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We describe an original activity assay for membrane transport that uses the proton motive force-dependent
efflux pump MexAB from Pseudomonas aeruginosa. This pump is co-reconstituted into proteoliposomes
together with bacteriorhodopsin (BR), a light-activated proton pump. In this system, upon illumination
with visible light, the photo-induced proton gradient created by the BR is shown to be coupled to the active
transport of substrates through the pump.

M
ultidrug efflux pumps from gram-negative bacteria are the focus of increasing interest because of their
prominent role in the active efflux of xenobiotics out of the bacteria and, by extension, their prominent
role in the worrisome problem of bacterial resistance. Efflux transporters are organised as multicom-

ponent systems in which the RND pump (of the so-called Resistance, Nodulation, cell Division family) located in
the inner membrane works in conjunction with a periplasmic protein (MFP, Membrane Fusion Protein) and an
outer membrane protein (OMP)1. The cytoplasmic inner membrane protein, which has broad substrate specifi-
city, acts as an energy-dependent pump that is driven by the proton-motive force (pmf). We focus on the OprM/
MexA/MexB system from the gram-negative bacterium Pseudomonas aeruginosa (Figure 1a).

Although it has recently benefited from significant structural breakthroughs2,3, the efflux pump field still suffers
from a critical lack of tools that allow the in vitro investigation of transport. This lack of tools arises from the
difficulty of generating robust, quantitatively measurable and reproducible proton gradients across the mem-
brane, a pre-requisite for the transporter to function. Initial attempts have been described that involve the use of
valinomycin, a potassium-selective ionophore, which makes it possible to generate proton movement within
liposomes that are first filled with KCl and subsequently diluted in a KCl-free buffer4,5. We have made recom-
mendations that will allow this procedure to become unambiguous and reproducible6, but we have to acknow-
ledge that even with these caveats in mind, the valinomycin assay remains tedious. Hence, we have decided to
improve this protocol by adapting a classics of the membrane bioenergetics field, namely the work of Ephraı̈m
Racker and Walther Stoeckenius in which they used the bacteriorhodopsin from the archaeal organism
Halobacter halobium to generate the photo-induced proton gradients needed to allow for ATP synthesis through
the pH-dependent ATP synthase7. We have decided to adapt this pioneering work to convert light into the energy
needed to activate the RND pump MexB.

Results
Rationale for the assay. In our system, the membrane proteins are reconstituted into liposomes containing 8-
hydroxypyrene-1, 3, 6-trisulphonic acid (pyranine), which provides an optical read-out of the pH changes
occurring within the vesicles8,9. In Figure 1c, we show the fluorescence spectra of pyranine at different pHs.
The pH dependence of the fluorescence is plotted and is shown to be linear over 1 pH unit. The proton gradient
photo-induced by the BR is used by MexB to transport Hoechst 33342, a known substrate of the pump. Given that
BR incorporation into liposomes favours one direction10 (proton pumping into the liposome lumen), only those
MexB membrane proteins oriented inside-out will be potentially energised by the pH gradient (see Figure 1b).

The rationale for our assay is the following: In a control experiment in which only BR is present in the liposome
membrane, the pH is supposed to decrease upon illumination, and hence, the pyranine fluorescence drops. In
contrast, when BR is present together with an active and functional pmf-dependent transporter, the protons
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pumped inside the vesicle by BR will be counter-transported, thereby
leading to compensation for the liposomal acidification and hence a
steady fluorescence signal.

Mandatory controls. Of foremost importance regarding the rationale
of our assay is that the proteoliposomes must be as tight as possible.
Indeed, one should make sure that the above-mentioned steady signal
is due to counter-transport by the pump and not to the passive leak-
age of protons out of the liposome. We have taken extreme care in
the optimisation of the preparation of the liposomes6,10, and we
systematically checked that the liposomes reconstituted with both
membrane proteins were not significantly leakier than the control
liposomes (see Supplementary information, Figure S1). Note that the
proton gradients generated by the BR dissipate, leading to the eventual
restoration of the initial fluorescence level after the liposomes are
incubated in the dark; acidification can then be triggered from that
point simply by illuminating again the suspension. Provided that the
above prerequisites are fulfilled, the activity of the RND pump MexB
can be monitored in vitro. In Figure 2, we present the averages of the
results for six independent measurements.

Investigation of transport. One can but appreciate the sensitivity of
the BR-mediated proton pumping procedure. We have defined the
reconstitution and measurement conditions such that a pH decrease

Figure 1 | Rationale for the assay. A. Schematic representation of the MexA-MexB-OprM pump from Pseudomonas aeruginosa. B. Cartoon

representation of liposomes reconstituted with BR (upper scheme) or with both BR and a functional and active membrane transporter (lower scheme). C.

Pyranine fluorescence as a function of pH. left, excitation spectrum (emission wavelength set to 509 nm) of pyranine measured at pHs ranging from 6.6 to

8.5; right, pyranine fluorescence (lex 455 nm, lem 509 nm) as a function of pH. inset: linear correlation between fluorescence and pH between pH 6 and

pH 7. The following linear regression was calculated: D fluorescence (%) 5 65.9 x DpH - 368 (R250.9946).

Figure 2 | Monitoring of the liposomal acidification upon illumination.
Pyranine fluorescence variations, measured as a function of time, were

normalised to the corresponding pH variations based on the titration

presented Figure 1c.
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of approximately 0.3 units occurs upon light-induced proton
pumping11, thereby matching the DpH postulated to be required
for activating the pump5. Surprisingly, when the measurement is
performed with proteoliposomes containing BR and MexB, the
pump seems to provide suboptimal compensation for the BR-
mediated acidification: the fluorescence signal ends between that
obtained with control liposomes devoid of any protein and that
obtained with liposomes reconstituted with BR alone (see Figure 2,
trace c versus trace a and trace b). Note that this behaviour is
observed irrespective of the presence of substrate, as if MexB were
able to pump protons even in the absence of any substrate (a so-called
basal, substrate-independent, proton pumping activity), though at a
rate seemingly too low to efficiently compensate for the gradient
created by the BR. By contrast, when the measurement is
performed with liposomes containing BR, the substrate, and both
MexB and MexA, one now clearly observe the fluorescence signal
expected for coupled proton counter transport: for one proton
entering the liposome, one is transported out by the pump (see
Figure 2, trace e). This observation is in line with the results of
work of Pr Nikaido, who has shown that the MFP was mandatory
for transport4,5. Interestingly, when proteoliposomes containing BR,
MexA and MexB are prepared beforehand without substrate and
subjected to our assay, no coupled activity is observed (see
Figure 2, trace f). However, when the same proteoliposomes are
subsequently incubated with the substrate in the dark for a
sufficient period of time, proton counter transport is detected. It is
likely that the incubation makes it possible for the substrate to
partition into the membranes of the liposome and then diffuse
laterally to eventually reach the pump via its vestibule; hence,
transport is made possible.

Discussion
We have designed an activity assay that allows the monitoring of the
activity of RND efflux pumps. Our results might well shed some light
on the controversy regarding the possible implication of the MFP in
transport. In agreement with the results of previous work by Nikaido
and Aires, we show here that MexA is a key element of the actual
coupled transport through the efflux pump. In contrast, the Venter’s
group showed that MexB is able to transport Hoechst 33342 alone, in
the absence of MexA12. The difference between our respective results
might very well arise from the different experimental procedures
used in our respective laboratories. Indeed, in our protocol, inside-
out reconstitution entraps the whole functional complex, and the
resulting confinement increases the probability of interaction
between MexB and its MFP partner. In contrast, Venter and collea-
gues performed a so-called "direct incorporation" experiment in
which MexB is inserted unidirectionally, right-side out. Under such
conditions, functional assembly will be more difficult to achieve
because the MFP will have to explore a much larger volume in that
case than in our inside-out liposomes.

We show that MexB behaves as if it were able to sustain a basal
proton pumping activity that is potentiated by the presence of sub-
strate. This behaviour is reminiscent of that of proteins in the the
functionally related ABC protein family, which exhibit a basal
ATPase activity that is enhanced by the presence of substrates13.
Interestingly, it has been shown recently that MacB, an ABC trans-
porter from E. coli that works in conjunction with a MFP and an
OMP, exhibits basal ATPase activity that is enhanced in the presence
of its cognate MFP protein MacA, which is closely related to
MexA14,15. Note that we cannot exclude the possibility that what
we believe to be substrate-free conditions are in fact not; it is possible
that the system is contaminated by some endogenous compound
(e.g., lipid, left-over from the purification) that can be transported
by the pump.

Our protocol opens the way towards a better understanding of the
activity of the RND efflux pump MexB and, more generally, of all

pmf-activated membrane proteins. However, we also envisage using
this protocol for screening Efflux Pump Inhibitors (EPIs) because
our protocol can be easily scaled down, automatised (e.g., in a 96-well
plate reader equipped with relevant optical filters) and parallelised: in
this context, the use of BR as a switch for triggering the measurement
is certainly an asset because it eliminates any second-hand manip-
ulation of the suspension.

Methods
Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from
Avanti Polar Lipids. Cholesterol, 8-hydroxypyrene-1,3,6-trisulphonic acid
(pyranine), Triton X-100, and Hoechst 33342 were obtained from Sigma Aldrich.
SM2 Bio-beads were obtained from Bio-Rad. n-Dodecyl-b-D-maltopyranoside
(DDM) was purchased from Affymetrix (reference D310LA).

Preparation of the proteins. Expression and purification of the MexA, MexB and BR
proteins were performed as previously described16,17,18. Briefly, MexA and MexB were
heterologously expressed from pBAD-mexA or pET-mexB (pBAD33-GFPuv,
Invitrogen; pET22b vector, Novagen) in E. coli cells (strain C43 DE3) and purified as
His-tagged proteins from the membranes solubilised with DDM. The yields of
homogeneously purified MexA and MexB were approximately 6–7 mg and 0.5 mg
per litre of culture, respectively. The purified proteins were concentrated using
Vivaspin (VivaScience) concentrators with cutoffs of 30 kDa and 100 kDa for MexA
and MexB, respectively.

Halobacter halobium cells were grown under illumination at 37uC in a liquid
growth medium containing NaCl 4 M, MgSO4 150 mM, trisodium citrate 10 mM,
KCl 30 mM, yeast extract 5 g/L, and peptone 5 g/L. Purple membrane was isolated
using a sucrose gradient and solubilised as follows: a membrane suspension con-
taining 15–20 mg BR at 7 g/L was sonicated for 5 min and incubated overnight at
room temperature with Triton X-100 at a 155 protein-to-detergent ratio (w/w). The
concentration of solubilised BR was estimated using e (570 nm) 5 54.000 M21.cm21

and e (280 nm) 5 1.080.000 M21.cm21.

Preparation of unilamellar vesicules. DOPC and cholesterol were dissolved in
HEPES 25 mM pH 7, K2SO4 100 mM and MgCl2 15 mM to final concentrations of
10 mg/mL and 1.5 mg/mL, respectively. The suspension was then heated for 10 min
at 37uC. Then, pyranine and Hoechst 33342 were added to final concentrations of
2 mM and 140 mM, respectively. This solution was then sonicated for 10 minutes
with 3099 pulse/3099 pause cycles. The liposomes were subsequently extruded through
200-nm membranes and then through 100-nm membranes (20 passes for each type of
membrane). Triton X-100 was then added to reach a 2.8 detergent/lipid ratio (w/w).
This suspension was then incubated overnight at 4uC with gentle stirring. Proteins
were added to the solubilised liposome suspension at the following ratios (w/w):
lipids/MexB520, MexB/MexA52.5, and lipids/BR530. Detergent removal was
achieved upon addition of Bio-beads (previously washed with methanol, ethanol and
water) at a Bio-bead/detergent ratio of 60 (w/w) for at least 3 h at 4uC in the dark. The
proteoliposomes were then purified using a PD-10 desalting column (GE Healthcare)
equilibrated with HEPES 25 mM pH 7, K2SO4 100 mM and MgCl2 15 mM and kept
in the dark at 18uC. The proteoliposomes were stored for up to 2–3 weeks under these
conditions.

Fluorescence assay. Fluorescence measurements were conducted at 25.0uC using a
JASCO FP-6200 spectrofluorimeter. The measurements were performed using the
dual-wavelength mode, taking measurements with excitation/emission wavelengths
of 550 nm/550 nm for 1899 (to activate BR) and then taking measurements with
excitation/emission wavelengths of 455 nm/509 nm for 299 (to measure the pyranine
fluorescence). The excitation and emission bandwidths were 5 nm. Note that the
measurements were performed in the presence of 50 nM valinomycin to prevent the
formation of a reverse DY.
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