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T
he capacity of bacteria to expel
from themselves a broad diver-
sity of compounds confers upon
them resistance to drugs and

other bacteriocidal agents (1). In Gram-
negative bacteria such as Escherichia coli
and Pseudomonas aeruginosa multidrug
efflux is achieved by energy-powered
macromolecular machinery that extrudes
cytotoxic substances like multiple anti-
biotics, dyes, bile salts, and detergents
from the inner membrane of the cell
directly into the medium, bypassing the
periplasm and the outer membrane.
Known complexes of such multidrug
efflux pumps are composed for three
types of components: an outer mem-
brane channel, a periplasmic bridge, and
an inner membrane energy-transducer.
There are a variety of possible inner
membrane components, which can in-
clude members of the ATP binding cas-
sette transporter superfamily, the major
facilitator superfamily, or the resistance
nodulation cell division (RND) super-
family. These inner membrane-located
units are the major sites for substrate
recognition and energy transduction of
the entire tripartite system and function
in conjunction with the 2 other pump
components. The periplasmic bridge
component often goes by the name of
“membrane fusion protein” (MFP) for
historical reasons and is represented by
the AcrA protein. Well-characterized
representatives of the outer membrane
factor (OMF) are channel-like proteins
such as TolC. Both the outer membrane
and tripartite eff lux pumps are consid-
ered to be the main barrier for drugs on
their way to the inside of the bacterial
cell (2). Importantly, only assembly of
all 3 components into a trinity results in
an active and effective drug efflux phe-
notype. In this issue of PNAS, Symmons
et al. (3) complete the picture of an E.
coli 3-component multidrug efflux sys-
tem with a well-tested and insightful
model.

The most extensively-studied 3-
component systems are AcrAB–TolC of
E. coli and the homologous MexAB-
OprM of P. aeruginosa, which are gener-
ally referred to as RND efflux systems.
The substrate range of these pumps in-
cludes dyes, bile salts, organic solvents,
and antibiotics of different chemical
classes; molecules that are anionic, cat-

ionic, zwitterionic, aromatic, or just ali-
phatic; and chemicals of bulky or planar
geometry. The energy source for drug
transport is derived from the proton
motive force and these transporters
function as drug/proton antiporters. For
all 3 individual components, structural
information based on X-ray crystallogra-
phy is available (4–11) and has led to
several suggestions of tripartite pump
assemblies (10–13) (Fig. 1). Both TolC
and AcrB are known homotrimers. The
interaction between AcrB and TolC has
been shown to be weak in vitro (14),
and the AcrA adapter consolidates this
interaction by forming a complex be-
tween both the inner membrane compo-
nent and outer membrane channel.

However, for the AcrAB–TolC efflux
pump, the interaction between periplas-
mic adapter AcrA, especially its C-
terminal domain (15), and the inner
membrane component AcrB have re-
mained largely obscure. The available
crystal structures have not previously
revealed large portions of the N and C
termini of the adapter because of appar-
ent disorder, and these are key to the
protein-to-protein interactions with the
inner membrane partner. By reexamin-
ing the existing crystallographic data of
MexA (11), Symmons et al. (3) provide

a re-refined model of MexA that reveals
the previously invisible domain. From
that data they completed the homolo-
gous AcrA structure that now contains
an additional �-roll membrane proximal
(MP) domain with a distinctive concave
face including 2 exposed helical turns.
The MP domain adds �45 Å to the
height of AcrA and completes the struc-
ture of this membrane adapter molecule
to a successive stretch of �-helical hair-
pin, lipoyl, �-barrel, and MP domains.

On the basis of the completed AcrA
model, Symmons et al. (3) conducted 74
cross-linking assays by introducing cys-
teines in both AcrA and AcrB and using
hetero-bifunctional cross-linkers. From
the cross-linking results, a data-driven
docking was conducted with the experi-
mental cross-linking data as restraints.
Most intriguingly, the docking procedure
produced only 1 solution that was con-
sistent with all experimental data. This
solution predicts stoichiometric interac-
tion between AcrA and AcrB and there-
fore reveals a complete trinity within the
heterotrimeric complex of homotrimers.
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Fig. 1. Schematic drawing of tripartite RND multidrug efflux system AcrAB–TolC of the Gram-negative
bacterium Escherichia coli (courtesy of Andrea Eberle, Heinrich-Heine-Universität Düsseldorf, Düsseldorf,
Germany). Suggestions on the stoichiometry of the adaptor AcrA to inner membrane RND component
AcrA (or to outer membrane channel TolC) vary between 1 and 4.
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The whole pump was finally assem-
bled by reoptimization of the previously
determined interaction between TolC
and AcrA.

Does this model provide a general
paradigm for all known tripartite sys-
tems? Recent crystallographic studies
with the adapter MacA of the ATP-
driven MacAB–TolC system suggests a
MacA:TolC stoichiometry of 2, and the
interactions appear to be much more
stable compared with the AcrAB–TolC
RND system in vitro and possibly also
in vivo (16, 17). Whether this stoichiom-
etry is exclusive to this particular type of
pump remains to be tested as well, be-
cause another very recent study (18)
provides evidence for yet another 2:1
ratio between the MexA/OrpM subunits
of the RND-type MexAB–OprM tripar-
tite eff lux pump from P. aeruginosa.
Previous studies on AcrA, however,
seem to be in accordance with its trim-
eric appearance (19).

The role of the adapter protein within
the tripartite system has been and is a
heavily debated issue (19). Formerly
thought as a rigid adapter ‘‘just’’ linking

the inner membrane component and the
outer membrane channel, AcrA has ad-
vanced to a much more dynamic mole-
cule with multiple tasks. It is believed to
have a crucial role in not only recruiting
but it is also thought of as the key to
open the locked TolC by means of the
extensive coil-coil interactions also dis-
played by the current model (3). Muta-
tions in AcrA also had an effect on the
substrate specificity of the entire pump,
a feature that was thought to be solely
attributed to the RND part (20). Fur-
thermore, it has been speculated that
the linker molecule might be involved in
signal transduction from the functionally
(not physically) rotating AcrB compo-
nent toward TolC (6, 7). The model by
Symmons et al. (3) might give us in-
sights for designing experiments to ad-
dress these important questions.

The impact of the pumps on antibiotic
resistance of Gram-negative pathogens
is another important and hotly-debated
issue. Several inhibitors of the pumps
have been reported (1), one being a de-
signed ankyrin repeat protein (DARPin),
which fortunately also happened to facil-

itate crystallization of the AcrB compo-
nent, leading to good resolution (2.5 Å)
data (8). The model by Symmons et al.
(3) suggests that the DARPin molecule
might be inhibiting the function of AcrB
rather than hampering the assembly of
the pump, because the attachment sides
of these (in)voluntary partners appear
to be markedly different (Fig. 2).

The �-barrel domain of the docked
AcrA adapter interacts with the upper
part of the PN2 and PC1 periplasmic
porter subdomains of AcrB and extends
toward the TolC docking domain while
making an interaction with an intermono-
meric loop (Fig. 2). The newly-assigned
MP domain of AcrA snugly interacts
with the PN2 and PC1 subdomains of
AcrB, which are the cradle of the hydro-
phobic binding pocket involved in sub-
strate binding. During transport of drugs
and consecutive changes of the AcrB
monomers through different conforma-
tions that have been designated access,
binding, and extrusion (or loose, tight
and open), the PN2 and to a lesser de-
gree the PC1 subdomains undergo
substantial changes upon binding and
releasing the drug molecule (6–8). In
principle, these changes might be lead-
ing to changes in conformation of the
adapter molecule as well and might lead
to a signaling cascade all up to TolC.
One outstanding puzzle is how hydro-
phobic molecules are encouraged to en-
ter and get transported through the
electronegative interior of TolC. Per-
haps other mechanisms rather than sim-
ple diffusion might be at work, including
peristaltic-like motions that might follow
those of AcrB (21). For this, TolC needs
to be nudged at times to provide the
pulse waves leading the drugs to the
outside. The AcrAB–TolC trinity would
then represent machinery.
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Fig. 2. DARPins interact with the AcrB L and T monomers only (8). (Left) Side view of the AcrB trimer (with
monomers L (loose, access) in blue, T (tight, binding) in yellow, and O (open, extrusion) in red, in complex
with DARPins (light orange) and AcrA (green). Only the membrane-proximal (MP), the �-barrel, and the
lipoyl domains of AcrA are shown, whereas the �-helical hairpin following the lipoyl domain has been
omitted. (Right) Top view on the AcrB periplasmic porter domain with its subdomains PN1, PN2, PC1, and
PC2. Shown is the interaction of AcrA with the AcrB PN2 and PC1 porter domains.

6894 � www.pnas.org�cgi�doi�10.1073�pnas.0902837106 Pos


