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channel protein (TRPAL) in a synthetic system. This tubular molecule can effectively embed into lipid

bilayers and form transmembrane channels, thereby mediating cation transport. Furthermore, due to its
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The cellular ion homeostasis is of vital importance for many
physiological functions, and the regulation and maintenance of
this ion gradient are implemented by natural proteins on the
cell membrane with transmembrane transport capabilities." For
example, the transient receptor potential A1 (TRPA1) channel
protein is proposed to function as a sensor of the somatosen-
sory nervous system.”> It can be activated by environmental
stimuli, and facilitate the influx of extracellular cations, thereby
initiating neural signal transmission. Compelling studies have
demonstrated the presence of an ion transport pathway formed
by pore-helices in the transmembrane domain of TRPA1
channel proteins, wherein the Asp 915 residue, positioned
centrally in this pathway, plays a crucial role as an integral
component of its selectivity ion filter (Fig. 1).> The carboxyl
group of Asp 915 can facilitate the dehydration process of
hydrated cations and stabilize the cations through electrostatic
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Fig. 1 Structural features of TRPAL
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carboxyl-modified ion permeation pathway, the transport activity of this artificial channel can be
modulated by the pH of the buffer solution.

interactions, thereby promoting the transmembrane transport
of cations.*

The engaging details and diverse functionalities of native ion
channels have sparked the curiosity of chemists, prompting
extensive research in recent years to mimic natural channel
proteins within synthetic systems.>® These researches strive to
deepen our understanding of the underlying transport mecha-
nisms of natural ion channels and uncover novel therapeutic
options for channel-related diseases. However, the reconstruc-
tion of a stable ion permeation pathway resembling natural
channel proteins within an artificial system and the incorpo-
ration of key functional groups such as Asp 915 found in TRPA1
to facilitate transmembrane ion transport pose significant
challenges.

Previously, we found that the hybrid molecules comprising
a-cyclodextrin (a-CD) and pillar-[5]arene possess the remark-
able ability to construct single-molecule tubular architectures,
which can create stable ion permeation pathways within
membranes.” The use of click reactions between scaffold
molecules to construct this tubular molecules provide
a simplified approach for synthesizing single-molecular artifi-
cial ion channels. Furthermore, the a-CD modules within these
tubular molecules possess multiple modifiable sites, offering
the potential for the incorporation of key functional groups,
thus enabling the development of functionalized artificial
transmembrane transport systems. Herein, we have introduced
multiple carboxyl groups into the «-CD modules of the hybrid
molecule. The hybrid molecule 7 was prepared by the click
reaction of the corresponding ester-functionalized azido-o-
cyclodextrin 5 and bialkynyl-pillar[5]arene 6. Then, the ethyl
ester group deprotection of 7 afforded tubular molecule 1
(Fig. 2), and the structure of 1 were characterized by nuclear
magnetic resonance (NMR) spectroscopy and mass spectrom-
etry (ESI, Section S2+).
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R = OCH,COOCH,CH,
5

( 7: R'= OCH,COOCH,CH;
1: R = OCH,COOH

Fig.2 Synthesis and structural features of channel 1: (a) CuSO4-5H,0,
sodium ascorbate, DMSO, r.t.; (b) LIOH-H,O, MeOH/H,0, r.t.

Computational studies reveal that this molecule is capable of
adopting a stable tubular conformation and possesses
a carboxyl-modified ion permeation pathway (ESI, Section S37),
which shares structural features resembling the ion transport
pathway observed in TRPA channel proteins, potentially serving
as synthetic analogues of TRPA channel proteins (Fig. 3).

The ionophoric capability of compound 1 was initially eval-
uated using assays with 8-hydroxypyrene-1,3,6-trisulfonic acid
trisodium salt (HPTS).® In this experiment, the pH-sensitive dye
HPTS was encapsulated within egg yolk phosphatidylcholine
(EYPC) liposomes (pH = 7.0), and subsequently exposed to a pH
gradient by introducing these liposomes into a buffer solution
with a pH of 6.0 (Fig. 4a). Upon adding varying concentrations
of 1 to the liposome suspensions, a significant increase in
fluorescence intensity was observed for HPTS as the concen-
tration of compound 1 increased (Fig. 4b), indicating that this
tubular molecule could be inserted into the lipid bilayer and
mediated the transmembrane transport of ions. From the Hill
analysis of the dose-response curves, the ECj;, (effective
concentrations required for 50% activity) value was determined
to be 0.75 + 0.13 (Fig. 4¢).° The calculated Hill coefficients (1) of
1 indicated a value of 1.06 + 0.15, suggesting that this tubular
molecule mediates ion transport in a single-molecular manner.

Because the ion permeation pathway of tubular molecule 1
bears multiple carboxyls, we envisioned that the pH value of the
buffer solution may influence the membrane-incorporation
ability and ion transport activity of this molecule. To investi-
gate this possibility, the ionophoric capabilities of 1 were tested
by using HPTS-assays under different pH values. We introduced
EYPC liposome suspension (pH = 7.0) containing HPTS into
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Fig. 3 The molecular design and optimized structures of channel 1.
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Fig. 4 (a) Schematic representation for the HPTS assay. (b) Changes in
the relative fluorescence intensity of HPTS (iex = 460 nm, Ay, = 510
nm) in vesicles with time in the presence of varying concentrations of 1
(molar ratio relative to lipid, represented by x). (c) Changes in
normalized fluorescent intensity of HPTS in vesicles with the
concentration of 1. Curve-fitting analyses were carried out by the Hill
equation.

buffer solutions with pH values of 4.0, 5.0, 6.0, 8.0, 9.0, and 10.0
respectively. After addition of 1, the fluorescence intensity of
HPTS was continuously monitored for 6.5 minutes. As shown in
Fig. S22, upon exposure of liposomes to an acidic external
buffer solution (pH 4.0, 5.0, or 6.0), a significant increase in the
fluorescence intensity of HPTS is observed, suggesting that
tubular molecule 1 can efficiently insert into the membrane and
facilitate ion transport in an acidic milieu. Interestingly, under
alkaline conditions (pH 8.0, 9.0, or 10.0), there is only a slight
increase in the fluorescence intensity of HPTS, indicative of
a substantial decrease in the ionophoric capacity of this mole-
cule in a basic environment. To further quantitatively assess the
ionophoric abilities of the tubular molecule in acidic and
alkaline environments, we also conducted a transport experi-
ment of 1 over a concentration ramp under the condition of
alkaline external buffer solution (pH = 8.0) (Fig. 5). From the
Hill analysis of the dose-response curves, the ECs, value was
determined to be 3.96 & 0.60, which is 5.3 times higher than the
corresponding ECs, value under acidic condition (pH = 6.0),
indicating that the ionophoric abilities of such molecule under
acidic conditions is significantly higher than that under alka-
line conditions. This observation may be attributed to the
deprotonation of multiple carboxyl groups within the ion
transport pathway of the tubular molecule in alkaline environ-
ments, which changes the amphiphilicity of this molecule,
thereby reducing its membrane integration capability and
ionophoric ability.
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Fig. 5 (a) Schematic representation for the HPTS assay under alkaline
condition. (b) Changes in the relative fluorescence intensity of HPTS
(Aex = 460 NM, demm = 510 nm) in vesicles with time in the presence of
varying concentrations of 1 (molar ratio relative to lipid, represented by
X). (c) Changes in normalized fluorescent intensity of HPTS in vesicles
with the concentration of 1. Curve-fitting analyses were carried out by
the Hill equation.
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Then, the transmembrane transport activities of 1 towards
alkali metal ions were investigated by the HPTS assay.® Briefly,
EYPC liposomes were filled with HPTS and 100 mM MCI (M =
Li', Na", K*, Rb", Cs") in a HEPES buffer (10 mm, pH 7.0). The
LUVs were suspended in an external HEPES buffer (10 mm, pH
6.0) containing 100 mM NaCl. After addition of 1 (x = 0.8%), the
fluorescence intensity of HPTS was continuously monitored for
6.5 minutes. As seen in Fig. 6b, tubular molecule 1 demon-
strates effective transmembrane transport of tested cations, and
the transport activities of this molecule towards alkali metal
ions are in the order of K" > Li" = Na" >Rb" = Cs". The above
observation not only provides clear evidence for the role of
alkali metal ions as transport species in transmembrane
transport processes, but also excludes the possibility of H'/Cl~
symport and Cl /OH antiport serving as primary charge-
balancing mechanisms during such processes, since they
inherently preclude the participation of alkali metal cations.™

To gain deeper insights into the transport mechanisms of
this molecule, we employed two commercial agents: FCCP
(carbonyl cyanide 4-(trifluoromethoxy) phenyl hydrazone) as an
H' transporter and VA (valinomycin) as a K" carrier, in the HPTS
assays, respectively.’®»'? The efflux of K' facilitated by this
channel needs to be accompanied by either the influx of H' or
the efflux of OH™ in order to maintain electrical neutrality. If the
transport rates of H" or OH™ are slower than that of K, the
presence of FCCP will result in an increase in fluorescence
intensity observed from the HPTS dye. In the FCCP-HPTS assay,
compound 1 (x = 0.8%) exhibited a transport efficiency of
44.0%, while FCCP (0.5 pM) showed a transport efficiency of
10.4% (Fig. 7). However, when both 1 and FCCP were simulta-
neously introduced into the LUVs suspension, there was
a significant increase in the fluorescence intensity of HPTS to
77.0%. These findings suggest that co-injected FCCP enhances
the rate of H' transportation, implying that the transport rate of
either H" or OH™ across the membrane is significantly slower
compared to the compound 1-mediated transport of K ions.
These observations have also been verified in the VA-HPTS assay
(see Fig. S24 in the ESI{).

To further elucidate the transport mechanism and
membrane behaviour of tubular molecule 1, its planar bilayer
conductance was measured (ESI, Section S91)."* Two chambers,
each containing a 1.0 M KCI solution, were separated by
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Fig. 6 (a) Schematic representation for the HPTS assay with varied
internal metalions (M* = Li*, Na*, K*, Rb* and Cs*). (b) Changes in the
fluorescence intensity of cation transport activity test of 1 (x = 0.8%).
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Fig. 7 (a) Schematic representation for the FCCP-HPTS assay. (b)
Changes in the fluorescence intensity of HPTS after the addition of 1
and FCCP.

diphytanoylphosphatidylcholine (diPhyPC). Then, add a DMSO
solution containing 1 into the cis chamber to achieve a final
concentration of 0.25 uM. In the presence of this compound,
regular square-like single channel currents were observed upon
the application of multiple voltage levels (+100, +80, —80 and
—100 mV) across the membrane (Fig. 8). These findings provide
compelling evidence that this tubular molecule can be incor-
porated into lipid bilayers, thus forming transmembrane
channels." The -current-voltage (I-V) curves for artificial
channel was derived from bilayer lipid membrane (BLM) elec-
trophysiology measurements conducted at varying voltages,
exhibiting a linear relationship in the range of —100 to +100 mV
(Fig. 8e). Utilizing this I-V curve, the conductance (y) of 1 was
calculated to be 20.4 £ 0.5 pS. Additionally, the K'/Cl~ selec-
tivity of this artificial channel was evaluated by measuring the I-
V curve in asymmetrical KCI solutions (see Fig. S26 in the
ESIT).!® The permeability ratio (P) for K" and Cl~ was calculated
using the Goldman-Hodgkin-Katz equation, resulting in a PK'/
PCI™ value of 2.8. The above results indicate that this tubular
molecule can serve as an artificial cation channel.

In conclusion, inspired by the ion permeation pathway
modulated by carboxyl groups in the natural cation channel
protein TRPA1, we have developed a novel artificial trans-
membrane channel by rebuilding this pathway in a synthetic
system. The carboxyl-modified ion permeation pathway in this
artificial channel can be easily established via click reactions

among the modular components. The vesicle-based
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Fig. 8 Current traces through a planar lipid bilayer in 1.0 M KCl at
a potential of (a) +100 mV, (b) +80 mV, (c) =80 mV and (d) —100 mV in
the presence of 1. (e) /-V curve of 1 (0.25 uM) in the planar lipid bilayer
in a symmetrical 1.0 M KCl solution.
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transmembrane transport assays and BLM electrophysiology
measurements have confirmed that this artificial channel can
effectively embed into lipid bilayer membranes and form
transmembrane channels, thereby mediating the trans-
membrane transport of cations. Additionally, due to the
carboxyl-modified ion permeation pathway of such channels,
their transmembrane transport activity can be modulated by the
pH of the external buffer solution. These findings could
enhance our understanding of the structure-function relation-
ship in natural channel proteins and potentially have applica-
tions in molecular devices and channel-related drug discovery.
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