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A B S T R A C T

Multidrug efflux protein complexes such as AcrAB-TolC from Escherichia coli are paramount in multidrug re-
sistance in Gram-negative bacteria and are also implicated in other processes such as virulence and biofilm
formation. Hence efflux pump inhibition, as a means to reverse antimicrobial resistance in clinically relevant
pathogens, has gained increased momentum over the past two decades. Significant advances in the structural
and functional analysis of AcrB have informed the selection of efflux pump inhibitors (EPIs). However, an ac-
curate method to determine the kinetics of efflux pump inhibition was lacking. In this study we standardised and
optimised surface plasmon resonance (SPR) to probe the binding kinetics of substrates and inhibitors to AcrB.
The SPR method was also combined with a fluorescence drug binding method by which affinity of two fluor-
escent AcrB substrates were determined using the same conditions and controls as for SPR. Comparison of the
results from the fluorescent assay to those of the SPR assay showed excellent correlation and provided validation
for the methods and conditions used for SPR. The kinetic parameters of substrate (doxorubicin, novobiocin and
minocycline) binding to AcrB were subsequently determined. Lastly, the kinetics of inhibition of AcrB were
probed for two established inhibitors (phenylalanine arginyl β-naphthylamide and 1-1-naphthylmethyl-piper-
azine) and three novel EPIs: 4-isobutoxy-2-naphthamide (A2), 4-isopentyloxy-2-naphthamide (A3) and 4-ben-
zyloxy-2-naphthamide (A9) have also been probed. The kinetic data obtained could be correlated with inhibitor
efficacy and mechanism of action. This study is the first step in the quantitative analysis of the kinetics of
inhibition of the clinically important RND-class of multidrug efflux pumps and will allow the design of improved
and more potent inhibitors of drug efflux pumps. This article is part of a Special Issue entitled: Beyond the
Structure-Function Horizon of Membrane Proteins edited by Ute Hellmich, Rupak Doshi and Benjamin McIlwain.

1. Introduction

Antibiotic resistance is a global problem that needs urgent attention
[53,63,71]. The World Health Organisation has recently listed 12 fa-
milies of bacteria that pose the greatest threat to human health. All the
organisms listed as “priority-1” (critical level) are Gram-negative bac-
teria [72]. Gram-negative bacteria display high levels of intrinsic re-
sistance due to the presence of an outer membrane that act as a per-
meability barrier and the expression of an array of drug efflux pumps
[3,5,21,24] which lowers the concentration of antibiotics inside the cell
to sub-toxic levels. Clinical levels of resistance in Gram-negative bac-
teria are conferred by transporters that consist of complex, macro-
molecular, tripartite assemblies that span the double membrane and
periplasm of these organisms such as the AcrAB-TolC efflux system from
Escherichia coli [2,5,9,10,12,21,30,35–38,57]. In these complexes an
inner membrane protein (e.g. AcrB) acts together with an outer

membrane protein (e.g. TolC) and a periplasmic adaptor protein (e.g.
AcrA) to form a highly efficient antibiotic efflux system
[11,14,16,45,65,67]. The inner membrane protein is from the re-
sistance nodulation division (RND) and is the component responsible
for drug recognition and binding [17,25,32,33,39,54]. Therefore,
compounds which can directly block the drug binding to AcrB by
binding with higher affinity or allosterically trap the IMP in an inactive
conformation, are attractive forms of efflux pump inhibitors (EPIs)
[13,42,44,64].

The first structures of AcrB in an asymmetric homotrimeric con-
formation [25,47] not only provided the first structural information on
these intractable membrane proteins, but also allowed the deduction of
a possible transport mechanism. These structures revealed a functional
rotation mechanism where the three monomers cycle through three
different conformations during the efflux process designated the loose/
access, tight/binding and open/extrusion stages [25,47]. In the ensuing
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years significant advances have been made in the structural and func-
tional determination of AcrB [15,17,31,39,74]. The binding site of AcrB
was revealed to be large with two major substrate-binding pockets lo-
cated along the substrate translocation pathway. The access binding
pocket is located closer to the periplasmic bulk in the access/loose
monomer of the transport cycle. The deep binding pocket is located
much deeper within the substrate transport pathway, and is wide open
in the binding/tight monomer of the transport cycle [42–44]. The two
binding pockets are separated by a flexible glycine-rich loop. Con-
formational flexibility of this loop (termed the switch loop) is crucial to
allow the conformational changes that drive antibiotic efflux [8,18,28].

These structural and biochemical data was followed by the first
structures of inhibitor-bound AcrB which constitutes a significant ad-
vance in the field. The structure of the pyranopyrimidine inhibitor D13-
9001 bound to AcrB [29] and MX2319 bound to AcrBper (periplasmic
domain of AcrB) [50] suggested tight binding of these inhibitors to the
narrow hydrophobic pit lined by several phenylalanine residues which
prevents the functional rotation of AcrB necessary for drug extrusion
and prevent the efflux of antibiotics [29]. EPIs such as phenylalanine
arginyl β-naphthylamide (PAβN) and 1-(1-naphthylmethyl)-piperazine
(NMP) are shown to straddle the top of the switch loop in molecular
dynamics simulation studies [59]. This interaction with the switch loop,
in turn, controls the movement of substrates in the deep binding pocket
and was the proposed mechanism of action of these two EPIs [42].
PAβN and NMP act at concentrations of≥50 μM [6,23]. A derivative of
MX2319, MBX3132 binds AcrB with nanomolar affinity as a result of a
tight interaction between this compound and residues from the hy-
drophobic trap [50]. Cryo-electron microscopy of the full tripartite
complex confirmed that this inhibitor prevents the functional rotation
and traps AcrB predominantly in the symmetric tight/binding con-
formation [67]. The idea that a (too) high affinity of compounds for the
deep binding pocket could prevent the conformational changes neces-
sary for RND-transporters to cycle through the functional rotation was
first suggested by Vargiu et al. [58] to interpret MIC changes due to
mutations within this pocket. Structural studies are invaluable in our
understanding of the interaction of inhibitors with efflux proteins.
However, an inhibitor-bound structure provides a snapshot of the
process only at one specific time. Computational techniques are a great
resource to address mechanistic knowledge gaps, as they can pinpoint
functional dynamics of biological systems and has been used to great
effect to compare binding of a range of substrates and inhibitors to
AcrB. However, MD simulation studies need to be complemented with
experimental data.

Nakashima et al. [29] measured the binding affinity of D13-9001 to
purified AcrB, MexB, and MexY using isothermal titration calorimetry
(ITC). Kd values of 1.15 μM and 3.5 μM respectively for AcrB and MexB
were obtained. The biggest limitation of ITC is the large amount of
purified protein needed for each substrate that is analysed, which
makes this method impracticable for the routine analysis of membrane
proteins. Progress on the measurement of kinetic constants was further
hampered by the huge contribution of non-specific binding of the li-
pophilic drugs to these hydrophobic proteins to the total binding ob-
served. The voluminous binding cavity and redundancy in active site
residues also meant it is not possible to provide a binding-negative
mutant of these proteins to correct for non-specific binding. We in-
cluded the galactose permease protein GalP, an integral sugar binding
protein of similar hydrophobicity to AcrB [62] as control for non-spe-
cific drug binding. The kinetics of substrate and inhibitor binding to
AcrB were subsequently probed using surface plasmon resonance (SPR).
SPR is a very powerful biophysical tool for drug discovery which allows
real time monitoring of binding events as well as directly measure af-
finity and kinetic constants of biomolecular interactions [41]. The
major advantage of SPR over other techniques is it does not require
particular labelling (e.g. fluorescence or radioactive) to analyse mole-
cules. Moreover, the amount of ligand required is much less than is
required in other techniques (such as ITC) which are particularly

beneficial for membrane-proteins such as AcrB [41,56]. The method is
also scalable to high throughput format.

2. Methods

2.1. Plasmids used

Expression plasmid coding for AcrB with 8-His tags at C-terminal
(pAcrB) and expression plasmid coding for GalP with 6-His tags at C-
terminal (pGalP) both containing kanamycin resistant marker were
used for expression of respective proteins [40,70]. Kanamycin was used
at 25 μg/mL.

2.2. Preparation of inside out vesicles (ISO) vesicles

Cells were always freshly transformed with plasmid before use. A
single transformant was inoculated and grown overnight at 37 °C in LB
broth containing kanamycin. To ensure high level expression, the cul-
tures were incubated at 18 °C until an OD660 of around 0.2 before gene
transcription was induced with 0.5 mM isopropyl β-D-1-thiogalacto-
pyranoside (IPTG). Growth was continued with shaking at 200 rpm
overnight to allow expression of the target protein [48]. The cells were
harvested by centrifugation (15 min, 6500g, 4 °C) and resuspended in
0.1 M potassium phosphate (pH 7.0). DNAse (10 μg/mL) and MgSO4

(10 mM) were added and the suspension was incubated for 15 min at
RT before being passed twice through a cell disruptor (Constant Sys-
tems with Thermoflex Temperature control) at 20 kPsi. The suspension
was incubated at room temperature for 15 min to allow the DNAse to
act. A low speed centrifugation (10 min, 10,000g, 4 °C) was performed
to remove cell debris (pellet), and the supernatant was subjected to
high-speed centrifugation using a 50.2 Ti rotor (40,000g, 40 min, 4 °C)
to collect the inside out vesicles (ISO vesicles). The pellet was re-
suspended in 50 mM potassium phosphate buffer pH 7.0 containing
10% glycerol to a protein concentration of approximately 50 mg/mL
and stored at −80 °C. The protein concentration of the inside-out
membrane vesicles was determined by the DC Protein Assay (Bio-Rad
Laboratories) with BSA (0 to 1.5 mg/mL) as a standard.

2.3. Purification of his-tagged proteins

GalP protein was overexpressed in E. coli C41 (DE3) cells and purified
by affinity chromatography according to established protocols [62,68].
Purification of AcrB was essentially the same as previously reported for
MexB [48] with some modifications as indicated. The ISO vesicles pre-
pared from cells expressing required proteins were allowed to solubilise
(20 mM Tris pH 8.0, 10% glycerol, 300 mM NaCl, 1.5% DDM and 10 mM
imidazole pH 8.0) for an hour at room temperature through gentle
shaking. Unsolubilised protein was removed by ultracentrifugation
(150,000 ×g, 1 h, 4 °C). Ni–NTA (Ni2+–nitrilotriacetate) resin (Bio-Rad)
was equilibrated by washing with 20 resin volumes of deionized water,
gravity sedimentation on ice and resuspended with 5 resin volumes of
wash buffer A (20 mM Tris pH 8.0, 10% glycerol, 300 mM NaCl, 0.05%
DDM and 30 mM imidazole pH 8.0). The supernatant from the ultra-
centrifugation was added to the Ni-NTA resin and the protein was allowed
to bind to the resin by gentle shaking for 1 h at 4 °C. The resin was
transferred to a 2 mL polystyrene mini-column (BioRad laboratories) and
the unbound fraction was allowed to drain away. The resin in the column
was washed with 30 resin volumes of wash buffer A and subsequently with
30 resin volumes of wash buffer B (20 mM K-HEPES pH 7.5, 10% glycerol,
300 mM NaCl, 0.05% DDM and 50 mM imidazole pH 8.0). Five resin
volumes of elution buffer (20 mM K-HEPES pH 7.5, 10% glycerol, 300 mM
NaCl, 0.5% DDM and 400 mM imidazole pH 8.0) were added to displace
the His-tagged protein from the resin. The first 0.5 resin volume of eluant
was discarded. The next 3–4 resin volumes of eluant were collected as the
purified His-tagged protein. Total purified protein was determined using a
microvolume spectrophotometer (Denovix).
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2.4. Fluorescent drug binding assay

The basis of this assay is the large increase in fluorescence of the
substrates when in a non-aqueous environment such as within the
membrane or bound to protein as opposed to their being practically
non-fluorescent in an aqueous environment. Binding of fluorescent
substrates Hoechst 33342 or 1-(4-trimethylammoniumphenyl)-6-
phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH) to purified
protein was carried out in 2 mL reaction mixtures containing 25 μg of
purified protein in 10 mM Bis-Tris pH 7.2. Hoechst 33342 or TMA-DPH
was added to the solution in a stepwise fashion to a final concentration
of 4 μMwhen no major changes in fluorescence were detected anymore.
Measurements were performed in an LS-55B luminescence spectro-
meter (Perkin Elmer). The excitation and emission wavelengths for the
dyes were 355 nm and 457 nm respectively for Hoechst 33342 and
350 nm and 425 nm respectively for TMA-DPH. The excitation and
emission slits were 10 nm and 4 nm respectively for Hoechst 33342 and
5 nm and 4 nm respectively for TMA-DPH. As a control and to correct
for non-specific binding, binding assays was carried out in a similar
manner with an equimolar amount of GalP, a 12-helix membrane sugar
transport protein of similar hydrophobicity as AcrB [62].

2.5. Measuring kinetic constants with surface plasmon resonance (SPR)

A Biacore T200 biosensor system (GE Healthcare) was used to
characterise binding interactions. The surface of a CM-5 chip was ac-
tivated with a 1:1 mixture of N-hydroxysuccinimide and 1-ethyl-3-(3-
dimethylamino) propyl carbodiimide which converts carboxylates on
the dextran matrix into succinamide esters. These are highly reactive
with primary amines (lysine residues and the N-terminus of proteins
and peptides). Purified AcrB (0.5 mg/mL) was first desalted and then
diluted 10 times in immobilisation buffer (10 mM Na-acetate pH 4.5).
AcrB was then immobilised on the activated surface chip by amine
coupling in 1.05 x PBS + 0.05% Tween 20 by injecting it over flow cell
2 for 2100 s. After AcrB immobilisation, the untreated succinamide
groups was quenched with 50 mM Tris pH 7.4. Purified GalP was si-
milarly treated and injected over flow cell 4 until the same RU was
reached as for AcrB (typically around 20,000 RU). The control cells
(flow cell 1 and 3) received the same treatment except they were
treated with only immobilisation buffer instead of the proteins.

A number of the compounds studied in this project were only so-
luble in DMSO. To study kinetic behavior of these analytes, running
buffer B (running buffer A containing 5% DMSO) was used to flow
continuously over the flow cells whereas the sample solutions for
analysis was prepared in such a way that the DMSO concentration was
maintained at 5%. In this way, a large signal difference created by the
difference in refractive indexes of solvents could be avoided. However,
there is always the risk of DMSO concentration being varied slightly
between different samples. The effect of these variations is usually
small in terms of absolute response, but still significant in kinetic stu-
dies where minor differences in response units could potentially con-
tribute to wrong interpretation of data. To avoid this, the solvent cor-
rection wizard designed in Biacore T200 by GE healthcare was utilised.
Solvent correction is applied during the runs and adjusts difference in
bulk response. The solvent correction stock solutions with 4.5% and
5.8% DMSO were prepared following instructions from GE Healthcare
Life Sciences in ‘Buffer and sample preparation for direct binding assay in
5% DMSO’. Serial dilutions of inhibitors and substrates were prepared
in running buffer B in such a way that the DMSO concentration was 5%.
Standard 96-well plates were used for analytes, where 8 compounds
could be studied at 11 different concentrations. The first well for all the
compounds contained only running buffer B and represents zero ana-
lyte. The run started with five start up cycles to stabilise the baseline.
The solvent correction solutions were injected over control and active
surfaces and was repeated after 30 and 60 cycles of analyte injection.
Analytes were injected through all the flow cells, under continuous

flow. The association and dissociation times were set at 60 s and 120 s
respectively. DMSO (50%) was used for washing. As the analyte binds
to the ligand, the change/increase in refractive index caused by the
interaction was viewed as response units (RU) versus time (a senso-
gram).

2.6. Curve fitting and statistical analyses

The difference in RU (ΔRU) between binding to AcrB and GalP was
plotted against the substrate/inhibitor concentration. The binding
constants Bmax and Kd were determined using the relationship
Bmax[S] / (Kd + [S]), in which drug binding is represented by B, the
drug concentration by [S], the maximal binding by Bmax, and the drug
concentration yielding 1/2Bmax by the dissociation constant Kd. All
analysis was performed in Prism.

3. Results

3.1. Preparation of ISOVs and purification of proteins

The sugar transport protein GalP was used as a control for non-
specific binding since GalP is also a hydrophobic protein containing 12
TMH just like AcrB and similar to AcrB also assemble in homotrimers
[75]. However, GalP is selective for sugars [62]. AcrB and GalP were
purified from ISO membrane vesicles prepared from the E. coli C41
(DE3) expression strain harbouring the pAcrB and pGalP protein ex-
pressing plasmids respectively. Protein production was induced at 18 °C
for optimal protein expression [48]. Under these conditions AcrB and
GalP constituted roughly 25% of the total membrane proteins in the ISO
vesicles (Fig. 1). The proteins were purified by Ni-NTA resin affinity
chromatography by exploiting the C-terminal His tags. Both proteins
could be purified to high homogeneity with typical yields of around
1–2 mg pure protein per litre of culture (Fig. 1).

The discrepancy between the exact Mw of proteins and the Mw
observed in SDS-PAGE, as seen for GalP (Fig. 1B), is not uncommon for
integral membrane proteins. These proteins often run anomalously on
SDS–PAGE due to differential detergent binding and improper un-
folding [49,69].

3.2. Determination of kinetics of substrate binding to AcrB using
fluorescence

The binding affinity of Hoechst 33342 and TMA-DPH for AcrB was
determined by a drug-binding assay that utilise the unique fluorescent
properties of these dyes. These dyes are non- fluorescent in aqueous
solution, whereas when bound to the hydrophobic binding pocket of a
protein, an increase in fluorescence quantum yield is observed.
Equimolar amounts of AcrB and GalP were titrated with increasing
concentrations of dyes. The fluorescence was measured after each ad-
dition to yield the total amount of binding. Specific binding was ob-
tained by subtracting the fluorescence values obtained for GalP (non-
specific binding) from that of AcrB (total binding). The results (specific
binding) were plotted against the concentrations of the substrates. The
data were fitted with a one binding site hyperbola and yielded binding
constants (Kd) of 1.14 ± 0.09 μM and 0.57 ± 0.04 μM for Hoechst
33342 and TMA-DPH respectively (Fig. 2).

Although this fluorescence measurement is a convenient and well-
established way to determine binding of ligands to membrane proteins
[4,61,70,73] its use is limited to fluorescent substrates that undergo a
significant change in fluorescence upon binding to the protein. There-
fore, we sought to adapt this technique for use in a label-free technique
such as SPR.

3.3. Binding affinity of Hoechst 33342 and TMA-DPH determined by SPR

To determine the suitability of SPR for binding of these hydrophobic
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substrates to integral membrane proteins, the binding constants of
Hoechst 33342 and TMA-DPH to AcrB were determined in the first
instance and compared to the Kd values obtained with fluorescence.
Purified AcrB and GalP were covalently immobilised to the dextran
matrix of a CM5 chip by amine coupling to yield RU values of ~22,000.
A series of concentrations for each dye was injected and the change in
signal (ΔRU) for each concentration was noted. Binding of the dyes to
both proteins occurred very fast therefore the kinetic parameters could
only be obtained by plotting the ΔRU against the concentration of dye
(Fig. 3). For Hoechst, (concentration 0.03125–12.5 μM) binding affinity
was in the range of 1.25 to 2.05 μM. A representative data set is pre-
sented in Fig. 3. The Kd value obtained with SPR correlates very well
with the 1.15 ± 0.07 μM obtained with the fluorescent binding
method. The Kd obtained for TMA-DPH (concentration range
0.03125–12.5 μM) was 0.76 ± 0.23 μM, which also was in a range
obtained from fluorescent drug binding (Table 1).

3.4. Determination of the kinetics for AcrB-substrate interactions

Subsequently, the binding affinities of substrates novobiocin, min-
ocycline and doxorubicin were determined. All these substrates dis-
played dissociation constants in the μM range. Kd values of
7.5 ± 2.0 μM and 9.9 ± 3.0 μM were obtained for doxorubicin and
novobiocin respectively. Minocycline seemed to bind most strongly
with the protein and the affinity constants were always in the range of 1
to 1.8 μM. Representative data are presented in Fig. 4.

3.5. Determination of the kinetics for AcrB-inhibitor interactions with SPR

The ultimate aim was to dissect the kinetics of efflux pump inhibi-
tion to aid the design of EPIs, therefore the binding constants of the
inhibitors PAβN and NMP to AcrB were determined. We also de-
termined the kinetic parameters of AcrB inhibition of three novel 2-
naphthamide compounds selected from a series of fourteen compounds.
Among the three, A3 had proven EPI activity synergising with three
AcrB substrates. The two other inhibitors selected for this study were
A2 and A9 which synergised with erythromycin and chloramphenicol
respectively in a resistant phenotype of E. coli [65,67]. PAβN displayed
a surprisingly low affinity for AcrB with Kd values ranging from 15 to
28 μM. A representative curve is presented in Fig. 5A. On the other
hand, the inhibitor NMP bound to AcrB with much higher affinity than
PAβN with a Kd of 0.488 ± 0.1, (Fig. 5B). Among the three novel
compounds A2, A3 and A9, the dissociation constants for A2 and A3
were 1.5 ± 0.3 μM and 2.99 ± 0.84 μM respectively. Binding of A9
to AcrB was weaker than for A2 and A3 (Kd = 24.57 ± 8.2 μM). The
results are and shown in Fig. 5 and listed in Table 1.

4. Discussion

The development of compounds that inhibit drug efflux and thereby
synergise with antibiotics to reverse antimicrobial resistance is of major
importance in the fight against antimicrobial resistance
[34,42,44,51,52,64,66]. An understanding of the kinetics of inhibition
would be of great importance in the design and synthesis of the efflux
pump inhibitors. Although great strides have been made in the struc-
tural basis of AcrB inhibition [29,50] and the kinetics of drug efflux
[19,20,27], the kinetics of inhibition is still to a great extent un-
chartered territory. We addressed the lack of knowledge by establishing
a reliable SPR method for the kinetic analysis of the interactions of
substrates and inhibitors with AcrB. Measuring specific binding of small
lipophilic molecules to large, hydrophobic drug efflux proteins has been
hampered by the many non-specific hydrophobic sites in these proteins.
The binding site of AcrB contains multiple binding possibilities with
different functionalities even more so than that of AcrD, another RND-
type drug efflux pump from E. coli [43]. As a result of the voluminous
binding cavity and redundancy in active sites, it is not possible to

Fig. 1. AcrB can be purified to high homogeneity. ISO vesicles made from cells that
propagated pAcrB (A) or pGalP (B) were used as positive control and ISO vesicles pre-
pared from cells harbouring the pET41 non-expressing control plasmid was used as ne-
gative control. Samples were collected from each stage of protein purification and se-
parated on a 10% SDS-PAGE gel. Proteins were visualised with Coomassie Brilliant Blue.
Purified AcrB (MW= 112 kDa) and GalP (MW = 51 kDa) are indicated by arrows in A
and B respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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construct a binding negative mutant to these proteins. Mutants of AcrB
in which the phenylalanine residues in the binding site were changed
individually or in combination, displayed only a minor reduction in the
ability to confer resistance and only to some of the tested substrates [7].
In order to correct non-specific binding, we have developed an SPR
technique that uses a sugar transport protein of similar hydrophobicity
to AcrB in order to probe the binding kinetics of substrates and in-
hibitors to the drug efflux protein AcrB. A combination of in silico
screening and SPR have also been employed with great success to
identify inhibitors of the soluble AcrA component of the AcrAB-TolC
efflux pump [1]. The ability to screen and characterise inhibitors
against the integral membrane protein AcrB reported here is therefore a
significant advance in the field.

To confirm the validity of the method designed for SPR, we first
determined dissociation constants for two fluorescent substrates of
AcrB, namely Hoechst 33342 and TMA-DPH using a well-established

Fig. 2. Chemical structures and kinetics of
binding of two fluorescent substrates to pur-
ified AcrB using a fluorescence assay. Upper
Panel: Chemical structure of (A) Hoechst
33342 and (B) TMA-DPH. Lower panel:
Kinetics of substrate binding to AcrB using
fluorescence. Binding of (A) Hoechst 33342
and (B) TMA-DPH to purified AcrB was mea-
sured by fluorimetry in the presence of in-
creasing concentrations of the dyes. The data
were corrected for non-specific binding and
fitted to a one-site specific binding hyperbola.
Results are means ± S.E.M. of three in-
dependent experiments with protein purified
from different batches of vesicles.

Fig. 3. Kinetics of binding of two fluorescent sub-
strates to purified AcrB using SPR. The signals ob-
tained for the specific binding of (A) Hoechst 33342
and TMA-DPH to AcrB were plotted against the
concentrations of the dyes used. Data were analysed
by fitting into a one-site specific binding hyperbola
to obtain Kd. Results are representative of three in-
dependent experiments repeated on different days
with different batches of purified protein.

Table 1
The equilibrium dissociation constants of substrates and inhibitors for AcrB as determined
by fluorescence and SPR.

Equilibrium dissociation constant Kd (μM)

Fluorometric method SPR

Substrates Hoechst 33342 1.14 ± 0.09 1.3 ± 0.5
TMA-DPH 0.58 ± 0.04 0.77 ± 0.23
Doxorubicin – 7.5 ± 2.0
Minocycline – 1.88 ± 0.56
Novobiocin – 9.90 ± 3.0

Inhibitors PAβN – 15.72 ± 3.0
NMP – 0.5 ± 0.1
A2 – 1.5 ± 0.3
A3 – 2.99 ± 0.84
A9 – 24.6 ± 8.2
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Fig. 4. Chemical structures and kinetic parameters
of binding of substrates to purified AcrB using SPR.
Upper Panel: Chemical structures of (A) minocy-
cline, (B) doxorubicin and (C) novobiocin. Lower
panels: ΔRU for substrate-AcrB interactions were
plotted against the concentrations of the substrates
used. Data were analysed by fitting into a one-site
specific binding hyperbola to obtain Kd. Results
are representative of three independent experi-
ments repeated on different days with different
batches of purified protein.

Fig. 5. Chemical structures and kinetic parameters of
binding of inhibitors to purified AcrB using SPR.
Upper Panel: Chemical structures of (A) PAβN, (B)
NMP, (C) A2, (D) A3 and (E) A9. Lower panels: ΔRU
for inhibitor-AcrB interactions were plotted against
the concentrations of the inhibitors used. Data were
analysed by fitting into a one-site specific binding
hyperbola to obtain Kd. Results are representative of
three independent experiments repeated on different
days with different batches of purified protein.
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fluorometric binding assay [4,61,70,73]. We observed a very good
correlation between the kinetic constants obtained with the two dif-
ferent methods. Among the substrates tested, relatively weaker binding
affinity was found for doxorubicin (Kd = 7.5 ± 2.0 μM) than for
minocycline (Kd = 1.88 ± 0.5 μM). The crystal structure of AcrB
bound with minocycline and doxorubicin showed differences in the
amino acid residues they interact with which might contribute to their
different binding affinities. Minocycline interacted with Gln 176 and
Phe 178 whereas doxorubicin interacted with Asn 274 and Phe 178
[18]. The binding affinity of novobiocin was found to be similar to
doxorubicin (Kd = 9.9 ± 3.0 μM). There are no crystal structures of
AcrB bound to novobiocin available. However, the data obtained for
these three substrates supported a previous finding from docking si-
mulations studies where the free energy of binding predicted for no-
vobiocin and doxorubicin were similar (−9.2 kcal). In contrast to our
results though, minocycline was predicted to bind with a lower affinity
than doxorubicin and novobiocin (free energy of binding predicted to
be −8 kcal) [54]. Another study reported a Kd for novobiocin binding
to AcrB of 6 mM [55]. This value is implausibly large as the con-
centration range tested was only between 25 and 200 μM and is more
likely to be a reflection of the absence of correction for non-specific
binding.

The SPR method was further employed to interrogate the action of
two established inhibitory compounds (PAβN and NMP) and three
novel EPIs (A2, A3 and A9; [65,67]). PAβN is very effective in the re-
versal of resistance [23], however it appears to bind AcrB with a rela-
tively low affinity compared to the substrates minocycline, doxorubicin
and novobiocin. The modest affinity of PAβN to the pump agrees with
previous findings showing that this compound is rapidly pumped out by
AcrB and with KM values one order of magnitude larger than that of a
strong substrate such as nitrocefin [19,20]. One possible explanation
for this discrepancy between the efficacy of PAβN as an inhibitor of
efflux and its low affinity for AcrB could be the well-known outer
membrane permeabilising effect of PAβN which is responsible for its
synergistic activity rather than competition with the substrate [22].
High-throughput screening for EPIs should therefore not only include
methods such as SPR, but also cell based assays to capture compounds
that synergise with antibiotics through outer membrane permeabilisa-
tion [46]. On the other hand, NMP bound with a much higher affinity
(Kd = 0.48 ± 0.1 μM) than PAβN and also has a higher affinity for
AcrB than the substrates tested (even though NMP and PAβN act as
inhibitors at the same concentrations). This affinity is slightly higher,
but in the same range as that of the inhibitor D13-9001 where a Kd

value of 1.15 μM was obtained for the binding of this inhibitor to AcrB
[29]. Although NMP and D13-9001 display comparable binding affi-
nities to AcrB, NMP is an efficient inhibitor of efflux in E. coli, while the
reversal of resistance of D13-900 seems to be only effective in P. aer-
uginosa [26]. This most likely indicate that the activity of D13-900 are
reliant on its outer membrane permeabilisation through a selective
outer membrane channel in P. aeruginosa.

The results obtained for the three-novel compounds provided fur-
ther confirmation of the in silico and biological data on the identifi-
cation of EPIs. A3, the best EPI candidate synergised with three sub-
strates (erythromycin, chloramphenicol and tetraphenyl
phosphonium). The equilibrium dissociation constant of
2.99 ± 0.84 μM which was significantly lower than that of PAβN but
larger than that of NMP. It is worth noting that unlike PAβN, A3 did not
have any non-specific effect on the bacterial cells. Compound A9 sy-
nergised with one substrate (chloramphenicol) only and the Kd ob-
tained for A9 was 24 ± 8 μM; indicating weaker binding of the com-
pound with AcrB than A3 and explained why it did not synergised with
more AcrB substrates. Moreover, in the Nile red efflux assay, the efflux-
inhibitory activity of A9 was only achieved at the fairly high con-
centration of 500 μM as compared to 100 μM required for A3 [65,67],

indicating that A9 acted as competing substrate instead of an inhibitor.
A9 also displayed some outer membrane permeabilising effect which
could account for its ability to reduce resistance to antibiotics. Com-
pound A2, which only synergised with erythromycin, had a similar
binding affinity (Kd = 1.5 ± 0.3 μM) to A3. The affinity of these 2-
naphthamide derivatives (A2 and A3) seemed to be related to the ex-
tension of the C-4 side chains (Fig. 5) in the hydrophobic cavity. It is
known that F136, F178, F610, F615 and F628 are contributing to the
free energy of binding of all the MBX compounds [50,60]. A2, with the
shortest side chain, shows similar affinity than A3 with the longer side
chain while A9, with a benzene ring at the same position, display a ten
times lower affinity. As A2 and A3 has comparable affinities, and only a
one carbon difference in the side chain, the reason why A2 does not
synergise with as many substrates as A3 is not entirely clear.

In this study, we have standardised and optimised a method for
determining the kinetics of substrate and inhibitor binding to AcrB. We
have succeeded to correct for non-specific binding of substrates and
inhibitors to AcrB by using GalP; an integral membrane protein of
comparable hydrophobicity, but which recognise only galactose. We
demonstrated that SPR could be used as a highly sensitive, label-free
tool to accurately measure the affinity constants for ligands binding to
purified AcrB. The kinetic data obtained could also be correlated with
inhibitor efficacy and mechanism of action. To our knowledge, this is
the first time that specific binding to an RND transporter could be
measured and accurate binding constants could be derived. This SPR
method would provide the means for studying the interactions of other
drug transporters with their substrates and inhibitors. Moreover, there
is no need for labelling of either protein or substrate and hence no limit
on the compounds that could be studied and this method is also scalable
for high throughput analysis of kinetics.
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