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A Fluorescent Microplate Assay Quantifies Bacterial Efflux and
Demonstrates Two Distinct Compound Binding Sites in AcrB

Ramkumar lyer, Annette Ferrari,* R. Rijnbrand,* Alice L. Erwin*

Infectious Diseases Department, Vertex Pharmaceuticals Incorporated, Boston, Massachusetts, USA

A direct assay of efflux by Escherichia coli AcrAB-TolC and related multidrug pumps would have great value in discovery of new
Gram-negative antibiotics. The current understanding of how efflux is affected by the chemical structure and physical properties
of molecules is extremely limited, derived from antibacterial data for compounds that inhibit growth of wild-type E. coli. We
adapted a previously described fluorescent efflux assay to a 96-well microplate format that measured the ability of test com-
pounds to compete for efflux with Nile Red (an environment-sensitive fluor), independent of antibacterial activity. We show that
Nile Red and the lipid-sensitive probe DiBAC,-(3) [bis-(1,3-dibutylbarbituric acid)-trimethine oxonol] can quantify efflux com-
petition in E. coli. We extend the previous findings that the tetracyclines compete with Nile Red and show that DiBAC,-(3) com-
petes with macrolides. The extent of the competition shows a modest correlation with the effect of the acrB deletion on MICs
within the compound sets for both dyes. Crystallographic studies identified at least two substrate binding sites in AcrB, the prox-
imal and distal pockets. High-molecular-mass substrates bound the proximal pocket, while low-mass substrates occupied the
distal pocket. As DiBAC,-(3) competes with macrolides but not with Nile Red, we propose that DiBAC,-(3) binds the proximal

pocket and Nile Red likely binds the distal site. In conclusion, competition with fluorescent probes can be used to study the ef-
flux process for diverse chemical structures and may provide information as to the site of binding and, in some cases, enable

rank-ordering a series of related compounds by efflux.

ripartite multidrug efflux pumps are widely represented across

Gram-negative bacteria. The two best studied examples are
AcrAB-TolC of Escherichia coli and MexAB-OprM of Pseudomo-
nas aeruginosa (1, 2). The normal physiological function for the E.
coli AcrB pump is to protect bacterial cells from bile salts inside the
human host (3). However, it appears that bacterial efflux pumps
and their components may also serve other diverse functions (4—
7). AcrB is a proton-driven antiporter that derives its energy from
the proton motive force that exists across the bacterial cytoplasmic
membrane (8,9). AcrB is organized as a homotrimer and interacts
with two other components, the outer membrane partner TolC
and the small periplasmic adapter lipoprotein AcrA (10, 11). The
broad substrate preference of AcrB includes bile salts and deter-
gents as well as diverse structurally unrelated antibiotics and
chemicals (12-14), making it a vital player in determining intrin-
sic antibiotic resistance (15).

AcrAB-TolC is the best-characterized bacterial efflux pump
with regard to structure (16), with crystal structures solved for the
individual components (17-22). The most recent high-resolution
crystals show each monomer in a different configuration, lending
support to a peristaltic mechanism for pump function (19). The
three monomer forms, called Access (A), Binding (B), and Extru-
sion, show marked differences in their organization. Substrates
have been visualized bound to the protein at two different sites
(21, 22), called the proximal and distal pockets. Each monomer in
the trimer has 12 transmembrane helices and a periplasmic head-
piece, the latter of which has the pore (porter) domain and an
upper region that interacts with TolC. The four subdomains in the
pore region (PC1, PC2, PN1, and PN2) interact with or bind sub-
strates in the crystals. Additionally, there is a deep periplasmic
cleft in the pore region between PC1 and PC2 that ends in a hook-
like bend (20). This loop, also referred to as the G-loop or switch
or Phe-617 loop (21-23), physically separates the two binding
pockets and plays an important role in substrate discrimination.
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Currently, substrate entry is thought to occur via three potential
entrances: via an intermonomer vestibule (24), via the deep
periplasmic cleft (25), or directly from the cytoplasmic membrane
through a groove formed between transmembrane helices 7 and 8
(20). A functional rotation model that involves the three protom-
ers cycling through the Access, Binding, and Extrusion states with
accompanying conformational changes has been proposed (26,
27). Therole of the central cavity remains to be elucidated (22, 28).

While structural studies have shed some light on the general
mechanisms by which substrates enter the pump and pass through
it, there is currently very little understanding of the molecular
basis of substrate specificity. Efflux pump deletion mutants
(AacrAB or AtolC) are more sensitive to most antibiotics than
their wild-type parents, but the magnitude of the change in sensi-
tivity varies greatly from one antibacterial compound to another.
This suggests that although AcrB is able to extrude a wide range of
structurally diverse chemicals, some compounds are much better
efflux substrates than others. Similar observations have been
made for MexAB-OprM, the major multidrug efflux pump of P.
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aeruginosa. The nature of substrate specificity is not only of great
interest to the field of efflux pump biology, it is also of enormous
practical importance for antibacterial drug discovery. Discovery
of new Gram-negative antibiotics will require learning to design
compounds with reduced susceptibility to efflux.

The differential susceptibility of wild-type and efflux-deficient
strains to a given compound provides a rough estimate of that
compound’s sensitivity to efflux. One approach to quantify efflux
is to determine the ratio of two MICs (wild type and efflux defi-
cient) for each compound in a set in order to relate “efflux ratio”
to chemical structure or to physical properties. This is not very
useful because it is limited to compounds that have measurable
antibacterial activity against wild-type strains and is dependent on
potency. Antibacterial discovery programs have thus far yielded
very few chemical scaffolds in which multiple compounds have
measurable activity against wild-type strains. Although in vitro
biochemical data are often useful for improving the potency of
compounds toward the target, the antibacterial activity is often
limited by poor outer membrane penetration and high levels of
TolC-dependent efflux in E. coli as a consequence of their gener-
ally higher hydrophobic character (29). Without a direct assay of
efflux, medicinal chemists have no rational basis for designing
Gram-negative antibiotics other than the general observation that
highly polar compounds are less subject to efflux.

An orthogonal approach to the study of efflux, not dependent
on antibacterial assays, builds on previous work using dyes like
N-phenyl-1-naphthylamine (NPN) (12) and trimethylammo-
nium diphenylhexatriene (TMA-DPH) (30) to study the role of
proton motive force on efflux by AcrAB-TolC and related pumps.
These environment-sensitive dyes are highly fluorescent in a hy-
drophobic environment (such as membranes) and nonfluores-
cent in aqueous solvents. They are largely excluded from efflux-
competent bacteria unless the cells are treated with a proton
gradient-uncoupling agent such as carbonyl cyanide m-chloro-
phenylhydrazone (CCCP). Dye diffuses into CCCP-poisoned
cells, making them fluorescent. Addition of glucose reverses the
effect of CCCP, presumably by restoring the proton motive force
across the cytoplasmic membrane, and restarts the pumps. The
dye s then extruded out of the cells, leading to a concomitant drop
in cell-associated fluorescence. A previous study used this system
to study efflux of Nile Red in E. coli and showed that efflux of the
dye was diminished in the presence of certain efflux pump sub-
strates and efflux inhibitors (31). These data suggested that it
might be possible to study the substrate specificity of AcrB by
quantifying the effect of potential substrates on efflux of Nile Red.

In this work, we transformed the published method into a
more quantitative assay in a 96-well format and also carried out a
rigorous evaluation of the ability of the method to predict the
effect of the acrB deletion on MICs in E. coli. We confirmed the
previous observations that (i) members of the tetracycline class
differentially compete with Nile Red and (ii) not all antibiotics
known to be AcrB substrates are competitors of Nile Red. We
identified another environmentally sensitive probe, DiBAC,-(3)
[bis-(1,3-dibutylbarbituric acid)-trimethine oxonol], which is an
AcrB substrate, and showed that it competes with macrolides, un-
like Nile Red. We found that the extent of the competition for both
dyes showed a modest correlation with the effect of the acrB dele-
tion on efflux in MIC assays within the respective compound sets.
Competition with the tetracyclines supports the conclusion that
Nile Red binds to the “distal multisite pocket” on AcrB. Neither
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DiBAC,-(3) nor the macrolides competed with Nile Red, suggest-
ing that the oxonol dye, DiBAC,-(3), was captured by AcrB at a
site that was distinct from Nile Red and the tetracyclines, presum-
ably at the “proximal multisite access pocket.” A third set of AcrB
substrates studied were members of the azole antifungals. The
azoles were able to inhibit efflux of both Nile Red and DiBAC,-(3),
hinting at their ability to either interact with both sites on AcrB or
function as efflux pump inhibitors. Our data are consistent with
recent crystallographic studies indicating the presence of at least
two major compound binding sites within AcrB.

MATERIALS AND METHODS

Strains and growth conditions. E. coli K-12 strains AG100 and AG100A
(AacrAB) (32) were kindly provided by H. Nikaido (University of Cali-
fornia, Berkeley, CA) and S. Levy (Tufts University, Boston, MA). The
tolC mutation was transferred into AG100 by PI transduction using E. coli
MC4100 tolC::Tnl10 (Tet") as a donor. Stationary-phase cultures were
used in all experiments. Fifty-milliliter cultures were typically grown to
stationary phase overnight in cation-adjusted Mueller-Hinton broth
(MH2B) (Becton, Dickinson and Company, Franklin Lakes, NJ) prepared
per the manufacturer’s instructions.

Chemicals. Nile Red, tetracyclines, macrolides, and azoles were from
Sigma Chemical Company, St. Louis, MO; fluconazole was from Selleck-
chem, Houston, TX; tigecycline was from Sequoia Research Products,
Pangbourne, United Kingdom. DiBAC,-(3) was from Invitrogen, Carls-
bad, CA. Carbonyl cyanide m-chlorophenylhydrazone (CCCP), Nile Red,
DiBAC,-(3), and the antibiotics were freshly solvated in dimethyl sulfox-
ide (DMSO) (Sigma Chemical Company, St. Louis, MO) prior to use. In
the experiments with cells, the final DMSO concentration never exceeded
1.3%. Oxytetracycline and tetracycline (Sigma Chemical Company, St.
Louis, MO) stocks were prepared in distilled water and distilled water-
DMSO (1:1), respectively.

Measuring fluorescent probe efflux from cells. We modified a previ-
ously described procedure, in which bacteria are treated sequentially with
CCCP, an environment-sensitive fluorescent dye, and a potential compet-
itor and are then reenergized with glucose to initiate efflux (31). The
following method is similar in principle but has been modified exten-
sively, simplifying the protocol and making it possible to assay multiple
samples simultaneously.

A single colony of the desired E. coli strain was inoculated in 50 ml of
prewarmed MH2B in a 250-ml glass Erlenmeyer flask and grown in a
shaker (200 rpm, 35°C) to stationary phase (16 to 18 h). Bacteria in a 4-ml
aliquot of stationary-phase culture were centrifuged, washed twice in
phosphate-buffered saline (PBS), and resuspended in PBS containing 1
mM MgCl, to a final optical density at 600 nm (ODy,,) of ~1.0.

Efflux arrest. The cells were transferred to a 125-ml glass Erlenmeyer
flask, and CCCP (50 mM stock in DMSQ) was added to a final concen-
tration of 10 wM for AG100 and 5 wM for the efflux-compromised acrAB
and tolC strains (31). The flask was incubated with shaking for 20 min
(200 rpm, 35°C).

Competitor loading. Five-hundred-microliter aliquots of the CCCP-
treated cells were transferred to 96-well, glass-coated deep-well block mi-
croplates (Thermo Fisher Scientific, Waltham, MA; catalog no. 14-823-
442) to which were added appropriate concentrations of the competitor
(where applicable). Incubation with shaking was continued for an addi-
tional 20 min.

Probe loading. The fluorescent probe being tested was added to the
final desired concentration, and the block was reincubated with shaking
for 20 min.

Reenergization. Cells were spun down directly in the deep-well block
at 4,500 rpm (3,800 X g; type S5700 rotor, Allegra 25R centrifuge) for 15
min at 18°C. Supernatants were carefully vacuum aspirated, and the pel-
lets were gently resuspended in 500 pl PBS containing 1 mM MgCL,.
Aliquots (144 pl) were transferred to wells of a 96-well clear-bottom plate
(Corning Incorporated Life Sciences, Tewksbury, MA; catalog no. 3631),
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from inhibition of growth of the wild-type and acrAB strains are as shown and were used to calculate efflux ratio; MIC endpoints are also shown. k.o., knockout.

and efflux was initiated by automated injection of glucose (6 ul of a 25
mM stock; final concentration, 1 mM). All experiments were done in a
BMG FluoStar Optima system (BMG Labtech, Cary, NC) equipped with a
needle injector and a 96-well microplate reader. Measurements were re-
corded every 10 to 15 s for up to 300 s. In all cases, efflux of the fluorescent
probe from cells began within 10 to 20 s of addition of glucose. Excitation
(nm)/emission (nm) wavelengths were as follows: Nile Red, 544/650, and
DiBAC,-(3), 490/520, respectively. Prior to running the experiments, we
confirmed that the highest concentrations of the competitors tested did
not affect the fluorescence of Nile Red or DiBAC,-(3) (tolerated changes
were restricted to £10% to 12% in either direction). We used this as a
guideline in setting upper limits for competitor concentrations.

Curve fits of efflux data to calculate competitor concentration that
inhibits probe efflux by 50% (EC50,4,,,). Data from experiments for
normalized dye fluorescence (y axis) versus time (x axis) were plotted
using GraphPad Prism (GraphPad Software, La Jolla, CA). Both Nile Red
and DiBAC,-(3) curves were fitted using a single exponential decay equa-
tion of the type

Y = (Y, — plateau) X exp(—K X X) + plateau (1)

where X is time, Y starts at Y,, and then decays down to plateau in one
phase, plateau is Y value at infinite times, span is the difference between Y,
and plateau and has the same units as Y, and K is rate constant.

The Kvalue or slope for each of these curves or the span in the presence
or absence of the competitor was plotted against the external concentra-
tion of the competitor (Fig. 1A has an explanation of curve parameters).
The apparent EC50,¢,,, Was calculated after fitting this dose response in
GraphPad Prism using the log(inhibitor) versus response-variable slope
equation of the general form:

Y = bottom + (top — bottom)/(1 + 100> ECsp=X)xHill Sl"Pe))

2
where X is log of concentration; Y is response, decreasing as X increases;
top and bottom are plateaus in the same units as Y; logECs,, is the same log
units as X; and Hill slope is slope factor.

Assays of antibacterial activity and calculation of growth inhibition
(IC504, 4\n)- Antibacterial assays for the AG100 wild-type and AG100A
AacrAB strains were run in 96-well microtiter plates (Corning Incorpo-
rated Life Sciences, Tewksbury, MA; catalog no. 3788) in Mueller-Hinton
cation-adjusted broth, using 2-fold dilution series of the desired com-
pound using CLSI guidelines. At the end of the standard 18-hour incuba-
tion at 35°C, the plates were scanned in an En Vision multilabel plate
reader (PerkinElmer, Akron, OH) in multiwell mode equipped with a
600-nm filter. The standard readout of this assay is the MIC. We used the
optical density data to generate growth inhibition curves and calculated
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50% inhibitory concentration of growth (IC50,
antibacterial activity.

Absorbance at 600 nm was plotted using GraphPad Prism, and curves
were empirically fitted using equation 2 above. The compound concen-
tration causing a reduction of bacterial growth by 50% was determined
from the curve fits for the wild-type and AacrAB strains and defined as
IC504,0w, (Fig. 1B contains the details). For each antibiotic, we used
IC50, gy, for the wild-type and AacrAB strains to calculate the efflux
ratio. The ratio is interpreted to be an indirect measure of the extent of
efflux by the AcrB pump. Also, being a ratio, the value is independent of
the biochemical potency of the compound for the bacterial target and is
unitless.

RESULTS

Modified assay to study efflux of Nile Red and DiBAC,-(3) by
AcrAB-TolC. The semiautomated microplate efflux assay de-
scribed here differs in several respects from the previously de-
scribed method for monitoring Nile Red efflux (31). We improved
upon the previously reported method by using shorter incubation
times for CCCP treatment and probe/competitor loading and an
injector-enabled fluorimeter that enables more uniform start of
efflux and makes it possible to assay multiple samples simultane-
ously. In addition, we used multiwell glass-coated blocks instead
of single glass tubes to circumvent the problem of dye binding to
plastic. To allow comparison of efflux data with standard assays of
antibacterial activity, we grew bacteria in MH2B rather than LB.
Our method, like the previous one, was developed for the K-12
strain AG100 and its derivatives. A serendipitous finding (data not
shown) was that the closely related strain BW25113 was much less
sensitive than AG100 to poisoning by CCCP, if grown in MH2B.

With these experimental modifications, the efflux of Nile Red
from wild-type E. coli AG100 reached steady state within 5 min,
reflecting the high efficiency of the AcrB pump (Fig. 2A). We used
acrAB and tolC deletions, to confirm that most of this efflux de-
pends on AcrB (Fig. 2A). The modest efflux of Nile Red observed
from AacrAB cells was completely abolished by the presence of the
tolC mutation (Fig. 2A), which suggested that at least one other
TolC-dependent pump (in addition to AcrB) plays a role, albeit
minor, in the export of Nile Red. As previously noted (31), efflux
of Nile Red was also sensitive to the efflux pump inhibitor 1-(1-
naphthylmethyl)-piperazine (NMP) (Fig. 2C).

One of the objectives in our study was to find additional envi-

1) as the readout of

growt
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and DiBAC,-(3) are as shown in panels C and D for the two probes.

ronment-sensitive fluorescent dyes that could be used to quantify
AcrB-dependent compound efflux by competition, because Nile
Red does not compete with all classes of antibiotics that are AcrB
efflux substrates (31). We did a brief survey of other commonly
used environment-sensitive probes like N-phenyl-1-naphthyla-
mine (NPN) and trimethylammonium diphenylhexatriene
(TMA-DPH) (data not shown) that have been used as reporters of
AcrB-dependent efflux (12, 30). One of the probes that we tested
was the anionic oxonol DiBAC,-(3), which we found to be ex-
ported by wild-type E. coli cells (Fig. 2B) and is commonly used to
measure membrane potential changes in biological systems (33).
We confirmed that the fluorescence time course seen in wild-type
cells was indeed due to efflux pump activity and not due to
changes in the membrane potential. First, efflux of DiBAC,-(3)
was dependent on the presence of AcrAB and TolC, as strains
missing either set of genes no longer showed the rapid time-de-
pendent decay in fluorescence upon reenergization with glucose
(Fig. 2B). Second, export of DiBAC,-(3) by wild-type cells was
blocked by 1-(1-naphthylmethyl)-piperazine (NMP) (Fig. 2D).
Export of DiBAC,-(3) reached steady state by 5 min and appeared
to be much more sensitive to inhibition by NMP than Nile Red
(Fig. 2D). DiBAC,-(3) is known to partition into the cytoplasm of
bacterial cells (34). It is possible that the higher residual fluores-
cence at the end of efflux is due to dye that is still bound to cyto-
plasmic components during the time frame of our experiments
and, hence, unavailable to the pumps. We concluded that the two
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fluorescent probes, Nile Red and DiBAC,-(3), can be used as
probes to monitor the efflux activity of AcrAB-TolC in E. coli.

Use of Nile Red competition to quantify efflux of substrates
by AcrB. To confirm the relevance of the fluorescence-based read-
out, we compared efflux rates for a group of related compounds
for which we could also measure growth-based efflux ratios from
MIC assays. It has been reported previously that minocycline and
other tetracyclines inhibit efflux of Nile Red (31). The same au-
thors quantified inhibition of the rate of Nile Red efflux in the
presence or absence of the competitor using a parameter called
Fotfiuxsooe- L1 was the time required for cells to extrude half of the
preloaded probe molecule (Fig. 1A). Compounds that increased
tefiuxsoo, Were interpreted as being competitors of Nile Red efflux.
A limitation in that study was that data at only two concentrations
were available, for most compounds. For example, minocycline
was indeed very potent, but fluorescence of Nile Red was fully
inhibited and did not reach 50% at either concentration tested, so
an exact value could not be determined (31). Their analysis was,
therefore, unable to rank-order the competition by the extent of
their efflux within the set.

We greatly improved upon this finding by testing a larger set of
tetracyclines, performed full dose responses to quantify the extent
of competition, and showed that the extent of Nile Red competi-
tion paralleled the effect of the acrAB deletion on MICs (see be-
low). The Nile Red efflux curves in the presence or absence of the
competitor were fitted using a single-phase exponential decay
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function, from which we extracted an apparent rate constant (K).
Graphing this parameter, K, for Nile Red efflux at each concentra-
tion of competitor compound versus the total competitor concen-
tration generated a new term that we call EC50,¢,,. This param-
eter corresponded to the competitor concentration that inhibits
the efflux of Nile Red by 50% (see Materials and Methods). We
found that one of the best competitors was indeed minocycline,
which slowed the efflux of Nile Red in a dose-dependent manner
(Fig. 3A). Using this type of analysis, we calculated the minocy-
cline EC50,q,, value to be 124 M (Fig. 3B). In contrast to mino-
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cycline, oxytetracycline was unable to slow the efflux of Nile Red at
the highest concentration tested (Fig. 3D and E). We used this
method to determine EC50.4,,, values for 10 tetracycline-class
antibiotics (Table 1).

Tetracycline-class EC50,4,,, values correlated with AcrB-
mediated efflux determined from bacterial growth. The 10
members of the tetracycline class of antibiotics for which we mea-
sured Nile Red competition were chosen because they all have
measurable activity versus wild-type E. coli. Deletion of acrAB
affected susceptibility to various extents, producing a range of
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TABLE 1 Nile Red EC50,,,, and growth efflux ratios for tetracyclines”
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TABLE 2 Growth efflux ratios for a set of macrolide antibiotics”

Mean = SD (n) Compound Efflux ratio, mean * SD (n)
Compound EC50,¢x (RM) Efflux ratio Azitl.lromycin. 40+08(3)
Minocycline 124 + 7 (4) 8.5+ 1.6 (6) g;rr:r}:yi?yc‘“ 1(1)2 N ii g
Meclocycline 152 (2) 8.5+ 0.7 (6) Erythromycin 13:8 ; 1:9 3)
Doxycycline 235 (2) 5.7 (2) Tylosin 165 (2)
Chlortetracycline 92 (2) 5.1+ 1.6 (6) Josamycin >19(2)
Methacycline 364 + 28 (3) 4.4+ 0.4 (6)
Demeclocycline 427 (2) 33+ 0.3 (6) “ See Mater'ials and Methods for an explanation of efflux ratios. EC50,¢,, values were
Tetracycline =500 (2) 3.8+ 1.3(5) not determined for any compound.
Oxytetracycline >500 (2) 2.7 + 0.5 (6)
Tigecycline >500 (2) 2.5(5)

“ See Materials and Methods for explanations of EC50,,,, and efflux ratios.

efflux ratio values (Table 1). For example, the IC50,, .., of mino-
cycline for E. coli was reduced 8- to 11-fold by deletion of acrAB
(Fig. 3C), while that of oxytetracycline was reduced only 2- to
3-fold (Fig. 3F). This is consistent with the observation that mi-
nocycline is a much stronger competitor of Nile Red efflux than
oxytetracycline (Fig. 3B and E). For the 10 tetracyclines, there was
indeed a modest relationship between the efflux ratio and
EC50, ¢,y parameters, confirming that EC50, ¢, from Nile Red
competition was a measure of the ability of the different tetracy-
clines to serve as AcrB substrates (Fig. 3G). Thus, at least for this
class of antibiotics, EC50,,,, seems to accurately reflect the role of
AcrB-mediated efflux on antibacterial activity resulting from an
overnight incubation.

DiBAC,-(3) competed with macrolides for efflux by AcrB
and might occupy the proximal AcrB site. Several macrolide an-
tibiotics, known to be AcrB substrates in E. coli (13), had efflux
ratios of 4- to 16-fold or more in E. coli (Table 2) and did not
compete with Nile Red (Fig. 4D) (31). However, we found that the
macrolides competed to differing extents with the AcrB-mediated
efflux of the probe DiBAC,-(3). Azithromycin, with the lowest
growth efflux ratio among the macrolide set, competed the least or
not at all with efflux of DiBAC,-(3), compared with the other
more-effluxed macrolides (Fig. 4A to C; Table 2). Free DiBAC,-
(3) fluorescence in DMSO (data not shown) was not affected by
macrolide concentrations as high as 500 wM. However, the initial
cell-associated DiBAC,-(3) fluorescence values (prior to energiza-
tion) were substantially higher at macrolide concentrations of 250
M or greater depending on the specific macrolide. We do not
understand the underlying molecular basis for the increased cell-
associated DiBAC,-(3) fluorescence at these higher macrolide
concentrations. Macrolides like azithromycin and erythromycin
have been suggested as having the ability to interact with the lipo-
polysaccharide (LPS) layer in E. coli, as their MICs were affected by
the presence of Mg”* ions in the medium (35); we speculate that
the increase in DIBAC,-(3) fluorescence at these higher macrolide
concentrations is because of this interaction with the bacterial
membrane compartment. Regardless, this observation prevented
us from running more-detailed dose responses to quantify the
extent of the competition with the different macrolides (Table 2).
X-ray crystallographic studies of AcrB showed that the macrolide
erythromycin was bound to the access monomer at a second site
called the proximal pocket (22), distinct from the distal pocket
where tetracycline and doxorubicin are reported to bind (17, 22,
36). In the context of the competition with the macrolides, we
propose that DiBAC,-(3) most likely binds at this second site in
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AcrB and does not overlap Nile Red or the tetracyclines. Two lines
of evidence support our proposal: (i) the macrolide antibiotics did
not compete with Nile Red (Fig. 4D) and (ii) DiBAC,-(3) did not
compete with the AcrB-mediated efflux of Nile Red (Fig. 4E).

Azole antifungal compounds competed with Nile Red and
DiBAC,-(3) for AcrB-dependent efflux. The azoles are commer-
cially marketed antifungal drugs (37, 38) that have been reported
to have antibacterial activity versus Mycobacterium and Strepto-
myces spp. via inhibition of essential P450 enzymes (39). Although
E. coli lacks a P450 enzyme (40), we found that several azoles are
active versus the acrAB deletion mutant of E. coli but not wild-type
E. coli (Table 3). We used these compounds to further evaluate
fluorescent dyes as reporters of AcrB-dependent efflux. We found
that the azoles inhibited the AcrB-dependent efflux of both Nile
Red (Fig. 5A and B) and DiBAC,-(3) (Fig. 5C and D) in a dose-
dependent manner. Unlike the tetracyclines, we observed that the
efflux of both DiBAC,-(3) and Nile Red in the presence of the
azoles tended to plateau at different values that depended on
the external competitor concentration. The difference between
the plateau values in the presence or absence of the competitor
and the starting fluorescence value, also called the span (Fig. 1A),
was a robust, reproducible, and distinctive feature of azole com-
petition with either dye. For this reason, span values from the
single-phase exponential fits of the efflux curves were extracted
and plotted against the corresponding external competitor con-
centration to generate EC50,,,, values (Fig. 5E to H). It was cu-
rious that the azole competition efflux curves resembled those
observed with the efflux pump inhibitor NMP (Fig. 2C and D).
Specifically, miconazole, econazole, clotrimazole, and sulconazole
competed best, with both Nile Red and DiBAC,-(3) giving the best
EC50, ¢,y Values among the set (Table 3); ketoconazole and flu-
conazole competed either less well or not at all with either probe.
Because of the lack of antibacterial activity versus the wild type and
the acrAB deletion mutant and the lack of competition at the high-
est concentration tested, no conclusion can be made for flucona-
zole. Also, the azoles had consistently lower EC50,.¢,,, values with
DiBAC,-(3) than with Nile Red (Table 3).

DISCUSSION

One impetus for this study was to evaluate the possibility of using
Nile Red competition as a routine assay of efflux. This would be
most useful if (i) all or nearly all AcrB substrates were found to
be competitors of Nile Red and (ii) Nile Red competition could be
used as a quantitative measure of AcrB-dependent efflux. Such an
assay would allow a set of compounds to be rank-ordered by efflux
even if they had no antibacterial activity. Analyzing efflux data for
alarge set of diverse chemical compounds could provide the basis
for proposing guidelines for efflux avoidance. Ideally, in a discov-
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FIG 4 The macrolide class of antibiotics competes with DiBAC,-(3). Effect of increasing concentrations of azithromycin (AZM) (A), erythromycin (ERY) (B),
and tylosin (TYL) (C) on the efflux of DiBAC,-(3). Macrolides do not compete with the efflux of Nile Red (erythromycin competition is shown at the
concentration indicated in panel D). DiBAC,-(3) does not inhibit efflux of Nile Red (E). The concentrations of the competing compounds are shown in each
panel. The concentrations of Nile Red and DiBAC,-(3) in the macrolide competition experiments were 1 uM and 10 wM, respectively. The DiBAC,-(3) and Nile
Red efflux competition curves are fitted using the single exponential decay model (see Materials and Methods).

ery program, the assay would be used during hit evaluation, offer-
ing the possibility of choosing a low-efflux series as a starting point
even if it had little antibacterial activity. During structure-activity
relationship (SAR) development, the assay would provide a ratio-
nal basis for designing compounds that have lower efflux. It
should be noted that design of compounds with improved general
antibacterial activity would also require optimization of entry
across the bacterial outer membrane, an aspect that is not inherent
in the assay presented here.

The tetracyclines, by virtue of having antibacterial activity ver-
sus both the wild-type and efflux null strains, made a good initial
set of related compounds to evaluate if there was a relationship
between EC50,¢,, and MIC-based efflux ratios. The relationship
between EC50, ¢, and AcrB-dependent MIC efflux ratios for the

TABLE 3 EC50,,,, Values for the azole-class compounds”
Mean = SD (n)

EC50. g0 WM IC504; guveny KM

Wwild Efflux
Compound  Nile Red DiBAC,-(3) type acrAB ratio
Miconazole  20.0 (2) 25+21(3) >100 29.7(2) >3(2)
Econazole 349+59(3) 72%x1.6(3) >100 143(2) >7(2)
Clotrimazole 42.7 = 11.7 (3) 20.6 = 16.1 (3) >100 12.0(2) >8(2)
Sulconazole 29.0 = 6.0 (3) 3.4(2) >100 7.8 (2) >12(2)
Ketoconazole >90 (2) >90 (2) >100 28 >3
Fluconazole >100 (2) >100 (2) >100 >100 (2) Not active

“ See Materials and Methods for explanation of EC50, ., and efflux ratios.
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tetracyclines and the macrolides (to a limited extent) enabled us to
validate the fluorescent approach. It provided confidence that the
fluorescent assay was a good surrogate measure of AcrB-mediated
efflux, notwithstanding the differences in both the methodology
and measurement time scales, i.e., several minutes versus an over-
night incubation. Our data provide encouragement that differ-
ences in EC50, ¢, values could be employed to sort compounds
into high- or low-efflux categories, especially as antibacterial ac-
tivity or even potency toward a target is not a prerequisite to ob-
serve competition in the assay.

We then tested the fluorescent competition approach to see if
we could quantify efflux for a set of antimicrobials (the azoles),
which, in spite of being antifungal compounds, actually had some
measurable antibacterial activity versus the acrAB deletion mutant
but not the wild type—a theme similar to antibacterial screening
hits. For the azoles that we tested, we found that miconazole, eco-
nazole, clotrimazole, and sulconazole had better EC50, 4, values
than did ketoconazole for both probes. A simple interpretation of
this result was that the former are better AcrB substrates than the
latter. An alternative use of the dye competition assay is the study
of potential efflux pump inhibitors. We noted that the azoles pro-
duced fluorescence curves with shapes similar to those of NMP
(Fig. 2C and D) and phenylalanine-arginine (3-naphthylamide
(PABN) (31). These are known inhibitors of efflux pumps that
may physically jam the functional rotation of the monomers (41).

The proton-driven AcrB antiporter has been proposed to ex-
trude bile salts, detergents, and host defense molecules (3, 42, 43).
The pump accepts a wide range of unrelated substrates, from or-
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Methods).

ganic solvents (44) to many antibiotics (45, 46), and is responsible
for the intrinsic resistance of E. coli (15) to antibiotics. Observa-
tions comparing efflux among different members of the B-lactam
class of antibiotics led to the conclusion that more hydrophobic
compounds or ones with amphipathic character tend to be better
substrates for the pump (47). Consistent with this view is the
observation that the aminoglycosides, which as a class are more
hydrophilic in nature, are not recognized by AcrB (28, 48). A
clearer picture of the underlying substrate discrimination mecha-
nism would help in understanding pump biology and aid in iden-
tifying structural features that are associated with strong AcrB
substrates.

Minocycline and doxorubicin have been shown to bind to an
aromatic, phenylalanine-rich region designated the distal pocket,
formed between PN2 and PC1 in the Binding protomer (17). A
later publication from the same research group described a second
binding site, called the proximal or access pocket. This site, in the
cleft region of the Access (A) monomer, accommodates high-mo-
lecular-mass drugs, specifically rifampin and the macrolide eryth-
romycin (22). The findings for the distal pocket were confirmed
by a second group who reported, in addition, that two stacked
doxorubicin molecules were seen in the access pocket of the A
monomer (21). The G-loop or Phe-617 loop forms a partition
between the proximal and distal pocket, sitting above a narrow
substrate channel connecting these two sites of interaction (22).
The flexibility of this loop has been shown to be important for the
efflux of higher-molecular-weight substrates like the macrolides
and rifampin, as mutations around Phe-617 increased the sensi-
tivity of cells toward these antibiotics (23). More hydrophilic sub-
strates are thought to enter from the periplasm via the deep cleft,
while amphipathic or hydrophobic ones from the membrane en-
ter via the vestibule to gain access to the region containing the
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proximal high-volume site. As the Access monomer switches to
the Binding state, substrates presumably move toward the deep,
aromatic, distal multisite pocket and then are thought to be
pushed out of the binding pocket toward the TolC tunnel as the
Binding monomer switches to the Extrusion form (28).

Our data from the competition studies with DiBAC,-(3) and
Nile Red were generally consistent with the presence of at least two
functional and distinct sites in AcrB supporting Nile Red and the
tetracycline interaction with the distal pocket and DiBAC,-(3)
(and the macrolides) at the proximal pocket in AcrB. Several
pieces of evidence potentially supported interaction of DiBAC,-
(3) with the proximal pocket: (i) DiBAC,-(3) did not compete
with Nile Red, (ii) Nile Red did not compete with any of the
macrolides that we tested, and, (iii) DiBAC,-(3) did not compete
with the tetracyclines (data not shown). In addition, we found that
the efflux of DIBAC,-(3) was more sensitive than Nile Red to
inhibition by NMP. This is consistent with the report that NMP
straddles the G-loop and occludes the substrate extrusion channel
closer to the proximal pocket (41). Recently, NMP-resistant mu-
tations in AcrB, located away from the distal pocket near the outer
face, have been described (49). Finally, the higher molecular mass
of DiBAC,-(3) (~520 Da) than of Nile Red (~320 Da) fitted in the
range of molecular weights for antibiotics that were likely to be
proximal pocket substrates (22, 23).

The lack of competition observed for some antibiotic classes
versus others (31) limits the utility of using single fluorescent
probes as universal reporters of AcrB-mediated efflux, as a single
probe may not be able to capture all aspects of the process. Several
antibiotics that are subject to AcrB-dependent efflux were tested at
concentrations comparable to those of the antibiotics used in this
study and did not compete with either probe; these included pen-
icillin G, chloramphenicol, linezolid, rifampin, and trimethoprim
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(data not shown). For a compound lacking antibacterial activity,
lack of competition with a given fluorescent probe would be dif-
ficult to interpret as the compound could be captured by residues
in either of the two high-volume binding sites not privy to the
probe. In practice, it is rare to find compounds with antibacterial
activities that are not substrates for AcrB or one of the other TolC-
dependent efflux pumps. It would therefore not be reasonable to
use these or any probes to screen a library with the hope of finding
compounds not subject to efflux. A more practical approach
would be to use Nile Red and DiBAC,-(3) to survey compounds of
interest (for example, a set of screening hits) in order to identify
those that are strong competitors of either probe and might pro-
vide guidance for optimization away from this liability. Finally, as
this is a cell-based approach, we cannot exclude the possibility that
some degree of competition could also be occurring at the site of
the membrane rather than at a discrete AcrB binding pocket. Site-
directed mutagenesis of specific residues in AcrB that have been
described as being involved in compound transit (24, 25, 28)
would be essential to confirming the molecular basis for the ob-
served competition.

In summary, we further optimized a previously published as-
say that measures competition with Nile Red for AcrB-dependent
efflux. The semiautomated, microplate format of the current assay
allowed us to extend the previous study considerably. Key findings
are (i) the identification of a second fluorescent probe that we
believe binds at a different site within AcrB and (ii) validation of
the assay with a small compound set for potentially quantifying
efflux among members of a chemical class of compounds. We
recognize that only a limited set of compounds were used to vali-
date this approach as presented in this study, and as such, this
limits the general applicability of this assay. It would be desirable
to conduct further validation studies, using additional sets of re-
lated compounds for which several members are active versus
wild-type E. coli and for which appropriate probes can be identi-
fied. This work has implications for the general study of multidrug
efflux pumps and for antibacterial drug discovery.
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