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Introduction

Ion transport across cell membranes is the basis for generation
of membrane potentials and provides the osmotic gradients
for transmembrane and paracellular fluid transport. Chloride
transport in the apical epithelial cell membrane is mainly
mediated by the cAMP dependent Cystic Fibrosis Transmem-
brane Conductance Regulator [CFTR] chloride channel, which
can move chloride into and out of the cell by calcium activated
chloride channels. Calcium activated chloride channels comp-
lement the function of the CFIR in transmembrane chloride
transport? where they seem to regulate each other’s activity.
For example, it was previously demonstrated that in biological
systems, changes in ion concentration induced by opening a
certain ion channel invariably affect the behaviour of other ion
channels.>*

To the best of our knowledge, the first and only example
of an artificial chloride channel that can regulate intra-
cellular calcium concentrations and the contraction of
smooth muscle cells via modulating cell membrane potentials
in living cells and tissues was reported by Yang et al> The
ability of synthetic chloride channels to perturb functions
of other natural ion channels opens new perspectives for the
applications of other synthetic ion channels in biological
systems.

Research on synthetic ion transporters has led to the
development of complex families of molecules®™® that rely on
weak interactions’ such as hydrogen bonds, cation-n and
anion- z-interactions.'® We previously exploited the anion-n--
type interactions in the development of imidazolium-based
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Fig. 1 Imidazolium salts studied for chloride transmembrane transport.

synthetic chloride transporters.'* In this case, anion-n inter-
actions are due to the electron-withdrawing effect of imidazo-
lium on the aromatic rings.'"? The effective anionic transport
properties of these compounds were attributed to the for-
mation of dimeric channel architectures penetrating into the
liposome lipid membranes.'"'* Nevertheless, the presence of
multiple binding sites for ions along these dimers offers the
possibility of multi-ion hopping as seen in biological ion chan-
nels responsible for fast and selective transport processes.'®
Our interest in improving the effectiveness of these imidazo-
lium-type transporters for different parameters (e.g. ECs, and
specificity constant) led us to develop new compounds by
replacing the imidazolium unit with a benzimidazolium
moiety (Fig. 1). These low molecular weight compounds still
possess good amphiphilic character for spanning the lipid
membrane and the presence of the benzimidazolium cation
maximizes the supramolecular n-stacking properties. We
describe here how this benzimidazolium cation has an impact
on the efficiency of the chloride transport activity. We demon-
strate that these benzimidazolium transporters can also
ensure the transport of cations across the membranes of living
E. coli, showing their “ditopic” properties: the ability to
operate as an anion and cation symport mechanism. These
new properties may be of interest to simultaneously transport
Ca®>*/2Cl” in order to efficiently compensate the CFTR
dysfunction.
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Scheme 2 Synthesis of compounds 2-4.

Results and discussion

Benzimidazolium ionophores were synthesised by the reaction
of benzimidazole and sodium hydride with (4-phenylethynyl)
benzyl bromide'""* followed by the reaction with an equival-
ent of (4-phenylethynyl)benzyl to afford benzimidazolium 1 in
63% yields (Scheme 1). The other compounds were obtained
through anion metathesis of bromide affording 2, 3 and 4 in
90%, 99% and 90% yields, respectively (Scheme 2).

The benzimidazolium salts 1-4 were first studied for their
ability to promote the CI™ transport across egg yolk phospha-
tidylcholine (EYPC) bilayers by directly monitoring the flow of
ions in the presence of lucigenin.">***® Chloride efflux out of
EYPC vesicles containing lucigenin'” was measured and the
resultant fluorescence traces show the change in emission
when an aliquot of transporter is added to the lucigenin-con-
taining vesicles. A cartoon representation of the liposome
assay sequence is shown in the inset of Fig. 2. It appears, as
depicted in this figure, that the injection of compound 4
induces an earlier increase of fluorescence. Benzimidazolium
salts 2 and 3 present a similar activity, whereas the bromide
(compound 1) leads to a slower fluorescence increase,
suggesting a weaker efflux of C1™. Furthermore, the CI” trans-
port activity of salts 1-4 follows the same trend as we had pre-
viously observed for the imidazolium salts, according to the
Hofmeister series. The preferential hydration of Br~ is due to
its capacity to establish interactions with water molecules,"®
compared to BF,”, PFs~ or NTf,”. The resulting hydrated salt
is less prone to self-aggregate and to penetrate into the hydro-
phobic bilayer. Molecules with a highly chaotropic counter
anion (e.g. NTf,”), which are less hydrated, are more likely to
distribute into the liposome membrane and thus be more
effective in the chloride transport process.
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Fig. 2 Relative activity of compounds 1-4 in the lucigenin-based ClI~ transport
assay. Intravesicular conditions: 100 mM NacCl, 10 mM phosphate buffer, 2 mM
lucigenin; extravesicular conditions: 100 mM NaNOs, 10 mM phosphate buffer
(pH 6.4). 40 uM solutions of 1, 2, 3 and 4 were injected at t = 50 s; aqueous
10% Triton X-100 was injected at t = 300 s. Each curve represents the average of
three trials. R = 4-phenylethylbenzyl.

We also examined the extent of CI™ efflux out of fluid-phase
EYPC vesicles as a function of time and ionophore content. By
using similar procedures to those we previously described,"
the mole percentages of 4 were varied from 1% to 12.5% corre-
sponding respectively to 3 pM to 43 pM of transporter. The
effectiveness of benzimidazolium 4 was characterized in the
chloride transport process across the bilayer by its ECs, values,
using dose-response analysis (see ESIf) based on data shown
in Fig. 3a. The EC;, value for compound 4 in a CI"/NO;~
system was 2.99% (relative to the EYPC concentration), a value
slightly lower than the ECs, obtained for our previous imidazo-
lium transporter (5.74%) or the phenylthioureas (3.05%)
described by Gale et al., and considered to be very effective
synthetic transporters.**°

Analysis of internal CI~ efflux for different mole percentages
of 4 as a function of time yielded the kinetic profile depicted
in Fig. 3b. The observed pseudo-first-order rate constants
(kobsa) were found to have a second-order dependency on the
concentration of 4 (Fig. 3b). Based on the mathematical
approach we previously developed,'* we can show here that

k, [monomer|"

+k 1
Kaiss 0 ( )

kobsd =

where Ky;iss is the equilibrium constant for dissociation of an
assembly of n ionophore molecules into monomers, k, is an
intrinsic rate constant and k, is the rate constant for ion trans-
port in the absence of an ionophore. The linear correlation
that was found between k,psq and [4]* supports the hypothesis
of transport-active dimers. Since thermodynamically stable
systems might sometimes be undervalued,'®*° the value of the
Hill coefficient n, corresponding to the stoichiometry of the
transport active aggregate, was also estimated by curve fitting
(GraphPad Prism 6.0, GraphPad Software, Inc.) to be 2.092.

This journal is © The Royal Society of Chemistry 2013
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(a) Efflux of CI” out of EYPC vesicles containing 1.0, 1.6, 2.5, 5, 7, 10 and 12.5 mol % of 4 (increasing rates, respectively) as a function of time at 37 °C. Each

curve represents the average of three trials. (b) Plot of kepsg Versus concentration of 4; the solid line represents a nonlinear least-squares fit of the data according to
eqgn (1), where n = 2.0. The data at each concentration of 4 are the average of 3 series of measurements.

This is, again, consistent with a dimerization process respon-
sible for chloride transport.

According to our kinetic model, the value of ky/Kyiss
(the slope), which measures the effectiveness of transporter 4,
increases 100 times compared to the previously reported imi-
dazolium salt.'* This ratio resembles a specificity constant,
describing the transporter’s ability to facilitate the diffusion of
a given anion and the aggregation of 4. Although it was not
possible for us to separate the two terms in k,/Kyjss, their high
ratio strongly suggests either a very high rate constant (k,) or a
very low dissociation process (Kgiss)- This last scenario is in
agreement with the lower ECs, supporting the idea that the
ECso and Kgiss have proportional values.'®

The organization of benzimidazolium transporters in the
solid state was confirmed by X-ray diffraction. Crystals of 1
were grown by slow evaporation from acetonitrile and chloro-
form. The structure elucidated by single crystal X-ray diffrac-
tion is shown in Fig. 4 (see ESIt for details).

Crystal organization of the benzimidazolium cations is in
close agreement with the theoretical organization predicted by
molecular modeling.'™'* The structure observed for 1 reveals
the formation in one plane of a channeled structure, where the
repeating unit is the benzimidazolium dimer. The supramole-
cular complex is self-assembled by C-H---x interactions. The
dimeric structure forms a membrane-spanning channel which
can promote the diffusion of the ions through the lipid
bilayer. Remarkably, the dimer’s length in the crystal structure
is 42.998 A, which corresponds to the thickness of an EYPC
liposome bilayer (around 40 A).*' Additionally, the channel is
flanked on its sides by two bent molecules having aromatic
edge-to-face orientation at 5.987 A distance. Benzimidazolium
cations and bromide anions are held together by ionic inter-
actions and H-bonds.

We have not been able to obtain crystals of compound 4,
but we believe bigger counter-anions (e.g. NTf,”) should
yield larger channel diameters, as the bromide anions are posi-
tioned between the benzimidazolium rings. The activity of
the transporter is probably not only due to the desolvation of
the counter-anion, but also to the variable diameter of the
channel, governed by the anion’s size.

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Packing motif of 1 illustrating the dimerization process in the solid state.
Br~ anions not shown for clarity.

In order to support the transmembrane channel hypothesis
versus a mobile ionic transport mechanism, we measured the
ionophoric activity of compound 4 in gel and fluid phase
membranes.”> For this purpose, we measured the efflux of
Cl™ out of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
liposomes using the lucigenin-based assay, at temperatures
above and below DPPC’s transition phase (41 °C). As shown in
Fig. 5, in the presence of 7 mol% 4 (relative to the DPPC

Org. Biomol. Chem., 2013, 11, 923-928 | 925
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Fig. 5 Chloride efflux out of DPPC liposomes at 20 °C, 25 °C, 30 °C, 35 °C, 40 °C and 45 °C. The data at each temperature are obtained by using 7 mol% of 4 (rela-
tive to DPPC concentrations). The data at each temperature are the average of three series of measurements.

concentration), the results support a membrane-spanning
mechanism, since the anionophoric activity of 4 remains in-
dependent of the fluidity of the DPPC membrane.

As mentioned earlier, the benzimidazolium salts studied
here possess the structural requirements to favour anion-n
and cation-z interactions. With all the kinetic and structural
information on the chloride transmembrane transport, we
further studied the capacity of our benzimidazolium salts to
promote Ca**/2Cl~ symport processes, in the interest of com-
pensating CFTR dysfunction. To explore the potential appli-
cations of compound 4 in biological and pharmacological
sciences, we investigated whether compound 4 can modulate
bacterial cell permeability for calcium cations.

For these studies, we used Escherichia coli (E. coli) strains,
overexpressing a mutant citrine protein with post-translational
modifications.*” Citrine is a genetically encoded Ca*" indicator
located in the subcellular environment. The mutant we used
possessed a Q69M mutation, presenting improved properties
in particular with regard to its photostability, its pH sensitivity
and its expression at 37 °C.*? In this way, citrine was used
as a non-ratiometric indicator of the increase in intracellular
calcium concentrations because citrine’s fluorescence
increases in the presence of Ca®". Transport tests were carried
out in a quartz cuvette by adding a 1.6 ml aliquot of the E. coli
bacterial culture and CacCl, (1 mM). The fluorescence intensity
of citrine was then recorded as a function of time. After
2 minutes, an aliquot of 150 pl of the ionophore 4, or of
MeOH, was injected (ESIT for details).

Fig. 6 clearly shows a sudden increase in cytosolic citrine
fluorescence when compounds 2-4 are added, compared to
the control (MeOH). This fluorescence increase represents a
massive influx of calcium into the E. coli under the effect of
the ionophores. This supports the hypothesis that benzimida-
zolium transporters are able to facilitate the diffusion of Ca>*
cations across E. coli membranes, similar to the symport
process observed in liposomes. Calcium transport efficiency
follows the same order in bacteria as in liposomes, with com-
pound 4 being the most active Ca** transporter. This could be

926 | Org. Biomol. Chem., 2013, 11, 923-928
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Fig. 6 Fluorescence changes in E. coli cells expressing cytosolic citrine after
given stimulations with MeOH, 2, 3 and 4 (0.45 mM) in the presence of extra-
cellular CaCl, (0.38 MM) (Aex = 516 NM; Aem = 529 Nm).

directly related to the size of the channel opening. Moreover,
their ability to transport ions through bacterial membranes
provides an additional support to channel formation. As
explained above, the transport efficiency of a channel is vir-
tually independent of the nature of the membrane (gel/fluid
state) in which it is inserted. The increase in fluorescence is
not due to bacterial lysis, which would have had, as a con-
sequence, a decrease of the optical density. The measure of
the bacterial population, better known as optical density or
ODg00, of an aliquot of E. coli in the presence of 4 indicates the
same value as an aliquot of living bacteria (ODgoo = 1.3) (see
ESIT for details).

Conclusion

In summary, we herein described the ability of small benzimi-
dazolium compounds to act as good ionophores and identified
one lead compound 4 that functions in liposomes and living
bacteria. This latter combines a higher k,/Kgiss constant and
lower ECs, than its previous imidazolium analogue.'* We have

This journal is © The Royal Society of Chemistry 2013
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also presented the first example of a benzimidazolium-based
compound that can transport anions and cations across lipo-
somes, as well as bacterial membranes, via a channel for-
mation pathway. The ability of 4 to drill transient channels
through the robust wall of bacterial cells should make it attrac-
tive as a paradigm for designing future antibiotic transporters
across resistant bacterial membranes. Characterization of the
membrane-spanning channel’s size and its ability to transport
other molecules need further insight and are currently being
investigated in our laboratory.
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