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An arm modification strategy, by replacing relatively rigid, electron-
deficient side arms with flexible ether chain arms and linking them
onto a tetraoxacalix[2]arene[2]triazine skeleton, was utilized to
design an artificial molecular hourglass. The planar bilayer experi-
ments confirmed the unimolecular channel mechanism and sug-
gested reversed ion selectivity from the previously reported anion
selectivity to weak cation selectivity.

Ion homeostasis—the intracellular and extracellular ion
concentration balance state, is of vital importance for normal
physiological functions of cells and organisms.' Ion channels
and ion transporters play key roles in the regulation of ion
homeostasis and cellular functions. Chloride channels, for
example, are responsible for stabilizing the resting membrane
potential, regulating electrical excitability, producing transe-
pithelial fluid and maintaining cellular volume."* Malfunction
or defectiveness of chloride channels could lead to serious ion
channelopathies such as cystic fibrosis (CF),? Batter’s syndrome
and Dent’s disease.>* CIC Cl~ channels represent the main
family of chloride channels and possess characteristics of high
Cl7/K" selectivity and coupling behaviour between ion conduc-
tion and gating.® The unique functions of CIC Cl~ channels are
determined by the hourglass-shape pore and selectivity filter.
The filter locates at the narrowest centre of the pore and
provides partially charged binding sites to stabilize and permit
rapid diffusion of chloride. The mysterious structure and
function of CIC CI” channels inspired chemists to design
simple molecular models to explore the structure-function
relationship and to probe the structural principle of the channel
protein, as well to explore the potential applications of artificial
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channel molecules in biomedicine, drug delivery and sensors,
and for diagnosis and therapy.®”’

Two structural principles, ie., macrocyclic skeleton (self-
assembled or single macrocycle) and non-covalent driving
forces (binding sites), are usually the key concerns for designing
synthetic chloride channel molecules. Despite the importance in
fundamental science and biology, it is extremely difficult to
construct artificial channels that show high CI7/K" selectivity
as the natural channel protein does because of the large size
and high hydration energy of chloride in comparison with
potassium.® In previous work, we have designed the molecular
hourglass 1 using (1) tetraoxacalix[2]arene[2]triazine as the cen-
tral and narrow part, (2) electron-deficient aromatic imides
tethered by glycol chains on both sides of the macrocycle as
the extending arms, and (3) phenylalanine moieties as the
terminal heads (Fig. 1a).® The advantages of the functional
central macrocycle and anion—r driving force endowed moderate
Cl7/K" selectivity (Pc; /Px+ = 1.90). Furthermore, a “mutation”
strategy through replacing the inert benzene rings with active
phenol rings enabled a cooperative anion-n and hydrogen
bonding interaction mode at the central macrocycle.”” Such
structural change provided a second molecular hourglass with
high CI™ selectivity (P¢;-/Pg+ up to 12.31). Besides, owing to the
sensitivity of terminal phenylalanine moieties to the environ-
ment, the second molecular hourglass showed pH-dependent
transport behaviours. As a key constructive component of the
molecular hourglass, we wondered how the electron-deficient
arms would affect the chloride transport selectivity. To probe the
contribution of the hourglass arms, we herein designed a new
molecular hourglass 2 through an arm modification strategy on
the initial molecular hourglass 1 (Fig. 1b). Specifically, electron-
rich 1,3-dialkoxybenzene moieties are applied instead of
electron-deficient aromatic imides as the main component of
the arms. The synthesis, ion transport activity, and ion selectivity
of molecular hourglass 2 are presented.

The artificial molecular hourglass 2 was synthesized smoothly
through monomer preparation, one-pot macrocyclization, and
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Fig. 1 The structures and electrostatic potentials of artificial molecular
hourglass 1 (a) and 2 (b). Blue and red bars represent electron-deficient
and electron-rich regions, respectively.

subsequent derivatizations (Scheme 1, also see ESI,t Section S2).
Starting with commercially available raw materials of resorcinol
and two alkyl bromides, primary amine fragment 5 was firstly
prepared with modest yield. The pivotal resorcinol monomer
6 was obtained by condensation reaction between 5 and
3,5-dihydroxybenzoic acid. One-pot macrocyclization between
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Scheme 1 The synthesis of artificial molecular hourglass 2.
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resorcinol monomer 6 and cyanuric chloride produced tetra-
oxacalix[2]arene[2]triazine macrocycle 7 in 30% yield. Nucleo-
philic substitution reaction between 7 and primary amine
fragment 5 provided the precursor compound 8 in 79% yield.
The benzyl groups of 8 were removed under H, gas with Pd/C to
afford the target molecular hourglass 2 in 32% yield.

The anion and cation association ability of artificial molecular
hourglass 2 was initially assessed through 'H NMR titration
experiments. Upon the gradual addition of Bu,N'Cl™ to the
solution of 2 in ds-acetone, proton H14 within the macrocycle
cavity shifted upfield, and then downfield, and protons H12 and
H13 moved downfield continuously (Fig. 2c and Fig. S1, ESIf),
which suggested anion-n binding between CI™ and the triazine
rings.’*'® The continuous downfield motion of amide proton H11
and amino proton H11’ indicated hydrogen bonding interactions
between Cl~ and these two kinds of protons. The peak shape
variation of protons H5 and H5', and partial downfield movement
of aryl protons (H4, H6, H7, etc.) and alkyl protons (H1, H10, etc.)
manifested the non-covalent interactions between arm compo-
nents with C1”. Compared with Cl~, with the continuous addition
of K'PF,~, these protons showed relatively smaller chemical shift
changes (A0 < 0.08 ppm, Fig. 2b and Fig. S2, ESIt). However,
these changes still disclosed non-covalent contact of K™ to the
components of the molecular hourglass. The titration experi-
ments indicated that 2 possessed the ability to bind Cl~ and K,
but showed stronger affinity toward Cl™ (association constant:
K, =1067.0 = 28.8 M ', K, = 23.1 + 0.2 M}, with a 1:2 host-
guest stoichiometry) than K* (K; = 242.9 £ 352 M ', K, = 4.2 +
0.1 M) (Table S1, ESI?).
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Fig. 2 (a) Proton chemical shift of 2 (1 x 10~ mol L™%) and chemical shift
changes upon addition of (b) K*PFg™ (46.4 x 10~ mol L™ or (c) BusN*Cl™
(45.4 x 1073 mol L™ in dg-acetone at room temperature. For clarity,
partial spectra are shown.

This journal is © The Royal Society of Chemistry 2023
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The bilayer lipid membrane inserting ability and channel-
forming potential of artificial molecular hourglass 2 were
primarily evaluated by a vesicle fluorescent assay.”'! For this
assay, a halogen-sensitive fluorescent dye, lucigenin, was uti-
lized as an indicator, which was encapsulated into vesicles
prepared with egg yolk phosphatidylcholine (EYPC). The EYPC
vesicles containing NaNO; buffer solution (pH = 7.0) inside
were suspended into M'CI™ buffer solution (M = Li, Na, K, Rb,
or Cs, pH = 7.0) to establish a M'Cl™ concentration gradient
across the lipid membrane (Fig. S3, ESIt). The M'Cl™ flow
across the vesicle membrane mediated by molecular hourglass
2 was checked by monitoring the fluorescence intensity
variation of lucigenin. With the addition of molecular hour-
glass 2, the fluorescence intensity decreased gradually with
time (Fig. S4, ESIT), which indicated that 2 possessed the ability
to embed into the lipid membrane to transport ions across the
membrane. However, when the concentration of 2 increased to
about 25 uM (ratio of 2 to lipid = 18.5 mol%) in the vesicle
fluorescent assay, a precipitation phenomenon was observed,
which was possibly caused by the poor solubility of 2 in buffer
solutions. Due to this unexpected situation, the attempt
to obtain the half-maximal effective concentration (ECs,) from
fitting of the dose-response curve with the Hill equation failed.

The incorporating capability of artificial molecular hour-
glass 2 into planar lipid membrane was further investigated
through a planar bilayer lipid membrane conductance measure-
ment experiment (BLM). In the BLM tests, 1,2-diphytanoyl-sn-
glycero-3-phosphocholine (DPhPC) was applied to form a planar
lipid membrane around a small pore (diameter: ca. 200 pm) on a
recording cup.'? The lipid membrane separated the chamber
and cup into cis and trans sides, which were filled with KCI bath
solution (1.0 M, 1.0 mL) with an Ag/AgCl electrode immersed
into each side. After adding channel molecules into the cis
chamber side and applying voltage across the planar membrane,
channel current signals can be recorded with time. With the
addition of molecular hourglass 2 (1.0 pL THF solution, final
concentration: 1.0 uM) to the cis side and stirring for a few
minutes, a voltage in the range of —150 mV to +150 mV was
applied successively. In current traces, representative and repro-
ducible square-top channel current signals were observed
(Fig. 3a, b and Fig. S6, ESIf), which corresponded to the
conversion of the “open” and “closed” state of the ion channel,
and definitely confirmed that artificial molecular hourglass 2
spanned the lipid bilayer and transported ions through the
channel mechanism. The current-voltage plot is shown in
Fig. 3c, which presents a linear current-voltage relationship,
giving a slope conductance value of 18.9 £ 0.7 pS by linear fit.

The ion selectivity of artificial molecular hourglass 2 was
also studied with a BLM test in asymmetric KCI bath solutions
(cis/trans = 1.0 M/0.25 M). The reversal potential (V,) was
obtained to be —9.37 mV from linear fit of the current-voltage
relationship under KCl concentration gradient conditions
(Fig. 3d). Using this reversal potential, the CI /K" permeability
ratio Pq-/Pgx+ was determined to be 0.54 with the Goldman-
Hodgkin-Katz equation. This value was relatively smaller than
previously reported ones for anion-selective molecular
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Fig. 3 Current traces of 2 at (a) 150 mV and (b) 120 mV in symmetrical KCl
bath solutions (cis/trans = 1.0 M/1.0 M). |-V plots under (c) symmetrical
(cis/trans = 1.0 M/1.0 M) and (d) asymmetric (cis/trans = 1.0 M/0.25 M) KCl
bath solutions. Reversal potential V, = —9.37 mV.**!® The final concen-
tration of 2 is 1.0 uM.

hourglass channels (Pg-/Py+ = 1.90° and 4.17°%, respectively).
The permeability ratio unambiguously indicated that opposite
to its analogues, artificial molecular hourglass 2 was a cation-
selective channel and slightly preferred K' transport over Cl~.
The comparatively weak K* ion selectivity'* may be attributed to
the following aspects: (1) the electron-rich arms of 2 could not
efficiently compensate the dehydration sacrifice of Cl™ as the
electron-deficient arms of 1 did, which largely obstructs the
transmembrane transport of Cl~, but facilitates that of K
(hydration energy of CI~ and K*: 381 vs. 322 kJ mol ™ ); (2) K*
is smaller than Cl~ in size (radius: 1.38 vs. 1.81 A),"® so it could
pass through the narrow central skeleton more easily. To
further verify our presumptions, we investigated the ion selec-
tivity using ion pairs in terms of different hydration ion radii
and hydration energies.>*® The results showed Cl~/Mg>" (P -/
Pyge+ = 0.62), K'/Cs" (Pg:/Posr = 1.29), CI/Br (Pg-/Pg,- =
136.59) and K" > Mg>" selectivity. These results highlight the
effects of both ion size and hydration energy (Fig. S8, ESIT).
Thus, the smaller size and lower hydration energy of K,
combined with the effective compensation of dehydration
sacrifice by the channel molecule may contribute to the weak
cation selectivity of 2.

In conclusion, utilizing a side arm modification strategy to
tether relatively flexible and electron-rich phenyl alkyl ether
chain side arms to a tetraoxacalix[2]arene[2]triazine macro-
cyclic model scaffold, a neoteric artificial molecular hourglass
was designed and synthesized. This molecular hourglass can
effectively embed into an artificial lipid bilayer membrane and
participate in transmembrane ion transport through a unim-
olecular channel mechanism. Possibly due to a balance effect
involving ion size, hydration energy, and the efficient compen-
sation of ion dehydration sacrifice, a weak cation selectivity was
resulted in contrast to its previously reported analogues with
electron-deficient arms. These observations revealed that, by
restructuring the side arms of an artificial molecular hourglass,
the ion transport selectivity can be conveniently and
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purposefully regulated. Thus, these artificial molecular hour-
glass channels may find applications in modulating ion home-
ostasis. Moreover, the transport activity of the elegantly
designed molecular hourglass in living cells is highly attractive,
which is an ongoing interest in our laboratory.
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