB was cloned in E. coli as described previously [7] to yield plasmid pMexBH.

The mexA gene was amplified from genomic DNA of P. aeruginosa strain PAO1 by PCR by
using Pfu Turbo polymerase (Stratagene) and primers 5> GGA ATT CCA TAT GTC CGG
AAA AAG CGA GGC GCC GCC 3’ (forward) and 5> CGC GGA TCC GCG TCA GCC
CTT GCT GTC GGT TTT CG 3’ (reverse). The primers were designed to amplify residues
24-383, thereby omitting the periplasmic signal sequence at the N terminus. In addition, Cys-
24 was mutated to Ser, to prevent attachment of a fatty acid. This PCR produced a DNA
fragment of 1,080 bp with unique restriction sites at the 5’ end (Ndel) and the 3’ end
(BamHI). After restriction enzyme digestion, the fragment was ligated into Ndel- BamHI
restricted pET28b(+) (Novagen). This protocol generated a construct containing a gene for
the A(1-23), C24S mutant of MexA with an N-terminal hexahistidine tag attached via a
thrombin cleavage site and was designated pHMexAsn. The cloned PCR product was
sequenced to ensure that only the intended changes were introduced.

Construction of the D407N MexB mutant

The D407N mutation was introduced in the mexB gene in the E. coli vector pMexBH by PCR
using KODHotstart DNA polymerase (Novagen) and the forward primer 5> CTT GCT GGT
GAA CGA CGC CAT CGT GGT G 3’ and reverse primer 5° GAT GGC GTC GTT CAC
CAG CAA GCC GAT GGC 3’. The mutant mexB gene was then subcloned into pET41a+ as
an Ndel, Xhol fragment to yield pMexBH D407N. The mutated mexB gene was sequenced to
ensure that only the intended changes were introduced.

Creation of the E. coli TolC knock-out mutant

The tolC gene on the chromosome of E. coli BW25113 was deleted using the method
described by Datsenko and Wanner [25]. The primers used were 5'- TAA TTT TAC AGT
TTG ATC GCG CTA AAT ACT GCT TCA CCA CGT GTA GGC TGG AGC TGC TTC -3
and 5'- GTA TCT TTA CGT TGC CTT ACG TTC AGA CGG GGC CGA AGC CCA TAT
GAA TAT CCT CCT TAG -3" which contained priming sites 1 or 2 from pDK4 with 40
nucleotides before or after the tolC gene respectively. The deleted tolC locus was marked by
genes conferring chloramphenicol resistance. The antibiotic resistance gene was removed by
the pCP20-encoded recombinase [25]. Positive clones were verified by PCR and drug
susceptibility tests. The BW25113 strain was converted to a (DE3)-lysogen, but all
cytotoxicity and drug transport assays employed basal levels of expression without induction.

MexB cloning in L. lactis

MexB was cloned into L. lactis by digesting pMexBH and pMexBH D407N with Ndel and
Xhol (NEB). The non histagged fragments of MexB and D407N MexB that were released
were then cloned into the Ncol-Xhol restricted lactococcal pNZ8048 expression vector [26].

Cytotoxicity assays
E. coli BW25113 cells with deletions in AcrB, AcrAB or TolC were used to propagate the
control (pET41a+) or the MexB (pMexBH) expressing plasmids. All experiments employed
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basal levels of expression without induction. Cells were grown to an ODgg 0Of 0.2 in LB
containing kanamycin (25 pg/ml). Cytotoxic drugs were added to the cell suspensions at
increasing concentrations. For the determination of viable cell counts, cells were incubated at
37°C for 3 h. The bacterial cultures were then serially diluted up to 10°-fold and plated on LB
agar plates containing kanamycin. Colonies were counted and the survival ratios were
expressed as a percentage of the colony-forming units observed at a given concentration of
antibiotic over that observed without added antibiotics. For determining the inhibitory effect
of drugs on the growth rate of cells, the cell densities were monitored by measuring the ODggo
of the cultures every 10 min for 6 h in a VersaMax plate reader (Molecular Devices, CA).
The relative growth rates were determined, and the 1Cso values were calculated. Half-
maximal inhibitory concentration (ICsp) is the concentration of drug necessary to reduce the
growth rate of cells by 50%. For oxacillin, the final ODgg Was used instead of the growth
rate. Data represent the mean and standard error of three independent experiments, each
carried out in duplicate.

Cytotoxicity assays on L. lactis NZ9000 AlmrA AlmrCD cells were carried out in the same
way as for the E. coli cells with the following changes. Cells were grown in M17 medium
(Difco) containing 0.5% glucose and chloramphenicol (5 pg/ml) t6 an ODggo of 0.3 and
protein expression was induced by the addition (1 : 2000) of the supernatant of the nisin-A
producing L. lactis strain NZ9700 [26] (containing approximately 5 ng nisin-A/ml), before
ethidium was added at increasing concentrations.

Substrate transport in E. coli cells

LB-Broth Miller (Formedium) containing 25 pg/ml kanamycin was inoculated (1 : 50
dilution) with an overnight culture of E. coli BW25113 cells with deletions in AcrB, AcrAB
or TolC, propagating various constructs. Cells were incubated shaking at 37°C until an ODgg
of 0.5 was reached. The cells were harvesied by centrifugation (3,000 g, 10 minutes, 4°C),
then washed twice by resuspension in 50 mM KPi (pH 7.0) containing 5 mM MgSO, and
sedimented by centrifugation (3,000 g, 10 minutes, 4°C). The cells were then resuspended in
the same buffer to an ODgg Of 0.5 and incubated for 3 min at room temperature in the
presence of 25 mM glucose to energise the cells. The fluorescence measurement was started
and 30 seconds later 2 uM EtBr, 0.125 uM Hoechst 33342 or 0.25 uM TMA-DPH were
added. The fluorescence was followed as a function of time in a Perkin-Elmer LS 55B
fluorimeter. Excitation and emission wavelengths and excitation and emission slit widths
were 500, 580, 5 and 10nm respectively for ethidium; 355, 457, 10 and 4nm respectively for
Hoechst 33342; 350, 425, 5 and 5nm respectively for TMA-DPH.

Cross-linking in E. coli cells

E. coli BW25113 (DE3) cells with genomic deletions in either AcrB or TolC and propagating
pMexBH were grown in LB medium containing kanamycin (25 pg/ml). When the optical
density reached ~0.6 protein production was initiated by the addition of IPTG (1 mM) and
cells were grown for another two hours. Cells were harvested and resuspended in 2 ml of
cross-linking buffer (50 mM KPi pH 7.4 containing 150 mM NaCl) and energised by the
addition of 0.5 9% glucose or de-energised by incubation with the protonophore CCCP (10
pHM). DSP (5 mM) was added to the cell suspensions and the cells were incubated for 30 min
before the reaction was quenched by the addition of 50 mM Tris pH 7.5. After 15 min at
room temperature ISO vesicles were prepared and the histidine tagged MexB was purified as
described previously. Proteins were separated by SDS-PAGE and then transferred onto
polyvinylidene difluoride. The blot was probed with anti-AcrA antibody and visualised by an
antigoat antibody-HRP conjugate.
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Ethidium transport in L. lactis cells

L. lactis strain NZ9000 AlmrA AlmrCD [27,28] was used as a host for pNZ8048 derived
plasmids in this study. The cells were grown at 30°C in sterile M17 medium (Oxoid)
supplemented with 0.5 % (w/v) glucose and containing chloramphenicol (5 pg/ml).
Overnight cultures of L. lactis NZ9000 A/mrA AlmrCD harbouring the pNZMexB or control
plasmids were inoculated into fresh medium by 50-fold dilution. When an ODggg Of about 0.5
was reached, protein expression was induced by the addition (1: 1000) of the supernatant of
the nisin-A producing L. lactis strain NZ9700 [26] (containing approximately 10 ng nisin-
A/ml). The cells were grown for another hour to allow protein expression and were then
harvested, washed and assayed for transport as described for Substrate transport in E. coli
cells.

Preparation of inside-out membrane vesicles

M9 medium (25 mM KH,PO,4 40 mM Na,HPO,4, 10 mM NaCi, 20 mM NH,CI, 2 mM
MgS0,4.7H,0, 0.2 mM CaCl,, 0.5% glucose) containing kanamycin (25 upg/ml) was
inoculated with an overnight culture of BW25113AAB propagating pMexBH or pMexBH
D407N. Cells were grown at 30°C until an ODgg 0f 0.7-0.8 was reached when gene
transcription was induced by the addition of 1 mM IPTG. The cells were harvested another
two hours later by centrifugation (13,000 g, 15 minutes, 4°C) and washed by resuspension in
100 mM KPi (pH 7.0) followed by centrifugation (13,000 g, 15 minutes, 4°C). The cell pellet
was resuspended in 100 mM KPi (pH 7.0) and DNase (10 pg/ml) was added. The cells were
lysed by three passages through a Basic Z 0.75 kW Benchtop cell disruptor (Constant
Systems) at 20kpsi. The lysate was subjected to low-speed centrifugation (13,000 g, 10
minutes, 4°C) to remove cell debris, and the resulting supernatant was subjected to high-
speed centrifugation (125,000 g, 40 minutes, 4°C) to collect the inside-out membrane
vesicles. The pellet, containing the inside-out membrane vesicles was resuspended in 50 mM
KPi (pH 7.0) containing 10 % (v/v) glycerol to a protein concentration of about 50 mg/ml and
stored in liquid nitrogen. The protein concentration of the inside-out membrane vesicles was
determined by the D¢ Protein Assay (Bio-Rad) with BSA as a standard.

Protein purification
MexB was purified essentially as described in Mokhonov et al. [29]. Inside-out membrane
vesicles containing MexB were solubilised by shaking at 4°C for one hour in a volume of

solubilisation buffer (10 mM Bis-Tris pH 7.4, 20% glycerol, 500 mM NaCl, 2 % B-D-

dodecyl-maltoside (DDM) and 10 mM imidazole pH 8.0) sufficient to produce a final protein
concentration of 5 mg/ml. Unsolubilised protein was removed by high-speed centrifugation
(150,000 g, 30 minutes, 4°C). Ni-NTA resin (Sigma) was equilibrated by washing three times
with 5 resin volumes of deinoised water, each time sedimenting the resin by centrifugation
(1000 g, 3 minutes, 4°C), and then twice with 5 resin volumes of buffer A (10 mM Bis-Tris
pH7.4, 10 % glycerol, 500 mM NaCl, 0.1 % DDM and 10 mM imidazole), each time
sedimenting by centrifugation as before. Solubilised protein was added to the equilibrated
resin and allowed to bind at 4°C for at least an hour. Then the resin was transferred to a
column (Bio-Rad) and the unbound protein was allowed to drain through. The resin in the
column was washed with a total of 30 resin volumes buffer A and then with a total of 30 resin
volumes of buffer B (10 mM Bis-Tris pH 6.0, 10 % glycerol, 500 mM NacCl, 0.1 % DDM and
10 mM imidazole). Histidine-tagged protein was eluted in 3 resin volumes of elution buffer
(10 mM Bis-Tris pH 7.4, 10% glycerol, 200 mM NacCl, 0.1 % DDM and 300 mM imidazole),
of which the first 0.5 resin volume were discarded. Total purified protein was assayed using
the colorimetric D¢ protein assay (Bio-Rad) with BSA as a standard.
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For MexA purification, BL21 (DE3) cells propagating the MexA over-expressing pHMexAxn
plasmid were grown in LB medium at 37°C. When the cell density reached and ODggo Of ~0.7
protein production was initiated by the addition of IPTG (1 mM). Cells were harvested and
prepared as described in Preparation of inside-out membrane vesicles. The supernatant after
the high-speed spin was directly applied to Ni-NTA resin (Sigma) and MexA was purified as
described for MexB, but without any DDM in the buffers.

Hoechst 33342 binding to purified MexB

Hoechst 33342 binding to purified protein was carried out in 2 ml reaction mixtures
containing 25 pg of purified protein in 10 mM Bis-Tris (pH 7.4). Hoechst 33342 was added
to the solution in a stepwise fashion to a final concentration of 1.5 uM, when no major
changes in fluorescence were detected. Measurements were performed in an LS-55B
luminescence spectrometer at excitation and emission wavelengths of 355 and 457 nm,
respectively, and slit widths of 10 and 5 nm, respectively. The binding constants Bmax and Kg
were determined using the relationship B = Bma[S]/(Kg +[S]), in which drug binding is
represented by B, the drug concentration by [S], the maximal binding by Bmax, and the drug
concentration yielding 1/2Bmax by the dissociation constant Kg.

Reconstitution of purified MexB in proteoliposomes

For the preparation of liposomes, commercially available E. coli total lipid extract (Avanti
Polar Lipids) were further purified by extraction with acetone-ether to yield E. coli polar
lipids. E. coli total lipid extract (100 mg) was dissolved in 2 ml of chloroform and then
slowly dripped into 10 ml of ice-cold nitrogen flushed acetone containing 2 pl of B-
mercaptoethanol. The mixture was stirred for at 4 °C overnight and centrifuged in glass tubes
for 15 min at 3000 g. The pellet was dried under nitrogen gas and dissolved in 10 ml of
nitrogen-flushed diethyl ether containing 2 il of B-mercaptoethanol for 10 min at room
temperature. Following centrifugation for 10 min at 1600 g the supernatant was evaporated to
dryness in a rotary evaporator. The residue was weighed and dissolved in chloroform, and
egg phosphatidylcholine (PC) (Avanti Polar Lipids) was added to the polar lipids at a PC to
E. coli lipid ratio of 1 : 3 (w/w). Once mixed, the lipids were dried as a thin film under
nitrogen gas and stored at -20°C until required. For the reconstitution of purified MexB into
Triton X-100-destabilized liposomes, the lipids were hydrated at a concentration of 20 mg/ml
in 20 mM KPi (pH 7.0) containing 100mM potassium acetate and 1 mg/ml sonicated calf
thymus DNA. The lipids were subjected to two freeze-thaw cycles and extruded 11 times
through a 400 nm polycarbonate filter using a 1 ml LiposoFast-Basic extruder (Avestin). The
resulting liposomes were diluted to a concentration of 4 mg/ml in 20 mM KPi (pH 7.0)
containing 100 mM potassium acetate and destabilized by the addition of 2-3 mM Triton X-
100 at 0.25 mM increments until the ODs4o of the liposome suspension reached a maximum
[30]. Purified MexB in elution buffer was then added to a protein to lipid ratio of 1:100
(w/w). After incubation for 30 min at room temperature, 80 mg of hydrated polystyrene Bio-
Beads (Bio-Rad) were added per millilitre of liposome suspension to remove the detergent
(34, 35). Following incubation for 2 h at 4 °C, these beads were replaced twice by fresh Bio-
Beads (80 mg/ml), which were incubated at 4 °C for 2 h and overnight, respectively. Before
use, Bio-Beads were hydrated by one wash in methanol, followed by one wash in ethanol and
five washes with ultrapure H,O. The proteoliposomes were collected by centrifugation at
164000 g for 30 min and resuspended to 1 mg of membrane protein/ml in 20 mM potassium
phosphate buffer (pH 7.0) containing 100 mM sodium acetate and 2 mM MgSOs..
Proteolipsomes were immediately used in transport assays.
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Hoechst 33342 transport in proteoliposomes

To impose diffusion gradients [31], proteoliposomes in 20 mM potassium phosphate buffer
pH 7 containing 2 mM MgSO,4, 100 mM potassium acetate and 10 nmol valinomycin (to
prevent the formation of a reverse Ay) per mg protein were diluted 1:100 (to 10 ug protein
per ml) into the same buffer (no gradient) or into 20 mM potassium phosphate buffer pH 7
containing 2 mM MgSO, and 50 mM K,SO, to generate a ApH (interior alkaline). After 30
sec, 0.125 uM Hoechst 33342 was added and the fluorescence of the Hoechst-DNA complex
formed inside the proteoliposomes was followed over time in an LS-55B luminescence
spectrometer at excitation and emission wavelengths of 355 and 457 nm, respectively, and
slit widths of 10 and 5 nm, respectively.

RESULTS

MexB can functionally complement AcrB in E. coli cells lacking AcrB.

In order to gain insight into the activity of MexB when not associated with its cognitive
partners MexA and OprM, plasmid pMexBH encoding his-tagged MexB was expressed in E.
coli strain BW25113 AAcrB, which lacked the MexB homologue, AcrB. Surprisingly,
expression of MexB alone confers resistance on the cells to the toxic compound ethidium.
The ICs of the survival ratio increased from 19 + 3 uM for the non-expressing control cells
to 67 £ 11 uM for MexB expressing cells (Figure 1A). The resistance conferred by MexB on
its own was also compared to that of the tripartite. MexAB-OprM pump. When all three
components of the MexAB-OprM pump were expressed, the 1Cso of the survival ratio
increased to 395 + 35 uM (Figure 1A). Similarly, when the effect of increasing the
concentration of ethidium on the maximum specific growth rate was studied, MexB
expressing cells exhibited a significant resistance to ethidium with ICsg values of 38 + 4 uM,
110 + 14 uM and 335 + 21 uM for non-expressing, MexB expressing and MexAB-OprM
expressing cells, respectively (Figure 1B and Table 1). The observed resistance could be
explained if MexB was able to interact with the periplasmic binding protein AcrA and outer
membrane pore TolC from E. coli and so complements the missing AcrB. The role of AcrA
and TolC in MexB function was further investigated by expressing MexB in E. coli
BW25113 AAcrAB which lacked both AcrA and AcrB and E. coli BW25113 ATolC, which
lacked TolC. Deletion of TolC from the genomic DNA of strain BW25113 resulted in an
increased drug sensitive phenotype; cytotoxicity assays had to be carried out at lower drug
concentrations than that used for strains with the AcrB or AcrAB deletion. Cytotoxicity
assays revealed that MexB in E. coli could confer resistance on cells to a range of compounds
such as the antibiotics oxacillin and novobiocin, the toxic compounds ethidium and TPP and
the detergent SDS (Table 1). The observed resistance was dependent on the presence of both
AcrA and TolC, as no increase in resistance was observed when MexB was expressed in cells
which lacked either AcrA or TolC. The expression of MexB was equal in all the BW25113
(DE3) E. coli cells used (results not shown). As a negative control, MexB with the
inactivating D407N mutation [32] was also expressed in E. coli strain BW25113 AAcrB. No
resistance was detected for the D407N mutant of MexB, which confirmed that the observed
resistance was originating from MexB, as this mutant was expressed equally to wild type
MexB (results not shown). The cells expressing only MexB displayed the same substrate
specificity as the tripartite MexAB-OprM pump. However, the 1Csy values for MexB-
expressing cells were several fold lower than that of the MexAB-OprM-expressing cells for
all drugs tested (Table 1). The resistance to ethidium conferred by the tripartite MexAB-
OprM in E. coli is similar to that of the native AcrAB-TolC complex. However differences
were observed in the resistance conferred to other compounds, with the MexAB-OprM
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complex being able to confer a higher level of resistance to novobiocin than the native
AcrAB-TolC, but a lower level of resistance to SDS and TPP (Table 1).

MexB display AcrA and TolC dependent efflux of fluorescent drugs from E. coli cells.
To test whether drug extrusion from the cell is the underlying mechanism of drug resistance
in E. coli AAcrB expressing MexB, we measured the extrusion of fluorescent substrates from
the E. coli strains BW25113 AAcrB, BW25113 AAcrAB and BW25113 ATolC. Hoechst
33342 is a toxic compound that is virtually non-fluorescent in aqueous solution, but has a
high fluorescent quantum yield when present in the hydrophobic environment of the lipid
bilayer or when bound to DNA. Therefore, Hoechst 33342 efflux from cells can be measured
as a reduction in fluorescence. When cells were pre-energised by the addition of glucose, the
uptake of Hoechst 33342 in cells expressing MexB was significantly lower than that observed
in the control cells without MexB and was only slightly higher than cells expressing the
tripartite MexAB-OprM complex. Initial influx rates of 18.9 £ 0.2, 5.7 £ 0.5 and 3.6 £ 0.3
a.u./min were obtained for the non-expressing control cells, the MexB-expressing cells and
the MexAB-OprM-expressing cells respectively (Figure 2A). The most efficient reduction in
Hoechst 33342 uptake was observed for the AcrAB-TolC complex with an initial influx rate
of 0.9 + 0.2 a.u./min (Figure 2A). No difference in Hoechst 33342 influx was observed
between the control and MexB-expressing cells in strains where AcrA or TolC has been
deleted (results not shown). In addition no Hoechst 33342 efflux was observed for the D407N
mutant of MexB, again confirming that Hoechst 33342 efflux was indeed dependent on the
presence of MexB (results not shown). These results demonstrate that MexB can partner with
AcrA and TolC to form a functional efflux pump. The fluorescence of ethidium and TMA-
DPH, which is enhanced in hydrophobic environments, was also used to assay their transport
from the cells. Similar to the results obtained for Hoechst 33342 transport and in accordance
with the cytotoxicity assays for ethidium, MexB was able to efflux both ethidium (Figure 2B)
and TMA-DPH from cells (Figure 2C). In both cases, the passive influx was reduced (higher
efflux) in the MexAB-OprM expressing cells compared to the cells which only express MexB
(Figure 2B and Figure 2C). No significant difference was observed between the transport of
ethidium and TMA-DPH by MexAB-OprM or the native AcrAB-TolC complex (Figures 2B
and 2C).

To investigate if a physical interaction between MexA and MexB occurs, His-tagged MexB
was purified using Ni-affinity chromatography from cells lacking AcrB or lacking TolC as
indicated in Figure 2D. Purified fractions were subjected to SDS-PAGE and blotted onto a
PVDF membrane. The blot was developed with anti-AcrA antibody. A high affinity complex
forms between AcrA and MexB as AcrA co-purified with MexB even in the absence of
cross-linker. In the presence of the cross-linker DSP, AcrA is observed as a higher oligomer
complex. Formation of the AcrA-MexB complex is not dependent on the cells being
energised as the complex was observed in the absence of glucose and presence of the
protonophore CCCP. Formation of the AcrA-MexB complex was dependent on the presence
of TolC as no complex was observed in the cells lacking TolC (Figure 2D). AcrA did not
bind non-specifically to the Ni-affinity resin as no AcrA was observed when the purification
was done with cells propagating the non-expressing control plasmid (Figure 2E). A
homogenous preparation of MexB is obtained from these preparations as indicated by the
Coomassie stained gel (Figure 2F).

Independent drug transport by MexB in a gram-positive bacterium

The surprising promiscuity of MexB that apparently allows it to form a functional complex
with the E. coli proteins, AcrA and TolC, raises questions as to the exact role of the
periplasmic binding protein and the outer membrane pore in MexB functionality. Are binding
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of these proteins to MexB necessary for the formation of functional MexB per se or is
complex-formation just a necessity to move drugs across the periplasm and outer membrane?
We have addressed this question by expressing MexB in the gram-positive organism
Lactococcus lactis. In this way there is no periplasmic space or outer membrane to traverse in
order to transport drugs out of the cell. MexB and D407N MexB were expressed in an L.
lactis strain in which genomic multidrug transporter genes ImrA and ImrCD were deleted
[27]. Both MexB proteins express equally well in L. lactis cells (Figure 3A). Surprisingly,
reduced ethidium uptake was observed for the MexB expressing cells in comparison to the
D407N MexB and non-expressing control samples with initial influx rates of 19.8 £ 0.9, 37.8
+ 0.9 and 40.1 + 2.1 a.u./min for MexB-expressing cells, D407N MexB-expressing cells and
control cells respectively (Figure 3B). Ethidium transport by MexB in L. lactis was also
compared with that of the LmrP and LmrCD drug efflux proteins from L. lactis. LmrP
transports ethidium very efficiently as hardly any ethidium is entering the cells (Figure 3B).
The initial influx rate of ethidium into the cells is higher for the LmrCD expressing cells
compared to the MexB expressing cells, but then ethidium accumulate at a lower steady state
level than in the MexB expressing cells (Figure 3B). However the higher expression level of
LmrCD compared to MexB could also be responsible for the lower level of ethidium
accumulation in the LmrCD expressing cells (Figure 3A). The expression of MexB also
confers resistance to the L. lactis cells to ethidium. In correlation with the transport assays,
expression of LmrP conferred the highest level of resistance followed by LmrCD and then
MexB (Table 2).

Independent drug transport by purified and reconstituted MexB

To further confirm the ability of MexB to interact with transported ligands independently of
other tripartite components we studied the properties of purified MexB in detergent solution
and when functionally reconstituted into proteoliposomes. First, MexB and D407N MexB
were purified and the ability of the D407N MexB transport-negative mutant to interact with
Hoechst 33342 was assessed in a drug binding assay that utilised the unique fluorescent
properties of the dye. As Hoechst 33342 is not fluorescent in aqueous solution, the binding of
Hoechst 33342 to the hydrophobic binding pocket can be observed as an increase in
fluorescence. Equimolar amounts of MexB and D407N MexB were titrated with increasing
concentrations of Hoechst 33342. The Hoechst 33342 fluorescence was corrected for non-
specific binding and the data was plotted versus the Hoechst 33342 concentration. The data
was fitted with a one binding site hyperbola and yielded R? values of 0.979 and 0.949 for
MexB and D407N MexB respectively. No significant differences were obtained between the
binding parameters of MexB and D407N MexB (Figure 4A and Table 3), indicating that
D407N MexB retains the ability to bind Hoechst similar to the wild type protein, even though
transport activity is abolished. As another control, drug binding to purified MexA was
measured. No drug binding to MexA could be observed, as the Hoechst 33342 fluorescence
was equal to that of the buffer alone (Figure 4A).

MexB and D407N MexB were reconstituted into proteoliposomes and the Hoechst 33342
transport activity was measured. The (proteo)liposomes were loaded with DNA and
potassium acetate inside and the reconstitution method used should yield proteins that are
orientated in a right side-out fashion [30]. Therefore, when the proteoliposomes are diluted
into a buffer that does not contain potassium acetate, to allow the outward diffusion of acetic
acid and the subsequent generation of a ApH (interior alkaline), an in vitro model for intact
cells is created containing DNA and a basic internal pH. The generation of a ApH activates
MexB which is a drug/H™ antiporter and hence would efflux Hoechst 33342 when a basic
inside pH is generated. The D407N MexB mutant was purified and reconstituted into
proteoliposomes to the same level as the wild type protein (Figure 4B). Imposition of the
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ApH in the proteoliposomes reduced the passive diffusion of Hoechst 33342 in the MexB
containing proteoliposomes, but not in the empty liposomes or the proteoliposomes
containing the transport negative mutant D407N MexB. Initial influx rates for Hoechst 33342
of 6.64 +0.91, 1.74 + 0.32 and 7.24 + 0.78 a.u./min were observed for the control liposomes
and the proteoliposomes containing MexB or D407N MexB respectively (Figure 4C).
Addition of purified MexA to the MexB-containing proteoliposomes had no effect on the
Hoechst 33342 transport. In the absence of the ApH, no Hoechst 33342 transport was
observed in the MexB-containing proteoliposomes (Figure 4D). These results indicate that
Hoechst 33342 transport is dependent on MexB and that MexB can mediate Hoechst 33342
efflux by itself in a ApH-dependent manner.

DISCUSSION

Drug resistant gram-negative bacteria need to transport drugs over two membranes and the
periplasmic space. This is normally affected by tripartite assembiies of an inner membrane
protein an outer membrane factor and a membrane fusion protein, such as the MexAB-OprM
protein complex from P. aeruginosa. Previous studies indicated that MexB could only form a
functional complex with MexA and OprM [19]. However, we have found that MexB is
promiscuous and can partner with AcrA and TolC from E. coli to form an active complex.
MexB-AcrA-TolC displays the same substrate recognition profile as the MexAB-OprM
complex but is less efficient in conferring resistance to the toxic substances (Figure 1 and
Table 1). Our results correspond well with that of another study that also found that MexB
expressed in E. coli cells can confer resistance to some drugs [17]. Our complementary study
now demonstrates MexB-AcrA-TolC mediated efflux of the fluorescent compounds Hoechst
33342, ethidium and TMA-DPH. Consistent with the resistance data, MexB-AcrA-TolC was
less efficient than the MexAB-OprM or native AcrAB-TolC complexes in transporting these
compounds (Figure 2). Even though MexB-AcrA-TolC and the MexAB-OprM complex can
efflux Hoechst 33342 from cells at 0.125uM, these complexes do not confer resistance upon
the E. coli cells to Hoechst 33342. Thiis is probably due to the inability of MexB in E. coli to
transport Hoechst 33342 at the concentrations at which it becomes toxic to the BW25113
AAcrB cells (2uM).

OprM and TolC share only a modest sequence homology (about 20% identity, compared to
70% for MexB and AcrB and 58% for MexA and AcrA). It is therefore not surprising that
TolC cannot support MexB. activity through functional complementation of OprM in the
presence of MexA [16,22]. Models of the AcrAB-TolC complex predict a sparse interaction
between the B hairpins in the AcrB crown and the periplasmic end of TolC [4,33]. Hence, a
combination of MexB and TolC is tolerated as long as the third protein in the complex is
AcrA. In this sense MexAB is different from MexXY and MexCD both of which can act
together with TolC [21,34]. The question remains if an intact tripartite assembly is needed for
function of the individual IMP proteins or if this is only a requisite for bridging the two
membranes of the gram-negative organisms. To answer this question we have first expressed
MexB in a gram-positive bacterium that lacks the outer membrane. Surprisingly, energy
dependent drug efflux was still observed for the L. lactis ALmrA ALmrCD cells expressing
MexB (Figure 3) and MexB conferred ethidium resistance on the cells (Table 2). As RND
proteins and MFP analogues are found in gram-positive organisms [35-37], it cannot be ruled
out that MexB activity in L. lactis is dependent on an endogenous MFP. In view of the
absence of OMP proteins in L. lactis, the observations on MexB-dependent drug transport in
this organism, provides evidence that MexB can work alone.

To avoid the possibility of MexB interactions with a hitherto unidentified MFP in L. lactis,
we have taken advantage of the E. coli expression system to purify sufficient amounts of
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protein at a very high purity to functionally reconstitute MexB in proteoliposomes. Transport
of Hoechst 33342 was observed in the presence of a ApH (inside basic), but not in the
absence of the imposed chemical proton gradient. Transport was also not observed for
D407N MexB, in which the aspartate residue that is predicted to be involved in H* coupling
was mutated to neutral asparagine. The addition of MexA had no effect on MexB mediated
Hoechst 33342 transport in the proteoliposomes (Figure 4). This is the first time that drug
transport is reported for a RND transporter reconstituted in proteoliposomes in the absence of
MFES and OMP proteins. Previously, the MexB homologue, AcrB, had been reconstituted in
lipid vesicles but drug transport was not measured directly. Instead, the increase in the
fluorescence of NBD-lipids was measured as it was removed from donor vesicles to acceptor
vesicles and this lipid transport was dependent on the presence of the MFEP, AcrA [24].
Similarly, AcrD, another RND drug transport protein from E. coli has also been reconstituted
and the proton flux upon addition of aminoglycosides was measured. This proton flux, as
well as gentamycin uptake, was dependent on the presence of AcrA [23]. In neither of these
cases was a transport-negative mutant included in the measurements. Our results showing
independent, ApH-driven drug transport by an RND multidrug transporter in proteoliposomes
make a useful contribution to our understanding of the transport mechanism of RND
transporters. Moreover, it allows new opportunities to study the molecular mechanism of
RND type drug transporters and their associated MFPs.

The ability of membrane fusion proteins to stimulate drug transport or ATPase activity of
integral membrane transporter proteins has led to the speculation that the membrane fusion
proteins are actively involved in the transport process [38] and drug binding sites have been
identified in some MFPs [39,40]. However, we did not observe Hoechst 33342 binding to
MexA, which would refute a direct involvement of this MFP in Hoechst 33342 transport at
least. Similar to other MFPs [23,24,41], MexA might increase the drug binding affinity of
MexB, which remains to be investigated. Interestingly, Hoechst 33342 binds the D407N
mutant and the wild type protein with the same affinity. This observation agrees with the
notion of Asp407 in MexB and AcrB being involved in proton coupling [32,42] rather than
directly interacting with substrates. Yu and co-workers observed a drug-binding site formed
by the loop between TM3 and TM4 in wild-type AcrB [43,44] that was collapsed in the
D407N mutant, leading to the suggestion that the D407N mutant would be unable to bind
drugs. The Hoechst 33342 binding we observed might have resulted solely from binding to a
site in the periplasmic domain, where no large structural alterations were observed for the
D407N mutant [43].

To our knowledge this is the first time that independent drug transport was observed for an
RND transporter in the absence of the outer membrane pore or the membrane fusion protein.
It is also the first time that drug transport in proteoliposomes has been verified by showing
that no drug transport can be observed for a transport-negative mutant protein even though
this mutant binds the substrate with equal affinity as the wild-type protein. The functional
reconstitution and independent activity of MexB opens up exciting new possibilities for
further mechanistic studies on RND-type transporters and their functional regulation by MFP
and OMP partners in a tripartite complex. It will also allow investigations on the mechanism
of coupling between drug transport and proton transport, and determination of drug/H*
stoichiometries.

ACKNOWLEDGEMENTS
We are grateful to Dr Martin Welch (Department of Biochemistry, University of Cambridge,

U.K.) for the gift of P. aeruginosa PAO1 genomic DNA, Professor Martin Pos (Institute of
Biochemistry, Goethe-University Frankfurt am Main, Germany) for the gift of E. coli strains

11

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 28 Jun 2010 as manuscript BJ20091860

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20091860

BW25113 AAcrB and BW25113 AAcrAB, Professor Helen Zgurskaya (Department of
Chemistry & Biochemistry, University of Oklahoma, USA) for the plasmid expressing the
MexAB-OprM complex, and Dr Markus Seeger (Institute of Biochemistry, University of
Zurich, Switzerland) for the gift of BW25113, pDK4 and pCP20, and for stimulating
discussions.

FUNDING

This work was funded by a Royal Society Dorothy Hodgkin grant to HV and a Royal Society
Research Grant.

REFERENCES

1

2

10

11

Poole, K. (2004) Efflux-mediated multiresistance in Gram-negative bacteria. Clin.
Microbiol. Infect. 10, 12-26

Higgins, M. K., Bokma. E., Koronakis, E., Hughes, C. and Koronakis, V. (2004)
Structure of the periplasmic component of a bacterial drug efflux pump. Proc. Natl.
Acad. Sci. U.S.A. 101, 9994-9999

Akama, H., Matsuura, T., Kashiwagi, S., Yoneyama, H., Narita, S., Tsukihara, T.,
Nakagawa, A. and Nakae, T. (2004) Crystal structure of the membrane fusion protein,
MexA, of the multidrug transporter in Pseudomonas aeruginosa. J. Biol. Chem. 279,
25939-25942

Symmons, M. F., Bokma, E., Koronakis, E., Hughes, C. and Koronakis, V. (2009)
The assembled structure of a complete tripartite bacterial multidrug efflux pump.
Proc. Natl. Acad. Sci. U.S.A. 106, 7173-7178

Sennhauser, G., Bukowska, M. A., Briand, C. and Grutter, M.G. (2009) Crystal
structure of the multidrug exporter MexB from Pseudomonas aeruginosa. J. Mol.
Biol. 389, 134-145

Akama, H., Kanemaki, M., Yoshimura, M., Tsukihara, T., Kashiwagi, T., Yoneyama,
H., Narita, S., Nakagawa, A. and Nakae, T. (2004) Crystal structure of the drug
discharge outer membrane protein, OprM, of Pseudomonas aeruginosa: dual modes
of membrane anchoring and occluded cavity end. J. Biol. Chem. 279, 52816-52819
Barrera, N. P., Isaacson, S. C., Zhou, M., Bavro, V. N., Welch, A., Schaedler, T. A,
Seeger, M. A., Miguel, R. N., Korkhov, V. M., van Veen, H. W., Venter, H.,
Walmsley, A. R., Tate, C. G. and Robinson, C. V. (2009) Mass spectrometry of
membrane transporters reveals subunit stoichiometry and interactions. Nat. Methods.
6, 585-587

Mikolosko, J., Bobyk, K., Zgurskaya, H. 1. and Ghosh, P. (2006) Conformational
flexibility in the multidrug efflux system protein AcrA. Structure 14, 577-587.

Seeger, M. A., Schiefner, A., Eicher, T., Verrey, F., Diederichs, K. and Pos, K. M.
(2006) Structural asymmetry of AcrB trimer suggests a peristaltic pump mechanism.
Science 313, 1295-1298

Murakami, S., Nakashima, R., Yamashita, E., Matsumoto, T. and Yamaguchi, A.
(2006) Crystal structures of a multidrug transporter reveal a functionally rotating
mechanism. Nature 443, 173-179

Koronakis, V., Sharff, A., Koronakis, E., Luisi, B. and Hughes, C. (2000) Crystal
structure of the bacterial membrane protein TolC central to multidrug efflux and
protein export. Nature 405, 914-919

12

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 28 Jun 2010 as manuscript BJ20091860

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20091860

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Mokhonov, V. V., Mokhonova, E. I., Akama, H. and Nakae, T. (2004) Role of the
membrane fusion protein in the assembly of resistance-nodulation-cell division
multidrug efflux pump in Pseudomonas aeruginosa. Biochem. Biophys. Res.
Commun. 322, 483-489

Stegmeier, J. F., Polleichtner, G., Brandes, N., Hotz, C. and Andersen, C. (2006)
Importance of the adaptor (membrane fusion) protein hairpin domain for the
functionality of multidrug efflux pumps. Biochemistry 45, 10303-10312

Nehme, D. and Poole, K. (2007) Assembly of the MexAB-OprM multidrug pump of
Pseudomonas aeruginosa: component interactions defined by the study of pump
mutant suppressors. J. Bacteriol. 189, 6118-6127

Eda, S., Maseda, H., Yoshihara, E. and Nakae, T. (2006) Assignment of the outer-
membrane-subunit-selective domain of the membrane fusion protein in the tripartite
xenobiotic efflux pump of Pseudomonas aeruginosa. FEMS Microbiol. Lett. 254,
101-107

Bokma, E., Koronakis, E., Lobedanz, S., Hughes, C. and Koronakis, V. (2006)
Directed evolution of a bacterial efflux pump: adaptation of the E. coli TolC exit duct
to the Pseudomonas MexAB translocase. FEBS Lett. 580, 5339-5343
Krishnamoorthy, G., Tikhonova, E. B. and Zgurskaya, H. |. (2008) Fitting periplasmic
membrane fusion proteins to inner membrane transporters: mutations that enable
Escherichia coli AcrA to function with Pseudomonas aeruginosa MexB. J. Bacteriol.
190, 691-698

Nehme, D., Li, X. Z., Elliot, R. and Poole, K. (2004) Assembly of the MexAB-OprM
multidrug efflux system of Pseudomonas aeruginosa: identification and
characterization of mutations in mexA compromising MexA multimerization and
interaction with MexB. J. Bacteriol. 186, 2973-2983

Yoneyama, H., Ocaktan, A., Gotoh, N., Nishino, T. and Nakae, T. (1998) Subunit
swapping in the Mex-extrusion pumps in Pseudomonas aeruginosa. Biochem.
Biophys. Res. Commun. 244, 898-902

Maseda, H., Yoneyama, H. and Nakae, T. (2000) Assignment of the substrate-
selective subunits of the MexEF-OprN multidrug efflux pump of Pseudomonas
aeruginosa. Antimicrob. Agents Chemother. 44, 658-664

Srikumar, R., Kon, T., Gotoh, N. and Poole, K. (1998) Expression of Pseudomonas
aeruginosa multidrug efffux pumps MexA-MexB-OprM and MexC-MexD-OprJ in a
multidrug-sensitive Escherichia coli strain. Antimicrob. Agents Chemother. 42, 65-71
Tikhonova, E. B., Wang, Q. and Zgurskaya, H. 1. (2002) Chimeric analysis of the
multicomponent multidrug efflux transporters from gram-negative bacteria. J.
Bacteriol. 184, 6499-6507

Aires, J. R. and Nikaido, H. (2005) Aminoglycosides are captured from both
periplasm and cytoplasm by the AcrD multidrug efflux transporter of Escherichia
coli. J. Bacteriol. 187, 1923-1929

Zgurskaya, H. 1. and Nikaido, H. (1999) Bypassing the periplasm: reconstitution of
the AcrAB multidrug efflux pump of Escherichia coli. Proc. Natl. Acad. Sci. U.S.A.
96, 7190-7195

Datsenko, K. A. and Wanner, B. L. (2000) One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc. Natl. Acad. Sci. U.S.A. 97,
6640-6645

de Ruyter, P. G., Kuipers, O. P. and de Vos, W. M. (1996) Controlled gene expression
systems for Lactococcus lactis with the food-grade inducer nisin. Appl. Environ.
Microbiol. 62, 3662-3667

13

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 28 Jun 2010 as manuscript BJ20091860

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20091860

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Venter, H., Velamakanni, S., Balakrishnan, L. and van Veen, H. W. (2008) On the
energy-dependence of Hoechst 33342 transport by the ABC transporter LmrA.
Biochem. Pharmacol. 75, 866-874

Lubelski, J., de Jong, A., van Merkerk, R., Agustiandari, H., Kuipers, O. P., Kok, J.
and Driessen, A. J. (2006) LmrCD is a major multidrug resistance transporter in
Lactococcus lactis. Mol. Microbiol. 61, 771-781

Mokhonov, V., Mokhonova, E., Yoshihara, E., Masui, R., Sakai, M., Akama, H. and
Nakae, T. (2005) Multidrug transporter MexB of Pseudomonas aeruginosa:
overexpression, purification, and initial structural characterization. Protein Expr.
Purif. 40, 91-100

Knol, J., Sjollema, K. and Poolman, B. (1998) Detergent-mediated reconstitution of
membrane proteins. Biochemistry 37, 16410-16415

Venter, H., Shilling, R. A., Velamakanni, S., Balakrishnan, L. and Van Veen, H. W.
(2003) An ABC transporter with a secondary-active multidrug translocator domain.
Nature 426, 866-870

Guan, L. and Nakae, T. (2001) Identification of essential charged residues in
transmembrane segments of the multidrug transporter MexB of Pseudomonas
aeruginosa. J. Bacteriol. 183, 1734-1739

Bavro, V. N., Pietras, Z., Furnham, N., Perez-Cano, L., Fernandez-Recio, J., Pei, X.
Y., Misra, R. and Luisi, B. (2008) Assembly and channel opening in a bacterial drug
efflux machine. Mol. Cell 30, 114-121

Mine, T., Morita, Y., Kataoka, A., Mizushima, T. and Tsuchiya, T. (1999) Expression
in Escherichia coli of a new multidrug efflux pump, MexXY, from Pseudomonas
aeruginosa. Antimicrob. Agents Chemother. 43, 415-417

Harley, K. T., Djordjevic, G. M., Tseng, T. T. and Saier, M. H. (2000) Membrane-
fusion protein homologues in gram-positive bacteria. Mol. Microbiol. 36, 516-517
Domenech, P., Reed, M. B. and Barry, C. E., 3rd. (2005) Contribution of the
Mycobacterium tuberculosis MmpL protein family to virulence and drug resistance.
Infect. Immun. 73, 3492-3501

Zgurskaya, H. I., Yamada, Y., Tikhonova, E. B., Ge, Q. and Krishnamoorthy, G.
(2009) Structural and functional diversity of bacterial membrane fusion proteins.
Biochim. Biophys. Acta 1794, 794-807

Tikhonova, E. B., Devroy, V. K., Lau, S. Y. and Zgurskaya, H. I. (2007)
Reconstitution of the Escherichia coli macrolide transporter: the periplasmic
membrane fusion protein MacA stimulates the ATPase activity of MacB. Mol.
Microbiol. 63, 895-910

Borges-Walmsley, M. 1., Beauchamp, J., Kelly, S. M., Jumel, K., Candlish, D.,
Harding, S. E., Price, N. C. and Walmsley, A. R. (2003) Identification of
oligomerization and drug-binding domains of the membrane fusion protein EmrA. J.
Biol. Chem. 278, 12903-12912

Bagai, I., Liu, W., Rensing, C., Blackburn, N. J. and McEvoy, M. M. (2007)
Substrate-linked conformational change in the periplasmic component of a
Cu(l)/Ag(l) efflux system. J. Biol. Chem. 282, 35695-35702

Lin, H. T., Bavro, V. N., Barrera, N. P., Frankish, H. M., Velamakanni, S., van Veen,
H.'W., Robinson, C. V., Borges-Walmsley, M. I. and Walmsley, A. R. (2009) MacB
ABC transporter is a dimer whose ATPase activity and macrolide-binding capacity
are regulated by the membrane fusion protein MacA. J. Biol. Chem. 284, 1145-1154
Seeger, M. A., von Ballmoos, C., Verrey, F. and Pos, K. M. (2009) Crucial role of
Asp408 in the proton translocation pathway of multidrug transporter AcrB: Evidence

14

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 28 Jun 2010 as manuscript BJ20091860

from site-directed mutagenesis and carbodiimide labeling. Biochemistry 48, 5801-
5812.

43 Su, C. C,, Li, M., Gu, R., Takatsuka, Y., McDermott, G., Nikaido, H. and Yu, E. W.
(2006) Conformation of the AcrB multidrug efflux pump in mutants of the putative
proton relay pathway. J. Bacteriol. 188, 7290-7296

44 Yu, E. W., Aires, J. R. and Nikaido, H. (2003) AcrB multidrug efflux pump of
Escherichia coli: composite substrate-binding cavity of exceptional flexibility
generates its extremely wide substrate specificity. J. Bacteriol. 185, 5657-5664

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20091860

15
Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.

© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 28 Jun 2010 as manuscript BJ20091860

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20091860

TABLES

Table 1: 1Csy values for BW25113 cells harbouring the control and MexB expressing
plasmids in the presence of the tested substrate
The ICs value is the concentration of substrate required to reduce the maximum growth rate

of the cells by 50%.

Genomic Proteins 1Cso
deletion expressed
EtBr NOV OX SDS TPP
(LM) (LM) (LM) (g/ml) — (pg/ml)
AAcrB Control 38+4 35+7 47 £ 2 79+1 19+3
AAcrB MexB 110+ 14 165+7 220+40 327+15 37+4
AACrAB Control 366 275 501 757 21+1
AACrAB MexB 401 325 49+ 1 72+12 20+ 4
ATolC Control 12+3 6+0 8+£1 12+1 101
ATolC MexB 12+2 71 9+1 11+1 10+4
AAcrB D407N MexB  35%4 48 + 4 27+7 837 177
AACrAB MexAB-OprM 335+21  >400 nd* 1225+30 132+15
AAcrB AcrB 3718+ 42 T70+10 447+8 >2000 400 £ 18

*nd = not determined

Table 2: 1Cs values for L. lactis NZ9000 ALmrA ALmrCD cells harbouring the control,
MexB, LmrP or LmrCD expressing plasmids in the presence of ethidium
The ICs value is the concentration of substrate required to reduce the maximum growth rate

of the cells by 50%.

Protein expressed Upax (h™) I1Cs (ULM)
Control 0.249 + 0.013 6 +0.29
MexB 0.109 + 0.002 8.25+0.35
LmrP 0.213 + 0.004 13.25 + 0.07
LmrCD 0.162 + 0.025 11.75+0.35

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited

16



Bl Biochemical Journal Immediate Publication. Published on 28 Jun 2010 as manuscript BJ20091860

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20091860

Table 3: Parameters for Hoechst 33342 binding to purified MexB and D407N MexB

Bmax Ko
Wild-type MexB 304.3 +10.9 a.u. 0.786 + 0.074 uM
D407N MexB 282.9 + 20.9 a.u. 0.847 £ 0.157 uM

FIGURE LEGENDS

Figure 1: MexB confers resistance upon E. coli cells that lack AcrB.

(A) Cell survival in the presence of ethidium. MexB-expressing (m), MexAB-OprM
expressing (a) and non-expressing control (e) BW25113 AAcrB cells were incubated at
37°C in the presence of the indicated concentrations of ethidium. After 3h of incubation, the
cell suspensions were serially diluted and plated. Colonies were counted and the survival
ratios were calculated as the percentage of colony-forming units observed at a given
concentration of ethidium to that observed without added ethidium. (B) Cell growth in the
presence of ethidium. MexB-expressing (m), MexAB-OprM expressing (A) and non-
expressing control BW25113 AAcrB cells cells (o) were grown at 37°C in the presence of the
indicated concentrations of ethidium and the Agso Was measured every ten minutes. The
growth rate was determined for each concentration of cytotoxic agent. The growth rate in the
absence of cytotoxic agent was taken as 100% and did not differ between the different
samples (0.514 £ 0.021/h). All values represent the mean and standard error of five
independent experiments.

Figure 2: MexB mediates drug transport from E. coli cells that lack AcrB by recruiting
AcrA and TolC.

Non-expressing control (1), MexB-expressing (2), MexAB-OprM expressing (3) and AcrB
expressing (4) BW25113 AAcrB cells were grown to an ODggo Of 0.6. Cells were harvested,
washed thrice in 50 mM KPi buffer pH 7.0 containing 5mM MgSO, and resuspended to a
final ODggo Of 0.5. Glucose (20mivl) was added to generate metabolic energy. Uptake of
fluorescent substrates was followed over time after the addition as indicated by the arrow of
(A) 0.125uM Hoechst 33342, (B) 2uM ethidium or (C) 0.25uM TMA-DPH. The results
show representative traces from three different experiments with different batches of cells.
(D) AcrA co-purified with MexB. MexB expressing cells were grown and harvested as
described for the fluorescent assays. The cross-linker DSP, glucose and the protonophore
CCCP were added to the cells as indicated. ISO vesicles were prepared from the cells and the
histagged MexB was purified using Ni-affinity chromatography from cells lacking AcrB
(lanes 1-3) or lacking TolC (lane 4). Samples were analysed by SDS-PAGE, followed by
immunoblotting with anti-AcrA antibody. (E) AcrA does not bind non-specifically to the Ni-
NTA affinity resin but requires the interaction with His-tagged MexB. MexB was purified
using Ni-affinity chromatography from cells lacking AcrB propagating the non-expressing
control plasmid (lane 1) or the MexB expressing plasmid (lanes 2 and 3). Samples were
treated as described in (D) and the blot was probed with anti-AcrA antibody. (F) Coomassie
stained gel of MexB purified and treated as described in (D) showing the level of enrichment.
The molecular weight markers are indicated in lane 1 and purified MexB in lane 2.
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Figure 3: MexB is over-expressed and transport-active in L. lactis.

(A) ISO membrane vesicles were prepared from the control, MexB, D407N MexB, LmrP and
LmrCD expressing cells. The total membrane proteins (30ug/lane) were separated with SDS-
PAGE and visualised with Coomassie Brilliant Blue. The positions of MexB, LmrP, LmrC
and LmrD are indicated with arrows. (B) L. lactis NZ9000 ALmrA ALmrCD cells harbouring
various plasmids were grown at 30°C until an ODggo 0f 0.4 was reached. Protein expression
was initiated by the addition of nisin and allowed to continue for one more hour. Cells were
harvested, washed thrice in 50mM KPi buffer pH 7.0 containing 5mM MgSO, and
resuspended to a final ODggy Of 0.5. Glucose (20 mM) was added to generate metabolic
energy. Ethidium was added where indicated by the arrow and the uptake of ethidium was
followed over time. The results show representative traces from four different experiments
with different batches of cells.

Figure 4: MexB in proteoliposomes can transport Hoechst 33342 in the absence of
auxiliary proteins.

MexB and D407N MexB were purified form E. coli strain BW25113 AAcrAB. (A) Hoechst
33342 binding to purified MexB (e), D407N MexB (m), MexA (A) and binding buffer
containing DDM at the same concentration as in the protein samples (o) was measured by
fluorimetry in the presence of increasing concentrations of the dye. The data from MexB and
D407N MexB were corrected for non-specific binding of Hoechst 33342 and were fitted to a
hyperbola. The data represent the means and standard error of four independent experiments
with protein purified from different batches of vesicles. (B) Coomassie Blue stained SDS-
PAGE (10%) of MexB and D407N MexB purified by Ni-NTA and reconstituted into
proteoliposomes and of purified MexA. The positions of MexB and MexA are indicated. (C,
D) Hoechst 33342 transport in empty control liposomes (1), proteoliposomes containing
MexB (2), or D407N MexB (3) and proteoliposomes containing MexB pre-incubated with
purified MexA (4). (Proteo)liposomes were diluted in 20mM KPi buffer (pH 7.0) containing
50mM K,SO4 and 2mM MgSO, to generate a pH gradient (basic inside; C) or in 20mM KPi
buffer (pH 7.0) containing 100mM KAcetate and 2mM MgSO, for no pH gradient (D).
Hoechst 33342 was added as indicated by the arrow and the Hoechst 33342 fluorescence was
measured over time. The results show representative traces from three different experiments
with proteins purified from different batches of vesicles.
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