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Summary

Multidrug efflux (MDR) pumps remove a variety of compounds from the cell into the external
environment. There are five different classes of MDR pumps in bacteria, and quite often a single
bacterial species expresses multiple classes of pumps. Although under normal circumstances MDR
pumps confer low-level intrinsic resistance to drugs, the presence of drugs and mutations in
regulatory genes lead to high level expression of MDR pumps that can pose problems with therapeutic
treatments. This review focuses on the resistance nodulation cell division (RND)-class of MDR
pumps that assemble from three proteins. Significant recent advancement in structural aspects of the
three pump components has shed new light on the mechanism by which the tripartite efflux pumps
extrude drugs. This new information will be critical in developing inhibitors against MDR pumps to
improve the potency of prescribed drugs.

Keywords

Drug resistance; RND-type multidrug efflux pumps; tripartite pump assembly; proton/drug
antiporter; membrane fusion protein; outer membrane protein factor

Introduction

Multidrug efflux transporters provide a means by which bacteria can confer intrinsic, low-level
resistance to a diverse group of antibiotics. Expression of these transporters is regulated by the
antibiotics they remove from the cell; consequently, a high expression of multidrug efflux
transporters confers a multidrug resistance (MDR) phenotype, thus posing a serious therapeutic
problem.

Bacterial multidrug efflux transporters [1] can be divided into five major structural families:
(1) resistance nodulation cell division (RND), (2) major facilitator superfamily (MFS), (3)
small multidrug resistance (SMR), (4) multidrug and toxic compound extrusion (MATE), and
(5) ATP-binding cassette (ABC). Energetically, RND, MFS, and SMR are H*/drug antiporters,
MATE pumps are Na*/drug antiporters, while ATP hydrolysis is linked to drug transport in
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ABC transporter family. The first four groups are also known as secondary transporters, as
they use the pre-stored energy of chemical gradients across the membrane, while the ABC
transporters are directly coupled with energy generation.

In this review we will focus on RND multidrug transporters, which are the major contributors
of a MDR phenotype in Gram negative bacteria.

It is thought that the functional pumps with the participation of the RND multidrug transporters
typically assemble from three proteins: an inner membrane protein, which is providing the
energy for the transport and hence is often referred to as the RND “pump” protein, an outer
membrane protein (OMF), which connects up with IMP in the periplasm providing a
continuous drug conduit to help remove drugs out of the cell into the medium, and an adapter
protein, often referred to as the membrane fusion protein (MFP), which, through its direct
interactions with RND and OMF, helps assemble and stabilize the tripartite drug efflux
complex. All three components of the RND drug efflux complex are essential for expelling
drugs from the cell.

The bulk of our present knowledge concerning the structure-function and assembly of RND
multidrug transporters has come from studies carried out on two major tripartite efflux
transporters, AcrAB-TolC and MexAB-OprM of Escherichia coli and Pseudomonas
aeruginosa, respectively. Here, AcrA and MexA are MFPs, AcrB and MexB are RND proteins,
and TolC and OprM are OMFs. (Acr and Mex are acronyms for acriflavin and multiple
efflux, respectively, while Tol and Opr refer to tolerance to colicin and outer membrane
protein, respectively). Though AcrAB and MexAB are primarily studied for their roles in
multidrug efflux, their other less well-studied roles, which are outlined in a recent review [2],
include quorum sensing [3] and metabolite disposal [4]. Similarly, TolC, besides facilitating
colicin E1 import [5,6], interacts with a type | protein secretion machinery, compromised of
HIyBD, to secrete hemolysin [7,8] as well as with other non-canonical ABC-transporters such
as the macrolide extrusion pump MacAB [9,10], which has also recently been implicated in
enterotoxin secretion [11].

During the last decade, an extraordinary amount of progress has been made concerning the
structure, biochemistry and genetics of RND multidrug transporters. We will briefly review
these studies and focus on the mechanism of drug extrusion through the RND-type efflux
pumps. Readers are encouraged to check out several excellent recent reviews on this topic
[12,13,14,15,16,17].

OMF structure

The crystal structures of TolC [18,19,20] and OprM [21] were first to be solved. In addition,
a structure of a related OMF from Vibrio cholerae, known as VceC is also available [22].
Though TolC, OprM and VceC share little homology at the amino acid sequence level (in the
case of TolC vs VceC, as little as 10% identity), they fold into a remarkably similar three-
dimensional homotrimeric structure with an outer membrane-embedded B-barrel domain and
a large a-helical domain extending 100 A into the periplasm [Fig. 1].

The B-barrel domain resembles the porin fold, however it is distinctly different in that, unlike
the porins, where the barrel is formed by only one subunit, the TolC family achieves the same
while all three protomers contribute 4 p-strands to form a pseudo-continuous barrel [18].
Similar to the porins however, the inclination of the barrel is to the right (at about 55° relative
to the membrane plane) and it is formed by antiparallel p-strands.

Each of the TolC protomers is itself a product of internal gene duplication, manifesting itself
in a structural repeat, which effectively gives the TolC assembly a pseudo-sixfold symmetry.
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Each “half-protomer” is formed by five helices and an antiparallel -hairpin, which when
assembled provide a full complementation of a 12-stranded p-barrel and the a-helical domain.
As demonstrated clearly in the case of OprM [21] the N-terminus of the OMF presents a flexible
tail, which is often lipidated and inserted in the outer membrane. The precise N-termini are
either absent or disordered in the TolC and VceC structures.

A peculiar feature of the TolC family is the periplasmic domain, which is also a pseudo-
continuous structure built with the participation of all three protomers. Unlike the p-barrel
domain, the periplasmic domain is almost exclusively a-helical, and the helices are inclined to
the left, following a sharp kink in the junction between the two domains of around 110°. Thus
the orientation of the chain alters dramatically at the junction, giving the each individual
protomer a sickle-like appearance [18,21]. The a-helical domain is composed of 12 helical
fragments, which form a unique anti-parallel helical assembly, which was coined as “alpha-
helical barrel” by Calladine et al. [23] with two long continuous pairs — H3 and H7, being
complemented by four discontinuous ones, forming supercoiled pairs with the continuous ones
in the following fashion: H3 + (H2/H4), and H7 + (H6/H8). The short helices H1 and H5 form
a part of the so-called equatorial subdomain and connect the N-terminal tail to the first helical
pair and serve as a linker between the two internal structural repeats respectively.

In order to keep the superhelical trajectories on the surface of a cylindrical barrel, some notable
structural adjustments have taken place in the helical packing, causing the helices to run at an
angle relative to the axis of the barrel and adjustment to the classical “knobs into holes” helical
interfaces [23]. This peculiar packing puts stringent spatial restraints on the size and shape of
the side chains which could occupy the knobs positions, and this is associated with a relative
axial translation of the paired helices. Due to the pseudo-continuous nature of the intra- and
inter-protomer interfaces, each helix packs laterally with two lateral neighbors, creating two
different helical sequence patterns which have to match these unequal interfaces.

Due to the requirements for this specific helical packing on the surface of the alpha-barrel, one
of the helices in the superhelical pair follows a roughly traditional superhelical trajectory, while
the second one is severely curved, appearing to be under structural tension. As a result, the
inner, tensed, helices from each protomer form triplets, which are stabilized by ion-bridges,
effectively closing the periplasmic end of the channel [18,21] [Fig. 2]. Disruption of the ion
bridges which maintain this structure result in relaxation of the superhelical trajectories of the
corresponding helices, resembling an iris-like mechanism, leading to a dilation of the
periplasmic entrance of the channel as supported by structural and functional studies [20,24]

[Fig. 2].

MFP structure

MFPs are lipoproteins that are anchored to the inner membrane with their lipidated N-terminal
ends, exposing the bulk of their structures into the periplasm [Fig. 1]. Crystal structures of
AcrA and MexA, lacking the extreme N- and C-terminal information, show that both proteins
fold into very similar three-dimensional structures comprised of three distinct linearly-arranged
domains: a B-barrel domain comprised of six anti-parallel g-strands and a short a-helix, a
central lipoyl domain assembled from two interlocking lipoyl motifs each composed of 4 f3-
strands, separated by an a-helical hairpin domain, which is slight larger in AcrA (105 A) than
in MexA (89 A). The available genetic and biochemical data show that the highly flexible
hairpin domain of MFPs interacts with the periplasmic helices of OMFs, while the B-barrel
domain interacts with their cognate RND proteins (see below).

To date 3 crystallographic structures of the membrane fusion proteins are available — the P.
aeruginosa MexA protein (residues ~20-300), which was crystallized in P21 space group
independently by Akama et al. [25] and Higgins et al. [26], and the AcrA structure (residues

Biochim Biophys Acta. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Misra and Bavro

Page 4

45-312) in P212,2, orthorhombic space group with 4 copies per asymmetric unit [27]. While
highly similar in appearance, the MexA features a shorter hairpin than AcrA. In both proteins
the C-terminal part which is thought to form a mini-domain was not present and it is the only
structural element of the tripartite assembly that awaits its discovery. This region is also thought
to be involved in AcrB interaction [28,29] and the lack of structural information about it is
hampering more comprehensive docking simulations. In addition to the aforementioned
structures, successful crystallization of another membrane fusion protein, namely MacA, has
been reported recently [30], and its crystal structure (deposited in the PDB databases as 3FPP)
is going to extend our understanding of oligomerization and structural diversity in membrane
fusion proteins.

RND structure

Multiple crystal structures of AcrB are available [31,32,33,34,35,36] and are described in great
depth in a later section. Briefly, AcrB homotrimers fold into an a-helical transmembrane
domain, and a large soluble periplasmic domain, the crown of which is thought to make a direct
contact with TolC [Fig. 1].

Compositional stoichiometry of the RND efflux pump components

TolC and AcrB assemble as homo-trimers, but the oligomeric state of either complexed or
uncomplexed AcrA is not fully resolved. In vivo cross-linking data indicated that AcrA can
form dimers and trimers in the absence of AcrB [37], but in vitro monomers as the predominant
species have also been reported for MexA [25,26]. Trimeric species have also been reported
for the HIyD, a membrane fusion protein belonging to the hemolysin export system [38]. The
physiological significance of uncomplexed AcrA as oligomers is unclear, but it is conceivable
that self-association is induced only in the absence of interactions with AcrB and/or TolC.

The first high-resolution structures of MexA [25,26] showed a tri-decamer assembly, with a
hexamer and a heptamer assembled in a head-to-head fashion, an arrangement most likely
resulting from crystallographic artifacts. Recent structural resolution of AcrA’s core domains
also showed unusual intermolecular association resulting from a dimer of inverted dimers
[27], showing significant flexibility of the a-helical hairpin region. It is likely that these
subunits arrangements are the results of anomalous crystal packing and may bear little
resemblance to the stoichiometric state of free AcrA or that which exists when complexed with
AcrB and TolC in vivo. It is clear that a high-resolution structure of the assembled AcrAB/
TolC complex is needed to conclusively determine AcrA’s stoichiometry in the functional
pump complex. In the absence of the tripartite complex structure, however, various models
have been proposed to envision the possible subunit assembly of AcrA/MexA around AcrB/
MexB and TolC/OprM. One such model proposes a ring of nine laterally-aligned MexA
monomers completely shielding the bottom helices of OprM and the crown region of MexB
[26,39]. Yet another model invokes either twelve monomers of MexA encircling MexB/OprM
or six monomers, assembled as three dimers, aligned along OprM helices and MexB crown
[25]. A more thorough model of tripartite pump complex stoichiometry and assembly has been
put forward by Fernandez-Recio et al. [40], suggesting a 3:3:3 stoichiometry with MFP-helical
hairpins bound in the inter-protomer grooves (due to the steric clashes which occur with the
equatorial domain of TolC if docking is attempted to the intra-protomer grooves). However
more recent docking studies and mutagenesis data such as Lobedanz et al. [41] and Bavro et
al. [20] suggest that equatorial domain could undergo certain rearrangements, allowing it to
accommodate the MFP-hairpin tip, in which case the intra-protomer grooves appear as more
likely candidates. A similar model was put forward for the related BesA, BesB, BesC system
from Borrelia burgdorferi [42]. It is noteworthy, that while the above models have all favored
a 3:3:3 stoichiometry, at present there is no definitive proof of such an assembly taking place
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and based on the 6 grooves being available on the surface of the TolC, one can envisage also
a 3:6:3 models. Indeed, each protomer in TolC trimer features an internal duplication, which
results in formation of 6 structurally similar features on the surface of the trimer. Notably each
two pairs of helices (H3/H4 and H7/H8, respectively) form a groove with the preceding and
following pair, forming a total of 6 exposed surface grooves which could accommodate docked
helical hairpins of the membrane fusion proteins. Suggestions for such a stoichiometry can be
inferred from the mutagenesis work of Stegmeier et al. [43], but also from whole cell
quantitative immunoblotting assays [44], which have shown that the relative molar ratio of
MFPs compared to OMFs and IMPs is about 2:1.

A recent work by Mima et al. [45] on the TriABC-OpmH triclosan extrusion system in
Pseudomonas suggest that for functional activity the pump requires two different MFPs, which
is most easily explained with a 3:6:3 stoichiometry where the two different MFPs occupying
two non-equivalent surface grooves on OpmH. Similarly, in Serratia sp. ATCC 39006 the
ZrpADBC pump with two MFPs (ZrpA and ZrpD) may assemble with a 3:6:3 stoichiometry
[46]. In addition, cross-linking and atomic force microscopy data (Zhang et al., manuscript in
preparation) show that stable hexamers of the MtrC membrane fusion protein can be isolated,
forming a ring-like structure. It is worth to remind that earlier studies of AcrA 2D crystals
which belonged to P2;22 space group [47] as well as the recent cryo-EM analysis by Trépout
et al. [48] also reported ring-like structures distinct from the tri-decamers observed in MexA
crystal structures. Sadly the low resolution in that study did not allow determining the
oligomeric, but interestingly, the recent reports of Piao et al. [30] suggest a single molecule of
MacA in the asymmetric unit of a crystal belonging to the P622 space group, indicative of a
possible hexameric assembly. If so these crystal structures could be the first ones to land a
direct structural proof that a functional assembly of membrane fusion protein is hexameric.
While the above proposal is quite reasonable, it does require further experimental verification.
Whatever the case may be, future structural work is bound to clarify this issue.

Regional interactions among pump components

After the TolC and AcrB crystal structures were resolved, it was proposed that TolC and AcrB
may directly interact with each other by virtue of their extended periplasmic domains: TolC’s
o-helical domain extends 100 A into the periplasm, while AcrB’s periplasmic domain protrudes
70 A into the periplasm. The first experimental data supporting this notion for direct
interactions between TolC and AcrB came from a study showing disulfide bond formation
between engineered cysteine residues located in AcrB’s periplasmic hairpin turns and the turns
of TolC’s coiled coils [49]. Unlike these synthetic, disulfide-induced interactions, however,
other experiments indicated that direct interactions between TolC/OprM and AcrB/MexB are
intrinsically weak but can be stabilized by AcrA/MexA [29,50]. Structural analysis of the
possible extent of the interpenetration of the crown domain of AcrB and the periplasmic part
of TolC indicates that such interaction is quite shallow and hence unlikely to be very stable
[21,40]. Such interactions are likely restricted to the loops connecting helices H3/H4 and H7/
H8 of TolC and the B-hairpins of the TolC-binding domain in AcrB [20,49].

Below we summarize studies analyzing MFP-OMF interactions. An extensive amount of
research has been carried out to reveal specific residues and regions of MFP and OMF that are
important for their functional contacts. An initial approach involved construction of chimeric
MFPs between AcrA and YhiU (which is unable to interact with AcrB) to see which of these
chimeric constructs would restore the function of the pump [28]. The results showed that the
first 290 residues out of AcrA can be exchanged with YhiU without affecting the efflux
function, and hence its interactions with AcrB. But a hybrid protein lacking residues 290 to
357 of AcrA failed to support efflux function, signifying the importance of this C-terminal
proximal region of AcrA in AcrA-AcrB interactions. Two additional studies provided general
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support for this notion. In one case, isothermal calorimetry titration analyses showed
interactions between an AcrA fragment, comprised of residues 172 to 397, and AcrB but not
with TolC [29]. Interestingly, the N-terminal AcrA fragment expressing residues 24 to 172
showed no interactions with AcrB but interacted strongly with the C-terminal AcrA fragment
(172-397); finally, the preformed complex of N- and C-terminal AcrA fragments interacted
with both AcrB and TolC [29]. Not only did these findings support the notion that the C-
terminal region of AcrA interacts with AcrB, they also indicated a role for the N-terminal region
of AcrA in forming a complex with TolC.

Genetic studies were carried out to reveal critical residues/regions that influence the
interactions among pump components also produced valuable insights. Random mutagenesis
to seek efflux defective mutants produced alterations affecting the N- (P68-V129) or C-
terminal (V264-G297) regions of MexA [51], with the latter being already implicated in MFP-
RND interactions (see above). One of the first studies seeking revertants of a defective TolC
protein produced suppressor alterations mapping primarily in the p-domain of AcrA [52],
which assembles from both the N-terminal (residues 54-61 of the B strand) and C-terminal
(residues 210-297 of a B1g-a3-B11-14 fold) residues [27]. These results were somewhat
surprising because the p-barrel domain of MFP is predicted to interact with RND, since
lipidation of the N terminal-proximal cysteine residue places this domain in close proximity
to the inner membrane and hence to RND, as demonstrated by Elkins & Nikaido [28] and
Nehme etal. [51]. Curiously, these AcrA suppressor alterations elevated the mutant TolC level,
indicating that the suppressors acted by stabilizing TolC-AcrA interactions. However, an AcrB-
dependence of this stabilizing effect of AcrA suppressors on the mutant TolC protein indicated
the suppressive effect requires a tripartite complex, therefore raising the possibility that AcrA
suppressors, particularly those affecting the f-domain of AcrA, may first influence AcrA-AcrB
interactions and only secondarily the AcrB-TolC or AcrA-TolC interactions [52]. However, at
this point there is no experimental basis to eliminate the possibility that certain suppressor
alterations in the B-domain of MFP could produce broad conformational changes to influence
other domains of MFP, including the highly flexible, OMF-proximal, a-helical hairpin domain,
and thus achieve suppression by directly modulating MFP-OMF interactions. Nehme and Poole
[53,54] also isolated suppressor alterations in MexA’s B-barrel domain that reversed a
functional defect of not only a mutant MexB protein but also a mutant OprM protein, thus
pointing to a broad, perhaps long-distance, influence of alterations in MFP’s B-barrel domain.

As mentioned above, modeling predictions have postulated a direct interaction between the
a-helical hairpin domain of MFP and the intra-protomer grooves formed by the bottom helices
of OMF [29,40,50]. This prediction was experimentally tested indirectly through isolating
compensatory mutations of a defective pump component [20,52,54,55,56] or directly through
analyzing a chimeric MFP construct [43,56] and probing cysteine-specific cross-linking
between MFP and OMF [41].

Compensatory alterations have been found in the a-helical hairpin domain of MFP when
reversing a deficient efflux activity of either to a heterologous non-functional pump complex
[56] or a defective OMF [52]. Similarly, compensatory alterations in OMF’s bottom helices
have been isolated when reversing defects originating from either a heterologous non-
functional pump complex [55] or a defective MFP [54]. Importantly, the work of Vidyappan
et al. [55] has pointed towards the possible interaction zone of the OMF and MFP, as most of
the gain-of-function mutations clustered at the region of the intra-protomer groove of the OMF,
highlighting it as the likely docking site for the helical hairpin of the MFP. The importance of
MFP’s a-helical hairpin of MFP in establishing functional contacts with OMF was also tested
through analyzing a heterologous, non-functional pump complex [43]. Utilizing a chimeric
MFP construct, the authors showed that the region corresponding to the a-helical hairpin of
MFP plays a crucial role in making functional interactions with the cognate OMF. Another
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noteworthy work to highlight the binding determinants on TolC surface was conducted using
directed evolution approach, selecting TolC variants to work with non-cognate pumps, in that
case MexA/B [57]. Importantly, the mutants selected have converged to the native MexA/B
partner OprM, suggesting that a limited number of “discriminator” residues is responsible for
the specificity of the binding between the OMF and different MFPs. Once again the majority
of the gain-of-function mutants were located at the lower end of the a-helical domain, outlining
a possible interaction site in the intra-protomer groove of TolC.

Finally, Lobedanz et al. [41] carried out a comprehensive analysis of MFP-OMF interactions
through probing reciprocal cysteine-mediated cross-linking. Their data supported and
confirmed a model of MFP-OMF interactions in which the a-helical hairpin domain of MFP
docks at the intra-protomer grooves of OMF that are observed in the crystal structures of the
partially open TolC [20] [Fig. 2].

Assembly of the tripartite efflux pump

Among the tripartite drug efflux pumps, AcrAB/TolC of E. coli and MexAB/OprM of P.
aeruginosa have received most attention in part due to the fact that high resolution structures
of all except that of MexB have been solved. A considerable effort has been devoted to
determine in vivo interactions among the components of the AcrAB/TolC and MexAB/OprM
efflux systems, with the aim of establishing how these interactions lead to the assembly of a
functional tripartite pump. It is clear that all three components of the pump must be present
and able to interact to assemble a functional, drug extruding pump. But questions remain as to
the order of assembly, the roles the individual components play in pump assembly, the
mechanism allowing OMF to transition from closed to open state, and the roles that MFP and
RND play in this transition.

To address these questions, scientists have taken various approaches, including isolation of the
complex using affinity tags [29,37,50,51,58], analysis of chimeric or heterlogous protein
constructs [28,43,55], suppressor analysis [52,53], molecular modeling [40], site-directed
mutagenesis based on molecular modeling [41], biophysical studies [29] and targeted evolution
approaches [56,57,61]. All of these approaches have contributed to our understanding of
various interactions among the pump components, but many issues remain.

In vivo cross-linking studies have shown the existence of bipartite complexes of all three
permutations in the absence of the third component of the pump [29,37,58]. Additionally, these
complexes have been shown to form in the absence of a proton motive force [29,62] or
externally added pump substrate [29,58], although one report suggests an enhancement in
complex formation in the presence of substrates [62].

Among the three possible bipartite complexes, the existence of a complex between OMF
componentand RND, in the absence of the MFP, is somewhat perplexing [29,37,49]. Molecular
modeling and cysteine-specific cross-linking data [49] have suggested interactions between
the bottom tip of OMF and the apex region of the antiporter, but no specific in vivo stabilizing
interactions between these surfaces have been experimentally tested. Moreover, mutational
analyses of the proposed interacting regions between OMF and RND have given no indication
as to the existence of any side chain-specific interactions (Weeks, Husain, Bavro, & Misra,
unpublished data). Finally, based on data obtained from isothermal titration calorimetry, it was
concluded that OMF and RND do not stably interact in the absence of MFP, but their transient
interactions, and hence close proximity, can be stabilized by chemical cross-linkers [29].

One of the major steps that must occur for successful drug extrusion is the engagement of the
OMF and the RND securing the transfer of drugs into the channel of the OMF. For this to
happen, the periplasmic end of the TolC channel must open [Fig. 2].

Biochim Biophys Acta. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Misra and Bavro

Page 8

Analysis of the crystal structures of TolC (1EK9), OprM (1WP1) and VceC (1YC9)
demonstrate that the periplasmic lumens of the channels are closed by complex networks of
charged interactions [18,21,22]. This network has to be destabilized in order for the channel
opening to occur. Indeed site-directed mutagenesis of the gating residues in vitro is
demonstrated to result in a spontaneously open, leaky channel or in conditional blockage of
transport [20,63,64]. In vivo however, these salt bridges are likely being destabilized by AcrB,
which is demonstrated to dock at the tips of the helices that bear them [21,49]. The interaction
with the AcrB alone is likely to be sufficient for the unlocking of the gates, which however on
its own isn’t sufficient to fully open the channel as demonstrated by the two recent structures
of the mutant TolC channels trapped in a partially open state [20] [Fig. 2]. The analysis of the
TolC channel cavity, reveals however the presence of the second selectivity gate in it, which
is formed by a double ring of aspartate residues [63], and which is not destroyed in the leaky
mutants [20,63,65], due to its location further up the channel. For the same reason it can be
argued that it is also unlikely to be unlocked via a direct interaction with AcrB, and hence for
that step an interaction with the MFP is necessary [20].

An in vivo role for MFP in stabilizing the interactions between OMF and RND was examined
through the isolation of the MexAB/OprM complex without the use of a chemical cross-linker
so as to evaluate various interactions based on their intrinsic binding strengths [50]. The authors
showed that whereas the absence of MexB made no difference in MexA’s ability to pull down
OprM, MexB was unable to pull down OprM without MexA. This study also found no stable
interactions between MexA and MexB in the absence of OprM. The implications of these
findings are that (a) MFP plays a critical role in stabilizing OMF-RND interactions and thus
central to the tripartite pump complex assembly, and (b) since only MFP-OMF complexes are
stable without a cross-linker, this combination may represent a major pathway to tripartite
complex assembly. In other words, formation of MFP-OMF complexes precedes MFP-OMF-
RND assembly. If MFP-OMF complexes are indeed a precursor to the functional pump
assembly, OMF in this bipartite complex must be in the closed state. Then, binding of RND
to the preexisting MFP-OMF complex, followed by the realignment of MFP with respect to
both OMF and antiporter must lead to dilation of OMF’s aperture to the open state.

An alternative model of pump assembly proposes a different order of interaction and it
accommodates for the conformational transition that OMF helices must undergo to reach an
open state [20,40]. It envisages a partial outward movement of OMF’s aperture-restricting
helical pairs upon initial interaction with the apex region of the antiporter. This initial outward
movement of helices exposes grooves in the intra-subunit regions of OMF into which the
coiled-coil region of MFP can be accommodated. This then leads to further outward extension
of OMF helices and thus full dilation of OMF’s aperture to establish an active pump. So the
major difference in this model compared to that proposed above, is that besides giving MFP a
central role in stabilizing the interaction between OMF and antiporter, and hence the pump
assembly, it also considers MFP a central player in forcing the allosteric transition of OMF
from a closed to open state, and suggest that the MFP is an active energy transducer from RND
to the OMF. Thus the model invokes an order of assembly in which a preformed complex
between MFP and RND engages OMF, followed by MFP-mediated interaction with OMF that
not only completes the tripartite pump assembly but helps OMF transition from a closed to
open state. Similar role of the MFP can be inferred from the MacA/B-TolC system, which
however is energized by ATP [10].

Mechanism of drug extrusion

Understanding the mechanism by which drugs are removed by RND-type efflux pumps begins
with a deeper knowledge of the atomic structures of all the pump components. Since drugs
must be captured by the RND pump protein, we begin our discussion with AcrB. The first
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AcrB structure to be solved was crystallized in R32 space group [31], and displayed a
crystallographic 3 fold symmetry along the centre axis of the trimer. Each of the identical
protomers were revealed to be composed of three distinct domains: a transmembrane (TM)
domain containing 12 TM helices; a membrane-proximal pore or porter domain which is
formed from an extended loop connecting TM helices 1 and 2; and a membrane-distal TolC
docking domain. Both the pore domain and the docking domain present mixed o/p-structures,
with the pore domain being an o+ sandwich with antiparallel 3-sheet, belonging to ferredoxin
fold as described by SCOP [66], while the docking domains form a unique fold family.

A few details of the protomer structure have hinted towards the possible mechanics of the
tripartite pump assembly. Indeed, the discovery of the extension of the pore- and TolC-docking
domains over 70 A into the periplasm raised the possibility of direct interaction between AcrB
and TolC, thus creating an intermembrane bridge for antibiotic expulsion. Another structural
peculiarity, which reminds of the TolC organization, was revealed in the structure of the AcrB
protomers, which appear to also have arisen from internal gene duplication. Thus, similarly to
TolC, while the AcrB assembly is a homotrimer it also shows a pseudo six-fold symmetry.
Indeed, the two original copies of the gene can be split up without losing the functionality of
the assembly as was elegantly demonstrated by Eda et al. [67] using a close homologue of
AcrB — namely the MexB from P. aeruginosa.

The original centrally-symmetrical R32 structure also revealed a possible route by which drugs
are captured and guided across the AcrB molecule and ultimately outside the cell through TolC.
An initial hypothesis was raised that the drugs could move through the central inter-subunit
pore from the cytoplasm to the OMF [31,68]. Since then a total of 5 new structures have been
crystallized in the lower symmetry C2 and P1 space groups [32,33] and in addition an
orthorhombic P2,242; form was obtained by Sennhauser et al. [35] using a Designed Ankirin
Repeat Protein (DARPIn) adaptor, which also showed the highest resolution of 2.5 A. The
higher resolution at around 3.1 A as well as the use of brominated-drugs for phasing also
allowed unambiguous assignment of two bound drugs, minocyclin and doxorubicin
respectively in two of the asymmetric structures [32]. Importantly, only one protomer was
found to be drug bound, and the binding pocket appears to only form in one of the conformers.
Also noteworthy is the fact that no drugs were found bound in the central cavity, thus
contradicting earlier reports [69,70].

Most remarkably the drug bound forms reveal a breakdown of the 3 fold symmetry of the
protomers, which appear to be in three distinct conformations designated as access (or loose),
binding (or tight) and extrusion (or open) respectively [32,33]. The authors independently
concluded that the asymmetric protomers trapped in the different crystal forms actually
represent different stages of the expulsion cycle. These recently solved structures have led to
the formulation of a novel, much more detailed model of the functioning of the RND
transporters which is commonly referred to as the “peristaltic mechanism” [32,33], which we
will briefly discuss below.

In analogy to rotational catalysis in the F1F,-ATPase, Murakami et al. [32] suggested that a
similar rotating mechanism, which is also likely to operate in a sequential manner, exists for
the conformers of AcrB. Since it resembles the rotary action of the peristaltic pump, this
mechanism was coined a “peristaltic pump mechanism” [33]. A cycle of the pump is thought
to start with the access (loose) state, when the drug can access the binding site of the protomer
at low affinity, after which the conformational change results in a tighter binding (tight) state,
which is followed by a conformer transition to the extrusion (open) state, when the drug is
released towards the outer membrane protein channel and the conformer is reset to the access
(loose) state, thus completing the cycle. Readers can find a comprehensive review on the AcrB
extrusion mechanisms in a previous issue of this journal [14], so we are not going to discuss
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the mechanistic details of the process here in full detail, however the main paradigmal shift in
the new models is the emphasis on the role of the intra-protomer tunnels, instead of central
cavity (and the inter-protomer vestibules leading to it) in providing the main paths of drug
extrusion.

In spite of the wealth of recent structural data, the path of the substrate through the pump is
not readily clear. This is because a closer examination of the potential conduits reveals at least
three different tunnels leading to/from the drug binding cavity [33]. Those tunnels are distinct
from and should not be confused with the inter-protomer vestibules, which are leading to the
AcrB central cavity. Importantly, availability of these intra-protomer tunnels differs between
the conformers, suggesting a possible role for sequential tunnel access in the extrusion
mechanism. While two of the tunnels seem to provide access to the drug binding cavity from
the side of the membrane leaflet (available in loose and tight conformers), the third tunnel,
which is only available in the extrusion (or open) conformation protomer leads the drug
outward to the TolC. It thus appears that a single protomer is capable of conducting the drug
on its own in a conformational cycling mode, or cooperatively with the others in a rotary model
[32,33].

While it is currently not fully established experimentally whether all the possible states of the
conformers could be occupied in a functional trimer, that is whether AAA (A for access, B for
binding, E for extrusion), BBB, EEE, and all the combinations of the thereof are possible, or
whether there is a cooperativity which limits the combinations and the conversion of one leads
to a direct transition in the neighbor, it seems plausible that a conformational ensemble greater
than the one observed in the available crystal structures does exist. These possibilities are
beyond the scope of the current review, but are elaborated in recent reviews by Murakami
[13] and Seeger et al. [17]. It is worth emphasizing however, that while the new C2, P1 and
P2,2,24 structures represent a functional ABE state of the molecule, there is mounting evidence
that the centrally symmetric R32 spacegroup crystals probably represent a state close to the
AAA (all loose), despite the earlier reports of drugs bound to it [17]. Interestingly, a recent
structure of AcrB in complex with bile acid [36], which has been crystallized in arhombohedral
H32 group, appears to present an all-loose AAA state where all the vestibules are open and
loaded with the substrate. It is difficult to say if this represents another crystallization artifact
or a physiological state. In addition, a structure of the all-tight, fully drug bound configuration
BBB is suggested to have been obtained by the group of Pos [17]. When available, this new
structure will no doubt extend our understanding of the cooperativity and transition
mechanisms in RND transporters.

In addition to structural cues, there have been also functional data to support the peristaltic
model. Perhaps the most convincing is the recent study involving introduction of engineered
disulfide bridges, which are predicted to hamper the domain movements in the periplasmic
region and thus affect the drug export [71]. Indeed removal of the conditional bridges by
reduction restored the activity of the pump. Conversely, drug transport also affected the
disulfide bridge formation, indicative of the existence of the functional rotation in vivo [71].
The importance of inter-protomer flexibility during drug export has also been highlighted by
earlier studies [72,73,74] as well as by a recent study utilizing a covalently linked AcrB trimer
[75].

These results seem to undermine the earlier reports of the drugs bound in the central cavity of
AcrB [69,70], however it is noteworthy, that a recent structure of the AcrB in complex with
the YajC [76] has been reported with six antibiotic molecules located in the central cavity. In
addition recent structural studies [34,76] also indicate that alternative drug expulsion pathway
cannot be ruled out. So the role of the lateral vestibules and the central cavity might see some
revision in the near future.
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Still quite a few questions remain open. For instance it is not known whether the two intra-
protomer tunnels are actually conduits for entry of the substrate or for release of non-selected
substrates [33]. To answer that we need first to see what defines the substrate specificity in the
RND transporters and where does the selection happen. Functional studies using chimeric
proteins reveal the importance of the periplasmic loops in substrate selection and swapping the
loops between homologous proteins resulted in reciprocal changes to their substrate
specificities as demonstrated for AcrB and AcrD [59], AcrB and MexB [60] MexB and MexY
[67]. Thus itis unlikely that a selection is happening in the cytoplasm and the drugs are passed
through the central cavity as initially speculated. Instead the selection is happening at the level
of the porter domain and most likely in the hydrophobic pocket itself.

As noted above there are two tunnels leading to the drug-binding chamber with entries from
the periplasmic space, which could be hypothesized to serve as drug entry conduits, while the
third one is leading outwards towards TolC. As the third tunnel is only available in extrusion
(open) conformer, it appears pretty clear that it represents the end of the cycle allowing the
drug to exit the cell. Situation is a bit more complicated in respect to the two “entry” tunnels.
Extending the sequential mechanism, it could be hypothesized that the drugs in access (loose)
protomer are guided in via one of the two laterally accessible tunnels (the entry of which is
close to the membrane leaflet) and after selection in the drug-binding cavity which is formed
in the binding (tight) state, if rejected are exiting via the second lateral tunnel located higher
at the porter domain level [17]. Alternatively both tunnels could represent possible substrate
entry points as suggested by the detected simultaneous presence of both “entry” tunnels in the
2JS8.pdb [35] in binding (tight) conformation. As both tunnels are rather hydrophilic some
energy, possibly from the peristaltic mechanism itself is provided to push the compound
through A different issue regarding second tunnel is that it apparently clashes with the
postulated AcrA binding site on the AcrB [31,53]. This however is a rather intriguing
possibility, which may suggest an active role of the MFP in delivery of the drug and/or pump
activation [10], and also lends some additional support to the idea of the primal role of the
tunnel originating close to the membrane leaflet as a drug entry route.

The remaining question is how the substrate export is connected with the proton gradient. Under
the current model, the proton transport takes place in the transmembrane domain. A proton
conduit channel is lined up with charged residues, which are conserved across the RND
transporters. Mutagenesis studies have identified that just five residues are absolutely essential
for the proton conductance as even their single mutants result in transport shutdown: D407,
D408, K940, R971 and T978 (belonging to TM4 and TM10, respectively) [78,79]. The exact
mechanisms by which proton-binding leads to the conformational switch between binding
(tight) and extrusion (open) conformers as a result is still unclear [77,78,79], but changes in
the TM domain seem to be transduced to the periplasmic pore domain via the TM8 which
undergoes a coil-to-helix transition, causing subdomain movements in the pore domain [32,
33] and also result in reorganization of the periplasmic loop between TM3 and TM4 [77].
Combined these transitions are supposed to result in a conformational switch to the extrusion
state allowing the drug to leave the drug binding site.

Ultimately, drug molecules arriving at the TolC-proximal funnel region of AcrB access the
TolC’s tunnel to find their way out of the cell. What then triggers TolC’s aperture opening?
As discussed above, a two-step opening model envisions initially a partial aperture opening
through the initial interaction with AcrB [Fig. 2], followed by AcrA-mediated full opening

[20].

Despite the dramatic rearrangements between the different conformers in the asymmetric AcrB

structures the TolC docking domain undergoes only limited changes. It is hence likely that the
active signal for the drug bound state of AcrB is being mediated to TolC by MFP. Initial docking
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and the unlocking of the outer gates of the TolC channel is probably possible without AcrA
participation and might be a transient, reversible event which doesn’t even require a drug-
bound AcrB. Once the drug is bound however, AcrA probably becomes engaged with AcrB
and upon TolC docking further transduction of conformational changes from AcrA’s o/f} and
lipoyl domains to its TolC-proximal coiled-coil domain allows it to properly align with the
aperture-restricting helices of TolC, leading to full dilation of TolC’s aperture and a productive
extrusion.

A role for YajC in AcrAB/TolC-mediated efflux

Recently Tornroth-Horsefield et al. [76] reported an X-ray structure of AcrB in complex with
YajC [Fig. 3], a trans-membrane protein previously shown to interact with the SecYEG and
SecDF proteins of the E. coli protein translocation machinery [80]. Although deletion of
yajC caused only a slight increase in drug sensitivity, the structure revealed that the interaction
of YajC with multiple trans-membrane helices of AcrB produced a significant rotation in the
porter domain of AcrB that was not apparent from other AcrB crystal structures [31,32,33,
35]. It was speculated that the YajC-mediated twist in AcrB’s porter domain may also induce
a similar twist in TolC’s a-helical domain, presumably via AcrA, to help twist open TolC’s
aperture. However, whether or not the observed YajC-mediated AcrB rotation has a biological
significance could not be conclusively determined given that the absence of YajC produces
only a weak phenotype. The significance of YajC may emerge in a mutant background
expressing partially defective components of the AcrAB-TolC pump. In this context, it is worth
noting that overexpression of YajC has been reported to compensate for the growth defect of
a dominant lethal secY allele, while its disruption is reported to further impair the growth of a
secY (secY39) ts mutant [81]. It is clear from the available data on YajC that more work is
needed to dissect its role either as a general scaffold for many different membrane protein
complexes or as a component of a specific complex dedicated to a specific function, such as
drug extrusion or protein translocation.

Inhibition of MDR efflux pumps

Continuing bacterial drug resistance in society has kept up a demand for developing novel and
more effective antibacterial drugs and smarter treatment strategies. MDR pumps provide
attractive therapeutic targets not only to enhance the effectiveness of other drugs but because
often clinical drug resistance is associated with a high level expression of MDR pumps and
thus requiring a higher dosage and prolonged usage of the prescribed drugs, which further
manifest ill side effects and can lead to the development of even an higher level of drug
resistance. The best recognized strategy for using MDR efflux pump inhibitors (EPIs) is in
conjunction with the prescribed antibacterial drugs so as to enhance the potency of these drugs.
Readers are encouraged to consult an excellent recent reviews that outlines our current standing
and strategies for developing EPIs [12,82,83,84].

Central to developing EPIs is the attainment of structural knowledge of the components of the
MDR pumps and comprehending the mechanism of drug selection and extrusion by them.
Recent structural papers on AcrB, with and without a bound ligand, have given us new and
exciting insights on the mechanism of drug extrusion, but more work is needed to fully
comprehend the process of drug selection and disposal. Though we have come a long way in
understanding the possible pathway of the tripartite pump assembly, full understanding will
no doubt require continuing collaborations among geneticists, biochemists, and structural and
theoretical biologists.
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Fig. 1.

Structures of TolC (1EK9), AcrA (2F1M) and AcrB (2GIF) and their domains. Note that TolC
and AcrB are shown as homotrimers, AcrA as a monomer. Locations of the static H3/H4 and
mobile H7/H8 helices from two different TolC protomers are shown. OM and IM refer to the
outer membrane and the inner membrane, respectively.
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Fig. 2.

Views of the periplasmic aperture of the currently available TolC trimer structures reveal a
possible transition to a fully open state. Structures of the closed state (1EKS; left), and partially
open mutant structures 2VDE (center) and 2VDD (right) reveal a rearrangement of the
periplasmic tip helices consistent with the proposed “aperture opening” mechanism. In the
initial state (left) the aperture is maintained closed by inter-protomer salt-bridges, which are
thought to become destabilized and released upon the interaction of the OMF with the RND.
The following transition is also associated with a breakage of the central three-fold symmetry
of the trimer and relaxation of the gating helical pairs (arrows) resulting in a roughly hexagonal
arrangement (right).
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Fig. 3.
A view of AcrB monomer (2RDD) bound to the YajC helix (green).
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