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a b s t r a c t

Multidrug resistance of pathogenic microorganisms and mammalian tumors can be asso-

ciated with the overexpression of multidrug transporters. These integral membrane pro-

teins are capable of extruding a wide range of structurally unrelated compounds from the

cell. Among the different classes of multidrug transporters are the ATP binding cassette

(ABC) transporters, which are dependent on the binding and hydrolysis of ATP. In the past

five years, many researchers have built homology models of ABC extrusion systems using

the atomic coordinates of crystallized MsbA, a lipopolysaccharide transporter in Gram-

negative bacteria. Likewise, we have previously used the Vibrio cholera MsbA structure as a

template in the modeling of the multidrug transporter LmrA from Lactococcus lactis. In view of

the recently discovered inaccuracies in the MsbA structure, we have remodelled LmrA using

the atomic coordinates of the MsbA homologue Sav1866 from Staphylococcus aureus. To

compare and test our MsbA-based and Sav1866-based LmrA models we performed cysteine

cross-linking at three key positions in LmrA. The pattern of cross-linking at these positions

was consistent with the overall topology of transmembrane helices in Sav1866, suggesting

that its crystal structure might be physiologically relevant. We recently identified E314 as a

residue important in proton conduction by LmrA. The predicted location of this residue at

the interface between the two half-transporters in the Sav1866-based homodimer, within

the inner leaflet of the phospholipid bilayer, provides a new structural basis for the role of

E314 in LmrA-mediated transport.
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1. Introduction

ATP-binding cassette (ABC) multidrug transporters are integral

membrane proteins, which mediate the energy-dependent

extrusion of structurally unrelated chemotherapeutic agents
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from the cell [1,2]. Their expression contributes to multidrug

resistance in infectious diseases and cancer [3,4]. In addition,

the activity of these systems affects the pharmacokinetics and

pharmacodynamics of therapeutic drugs in mammals [3,4].

Knowledge about the structure and mechanisms of drug
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recognition by multidrug transporters will facilitate the gen-

eration of new drugs, which can bypass drug pumping or inhibit

drug pumping by the formation of a dead-end transporter-

inhibitor complex [5].

ABC multidrug transporters usually contain four core

domains. Two membrane domains (MDs) form the pathway

for substrate translocation across the membrane. Drug

transport by the MDs is thought to be driven by ATP-

binding/hydrolysis at two nucleotide-binding domains (NBDs).

The NBDs and MDs can be expressed in a multitude of

arrangements [1]. The human multidrug resistance P-glyco-

protein ABCB1 has the four core domains fused into a single

polypeptide in an H2N–(MD–NBD–MD–NBD)–COOH configura-

tion [6]. LmrA from L. lactis [7], and other bacterial ‘‘half-

transporter’’ homologues of ABCB1, including MsbA from

Escherichia coli [8,9], BmrA from Bacillus subtilis [10], and Sav1866

from S. aureus [11,12] comprise an NH2-terminal MD fused to

one NBD. Recent studies established that, by analogy to the

repeat of the LmrA-like half-transporter in ABCB1, the

minimal unit in the functional LmrA transporter is the

homodimer [13].

LmrA has been studied in intact lactococcal cells and

membrane vesicles derived thereof, and in proteoliposomes

containing purified and functionally reconstituted protein [13–

15]. The protein has also been heterologously expressed in E.

coli [7], Spodoptera frugiperda insect cells, and human lung

fibroblast cells [16]. In each of these cases, LmrA has been

shown to interact with a variety of drugs and modulators of

ABCB1, making the bacterial protein a useful model for its

mammalian counterpart and for homologues in pathogenic

microorganisms. Insights into the structure of LmrA would

allow detailed analyses of structure–function relationships in

the transporter. Recently, high-resolution crystallographic

structures were reported for Sav1866 [11,12], which differ

substantially from the previously published crystallographic

structures for MsbA [17,18]. Here, we describe a Sav1866-based

homology model for LmrA, and we compare this model with

our previous model based on V. cholera MsbA in a cysteine

cross-linking approach.
2. Materials and methods

2.1. Molecular modelling of LmrA

To find a suitable alignment between the primary amino acid

sequence of Sav1866 (PDB accession number 2HYD) and LmrA,

two independent strategies were followed. In the first strategy,

homologues of both LmrA and Sav1866 were searched using

PHI-BLAST (http://www.ebi.ac.uk/), manually selected to

represent both close and distant relatives, and were then

aligned using Clustal-X. The second strategy made use of the

recently developed automated Multiple Mapping Method

(MMM) [19]. This method is regarded as being more accurate

than simple alignment algorithms and it adopts the following

protocol: inputs from five profile-to-profile based alignment

methods are produced; the alternatively aligned regions from

the different sets of alignments are then combined according

to their fit in the structural environment of the template

structure and a final alignment is produced. The alignments
obtained by these two different procedures were compared,

and were found to be substantially equivalent with some

differences in the N-terminal region of the protein corre-

sponding to transmembrane helix (TMH) 1 and TMH 2. The

alignments were used to produce homology models with the

program Modeller [20]. Ten models from each alignment were

produced and the best one for each set was chosen based on

the Modeller objective function which takes into account both

energy and geometric violations. To assess which of the two

procedures gave the best model, they were superimposed with

the template structure. The model produced from the MMM

alignment was perfectly superimposable on the Sav1866

template structure, with all the secondary structure elements

topologically conserved and insertions or deletions restricted

to loop regions. The model produced from the first procedure

instead contained one insertion and one deletion in TMH 1 and

2, respectively; since these modifications break the helices in a

region of the protein embedded in the membrane they were

considered to be unlikely. Therefore, the model obtained from

the MMM alignment was chosen (Fig. 1). The model was

further validated using Procheck [21] and Verify3D [22]. The

geometrical quality of the model is excellent, with 93.8% of

residues lying in the most favored region of the Ramachan-

dran plot, 5.8% in the additionally allowed region and only two

residues out of 590 (0.4%) in the disallowed region. The

electrostatic surface potential in Fig. 2 was calculated using

Grasp [23].

2.2. Generation of LmrA mutants

Mutagenesis of (cysteine-less) wildtype lmrA was performed

on plasmid pGHLmrA in E. coli [14] using the Quikchange kit

(Stratagene, Amsterdam, The Netherlands) with primers 50-

GCA AGT TCC TAA GTG CGT TCA GCC-30 and 50-GGC TGA ACG

CAC TTA GGA ACT TGC-30 for M58C, 50-GAC TCT TTA TGT AAT

TTC CAA GGG -30 and 50-CCC TTG GAA ATT ACA TAA AGA

GTC-30 for A208C, and 50-GGA ATC TA CTC ATA TGC ACG GGG

GTT ATG AGT CTT GG-30 and 50-CCA AGA CTC ATA ACC CCC

GTG CAT ATG AGA TAG ATT CC-30 for S282C. The mutant lmrA

genes were subcloned as NcoI-XbaI fragments in the lacto-

coccal expression vector pNZ8048 [24,25], downstream of the

nisA promoter, yielding pNHLmrA M58C, pNHLmrA A208C,

and pNHLmrA S282C, respectively. The cloned PCR products

were sequenced to ensure that only the intended changes

were introduced.

2.3. Ethidium transport

L. lactis NZ9000 cells containing pNHLmrA plasmids were

grown in M17 medium containing 0.5% glucose and 5 mg/ml

chloramphenicol to an OD660 of 0.6. Protein expression was

then induced for 1 h in the presence of nisin A (10 pg/ml)

through the addition of 0.1% (v/v) of the culture supernatant of

the nisin A-producing L. lactis strain NZ9700 [24]. The cells

were harvested by centrifugation (4000 � g, 10 min, 4 8C),

resuspended in an equal volume of assay buffer (50 mM KPi,

pH 7.0, containing 5 mM MgSO4), washed three times by

centrifugation in the assay buffer, and diluted to an OD660 of 5.

Preceding the ethidium transport measurements, the cells

were diluted to an OD660 of 0.5 in assay buffer and preloaded

http://www.ebi.ac.uk/


Fig. 1 – Homology models of LmrA based on V. cholera MsbA and Sav1866. Residues M58, A208 and S282 in LmrA were

substituted by a cysteine for cross-linking studies, and are indicated in purple, orange and blue, respectively. E314 is

indicated in red. Molecular distances (in Å) between these residues in one half-transporter and corresponding residues in

the other half-transporter are indicated between brackets.
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with 2 mM ethidium for about 40 min to a fluorescence level

between 100 and 140 a.u. The ethidium fluorescence measure-

ments were started, and after 30 s, the cells were allowed to

generate metabolic energy by addition of 20 mM glucose. The
Fig. 2 – Electrostatic potential surface of the outward facing

Sav1866-based LmrA model, viewed from the cell exterior.

A positively charged extrusion chamber is visible (blue).
ethidium fluorescence was followed as a function of time in a

LS 55B fluorimeter (PerkinElmer Life and analytical sciences,

UK) using excitation and emission wavelengths of 500 and

580 nm, respectively, and slit widths of 5 and 10 nm,

respectively.

2.4. Cross-linking

Inside-out membrane vesicles containing wildtype (Wt) or

mutant LmrA protein were diluted to 100 mg total membrane

protein in 100 ml of 50 mM potassium phosphate buffer (pH

7.0). The cysteine-reactive crosslinker, 3,6,9,12,15-pentaoxa-

heptadecane-1,17-diyl-bis-methanethiosulfonate (Toronto

research chemicals, Canada) was added from a stock of

50 mg/ml in dimethylsulfoxide to a final concentration of

0.5 mg/ml. After 10 min of incubation at 20 8C, the reaction

was stopped by the addition of 10 mM N-ethylmaleimide.

Samples were analyzed on western blot.
3. Results

3.1. Modelling of LmrA using Sav1866 as a template

LmrA and Sav1866 are closely related with an overall sequence

identity of 30%. As a result the Sav1866-based model for LmrA

(Fig. 1) is almost completely superimposable with the template

Sav1866 structure with a root-mean-square-deviation of

0.615 Å for aligned Ca atoms. Such a low value indicates that

it is possible to replace all Sav1866 side chains with the

corresponding ones of LmrA, within the framework of the



Fig. 3 – The single-cysteine mutants of LmrA mediate

ethidium extrusion in L. lactis. For active ethidium efflux,

control cells (control) or cells expressing LmrA (Wt) or

mutant proteins (M58C, A208C or S282C) were preloaded

for 40 min with 2 mM ethidium bromide. To allow the cells

to generate metabolic energy, 20 mM glucose was added at

30 s after the fluorescence measurement was started.

Ethidium transport was measured by fluorescence

spectroscopy.
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same scaffold, and still obey the known rules of stereochem-

istry. Only two major differences in the protein scaffold are

found. Firstly, a 22-residue long N-terminal extension is

present in LmrA, which is lacking in Sav1866; this cytosolic

extension was not modeled due to the absence of a reliable

template. Secondly, the extracellular loop 1 (ECL1) between

TMH 1 and TMH 2 is shorter by 11 residues in LmrA with

respect to Sav1866. Apart from these differences, other

insertions or deletions are limited to one or two residues in

loop regions.

The Sav1866 protein was crystallized as a dimer with bound

ADP [11] or AMP-PNP [12] with an outward-facing conformation

of the MDs. In each of these structures the two NBDs are closely

associated in the similar configuration adopted by the ATP-

bound state of NBD dimers in BtuCD [26], MalK [27], MJ0796 [28],

and the DNA repair protein Rad50 [29]. The nucleotide is

engaged in a pocket formed by the P-loop of one NBD and the

ABC signature of the other. The Sav1866 structure, and LmrA

model derived from it, might therefore represent the ATP-

bound state in which a drug extrusion chamber is open to the

exterior of the membrane. This structure is thought to be

consistent with the ATP-switch model for ABC transporters in

which the conformational changes in the MDs required for

transport are associated with changes in NBD: NBD interac-

tions, which alternate between a closed dimeric conformation

initiated by the binding of two molecules of ATP, and a

nucleotide-free dimeric ‘open’ conformation [30,31].

The NBDs in the Sav1866-based LmrA model are interfaced

to the MDs through noncovalent interactions with intracel-

lular domains (ICDs), which are formed by cytosolic exten-

sions of TMHs joined by two small helices in both ICD 1 and

ICD 2. An analysis of the contacts between the MD of one

monomer (residues 23–331) and the NBDs in both monomers

(residues 332–590) was performed using the Contact Map

Analysis tool of the Space server (http://ligin.weizmann.ac.il/

cma/), imposing a threshold of 20 Å2 for the contact surface

among residues. This analysis showed that ICD 1 is mainly

involved in contacting the NBD from the same monomer:

three specific interactions were detected, the hydrogen bond

H117-E333, the salt bridge K121-E332, and the hydrogen bond

D124-Y399. A salt bridge interaction is also found involving

K127 and E482 from the NBD of the other monomer. ICD 2 is

instead mainly involved in contacting the NBD of the other

monomer. Multiple interactions are present including the

contacts S226-E396, S227-R503, K231-E419, and Q232-E448. A

large chamber is formed by the MDs in the Sav1866-based

LmrA model, which is exposed to the exterior of the cell, and

which spans the outer and inner leaflets of the membrane but

does not have access from the cytoplasm. The interior of the

chamber in Sav1866-based LmrA is mainly lined by hydro-

philic residues and, as in Sav1866, it is moderately positively

charged (Fig. 2). This feature might be consistent with the

notion that the outward-facing configuration of LmrA pos-

sesses a low affinity for hydrophobic cationic drugs [13].

3.2. Experimental testing of the Sav1866-based LmrA
model

Single-cysteine replacements were introduced in the cysteine-

less wildtype LmrA background at positions where their cross-
linking could distinguish between the LmrA models based on

the V. cholera MsbA and Sav1866 crystal dimers. Three cysteine

mutants, M58C, A208C and S282C were generated, and each

was expressed in L. lactis to the same level as wildtype LmrA.

The functionality of the mutants was investigated in ethidium

efflux measurements in cells preloaded with ethidium. In this

transport assay, the extrusion of ethidium from the cell is

determined from the decrease in the fluorescence of the

intracellular ethidium-polynucleotide complex. As shown in

Fig. 3, the A208C and S282C mutant proteins were equally

active as wildtype LmrA. The extrusion of ethidium from cells

expressing M58C LmrA was reduced compared to Wt LmrA,

but remained significantly above the level in nonexpressing

control cells. Hence, the single cysteine mutants were

functional.

To assess the proximity of the introduced cysteine residues,

we used a bifunctional cross-linker of approximately 25 Å in

length exposing a thiol-reactive MTS group at either end

(3,6,9,12,15-pentaoxaheptadecane-1,17-diyl-bis-methanethio-

sulfonate). As the functional dimer of LmrA is not covalently

joined, any cross-linking of one LmrA half-transporter to the

other will result in doubling the mass of the protein, which is

easilyobserved using SDS-PAGE. The cysteinecross-linkingwas

performed in inside-out membrane vesicles, with the protein in

its native lipid environment (Fig. 4). To ensure that the signals

revealed by western blot analysis against the His6-tagged LmrA

were due to the cysteine cross-linking, samples were run with

and without reduction of disulphide bonds with b-mercap-

toethanol. Cysteine-replacement S282C in one half-transporter

was predicted to be close enough to S282C in the other half-

transporter for acrosslink inV. cholera-MsbA-based LmrAmodel

but not in the Sav1866-based LmrA model (Fig. 1). In cross-

http://ligin.weizmann.ac.il/cma/
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Fig. 4 – Cross-linking of single-cysteine mutants of LmrA.

Wt and mutant LmrA proteins in inside-out membrane

vesicles were incubated in the absence (native) or

presence (X-linked) of the bis-methanethiosulfonate

cross-linker. Samples were treated without (S) or with (+)

the reducing agent b-mercaptoethanol to test that cross-

linking was based on disulphide bond formation. Total

membrane proteins were separated by 10% SDS-PAGE and

analysed on immunoblot.
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linking experiments, this mutant failed to show bands higher

than the monomer (Fig. 4). On the other hand, cysteine

replacements M58C and A208C were predicted to be located

at positions in the Sav1866-based homodimer where the thiol

moieties were accessible and close enough for cross-linking

(Fig. 4). The residues would be unavailable for cross-linking in

the VC-MsbA-based homodimer due to thephysical obstruction

of these residues by TMHs. In cross-linking experiments, clear

b-mercaptoethanol-sensitive signals were obtained for the

M58C and A208C mutants, each with a molecular mass twice

that of LmrA (Fig. 4). The M58 mutant formed the dimer even in

the absence of cross-linker, which might explain the reduced

ethidium transport activity of this mutant compared to Wt

LmrA and the A208C and S282C mutants (Fig. 4). The cross-

linking of the M58C mutant suggests that a conformation must

exist for dimeric LmrA in which both M58 residues are very

close; this observation is incompatible with V. cholera-MsbA-

based LmrA, where the M58C residues are unable to react due to

their predicted position at the external face of the MDs. Taken

together, the cross-linking data obtained for the single-cysteine

mutants are consistent with the notion that the predicted

orientations of the MD of LmrA might reflect a physiologically

relevant state.
4. Discussion

In 2001 and following years, the first X-ray structures became

available for MsbA from E. coli, V. cholera and Salmonella
typhimurium, based on diffraction data at 4.5, 3.8 and 4.2 Å

resolution, respectively [17]. In each of these cases, the

experimental electron density maps suggested that MsbA

crystallizes as a dimer, and that, consistent with the crystal

structure of the vitamin B12 uptake system BtuCD from E. coli

[26], the MD of MsbA is composed of transmembrane a-helices

which are extended intracellularly in ICDs that form the

interface with the NBD. However, when compared with each

other, the MsbA structures exhibited unexpected and very

different quaternary arrangements. In spite of these discre-

pancies, the E. coli MsbA and V. cholera-MsbA structures were

used as a starting point for the generation of homology models

of ABCB1 [32–35], the human multidrug resistance protein

MRP1 (ABCC1) [36], and bacterial MsbA [37], BmrA [38], and

LmrA [39]. In many of these models, the NBDs were replaced

and/or rearranged to resemble the dimeric NBD: NBD interface

observed in the BtuCD, MalK, Rad50 and MJ0796 structures

[26–29]. In the case of the ABCB1 model by Stenham et al. [32]

this rearrangement also involved a rotation of the MDs

towards each other, which then form a central pore open to

the exterior. As the structures of the MD of the E. coli, V. cholera

and S. typhimurium MsbA monomers were all in agreement

with each other, we previously generated a V. cholera-MsbA-

based homology model of a truncated LmrA protein compris-

ing solely the MD in the absence of the NBD (LmrA-MD) to

avoid the confusion regarding NBD structure and orientation

[14].

The recently determined crystal structures of the ABC

transporter Sav1866 from S. aureus at 3.0 [11] and 3.4 Å

resolutions, respectively, [12] are different from the reported

MsbA crystal structures [17]. A comparison of Sav1866 and

MsbA structures suggested that the Ca backbone of MsbA was

built on incorrectly calculated electron density maps resulting

in an incorrect protein topology. As a result of this, Chang et al.

recently retracted the publications describing the MsbA

structures [18]. The availability of the Sav1866 structures

prompted us to remodel LmrA, and compare the new Sav1866-

based LmrA model with our previous MsbA-based model in a

cysteine cross-linking approach in which cysteine replace-

ments were chosen at key positions that would discriminate

between both models. The introduction of the cysteine

replacements did not alter the gross structure of LmrA, as

the mutant proteins were all transport-active in the ethidium

efflux assay (Fig. 3). The observations on the occurrence of

cross-linking for the M58C and A208C mutants, but not for the

S282C mutant, are consistent with the predictions made by the

Sav1866-based model (Figs. 1 and 4). It is interesting to note

that our new LmrA model is based on the crystal structure of a

Sav1866 dimer that presumably is in the ATP-bound state,

whereas our cross-linking studies were performed in the

absence of the nucleotide. However, we have previously

shown that conformational changes in the MD of LmrA

required for transport are reversible and can occur in the

absence of ATP-binding/hydrolysis [14,40].

In our previous modeling of LmrA based on the V. cholera-

MsbA template, we identified E314 as a residue located in the

cytosolic extension of TMH 6 (termed ICD 3) and putatively

positioned in the drug-binding chamber at the cytosol-

membrane interface [14] (Fig. 1). An E314A replacement

affected the maximum rate of ethidium efflux rather than
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the affinity for ethidium, which implicated this residue in a

mechanistic role rather than in direct interactions with the

ligand. These data were rationalized by the observation that

the LmrA-mediated cotransport of ethidium and protons can

be driven by transmembrane potential and transmembrane

chemical proton gradient (DpH) [15]. The E314A mutant

abolishes the dependence of this reaction on the DpH

suggesting a role of E314 in proton binding.

It is interesting to note that the positions of E314 in the V.

cholera-MsbA-based and Sav1866-based models share some

similarity; E314 is facing the central chamber between the two

half-transporters in each of these models (Fig. 1). However, the

models differ in the details. In the V. cholera-MsbA model, E314

was predicted to be located at cytoplasmic side of the interface

between cytosol and inner membrane leaflet [14]. In contrast,

the residue is located within the inner leaflet in the Sav1866-

based model. E314 was also predicted to have a relatively high

pKa resulting in its protonation in an inward-facing state of

the transporter, potentially due to neighboring hydrophobic

residues [14]. The release of the bound proton from E314 in the

outward-facing conformation would be facilitated if the

surrounding residues were hydrophilic in this state. Consis-

tent with this suggestion, our new Sav1866-based model

predicts that E314 is embedded by the polar side chains of

N144, N148, T310, and T313; thus, E314 might be deprotonated

in this outward-facing conformation (Fig. 5).

In conclusion, we have remodeled LmrA using the atomic

coordinates of the Sav1866 crystal dimer. Our cysteine cross-

linking experiments for LmrA support the overall topology of

TMHs predicted by the Sav1866 structure. Consistent with the

functional roleofE314 inproton-dependent ethidium transport,
Fig. 5 – E314 is predicted to be located in TMH 6 of LmrA,

inside the exposed chamber between the two half-

transporters, and close to the inner leaflet of the

membrane. The proximal residues are also shown and

define a markedly hydrophilic surrounding for E314 in this

protein conformation.
both half-transporters in the Sav1866-based LmrA dimer are

predicted to expose E314 ata strategic location, at their interface

within the inner leaflet of the membrane.
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