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a b s t r a c t

Background and objective: One of the main causes of bacterial resistance to antimicrobials is

multidrug resistance induced by the increased efficiency of the efflux pumps. In this study

we analyzed how the conditions of assay affect the efflux of indicator substrates ethidium

(Et+) and tetraphenylphosphonium (TPP+) in Salmonella enterica ser. Typhimurium cells.

Impact of the outer membrane permeability barrier, composition and temperature of the

medium on accumulation of the indicator compounds also was analyzed.

Materials and methods: The fluorescence of Et+ and Nile Red was measured using 96-well

plates and a plate reader. In parallel to traditional studies of fluorescence we applied a

constructed selective electrode to follow the accumulation of Et+ in S. enterica cells. Simul-

taneously with monitoring of Et+ concentration in the cell incubation medium, electrochem-

ical measurements of TPP+ accumulation were performed. Furthermore, Et+ and TPP+ were

used within the same sample as agents competing for the interaction with the efflux pumps.

An inhibitor phenylalanyl-arginyl-b-naphtylamide (PAbN) was applied to evaluate the input

of RND-family pumps in the total efflux of these indicator compounds.

Results: S. enterica cells with the intact outer membrane (OM) bound very low amounts of Et+

or TPP+. Cells with the permeabilized OM accumulate considerably higher amounts of the

indicator compounds at pH 8.0, but only Et+ was considerably accumulated at pH 6.5. At

conditions of electrochemical monitoring accumulation of Et+ by the permeabilized cells at

37 8C was considerably faster than at 23 8C, but at the higher temperature most of the cell-

accumulated Et+ was extruded back to the medium. The fluorescence of Et+ in suspension of

cells incubated in 400 mmol/L Tris buffer was about twice higher compared to 100 mmol/L

one. The inhibitory action of TPP+ on Et+ efflux was evident only in 400 mmol/L Tris although

PAbN effectively increased Et+ fluorescence at both buffer concentrations.

Conclusions: Results of our experiments indicate that ionic strength of the incubation

medium influence the selectivity, the medium temperature and the assay conditions impact

the kinetics of efflux. The lower accumulated amount and the weaker fluorescence of Et+

registered in slightly acidic medium indicate that DC plays a role in the accumulation of this
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indicator cation. The bound amount of Et+ to the de-energized or permeabilized cells

considerably varies depending on the conditions and methods of de-energization or per-

meabilization of cells. Tris/EDTA permeabilization of the cells does not inhibit the efflux.

© 2017 The Lithuanian University of Health Sciences. Production and hosting by Elsevier

Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Extrusion of drugs from cells by efflux pumps (EPs) is one of the
main reasons for bacterial resistance to antibiotics [1,2]. EPs
are able to eject different lipophilic and amphiphilic com-
pounds, such as dyes, detergents, lipids, quorum sensing
signal molecules. EPs are also associated with virulence [3–5]
and biofilm formation [6]. Therefore, information about the
efflux is vital for the effective usage of available antibacterial
drugs and the discovery of new ones.

Lipophilic cations, such as ethidium (Et+) and tetraphenyl-
phosphonium (TPP+), are well known EP substrates [7–11].
Membrane voltage (transmembrane difference of electrical
potential, DC, negative inside) drives the accumulation of
these cations in bacterial cytosol. The specific feature of Et+ is
its affinity to DNA. Intercalation into the double helix increases
fluorescence of this indicator compound [12]. Intracellular
components bind low amount of the TPP+ [13] and, therefore,
this compound can be used as an indicator of DC in bacteria
and mitochondria.

Fluorimetric assay of cell-accumulated Et+ is one of the
most popular method to study EP activity in bacteria [14–17].
The fluorescence is related to the amount of Et+ bound to
bacterial DNA and the latter depends on the intracellular
concentration of this indicator. Measurements of Et+

fluorescence are very convenient for studying the competi-
tion between efflux substrates [18] because it is possible to
use several compounds in the same sample. However, a
gradual decrease in Et+ fluorescence during the monitoring
period was observed in experiments with Pseudomonas
aeruginosa cells although the cell-bound Et+ is not des-
tructed [14]. Beside this, Martins and colleagues [15] have
reported about variations in the energy-dependence of Et+

efflux from Enterobacter aerogenes cells in media of different
pH.

In this study we analyzed how the assay conditions affect
the efflux of Et+ from Salmonella enterica ser. Typhimurium
cells. To follow the accumulation of Et+ in cells, in addition to
traditional measurements of fluorescence we applied potenti-
ometric monitoring of the concentration of this indicator by
the constructed selective electrode. In parallel to Et+ measure-
ments accumulation of TPP+ in the cells was also assayed.
Beside this, Et+ and TPP+ were used simultaneously within the
same sample as agents competing for the interaction with EPs
and the efflux inhibitor phenylalanyl-arginyl-b-naphtylamide
(PAbN) was applied to evaluate the input of RND-family
pumps. Results of our experiments indicate that ionic strength
of the incubation medium influence the selectivity, the
medium temperature and the assay conditions impact the
kinetics of efflux.
2. Materials and methods

2.1. Bacteria cultivation and preparation for experiments

Salmonella enterica ser. Typhimurium strain SL1344 wild type
cells were obtained from Prof. Séamus Fanning (Institute of
Food and Health, University College Dublin, Ireland). Over-
night culture of cells was grown in Luria-Bertani broth,
containing 0.5% NaCl (Sigma–Aldrich, Munich, Germany),
diluted 1:50 in fresh medium, and the incubation was
continued until the OD600 reached 1.0. The cells were collected
by centrifugation at 4 8C for 10 min at 3000 g (HeraeusTM

MegafugeTM 16R, Thermo Scientific, Germany). The pelleted
cells were re-suspended in 100 or 400 mmol/L Tris-hydro-
xyaminomethane (Tris)/HCl (Roth, Karlsruhe, Germany), pH
8.0, to obtain �4 � 1010 cells/mL. To permeabilize the outer
membrane (OM), the cells were at 37 8C 10 min incubated in
100 mmol/L Tris/HCl containing 10 mmol/L ethylene diamine
tetra-acetic acid (EDTA; Sharlau, Barcelona, Spain), pH 8.0,
then pelleted and re-suspended as described above. Concen-
trated cell suspensions were kept on ice until used, but not
longer than 4 h. Heat treatment of the cells was performed
incubating 1 mL of the concentrated suspension in a 1.5-mL
Eppendorf tube for 10 min in a boiling water bath.

2.2. Fluorescence measurements

Stock solutions of ethidium (Et+) bromide (Acros Organics, New
Jersey, USA) or Nile red (NR, Sigma–Aldrich, Munich, Germany)
were added to the corresponding concentrations into test-
tubes containing Tris buffer solution with 0.1% glucose
(Sharlau, Barcelona, Spain). After mixing, stock solutions of
phenylalanyl-arginyl-b-naphtylamide (PAbN) hydrochloride
(Sigma–Aldrich, Munich, Germany) and/or tetraphenylpho-
sphonium (TPP+) chloride (Fluka, St. Gallen, Switzerland) were
added. Then the concentrated cell suspension was added to
obtain OD600 of 1.0, the samples were mixed and within 2 min
transferred into a 96-well flat-bottom black plate, 120 mL per
well (n = 3). Relative intensity of the fluorescence (excitation
535 nm or 485 nm, emission 612 nm or 535 nm for Et+ or NR,
respectively) was monitored in ‘‘TECAN GENios ProTM’’
(Männedorf, Switzerland) plate reader, thermostating the
plate at 23 8C or 37 8C. The plate was shaken 5 s before each
registration point. The representative curves from 3 indepen-
dent experiments are presented.

2.3. Potentiometric measurements

TPP+ and Et+ concentrations in the incubation media were
potentiometric monitored using selective electrodes as
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described [10,19]. The Et+ sensor was prepared in accordance
with a well-known procedure [20] by dissolving poly(vinyl
chloride) (PVC, average Mw � 80,000; Sigma–Aldrich), plasticiz-
er dioctyl phthalate (Sigma–Aldrich), and tetraphenylborate
sodium salt (Sigma–Aldrich) in freshly distilled tetrahydrofu-
ran (Sigma–Aldrich) while stirring. The membrane compo-
nents were taken in following proportions (by weight):
tetraphenylborate sodium salt, 1%; plasticizer, 66%; and
PVC, 33%. After tetrahydrofuran evaporation at room temper-
ature in fume hood, the formed membrane was fixed to the
sensor body, soaked overnight in 1 mmol/L Et+ bromide
solution and washed with deionized water before the experi-
ments. The sensors were stored dry at room temperature.
While assembling Et+-selective electrode the sensor was filled
with 0.1 mmol/L Et+ bromide in 100 mmol/L NaCl solution and
connected to an internal Ag/AgCl half-cell electrode.

The thermostated magnetically stirred glass vessels were
filled with 5 mL of 100 or 400 mmol/L Tris/HCl, pH 8.0 or 6.5,
containing 0.1% glucose. After calibration of the electrodes the
concentrated cell suspension was added to obtain an OD600 of
1. We used the electrode potential-amplifying system with an
ultralow-input bias current operational amplifier AD549JH
(Analog Devices, Norwood, MA, USA). The data acquisition
system PowerLab 8/35 (ADInstruments, Oxford, UK) was used
to connect of the amplifying system to a computer. The agar
Fig. 1 – Effects of the medium pH and the cell OM permeability o
were performed using 96-well plates at 37 8C. The cells were incu
(C and D), containing 0.1% glucose, 1.2 mmol/L Et+ and PAbN at c
treated cells were studied in B and D. After 60 min of monitorin
concentration of 50 mg/L.
salt bridges were used for indirect connection of the Ag/AgCl
reference electrodes (Thermo Inc.; Orion model 9001) and the
cell suspension in vessels. The measurements were performed
simultaneously in 2–4 reaction vessels. The representative
sets of curves from 3 independent series of measurements are
presented.

3. Results

3.1. Role of the medium pH and the outer membrane (OM)
permeability in the interaction of Et+ with S. enterica cells

We used 96-well plates and a plate reader to monitor Et+

fluorescence. This method allows to perform the efflux studies
under conditions of controlled temperature and in media of
selected composition. Also, possibility to use simultaneously
several EP substrates and/or inhibitors is the advantage of this
method.

Considerable difference of Et+ fluorescence was observed
between suspensions of cells with the intact OM and the Tris/
EDTA-permeabilized ones. In case of the permeabilized cells
the initial level of Et+ fluorescence was high, especially at pH
8.0, but during the incubation at both pH it gradually decreased
to the similar levels (Fig. 1B and D). In suspensions of cells with
n Et+ fluorescence in suspensions of S. enterica. Experiments
bated in 100 mmol/L Tris/HCl buffer, pH 8.0 (A and B) or 6.5
oncentrations (mmol/L) indicated in the figure. Tris/EDTA-
g polymyxin B (PMB) was added into the wells to



Fig. 2 – Influence of medium pH on the accumulation of Et+ (A) and TPP+ (B) by S. enterica cells. The measurements were
performed at 37 8C in 5 mL of 100 mmol/L Tris/HCl buffer, containing 0.1% of glucose. In the insert (B): the measurements
were performed in 100 mmol/L Tris/HCl buffer without glucose, pH 8.0, the green line indicates the cells after addition of 0.1%
of glucose.
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the intact OM an intensive Et+ fluorescence was observed only
in the presence of RND-family efflux pump inhibitor PAbN:
higher concentrations of this compound caused stronger Et+

fluorescence. At 500 mmol/L of PAbN the maximal intensity of
Et+ fluorescence at pH 6.5 was less than 50% of the level
registered at pH 8.0, although at low concentrations or in the
absence of the inhibitor intensities of the fluorescence were
similar. Permeabilization of the cell envelope using polyca-
tionic antibiotic Polymyxin B (PMB) stimulated Et+ fluores-
cence except when 500 mmol/L PAbN was present in pH 8.0
medium.

Availability of several methods to assess the interaction
between indicator compounds and cells provides additional
information on the efflux. Intensity of the fluorescence (Fig. 1)
reflects DNA-bound amount of Et+. To determine amount of
this indicator taken in by the cells from incubation medium we
constructed selective electrodes and performed a potentio-
metric monitoring of the extracellular Et+ concentration.

Changes of Et+ and TPP+ concentrations in the thermostat-
ed suspensions of S. enterica cells were monitored by selective
electrodes under the conditions of intense magnetic stirring.
Cells with the intact OM did not bind considerable amounts of
Et+ and TPP+ (Fig. 2). Tris/EDTA-permeabilized cells accumu-
lated high amounts of the indicator compounds at pH 8.0, but
only Et+ was considerably bound at pH 6.5. However, a release
of the accumulated Et+ started in a few minutes (Fig. 2A). Such
increase in the extracellular Et+ concentration, observed in
media at both pH, is in agreement with the decrease of Et+

fluorescence registered in plate wells (Fig. 1), but proceeded
much faster.

The release of the accumulated Et+ might be explained by
the activation of efflux after adaptation of the cells in a warm
and aerated medium. Based on changes in the extracellular
concentrations, it is possible to calculate the rates of Et+

release from cells. Tris/EDTA-permeabilized cells released
0.15 � 0.04 and 0.33 � 0.03 nmol/min of Et+ at pH 8.0 and 6.5,
respectively. During the release period the real amount of
extruded Et+ should be higher because of the re-entry of this
indicator back to cells. It is possible to calculate rates of the
initial Et+ entry taking the same intervals of extracellular Et+

concentration as used for evaluation of the release. During the
initial Et+ binding the Tris/EDTA-treated cells accumulated
0.22 � 0.03 and 0.5 � 0.04 nmol/min of this cation at pH 8.0 and
6.5, respectively. If rate of the re-entry during efflux is the same
as rate of the initial Et+ accumulation, the total efficiency of
efflux would be from 0.37 nmol/min (pH 8.0) to 0.83 nmol/min
(pH 6.5). In 5 mL of the suspension at concentration of
8.3 � 108 cells/mL (OD600 of 1.0) there were �4.15 � 109 cells.
In such case the efflux rate was 0.9–2.0 � 10�19 mol/cell/min or
�900–2,000 molecules of Et+/cell/s.

In contrast to Et+, accumulation of the TPP+ at these
conditions was one-stage irreversible process. Similar to Et+

reversible accumulation of TPP+ by Tris/EDTA-permeabilized
cells was observed only in the absence of glucose (Fig. 2B
insert). Supplement of the medium with glucose induced an
additional accumulation of TPP+. The rate of TPP+ release from
the cells, following the initial accumulation in the absence of
glucose, was 1.45 � 0.08 nmol/min. Taking into account the re-
entry of the extruded TPP+, the rate of efflux was 3.87
� 0.1 nmol/min, corresponding to 9,300 molecules of TPP+ per
cell/s. This rate is �5 to 10 times higher than the maximal rate
of Et+ efflux (see above).

Because heat treatment eliminates ion gradients and the
energy-dependent processes, such cells could be considered
for the role of ‘‘zero’’ control in the efflux studies. Addition of
the heat-treated cells to the medium induced very fast and



Fig. 3 – Influence of Tris buffer concentration and the efflux inhibitors on the fluorescence of Et+ in S. enterica cell suspensions.
Cells were incubated at 37 8C in 100 mmol/L (A) or 400 mmol/L (B) Tris/HCl buffer, pH 8.0, containing 0.1% glucose and
1.2 mmol/L Et+. TPP+ was added to the final concentration of 50 mmol/L, PAbN was added to concentrations (mmol/L) indicated
in the figure.
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strong decrease of the extracellular concentration of Et+, but
not TPP+. The amount of Et+ bound to the heated cells at pH 8.0
(14.1 nmol) was slightly, but reproducibly, higher compared to
pH 6.5 conditions (13.7 nmol). Very fast binding of Et+ to the
cells indicates the abolishment of barriers on the way of this
compound to DNA.

3.2. Influence of the incubation buffer concentration on the
efflux

To determine the influence of incubation buffer concentration
on Et+ efflux in S. enterica, the experiments were performed in
100 mmol/L and 400 mmol/L Tris/HCl buffers, pH 8.0 (Fig. 3).

In addition, the combined effects of PAbN, as the RND
pump inhibitor, and TPP+, as an alternative EP substrate
(competitive inhibitor of Et+ efflux), were investigated to
determine possible interactions of these compounds during
Et+ extrusion. In the absence of inhibitors, the maximal
intensity of Et+ fluorescence was observed after 20–25 min of
incubation. The fluorescence of Et+ in suspension of cells
incubated in 400 mmol/L buffer was about twice higher
compared to 100 mmol/L one. In the case of 100 mmol/L
buffer there was no difference in the fluorescence between
suspensions containing 50 mmol/L TPP+ and without this EP
substrate. However, in 400 mmol/L buffer the presence of
50 mmol/L TPP+ considerably increased the fluorescence of Et+.
In 100 mmol/L buffer a similar increase in Et+ fluorescence was
achieved only when the extracellular TPP+ concentration was
150 mmol/L (data not shown).

In 400 mmol/L buffer (Fig. 3B) the simultaneous presence of
both compounds, TPP+ and PAbN, caused higher Et+ fluores-
cence compared to the situations when these two Et+ efflux
inhibitors were applied separately. These results indicate that
more Et+ interacts with DNA when PAbN blocks RND-family
EPs and TPP+ interferes with the Et+ extrusion by other efflux
systems. However, in 100 mmol/L buffer the inhibitory action
of TPP+ on Et+ efflux was very weak and this alternative
substrate was even interfering with the inhibitory action of
PAbN.
3.3. Influence of the incubation temperature on the
interaction of indicator compounds with S. enterica cells

We explored the fluorescence of Et+ at two temperatures, 23 8C
and 37 8C, in the same 400 mmol/L Tris/HCl buffer, pH 8.0
(Fig. 4). The levels of fluorescence during first 20 min of
incubation were very close at both temperatures but at 23 8C
the fluorescence was gradually increasing and after 60 min it
was twice higher than at 37 8C (Fig. 4). In the presence of TPP+ at
both temperatures Et+ fluorescence was increasing signifi-
cantly faster and the intensity was following the TPP+

concentration. However, the effect of PAbN on the fluores-
cence was more distinct at 23 8C. At this temperature
combination of TPP+ and PAbN increased the fluorescence
more efficiently than each of these compounds separately. At
both temperatures Et+ fluorescence increased after the
permeabilization of cells using PMB. However, a sharp
decrease of Et+ fluorescence was observed at 37 8C starting
�20th min after PMB addition (Fig. 4A). Such events cannot be
explained by the more intense Et+ efflux.

Both cations, TPP+ and Et+, are accumulated in the cytosol
because of the DC. For comparison, a neutral EP substrate,
lipophilic stain Nile Red, was chosen. Measurements of NR
fluorescence in 400 mmol/L Tris/HCl buffer indicated that this
compound slowly accumulates in membranes. NR fluores-
cence in the presence of TPP was lower, but PAbN alone or in
combination with TPP+ strengthened it (Fig. 4A insert).
Permeabilization of the cell envelope by PMB induced rapid
and stable increase of NR fluorescence.

Analogous experiments were performed by potentiometric
monitoring of Et+ and TPP+ concentrations in the medium
(Fig. 5). At both temperatures, 23 8C and 37 8C, only the
permeabilized cells accumulated considerable amounts of Et+

and the initial uptake of this indicator at 37 8C was consider-
ably faster than at 23 8C. However, after 10 min of incubation at
37 8C (but not at 23 8C) most of the cell-accumulated Et+ was
extruded back to the medium. The total rate of Et+ extrusion
(including the re-entry, see calculations for Fig. 2) was 5.42
� 0.1 nmol/min at pH 6.5 and 6.00 � 0.1 nmol/min at pH 8,0.



Fig. 4 – Influence of incubation temperature and efflux inhibitors on the fluorescence of Et+ and Nile Red (NR, insert of A) in S.
enterica cell suspensions. Measurements were performed in 400 mmol/L Tris/HCL buffer, pH 8.0, containing 0.1% glucose at
37 8C (A) or 23 8C (B). After 60 min of monitoring PMB was added to the wells. The final concentration of Et+, PAbN and PMB
were 1.2 mmol/L, 62.5 mmol/L and 50 mg/L, respectively. TPP+ was added to concentrations (mmol/L) indicated in the figure.
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This corresponds to extrusion of 13,000–14,400 of Et+ mole-
cules/cell/s.

The extent and the kinetics of the PMB-induced Et+ binding
were dependent on the OM permeability and the medium pH.
In case of cells with the intact OM, at 37 8C PMB induced a slow
accumulation of Et+, reversible at pH 8.0 but irreversible at pH
6.5. At 23 8C the efficiency of PMB was considerably lower,
especially at pH 6.5. In the case of the permeabilized cells PMB
induced temporary accumulation of Et+ at pH 8.0, but did not
induce any additional accumulation of Et+ at pH 6.5. At 23 8C in
experiments with the permeabilized cells, PMB induced a
release of the accumulated Et+ at pH 6.5, but an additional
accumulation of this cation at pH 8.0. Experiments with TPP+

(inserts Fig. 5) showed that PMB was able to induce an
additional accumulation of TPP+ by the cells at 23 8C, but the
PM depolarizing effect of PMB was clearly visible at 37 8C.
Fig. 5 – Interaction of Et+ and TPP+ (inserts) with S. enterica cells 

400 mmol/L Tris/HCl buffer, pH 8.0, containing 0.1% glucose. PM
first addition) and 100 mg/L (after the second addition).
It should be mentioned that in 400 mmol/L Tris/HCl buffer
the cell-accumulated amount of Et+ was considerably lower
compared to the 100 mmol/L one, especially in experiments
with Tris/EDTA treated cells (compare Figs. 2A and 5A).
Supplement of 100 mmol/L Tris/HCl buffer, pH 8.0, with
600 mmol/L sucrose did not considerably change the amount
of cell-accumulated Et+ or TPP+ (not shown). These results
indicate that the increase of ionic strength, but not the osmotic
pressure of incubation medium affects accumulation of the
indicator cations.

4. Discussion

Measurements of Et+ fluorescence in cell suspensions is one of
the most popular methods of efflux analysis in bacteria. Here
at 37 8C (A) and 23 8C (B). Measurements were performed in
B was added to the final concentration of 50 mg/L (after the
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we compared the accumulation of EP substrate Et+ in S. enterica
cells by methods of fluorescence spectroscopy and potentio-
metry. Results of our experiments indicated that the quanti-
tative measurements of the efflux following the changes in Et+

fluorescence are rather complicated. The intensity of fluores-
cence depends on the amount of Et+ bound to bacterial DNA
and the latter is related to the intracellular concentration of
this indicator. In addition to efflux, DC and the OM
permeability also affect the intracellular accumulation of this
indicator. Therefore, it is important to monitor continuously
the interaction of this indicator compounds with the cells. For
quantitative studies it is important to have control data on the
state of ‘‘zero efflux’’. Efflux of the indicator compounds could
be switched off using the efflux pump inhibitors (e.g. PAbN),
blocking the energy supply of the efflux by membrane-active
compounds (e.g. PMB) or inhibitors of energy metabolism
(uncouplers of oxidative phosphorylation). However, the
bound amount of Et+ to the de-energized or permeabilized
cells considerably varies depending on the conditions and
methods of de-energization or permeabilization of cells.
Beside this, the changes in the composition of the cytosol of
the de-energized and permeabilized cells can affect the
binding of Et+ to DNA. It is known that PMB [21], as well as
Mg2+ [22] bind to the DNA decreasing Et+ fluorescence.

In parallel with Et+ accumulation measurements, we
potentiometrically monitored the interaction with cells of
another EP substrate TPP+. This compound is lipophilic and
cationic, as Et+, but has a low affinity to intracellular
components [13] and, therefore, can be used for measure-
ments of DC in bacteria and mitochondria [23]. Interpreting
results of TPP+ accumulation is more straightforward because
of the low intracellular binding of this compound, but the
studies using this indicator become complicated at conditions
of low DC, for example, when the medium pH is 6.5 and lower.

EPs of RND family, clinically the most important in S.
enterica [2], obtain energy from the proton-motive force
generated as a result of cellular metabolism [1]. By selecting
pH of the medium it is possible to change the inputs of the
transmembrane difference of electrical potential (membrane
voltage, DC) and the transmembrane difference of pH (pH
gradient) without effect on the magnitude of proton-motive
force [23]. However, Martins and colleagues [15] have reported
about variations in the energy-dependence of Et+ efflux from
Enterobacter aerogenes cells in media of different pH. Beside this,
it has been shown [24,25] that E. coli cells more efficiently
extrude Et+ in lower pH media.

Our experiments demonstrated that Tris/EDTA treated S.
enterica cells at pH 6.5 accumulate very low amount of TPP+

indicating a low DC. The lower accumulated amount and the
weaker fluorescence of Et+ registered during the first minutes
of incubation of Tris/EDTA treated cells at pH 6.5 compared to
pH 8.0 (Figs. 1, 2 and 5) indicate that low DC at slightly acidic
medium also plays a role in the accumulation of this cation.
However, at both pH values Et+fluorescence increased with the
increase of PAbN concentration in the medium indicating the
active Et+ efflux. The heat-treatment could be used for
determination of the maximum capacity of cells to bind Et+.
The heat-treated cells at both pH values accumulated the
maximal amounts of Et+ and PMB induced neither additional
accumulation of Et+, nor the release of this indicator to the
medium. On the other hand, lower cell envelope-permeabiliz-
ing efficiencies of PMB at acidic pH and/or in case of
metabolically non-active cells should also be mentioned.

As efflux indicators Et+ and TPP+ were used rather low (1.2–
3 mmol/L) concentration in our experiments. Accumulation of
high amounts of cations inside the cytosol can lead to
depolarization of the PM and inhibition of the DC-dependent
processes, such as ATP synthesis or efflux of lipophilic
compounds. Inhibition of Et+ efflux at high concentrations
of TPP+ and/or PAbN can be caused not only by the direct
interaction of these compounds with EPs, but also by the
depolarization of PM. In addition to this, the saturation of DNA
with Et+ at high intracellular concentrations of this indicator
could lead to disappearance of the correlation between the
intensity of fluorescence and the intracellular Et+ concentra-
tion.

We also monitored the ability of TPP+ and PAbN to inhibit
the efflux of Nile Red, a non-charged lipophilic indicator
accumulating in the hydrophobic phase of membranes [26,27].
The increased NR fluorescence in the presence of PAbN and
PMB can be explained by the inhibition of NR efflux, but
attenuation of the permeability barrier to NR because of a high
affinity of PAbN and PMB to lipopolysaccharide-containing
outer surface of the OM cannot be excluded. The decrease of
NR fluorescence in the presence of TPP+ could be explained by
the effect of this lipophilic cation on the of membrane affinity
to NR. The targets of the antibiotics usually are in the water-
filled compartments of cells, such as cytosol and periplasm.
Therefore, distribution of water-soluble indicator compounds,
TPP+ and Et+, between the cells and the medium should better
reflect the role of efflux in accumulation of the antibiotics in
bacteria.

Alongside the EPs, the OM permeability barrier is another
important factor preventing the accumulation of lipophilic
compounds in S. enterica cells. To explore the role of OM barrier
in accumulation of the indicators inside the cells, we used Tris/
EDTA-permeabilized cells in parallel to the intact ones. Tris/
EDTA treatment of cells before the monitoring allowed the
immediate accumulation of TPP+ and Et+ ions inside the cells.
However, in 10 min after the addition of cell a decrease of Et+

fluorescence and an increase of the extracellular Et+ concen-
tration were observed, indicating that Tris/EDTA permeabi-
lization of the cells does not inhibit the efflux.

PMB is a very effective permeabilizer of bacterial mem-
branes, at low concentrations increasing the permeability only
of the OM [28]. This antibiotic is not an EP substrate [29] and it is
convenient to use it as a permeabilizing agent. However, at
50 mg/L and higher concentrations of PMB the initial addition-
al accumulation of Et+ is followed by the release of this
indicator. The decrease in fluorescence and the increase in
extracellular Et+ concentration after prolonged action of PMB
could be explained by the interaction of PMB with DNA and the
replacement of Et+-DNA complex by PMB-DNA one. Analogous
effect of thioridazine on Et+ fluorescence was described by
Spengler and colleagues [30]. Our results are in agreement with
the described ones, showing that PMB [31] binds to the DNA
decreasing Et+ fluorescence.

It is known that the fluidity of biological membranes
decreases with the decrease of temperature. Temperature-
induced deformations of the cell membrane can act as
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allosteric regulators of protein function [32] and this can affect
the efficiency of efflux. Temperature of the incubation
medium in a complex way affects accumulation of lipophilic
indicators in S. enterica cells (Figs. 4 and 5). At room
temperature the rate of TPP+ accumulation inside the cells
is considerably reduced as compared to 37 8C temperature
([19,33] see also Fig. 5 inserts). During potentiometric mea-
surements only Tris/EDTA treated cells accumulated Et+ at
23 8C and a considerable binding of this indicator to the intact
cells started only after the addition of PMB (Fig. 5). The initial
levels of Et+ fluorescence were very close at both temperatures,
but during incubation at 23 8C the fluorescence was gradually
increasing, especially in the presence of TPP+ and PAbN. The
higher efficiency of the inhibitors at 23 8C can be explained by
lower rate of Et+ entry into the cells (Fig. 5). Our data are in
agreement with the protocols using room temperature for the
loading of cells with Et+ or other lipophilic indicators to study
the efflux at 37 8C [34]. However, Et+ accumulation stimulating
effects of PAbN and TPP+ at 23 8C clearly indicate that the efflux
is still active at this temperature.

Results of our previous experiments with Pseudomonas
aeruginosa cells [10] showed that efflux of TPP+ is strongly
dependent on the composition and the concentration of
incubation buffer. However, it is not generally agreed what the
composition of the incubation buffer should be during assays
of the efflux activity. In our experiments the actions of PAbN
and TPP+ on Et+ efflux were the incubation medium depen-
dent. In 400 mmol/L Tris/HCl buffer the mixture of TPP+ and
PAbN better prevented Et+ efflux than each of these inhibitors
used separately. However, 100 mmol/L buffer the inhibitory
action of TPP+ on Et+ efflux was very weak and this alternative
EP substrate was even interfering with the action of PAbN.
There are data that PAbN also can be a substrate of RND pumps
[35,36] and, therefore, a competitive inhibitor of Et+ and TPP+

efflux. The results by Kinana and collaborators [37] suggest
that this inhibitor, even when it is itself pumped out, can
reduce the pumping of other compounds interfering with their
binding to other parts of the binding pocket of AcrB pump. It is
known [38,39] that under certain conditions PAbN not only
inhibits the efflux but also permeabilizes the OM to lipophilic
compounds. Beside this, activation of the energetic metabo-
lism not only increases the efficiency of efflux but also has an
impact on the amount of cations bound to the surface of Gram-
negative bacteria [40]. All these facts also should be kept in
mind when interpreting results of the efflux experiments.

5. Conclusions

Results of our experiments indicate that ionic strength of the
incubation medium influence the selectivity, the medium
temperature and the assay conditions impact the kinetics of
efflux. The lower accumulated amount and the weaker
fluorescence of Et+ registered at slightly acidic medium
indicate that DC plays a role in the accumulation of this
indicator cation. The bound amount of Et+ to the de-energized
or permeabilized cells considerably varies depending on the
conditions and methods of de-energization or permeabiliza-
tion of cells. Tris/EDTA permeabilization of the cells does not
inhibit the efflux.
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