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The methyl ester of 8-oxo-8H-indenol2’,1:7,8]naphtholl,2-b]lthiophene-2-carboxylic acid (1) and its
corresponding PEGylated ester were synthesised and fully characterised. X-ray diffraction studies on (1)
confirmed the helical structure of the receptor and that it is self-assembled into layers by -7
interactions. An in-depth study by DFT calculations and MS experiments (ESI-MS, MS/MS, IMRPD and
ESI-IMS-MS) was carried out between (1) and the physiological cation K*. The formation of
supramolecular complexes between (1) and K* with different stoichiometries was demonstrated and the
cation K* preferentially interacts with the oxygen atoms of the carbonyl bond of the ketone and ester
groups and the sulphur atom of the heterocycle. The ability of the two synthesized aromatic

architectures to transport ions across a model lipid membrane has been studied by electrophysiology
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Accepted 30th July 2020 experiments. The formation of pores was observed, even at nanomolar concentrations. Since the

PEGylated molecule showed more regular pore definitions than the hydrophobic molecule, the
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Introduction

Transport of ions across cell membranes is a crucial biological
process the misregulation of which causes severe diseases
currently known as channelopathies." Recovery of regulation
processes requires a deep understanding of the mechanisms that
take place in natural ion channels. One way to gain information is
the development of new artificial molecular models mimicking
biological functions involved in ion transport.”> In general,
synthetic architectures able to act as ion carriers can be split into
two main families: preformed cyclic scaffolds and self-assembling
in the lipidic bilayer.® In both cases, ion transportation is mediated
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by weak interactions such as electrostatic and/or surface interac-
tions. It is now admitted that the cation—m interaction is a major
non covalent binding interaction for ion transport and more
generally for biological recognition.*® Oxygen and sulphur often
serve as coordinating atoms in a number of o-donor and m-donor
polar functional groups to bind alkali metal cations.” Cation-7
interactions between metal cations such as Na*, K, Mg®* or Ca*
and aromatic systems also appear crucial in biological
systems,*'*"* contributing to the stabilization of particular
conformations of proteins or the preservation of the charge
balance during enzymatic catalytic processes''* for example. In
this context, cation-7 interactions with planar fused polyaromatic
systems**® or polyaromatic macrocycles, such as calixarenes''®
and pillar[n]arenes,”*" and also more flexible para-oligopheny-
lenes,”>* have been theoretically and experimentally studied.
Those molecular systems proved to be able to insert into a lipid
bilayer facilitating ion transport across the membrane through
cation-7 interactions.’**?* The combination of hydrophobic
aromatic rings and hydrophilic residues into a single molecule has
been explored by several groups at both theoretical and experi-
mental levels, evidencing the deep impact of the molecular
topology on complexation properties using a template or
promoting synergistic cation—m interactions.’>*

In order to gain further information about alkali metal cation-
7 interactions in 3D molecular architectures, we have developed
a new synthetic receptor. The design of the receptor 1 (Fig. 1) is

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Characteristic structural features of receptor 1.

based on low molecular weight helical organic molecule. This
helicene derivative comprises five fused rings which confer to the
overall aromatic core a helical shape, a thiophene ring displaying
the sulphur atom at the inner helix and two functional groups,
namely a ketone and a carboxylic ester. The characteristic struc-
tural features of receptor 1 display several assets including: (i)
a controlled and modulable non planar aromatic core, (ii) func-
tional groups allowing electrostatic interactions and hydrophilic/
hydrophobic balance, (iii) a direct proximity between the thio-
phene sulphur atom and the ester fragment favourable to cation
complexation, (iv) a capped/protected potential binding site
embedded into the inner helix.

In this paper, we report a combined theoretical and experi-
mental study of the K' complexation by receptor 1 and its
polyethylene glycol (PEG) derivative 3 (vide infra). The intrinsic
interactions occurring at the molecular level between metal ions
and receptor 1 was first carried out by mass spectrometry and
density function theory calculations. The ability of 1 and 3 to
insert into lipid membrane and to transport K' across
membranes was notably also explored by mean of black lipid
membrane (BLM) experiments.

Results and discussion
Synthesis and solid-state characterization

The synthesis of receptor 1 is based on a recent report of one of
us.”® The synthetic sequence involved a Friedel-Crafts type
reaction from ester precursor 2 using polyphosphoric acid or
phosphorus pentoxide heated at 100 °C. The expected target 1
was obtained, with average yields due to the presence of several
side products rendering the purification step tedious. In the
present context, we set a new experimental procedure by using
trifluoromethanesulfonic acid in DCE, heated at 60 °C for 16
hours. Under these conditions the desired receptor 1 was
cleanly obtained in a fair 70% yield without the presence of
byproducts (Scheme 1).

Bearing in mind the evaluation of receptor 1 transport ability
across membranes, we also examined the hydrophilic/
hydrophobic balance by modifying the ester residue. To this
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end, we envisioned the installation of a polyethylene glycol
(PEG) chain instead of the starting methyl group. Saponification
of the methyl ester group using LiOH, in MeOH at 80 °C until
completion (10 h), followed by coupling using mPEG;5s, in the
presence of DCC and DMAP in methylene chloride at room
temperature for 12 hours, account for the two-step sequence
leading to receptor 3 with an overall yield of 40%.

Slow evaporation of a solution of 1 in methylene chloride
afforded suitable crystals for X-ray analysis and allowed gaining
structural information in the solid state. The resolved structure
evidenced a well-organized self-assembly of single units and
highlighted that the presence of a sulphur atom located at the
inner helix of the architecture induced a C-H---S interaction which
contributes to helical shape of receptor 1 (Fig. 2). The distance
between the methyl group of the ester moiety and the carbonyl
function of the fluorenone scaffold was found to be 12.5 A and
appeared to be the longest one measured on the monomer.

Moreover, the solid state showed the formation of crystal
packing in which monomers self-assemble into layers. Indeed,
each molecule interacts with one another through a face-to-face
7-T interaction with a 3.84 A measured distance. This allowed
us to determine the distance between two units, with methyl
groups in the opposite direction, which was found to be 22.3 A.
The latter distance implemented by the PEG chain length might
contribute to reach the common 37 A length® required to fully
cross the lipid bilayer and balance the hydrophobicity of
receptor 1.2

Taking into account all these observations we envisioned
that these helicene derivatives could possibly present ion-
transporting properties across the lipid membrane.

Computational study

The geometry of the receptor 1 was first studied in order to
evaluate its ability to host an alkali cation such as K'. The
optimized structure at the M06-2X/6-311++G(d,p) level of theory
is represented in Fig. 3. The calculated quadrupole moment of 1
(—155 B) confirmed the tendency of 1 to preferentially interact
with cations in complete agreement with recent literature.®
From ESP (electrostatic potential surfaces) map of receptor 1,
we anticipated that interaction between K' and the helical
carbon backbone will only occur to a minor extent. In contrast,
the presence of both carbonyl group and sulfur atom contrib-
utes to two well-defined electronically rich areas suitable for
complexation of K'. As already reported,” the thiophene
sulphur atom and the ester carbonyl group display a syn
conformation which constitutes a favourable complexation
pattern.

Further step was the determination of most propitious
binding sites and of binding energies (BE) at the M06-2X/6-
311++G(2df,2pd)//M06-2X/6-31+G(d,p) level. To this end,
potential binding sites including three six-membered rings, the
thiophene moiety, but also the carbonyl and the combination
sulfur atom-carbonyl group, were evaluated and their binding
energies (BE) determined (see Fig. S1}). As foreseen, potential
K" complexes arising from cation-7 interaction at aromatic
sites display lower BE ranging from 78 to 102 kJ mol .

RSC Adv, 2020, 10, 31670-31679 | 31671
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Scheme 1 New set of cyclization conditions and modulation of the hydrophilic/hydrophobic balance.

In complete agreement with ESP map, 1¢K" displays a BE of
117.9 kJ mol ™. Our systematic complexation study evidenced
that 1eK" exhibits a similar binding energy of 118.2 k] mol .
Note the computed binding energies vary only slightly when
increasing the level of calculation (see ESIT). NCI plot confirms
on one hand the strong interaction of K* with the C=0 group,
in 1¢K", and on the other hand the presence of S-K' interaction
which stabilize the K' complex for 1eK'. Interestingly, no
additional contribution from the m-cloud of phenyl ring 1 was
determined neither in 1¢K", nor in 1eK".

Experiments in solution

Interaction between 1 and potassium cation was first examined in
solution by means of "H NMR titrations. Unfortunately, if 1 was

*33.10

22.3A

Fig. 2 X-ray diffraction structure and key spatial arrangement (*dihedral
angle is measured between the two extreme aromatic rings).
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fully soluble in CDCl; and CD,Cl, at 1 x 10~% mol L™ ", classical
potassium salts (KBF,, KPFs) and KTPBP (potassium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate) remained unsoluble or only
poorly soluble in solvent such as CDCl;, CD,Cl, or combinations of
CDClj/acetonitrile or CD,Cl,/acetone in various radii. This issue
precludes thus observations of any modifications of the "H NMR
spectra fingerprint characteristic of potential interactions between
aromatic protons and potassium cation.

We next turned our attention to absorption spectroscopy.
Absorption spectroscopy titration experiments are reported in
Fig. 4. Absorption spectrum of 1 displayed four absorption
maxima at 268, 306, 322 and 336 nm (Fig. S2t). A TDDFT
calculation (PBE1PBE/6-311++g(d,p) level) allowed assigning
these ban four bands to © — 7* transitions highly delocalized
over the helical architecture (Fig. S3-S51). In THF, the iterative
additions of potassium equivalents lead to substantial modifi-
cations of the spectra. Strong hyperchromic shift of the transi-
tions between 260 and 280 nm as well as slight hypochromic
shifts of bands centered on 320 and 340 nm were observed.

Global spectral analysis with the SPECFIT software enabled the
determination of the association constant. Formation of a 1:1
host : guest complex was assessed with an association constant of
1242 L mol ", Noteworthy, 2 : 1 binding model was also tested but
did not converge and fit with our experimental results.

Mass spectroscopy (MS) experiments

Prior to BLM experiments, a mass spectrometry study has been
carried out in order to get information about the intrinsic
interaction of 1 with K'. Indeed, MS experiments may be useful
to give an insight about the interactions occurring at the
molecular level between metal ions and ligands, presently the
helicene structure 1. A series of experiments was carried out in
order to determine the number of helicene units which can
interact with the metal ion. In addition, ion mobility mass
spectrometry (IM-MS) experiments were also conducted to
evaluate the three-dimensional conformation of 1 with K'. This
technique allows the separation of gaseous ions according to
their charge and shape and can also allow the determination of
collision cross sections (CCS), which, by comparison with
simulations, can give indications about the three-dimensional
conformation of the ions studied.

ESI-MS(/MS) analysis

Experiments were carried out using different mass analyzers in
order to determine the number of helicene units which can

This journal is © The Royal Society of Chemistry 2020
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Fig. 3
covalent interaction) plot. Binding energies are reported in kJ mol ™.

interact with the potassium cation. For this purpose, a quadru-
pole ion trap mass spectrometer (QIT), a hybrid quadrupole-
time of flight (Q-TOF) and a triple-quadrupole (QqQ), all
equipped with electrospray sources, were used (experimental
details can be found in the ESIf). The comparison of different
technologies and generations of mass spectrometers allows our
results to be more comprehensive as the formation and obser-
vation of adducts may rely to the combination of ionization
source/interface/MS analyzers used.*

The analysis of the receptor helicene-like 1 was first carried
out without potassium. To this end, a methanolic solution of 1
was prepared and directly introduced in the mass spectrometer.
The prominent species observed under ESI condition is the
formation of the protonated species [1 + H]|" detected at m/z 345
(Fig S61).

Singly charged multimers from di- to tetramers depending
on the instrument used were observed around residual sodium
cations under these conditions. The sodium may originate
either from solvent, vials or sample 1, or is simply present in
trace amounts in the mass spectrometers. From these experi-
ments, protonated dimer [(1), + H]" was not observed at the
expected m/z 689. This suggests that this particular dimer is less
prone to be formed than the sodiated dimer, even when using
a protic solvent such as methanol.

The [1 + H]' ion at m/z 345 was then selected in order to
record its collision induced dissociation (CID) spectrum in
order to get some insights about the possible protonation
site(s). CID activation by collision with helium resulted in the

This journal is © The Royal Society of Chemistry 2020
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117.9 1cK*

118.2 1eK*

(a) Computed structure of 1 (ESP) and calculated binding sites. (b) and (c) Most favorable 1-K* structures and corresponding NCI (non-

spectrum displayed in Fig S7a, which shows three main frag-
mentation channels involving the ester function, namely loss of
methanol (m/z 313), carbon dioxide (m/z 301), and a methyl-
formiate moiety (m/z 285). Unfortunately, these losses can be
explained by charge remote mechanisms and do not allow the
localization of the proton on the structure 1. Deuterium
exchange experiments confirm these fragmentation mecha-
nisms, as no losses of D instead of H were observed (Fig. S7b¥).

The analysis of a mixture of 1 in a KCI solution was then
carried out in order to determine the number of helicene units
able to interact with K* in the gas phase, and to obtain some
structural information about the [(1),, + K]' complexes. For the
sake of comparison, MS conditions have to be as close as
possible to BLM experiments (vide infra). For this purpose,
optimization of the various parameters of the instruments,
concentrations and helicene/KCl molar ratios was carried out to
reflect standard BLM experiment conditions. It is worth
mentioning that the KCI concentrations used to perform the
BLM experiments are usually too high for typical mass spec-
trometry conditions, and could therefore damage the
instrument.

We first increased the concentration of KCI for a fixed concen-
tration of 1 at 30 umol L™". The solvent used was methanol. We
tried to use water as solvent, but with high KCI concentration, it led
to the formation of potassium chloride clusters instead of
complexes with 1. Formation of potassium adducts with 1 is already
observed with a KCl concentration of 0.3 uM but competes with the
formation of sodium adducts present in traces amounts in the

RSC Adv, 2020, 10, 31670-31679 | 31673
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Fig. 4 Absorption spectra measured during titration of 1 by KTBPB from 0 to
63 equivalents of potassium cation ([1] = 3,6 uM and [KTBPB] = 1,63 mM).

instruments. By contrast, sodium cations interacting with 1 are no
longer observed from mixtures of KCI concentration above 300 ptM.
The highest concentration value used before the onset KCI clusters
(which are likely to be superimposed over or to replace multimeric
[1). + K]') is 1 mM. We used this KCI concentration for our
experiments in order to be as close as possible from BLM experi-
mental conditions. In addition, the concentration in 1 was
increased at 150 pmol L™" to form larger multimers. In these
conditions, formation of [(1), + K]' (n = 1-3) is clearly over-
whelming. However, we could observe from 1 to 19 helicenes 1
complexed to one K' with the instrument allowing the milder
source conditions (Fig. 5a). Note that MS signal at for example m/z
1758.3 can correspond either to singly-charged [(1)s + K]', doubly-
charged [(1)30 + 2K** or either triply-charged [(1);5 + 3K]*" multi-
mers. Charge state assignment can only be achieved by high reso-
lution mass spectrometry. Presently, among the instruments used,
only the Q-TOF offers a resolution high enough to identify the
charge state of the multimer at a given m/z value. By combining Q-
TOF and QIT experiments, we unambiguously observed singly
charged species from [(1); + K]" at m/z 383.0 to [(1), + K] at m/z
1416.2, doubly-charged multimers from [(1)s + 2K]** at m/z 1416.2 to
(D11 + 2K at m/z 1933.2, and triply-charged ions from [(1) +
3KJP* at m/z 1875.3 to [(1)yo + 3K]*" at m/z 2217.0 (Fig. 5b). Note that
this multimeric distribution depends on the MS instrument. In
summary, even if the three instruments presently used lead to
similar results, that is overwhelming [(1), + K]" ions, larger multi-
mers could possibly be observed on different MS instruments. MS/
MS experiments were performed in order to characterize the
structure of the multimeric [(1), + K] species. For n = 1, 2 and 3, the
loss of monomer(s) was exclusively observed starting from the
precursor ion, and is in complete agreement with the interaction of
K" with several intact molecules of 1. The [1 + K]" ion is very intense
and recording its MS/MS spectrum is straightforward. However, this
spectrum is not conclusive as it exhibits a prominent fragment at m/
z 39 corresponding to K' ions (Fig. S81). Globally, these spectra do
not give a detailed information about the actual structure of these
ions. Notably, these experiments cannot decipher between a struc-
ture in which K" interacts directly with several helicenes, and for

31674 | RSC Adv, 2020, 10, 31670-31679
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example a structure in which K' interacts with one molecule of
helicene, the remaining helicenes self-assembling like in solid state
(vide supra) through m-stacking.

IRMPD experiments

In order to get further insight about the structure of the [1 + K]
complex, we used IRMPD action spectroscopy in the fingerprint
region. Experimental IRMPD spectra were recorded using the
beamline of the free electron laser (FEL) of the Centre Laser
Infrarouge d'Orsay (CLIO), which is coupled to a modified
Bruker Esquire 3000+ 3D quadrupole ion trap.>*-¢

The IRMPD spectrum obtained for the [1 + K]" ion is given in
Fig. 6a.

The only photo-fragment observed during these experiments
was the potassium cation. The experimental spectrum exhibits
numerous absorptions with various intensities, which suggests
that the [1 + K]' complex may correspond to a mixture of
different structures under our electrospray conditions.

Structural assignment by IRMPD is based on the comparison
of the experimental trace with the spectra computed for the low
energy-lying structures. Fig. 6b and c¢ present the comparison
with the vibrational spectra computed for the two most stable
forms 1cK" and 1eK', which are practically degenerate. For
a better comparison with the experimental IRMPD signal,
computed spectra were convoluted with a 15 cm™"' Lorentzian
function. The agreement with experiment turned to be slightly
better when using the B3LYP functional than when using M06-
2X (Fig. S9 and S107). Several recent studies have already re-
ported the good performances of the hybrid B3LYP functional
in the context of the comparison between experimental IRMPD
traces and computed harmonic vibrational spectra (this trend
has been already reported previously in several reports®”*®).
Consequently, we rather chose the B3LYP functional. A scaling
factor value of 0.974 has been applied in the 900-1800 cm™*
frequency range. Examination of Fig. 6 shows that, if one
excepts the sharp feature measured at 1243 cm ', all the
experimental vibrations can be interpreted by the two computed
spectra. Notably, the absorptions detected between 1400 and
1800 wavenumbers are nicely reproduced by the spectrum
computed for 1¢K", and more particularly the bands observed
experimentally at 1661 and 1736 cm ™', which can be attributed
to the C=0 stretches of the interacting and free carbonyl,
respectively. The spectrum of 1¢K" also correctly reproduces the
experimental features detected at 1064 and 1175 cm ™', and the
most intense absorption at 1281 cm ™", which can be attributed
to the C-O stretch of the ester function. On the other hand, the
shoulder on the blue side of the most intense signal is well
reproduced by the band computed at 1318 cm ™" for 1eK" (the
C-O stretch of the ester function). A good agreement is also
observed with 1eK" for the signal detected experimentally at
1361 cm ™~ '. IRMPD data therefore suggest that a mixture of at
least two forms may be generated under ESI conditions, and
that these two forms are associated with the interaction of the
potassium with a carbonyl group, either alone (1eK') or in
a bidentate scheme with sulphur atom (1eK"). Note also that the
two C=O stretches observed experimentally cannot be

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 MS spectra obtained from a methanolic solution of KCl at 1 mM and 1 at 150 pM analysed (a) a QIT (b) a Q-TOF and (c) a QqQ mass

spectrometer.

reproduced computationally by the structures involving only an
interaction with an aromatic ring, because in that case one the
C=0 stretch is no red shifted by the interaction with the alkali
cation. Consequently, such a binding scheme can be reasonably
discarded for the [1 + K] complex. The agreement is also not so
good with 1aK" and 1bK". This is consistent with the fact that
these two forms are sensibly less stable and should not be
generated based on thermodynamical criteria.

Unlike MS/MS experiments, ion mobility spectrometry experi-
ments may provide direct information about the tridimensional
shape of this particular complex. Presently, the first information
obtained from IMS-MS experiments is [(1), + K] ions (n = 1-3)

This journal is © The Royal Society of Chemistry 2020

exhibit a single IMS signal. This would mean that for [1 + K]', either
only one gas-phase conformation is observed, or that several
conformations with similar collision cross section (CCS) co-exist.
Indeed, the IMS resolution is relatively low and ions exhibiting
different composition and conformations may have the same CCS.
For both the [(1), + K]" and [(1); + K] ions, the thinness of the peaks
observed on the mobilograms suggests a single type of organization
of 1 around K'. Larger peak widths are usually observed for multi-
mers as different organization around the cation can be observed,
resulting in an increase of conformational variations.*

In order to deduce a tridimensional structure of [1 + K]* from
ion mobility experiments, the IMS signal can be converted into

RSC Adv, 2020, 10, 31670-31679 | 31675
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Fig. 6 (a) Experimental IRMPD spectrum recorded in the fingerprint
region for the [1 + KI* complex. Overlay of experimental (in grey) and
theoretical (in red) harmonic vibrational spectra computed at the
B3LYP/6-31+G(d,p) level for (b) 1cK* and (c) 1eK* (scaling factor
0.974), convoluted with a 15 cm™* Lorentzian function.

CCS values. This implies first to perform the CCS calibration of
the ion mobility cell, and the experimental CCS values can then
be subsequently compared to calculated CCSs. The latters are
estimated by using the modified N, parameterized version of
the MOBCAL software, which converts cartesian coordinates
into CCS values. M06-2X calculations performed on the [1 + K]
ion were presently used to estimate the theoretical CCS values
(Table 1), to evaluate the three-dimensional conformation of 1
with K'. As the experimental CCS value is obtained from IMS
cell calibration, error of 3% can generally be observed between
CCScyp and CCSypeo.*® Consequently, the CCS values obtained
for the 1dK", 1eK" and 1fK" structures are in excellent agree-
ment with the experimental value measured. On the other hand,
no distinction between these three different conformations can
be achieved experimentally. Although IRMPD experiments
undoubtedly confirmed the presence of 1¢K', comparison of
CCScyp and CCSyye, values showed a difference of 8%. As
a matter of fact, the experimental CCSs determined with
a traveling wave ion mobility setup, depend dramatically on the
standard used to perform the mobility cell calibration. Poly-
alanine, a very widely-adopted CCS calibrant, was presently
used and is structurally very different from that aromatic
compound under investigation as much more unfolded. This
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Table 1 Experimental (CCSeyp) and theoretical (CCSieo) CCS values
for the [1 + KI* cation

CCSexp (A?) CCSiheo (A%)

199.5 + 2.6 1aK* 220.2
1bK* 207.0
1cK* 216.7
1dK* 200.1
1eK* 199.1
1fK* 198.7
1gK* 206.9
1hK* 212.1
1iK* 211.8
1jK* 211.1
1kK* 215.8
1IK* 207.6

might lead to underestimated CCSs, so that the actual experi-
mental CCSs values might be higher than that reported in Table
1.** Consequently, given the weak differences between the CCS
values of the different structures, and the potential uncer-
tainties associated with the estimate of both experimental and
theoretical CCSs, the presence of the 1¢K" structure cannot be
ruled out on the sole base of ion mobility measurements.

In conclusion, taking into account the combined mass and
IRMPD experiments, our results tend to confirmed that the
binding of 1 with K" most likely results in a combination of two
main complexes involving a carbonyl-cation interaction (1cK")
and a mixed sulphur/carbonyl-cation interaction (1eK").

BLM experiments

Different methods have been reported to demonstrate the
formation of ion channels (or nanopores) in model lipid
membrane.”»** Fluorescence spectroscopy, requiring lipid
vesicles, and electrophysiology, requiring planar lipid bilayers,
are the most used techniques. Fluorescence spectroscopy gives
a mean analysis of interactions occurring between the systems
studied and the lipid membrane. However, with unknown
systems for nanochannel applications, performing planar lipid
bilayer experiments (or ‘black lipid membrane’ BLM) presents
the advantage to provide the view of unique events, allowing for
the observation and characterization of unique nanochannels.
If well-defined structures are obtained, then analysis of the
molecular unit number forming the nanochannels can be
determined, providing inputs on the channel features. First,
tuning the concentration of the molecule is undertaken to find
the adequate conditions to have unique events, witnessing the
insertion of one channel in the lipid membrane.

We studied the interactions between 1 and the lipid membrane
depending on the concentration of 1, ranging from 29 puM to
20 nM, until discrete and reproducible current signals were ob-
tained. This choice was based on the concentration range found in
the literature.*** It is worth mentioning that each experiment was
performed at the same sampling frequency and the data analysis
was performed at the same filter frequency. The molecules 1 and 3
were both solubilised in THF and added in the chambers of the

This journal is © The Royal Society of Chemistry 2020
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BLM set-up, in order to overcome the potential detrimental effect
of a change of solvents.

Fig. 7 gives a representative example of the current versus
time trace and the corresponding current distribution, obtained
with a concentration of 1 and KCl of 29 uM and 1 M, respec-
tively, and an applied voltage of —100 mV.

Fig. 7A shows the perturbation of the membrane induced by
the presence of 1. Defined and discrete current variations were
detected, attributed to the insertion of 1 in the lipid bilayer and
its pulling out of the membrane. The histogram (Fig. 7B) rep-
resenting the number of events at each current, confirmed the
discrete jumps and revealed different populations of current
events. The typical analysis of the histogram consists in plotting
the current as a function of the number of channels.*® However,
despite the well-defined events, plotting this graph was here
impossible due to too many populations of current events. The
concentration of 1 was then gradually decreased until 20 nM to
get access to possible defined permeation structures.

Fig. 8 shows three different experiments, in the case of
a concentration of 1 of 20 nM, with [KCl] = 1 M and an applied
voltage of —100 mV.

The experiments, performed with a different membrane for each
experiment, reveal different behaviours. In the three experiments,
a flow of ions through the membrane in presence of 1 was observed
(Fig. 8A, C and E), proving the interactions of 1 with the lipid bilayer.
The corresponding histograms (Fig. 8B, D and F) gave different
information. First, it was possible to obtain single channels at
20 nM of 1, considering the reproducible current jumps in each
separate experiment revealed by the histograms. In Fig. 8B, the
discrete current was equal to —0.4 pA for an applied voltage of
—100 mV. In Fig. 8D, under identical conditions, a discrete current
of —1.4 pA was obtained. However, we can decipher another pop-
ulation with a lower occurrence, around —0.4 pA, not detected
during the data analysis. Noteworthy, these very low signals, at the
PA level, require a low filter frequency of 300 Hz, to allow for the
observation of the low current values. The difficulty to control or to
reproduce the permeation structure was also proved with the trace
of Fig. 8E and the corresponding histogram (Fig. 8F), which revealed
different populations of current events, with a difficulty to access to
a similar current jump, even at this concentration of 20 nM.

Another noticeable complementary point referred to the
difference observed on the permeation lifetime, ranging from
seconds (Fig. 8C) to minutes (Fig. 8A and E), comparable with
other synthetic nanochannels.” However, complete control of
the permeation structure revealed difficult to set.
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Fig. 7 (A) Current—time trace for an applied voltage of —100 mV, in
presence of 1 ([1] = 29 uM), with [KCl] = 1 M, (B) corresponding current
distribution.
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Fig. 8 (A, C and E) Current—time traces for an applied voltage of
—100 mV in presence of 1 ([1] = 20 nM-[KCl] = 1 M). (B, D and F)
Corresponding current distributions.

In conclusion, 1 was shown to be able to insert in a lipid
membrane and to form single channels. However, the vari-
abilities of the permeation structures and the permeation life-
times have to be mentioned. The hydrophobic character of 1
can explain the difficulty to control the permeation structures,
the self-assembly of 1 being possible, as shown with cyclic
peptide architectures.>**

In order to improve the control of the insertion, the Hydro-
philic-Lipophilic Balance (HLB) was changed, by grafting PEGss,
chains on 1, thus making 1 amphiphilic (3). It has been already
demonstrated that the presence of PEG on a channel does not
change the channel characteristics.”*** In addition, the incorpo-
ration of PEG chains was also envisioned to induce a control of the
permeation, as the PEG chains remain in contact with the aqueous
solutions. A concentration of 20 nM was studied for the evaluation
of 3 in a separate experiment, but in the same conditions as the
ones used for 1 including the same membrane.

Fig. 9 shows the BLM results and the data analyses carried
out in the case of a concentration of 3 of 20 nM, with [KCl] =1 M
and an applied voltage of —100 mV.

Fig. 9A and C show a flow of ions through the membrane
induced by the presence of 3, and prove the ability of 3 to insert in
the lipid bilayer as single nanochannels. The corresponding
histograms (Fig. 9B and D) demonstrate that the discrete current is
around —0.3 pA for an applied voltage of —100 mV. This current
corresponds to the minimal current obtained in the case of 1.
Indeed, considering the low current and the filter frequency used,
currents of —0.3 pA and —0.4 pA can be assimilated. That tends to
prove that the permeation structures of 3 correspond to the
permeation structure giving the lowest signal for 1.

It is also necessary to mention that the BLM results in Fig. 9A
were obtained with 3 added in both chambers, whereas the ones in
Fig. 8C were obtained with 1 added in one chamber only. Despite
different experimental conditions, the BLM data provide a rather
similar trend, and the permeation structures appear to be the
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Fig. 9 (A and C) Current—time traces for an applied voltage of
—100 mV for two separate experiments, in presence of 3 ([3] = 20 nM—
[KCll = 1 M) (B and D) corresponding current distributions.

same. It is known that pore-mediated transmembrane lipid
translocation (flip-flop) processes are involved in natural cells.>**
The presence of defects in the membrane due the amphiphilic
insertion of 3 in one leaflet of the bilayer allows for an increase flip-
flop rate of the lipids, and 3 may thus follows this translocation
trend, hence allowing the formation of the channel.

As reported by Y. El Ghoul et al** and by using the Hill's equa-
tion,* we expected to get information about the number of mole-
cules participating to the pore formation, by using different
concentrations of pore-forming molecules. As reported as an
example in ESI (Fig. S117), the permeation structures vary dramat-
ically in a short concentration range (histograms of the traces pre-
sented in Fig. S11B and Dt), preventing from any mechanism
analysis. However, the molecular structure of 3 is similar to the
structure described in the work of Mayer and co-workers,***
nanopores that were best fitted by the Tabushi model.*®

The presence of multiple permeation structures deserves
a comment. Most molecules able to be inserted in lipid bilayers
are reported to be amphiphilic. The carbon framework of 1
provides hydrophobicity only, driving to aggregates formation
in aqueous solutions. A large set of structures may therefore
destabilize the hydrophobic part of the lipid bilayer, allowing
for transient pore formation. Grafting a hydrophilic polymer on
helicene, compound 3, provides an amphiphilic compound,
and its insertion in the lipid bilayer is then governed mostly by
the unimers at the concentrations studied. Formation of
aggregates cannot be excluded at higher concentration and
a more complex pore structure would then be involved in
nanochannel formation. Concomitant insertion by single
molecules and aggregates may explain the large set of perme-
ation structures recorded in the BLM study.

Conclusions

In this paper, we succeeded in the preparation of helical pen-
tacyclic architectures. The helical topology comprises two
potential cation binding sites, namely a ketone and a carboxylic
ester group. The latter was found essential to modulate the
hydrophilic/hydrophobic balance of the overall molecular
structure. Concerning the interaction of the potassium with the
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helical building block, the combined theoretical and IRMPD
study shows that K" expectedly exhibits a particularly strong
affinity for the carbonyl groups and supports the formation of
a mixture of structures of similar stabilities that are 1¢cK" and
1eK'. Mass spectrometry experiments show that protonated
multimers are not generated under electrospray conditions. On
the other hand, formation of multimers with K is easily
observed, but MS/MS experiments are not conclusive concern-
ing their structure (losses of intact helicene units). Further,
helical platforms 1 and 3 are able to interact with a lipid
membrane and to form single channels. However, for these
systems, despite an improvement obtained with the amphi-
philic 3, variability in the permeation structures was evidenced.
The fact that the systems are not based on a rigid macrocyclic
scaffold could be an explanation for these results. Even if the
proof of concept that using helicene-like architectures as
synthetic nanochannels was obtained, it seems that the
permeation structures cannot be predicted, making the deep
characterization of the system difficult, in terms of structural
parameters and number of molecules involved in the pore
formation. However, the BLM analysis suggests that the
minimal permeation structure obtained by 1 and 3 is the same.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We are grateful to the CNRS and the University of Versailles
Saint Quentin-en-Yvelines. We thank the French Ministére de
I’Enseignement Supérieur et de la Recherche for funding (RP).
This work was supported by the French National Research
Agency under the Program Investing in the Future Grant no.
ANR-10-IDEX-0003-02 for a PhD fellowship to HB, and by
CHARMMMAT ANR-11-LABX-0039-grant for a post-doctoral
fellowship to SP. This work was granted access to the HPC
resources of CINES under the allocation 2019-A0060810812
made by GENCI. The authors wish to thank the CLIO team (J. M.
Ortega, C. Six, G. Perilhous, J. P. Berthet) as well as P. Maitre
and V. Steinmetz for their support during the experiments.

Notes and references

1 P. B. Persson and A. Bondke Persson, Acta Physiol., 2016, 218,
149-151.

2 S. Matile, A. Vargas Jentzsch, J. Montenegro and A. Fin,
Chem. Soc. Rev., 2011, 40, 2453-2474.

3 B. A. McNallyy, W. M. Leevy and B. D. Smith, in
Supramolecular Chemistry, Taylor & Francis Group, 2007,
vol. 19, pp. 29-37.

4 J. P. Gallivan and D. A. Dougherty, Proc. Natl. Acad. Sci. U. S.
A., 1999, 96, 9459-9464.

5]. C. Ma and D. A. Dougherty, Chem. Rev., 1997, 97, 1303~
1324.

6 D. A. Dougherty, Acc. Chem. Res., 2013, 46, 885-893.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05519k

Open Access Article. Published on 27 August 2020. Downloaded on 7/31/2025 8:24:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

7 S. K. Pal, T. Sahu, T. Misra, T. Ganguly, T. K. Pradhan and
A. De, J. Photochem. Photobiol., A, 2005, 174, 138-148.

8 S. K. Pal, S. Bhattacharaya, S. K. Batabyal, T. K. Pradhan and
T. Ganguly, J. Photochem. Photobiol., A, 2007, 189, 86-93.

9 T. Dutta, Y. Li, A. L. Thornton, D.-M. Zhu and Z. Peng, J.
Polym. Sci., Part A: Polym. Chem., 2013, 51, 3818-3828.

10 E. S. Meadows, S. L. De Wall, L. J. Barbour and G. W. Gokel, J.
Am. Chem. Soc., 2001, 123, 3092-3107.

11 Y. Hagiwara, H. Matsumura and M. Tateno, J. Am. Chem.
Soc., 2009, 131, 16697-16705.

12 L. Bellsolell, J. Prieto, L. Serrano and M. Coll, J. Mol. Biol.,
1994, 238, 489-495.

13 B. A. Cerda and C. Wesdemiotis, J. Am. Chem. Soc., 1996, 118,
11884-11892.

14 ]. F. Gal, P. C. Maria, M. Decouzon, O. M0, M. Yaiiez and
J. L. M. Abboud, J. Am. Chem. Soc., 2003, 125, 10394-10401.

15 B. K. Mishra, V. K. Bajpai, V. Ramanathan, S. R. Gadre and
N. Sathyamurthy, Mol. Phys., 2008, 106, 1557-1566.

16 G. W. Gokel and N. Barkey, New J. Chem., 2009, 33, 947-963.

17 R. Ferdani, L. J. Barbour and G. W. Gokel, J. Supramol.
Chem., 2002, 2, 343-348.

18 A. Ikeda and S. Shinkai, J. Am. Chem. Soc., 1994, 116, 3102—
3110.

19 N. Sharmah and P. K. Bhattacharyya, Mol. Phys., 2019, 117,
734-745.

20 Y. M. Zhang, Y. F. Li, K. P. Zhong, W. J. Qu, X. P. Chen,
H. Yao, T. B. Wei and Q. Lin, Soft Matter, 2018, 14, 3624—
3631.

21 T. Ogoshi, T. A. Yamagishi and Y. Nakamoto, Chem. Rev.,
2016, 116, 7937-8002.

22 N. Sakai, K. C. Brennan, L. A. Weiss and S. Matile, J. Am.
Chem. Soc., 1997, 119, 8726-8727.

23 M. M. Tedesco, B. Ghebremariam, N. Sakai and S. Matile,
Angew. Chem., Int. Ed., 1999, 38, 540-543.

24 J. Mareda and S. Matile, Chem. - Eur. J., 2009, 15, 28-37.

25 W. Si, L. Chen, X.-B. Hu, G. Tang, Z. Chen, ]J.-L. Hou and
Z.-T. Li, Angew. Chem., Int. Ed., 2011, 50, 12564-12568.

26 R. Wang, Y. Sun, F. Zhang, M. Song, D. Tian and H. Li,
Angew. Chem., Int. Ed., 2017, 56, 5294-5298.

27 H. Boufroura, S. Poyer, A. Gaucher, C. Huin, J. Y. Salpin,
G. Clavier and D. Prim, Chem. - Eur. J., 2018, 24, 8656-8663.

28 A. Souibgui, A. Gaucher, J. Marrot, F. Aloui, F. Mahuteau-
Betzer, B. Ben Hassine and D. Prim, Eur. J. Org. Chem.,
2013, 2013, 4515-4522.

29 S. Tristram-Nagle, D. J. Kim, N. Akhunzada, N. Kuerka,
J. C. Mathali, J. Katsaras, M. Zeidel and ]J. F. Nagle, Chem.
Phys. Lipids, 2010, 163, 630-637.

30 Z. Eskandani, T. Le Gall, T. Montier, P. Lehn, F. Montel,
L. Auvray, C. Huin and P. Guégan, Eur. Phys. J. E, 2018, 41, 132.

31 A. Halperin, Langmuir, 1999, 15, 2525-2533.

32 R. E. Dawson, A. Hennig, D. P. Weimann, D. Emery,
V. Ravikumar, J. Montenegro, T. Takeuchi, S. Gabutti,
M. Mayor, J. Mareda, C. A. Schalley and S. Matile, Nat.
Chem., 2010, 2, 533-538.

33 H. G. Gika, G. A. Theodoridis, M. Earll, R. W. Snyder,
S. J. Sumner and I. D. Wilson, Anal. Chem., 2010, 82, 8226—
8234.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

34 R. Prazeres, F. Glotin, C. Insa, D. A. Jaroszynski and
J. M. Ortega, Eur. Phys. J. D, 1998, 3, 87-93.

35 L. Mac Aleese, A. Simon, T. B. McMahon, J. M. Ortega,
D. Scuderi, J. Lemaire and P. Maitre, Int. J. Mass Spectrom.,
2006, 249-250, 14-20.

36 A. Simon, L. MacAleese, P. Maitre, J. Lemaire and
T. B. McMahon, J. Am. Chem. Soc., 2007, 129, 2829-2840.

37 C. C. He, B. Kimutai, X. Bao, L. Hamlow, Y. Zhu,
S. F. Strobehn, J. Gao, G. Berden, J. Oomens, C. S. Chow
and M. T. Rodgers, J. Phys. Chem. A, 2015, 119, 10980-10987.

38 M. Katari, E. Nicol, V. Steinmetz, G. van der Rest,
D. Carmichael and G. Frison, Chem. - Eur. J., 2017, 23,
8414-8423.

39 T. Yamagaki and A. Sato, J. Mass Spectrom., 2009, 44, 1509-
1517.

40 C. Lapthorn, F. S. Pullen, B. Z. Chowdhry, P. Wright,
G. L. Perkins and Y. Heredia, Analyst, 2015, 140, 6814-6823.

41 M. F. Bush, Z. Hall, K. Giles, J. Hoyes, C. V. Robinson and
B. T. Ruotolo, Anal. Chem., 2010, 82, 9557-9565.

42 D. ]. Aidley and P. R. Stanfield, Ion Channels: Molecules in
Action, Cambridge University Press, 1996.

43 B. Hille, Ionic Channels of Excitable Membranes, Sinauer
Associates Inc., Sunderland, MA, 1992.

44 Y. El Ghoul, R. Renia, I. Faye, S. Rassou, N. Badi,
V. Bennevault-Celton, C. Huin and P. Guégan, Chem.
Commun., 2013, 49, 11647-11649.

45 H. Mamad-Hemouch, H. Ramoul, M. Abou Taha, L. Bacri,
C. Huin, C. Przybylski, A. Oukhaled, B. Thiébot,
G. Patriarche, N. Jarroux and J. Pelta, Nano Lett., 2015, 15,
7748-7754.

46 J. K. W. Chui and T. M. Fyles, Org. Biomol. Chem., 2014, 12,
3622-3634.

47 N. Sakai and S. Matile, J. Am. Chem. Soc., 2003, 125, 14348~
14356.

48 L. Bacri, A. Benkhaled, P. Guégan and L. Auvray, Langmuir,
2005, 21, 5842-5846.

49 N. Sakai and S. Matile, Langmuir, 2013, 29, 9031-9040.

50 M. Danial, C. M. N. Tran, K. A. Jolliffe and S. Perrier, J. Am.
Chem. Soc., 2014, 136, 8018-8026.

51 J. Montenegro, M. R. Ghadiri and J. R. Granja, Acc. Chem.
Res., 2013, 46, 2955-2965.

52 N. Badi, L. Auvray and P. Guégan, Adv. Mater., 2009, 21,
4054-4057.

53 P. Prangkio, D. K. Rao, K. D. Lance, M. Rubinshtein, J. Yang
and M. Mayer, Biochim. Biophys. Acta, Biomembr.,2011, 1808,
2877-2885.

54 M. Doktorova, F. A. Heberle, D. Marquardt, R. Rusinova,
R. L. Sanford, T. A. Peyear, J. Katsaras, G. W. Feigenson,
H. Weinstein and O. S. Andersen, Biophys. J., 2019, 116,
860-873.

55 A. A. Gurtovenko and I. Vattulainen, J. Phys. Chem. B, 2007,
111, 13554-13559.

56 A. V. Hill, J. Physiol., 1910, 40(supp. i-vii), 190-224.

57 M. Mayer and J. Yang, Acc. Chem. Res., 2013, 46, 2998-3008.

58 I. Tabushi, Y. Kuroda and K. Yokota, Tetrahedron Lett., 1982,
23, 4601-4604.

RSC Adv, 2020, 10, 31670-31679 | 31679


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05519k

	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...
	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...
	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...
	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...
	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...
	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...
	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...
	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...
	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...
	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...

	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...
	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...
	Helically shaped cation receptor: design, synthesis, characterisation and first application to ion transportElectronic supplementary information (ESI)...


