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an artificial systemt
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CFTR (Cystic Fibrosis Transmembrane Conductance Regulator), a naturally occurring anion channel

essential for numerous biological processes, possesses a positively charged ion conduction pathway

within its transmembrane domain, which serves as the core module for promoting the movement of

anions across cell membranes. In this study, we developed novel artificial anion channels by rebuilding

the positively charged ion permeation pathway of the CFTR in artificial systems. These synthetic

molecules can be efficiently inserted into lipid bilayers to form artificial ion channels, which exhibit
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a preference for anions during the transmembrane transport process. More importantly, the positively

charged amino acid residues located in the ion permeation pathway of these artificial channels can
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Introduction

The transmembrane transport of anions is crucial for many
physiological processes, such as regulating cellular pH and
maintaining cell volume and osmotic balance." Normally, the
anion homeostasis of cells is regulated by native proteins,
which mediate the anion transport through the “carrier” or
“channel” mechanism.? CFTR (Cystic Fibrosis Transmembrane
Conductance Regulator) is one of the most important anion
channels expressed in many different cell types (Fig. 1a).® Unlike
general integral membrane proteins, which predominantly
contain hydrophobic residues to form transmembrane
segments,* CFTR possesses unique transmembrane domains
(TMDs) that incorporate a significant number of arginines and
lysines.> Furthermore, differently from the traditionally
accepted ‘positive-inside’ rule, some positively charged amino
acid residues reside within the ion permeation pathway formed
by the TMDs of CFTR. Therefore, the inverted funnel-shaped
ion permeation pathway is highly positive and lined with
polar and charged residues, which provide a high affinity for
anions and offer an electrostatic barrier to the entry of cations

“State Key Laboratory of Antiviral Drugs, Pingyuan Laboratory, NMPA Key Laboratory
for Research and Evaluation of Innovative Drug, School of Chemistry and Chemical
Engineering, Henan Normal University, 46 Jianshe Road, Xinxiang 453007, Henan,
China. E-mail: syonghui1994@163.com; pyxin27@163.com; Tel: +86 373 3328652
*Centre in Artificial Intelligence Driven Drug Discovery, Faculty of Applied Sciences,
Macao Polytechnic University, Macao 999078, China. E-mail: jguo@mpu.edu.mo

T Electronic  supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d4s5c06893a

1 These authors contributed equally to this work.

© 2025 The Author(s). Published by the Royal Society of Chemistry

promote the transmembrane transport of anions through electrostatic interactions, which is consistent
with the mechanism of anion transmembrane transport achieved by CFTR.

into the channel pore (Fig. 1b).* The dysfunction of CFTR will
lead to dysregulation of anion transport, which is associated
with a number of diseases known as “channelopathies”, such as
cystic fibrosis (CF).”

On account of the fact that natural anion channels play an
important role in various physiological processes, attempts to
use artificial systems to mimic the natural anion channels have
emerged in recent years.® Various structural elements such as
rigid rods,” o-aminoxy acids,’ macrocycles," iso-
phthalamides,** diols," peptide derivatives,"* and other struc-
tures,* are used as scaffolds to construct anion channels. These
elegant alternatives could serve as simplified models to under-
stand the transport mechanism of natural anion channels and
may find potential applications in channel-related drug

discovery.'® However, the topological structure and anion
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Fig.1 (a) Structural features of CFTR, with positively charged residues

located within the ion transport pathway highlighted in purple. (b)
Schematic representation of the inverted funnel-shaped ion perme-
ation pathway.
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Fig.2 (a) Molecular design of the artificial channels 1-2. (b) Schematic
representation of anion channels hypothesized to form by 1-2 in
a lipid bilayer.
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recognition mechanisms in most of the reported examples are
quite different from those in natural anion channels, which
may bring uncertainty to further biological applications. Hence,
there is still plenty of scope for further exploration of new
synthetic anion channels with more structural features and
transport behaviors similar to those of native anion channels.
Herein, we designed two synthetic anion channels by rebuilding
the positively charged ion permeation pathway of CFTR in
artificial systems. These anion channels not only possess
similar core modules to their natural prototypes but also exhibit
comparable transport behavior, which have the potential to
serve as biomimetic alternatives to CFTR.

a-Cyclodextrin (a-CD) possesses a bucket-shaped cavity with
an inner diameter of =5.0 A, which is the ideal scaffold for
constructing synthetic channels.” By attaching multiple posi-
tively charged peptide chains to the primary hydroxy groups of
a-CD, we could rebuild the positively charged and inverted
funnel-shaped ion permeation pathway of CFTR in an artificial
system.® To enhance the membrane-incorporation ability,
multiple tryptophan (Trp) residues were introduced at the ends
of the tubular molecules 1 and 2 (Fig. 2a).'®* We envisioned that
the design above allows us to rebuild the core modules of CFTR
in an artificial system, mimicking the structural features and
transport behavior of native anion channels (Fig. 2b).

Results and discussion

We prepared tubular molecules 1 and 2 from the click reaction
of the corresponding azido-peptides and per-6-alkynyl-o-cyclo-
dextrin, and the structures of these molecules were character-
ized by NMR spectroscopy and MS (see Section 2 in the ESIT). To
demonstrate the transport mechanism and membrane activity
of 1 and 2, bilayer lipid membrane (BLM) electrophysiology
measurements were performed (see Section 3 in the ESI). For

372 | Chem. Sci, 2025, 16, 371-377

View Article Online

Edge Article

these experiments, two chambers containing KCI solution (1.0
M) were separated by a planar lipid bilayer composed of
diphytanoylphosphatidylcholine (diPhyPC). A solution of 1 and
2 in DMSO was added into the cis chamber to reach a final
concentration of 0.2 pM. After the addition of the compounds,
regular square-like and long-lived single channel currents were
observed upon applying a voltage of +80 mV across the
membrane (Fig. 3a and b). These observations provide strong
evidence that the tubular molecules could incorporate into the
lipid bilayer and form transmembrane channels.' The current-
voltage (I-V) plots of 1 and 2 were obtained from BLM electro-
physiology measurements at different voltages, which displayed
a linear I-V relationship in the range of —100 to +100 mV
(Fig. 3c). By using the resulting I-V plots, the corresponding
conductance () values were calculated to be 20.4 + 0.4 (1) and
28.9 & 0.5 pS (2). The vy value of channel 2 is higher than that of
1 and indicates that 2 is more effective in transporting ions.

Having established that tubular molecules 1 and 2 mediate
the transmembrane transport of ions through a channel
mechanism, fluorescence assays based on vesicles were further
used to probe the transport species of these channels.” Firstly,
a suspension of LUVs (large unilamellar vesicles) composed of
EYPC (egg yolk phosphatidylcholine) entrapping the pH-
sensitive dye HPTS (8-hydroxypyrene-1,3,6-trisulfonate) was
first prepared (10 mM HEPES, 100 mM NacCl, and pH = 7.0).
Then a pH gradient across the membranes was introduced by
the addition of the LUV solution to a buffer (10 mM HEPES,
67 mM Na,SO, and pH = 8.0) (Fig. 4a). After the addition of
channels 1 and 2 to the vesicle suspensions, the fluorescence
intensity of HPTS increased to 27% and 56%, respectively
(Fig. 4b). These results indicate that these tubular molecules
could mediate the H' efflux or OH ™~ influx, which could be due
to the charge balance through symport (H'/Cl~ and Na'/OH ") or
antiport (H'/Na" and Cl"/OH™) mechanisms (Fig. 4c).

To further confirm the transport species of 1 and 2, two sets
of HPTS assays were performed." Firstly, the tubular mole-
cules, gramicidin A (gA, cation channel) and carbonyl cyanide 4-
(trifluoro methoxy)phenylhydrazone (FCCP, proton trans-
porter), were evaluated using LUVs containing HPTS, HEPES (10
mM) and Na,SO, (100 mM) at pH 7.0, which were subsequently
exposed to a pH gradient by adding to a buffer solution (10 mM
HEPES, 100 mM Na,SO,, and pH = 8.0) (Fig. 5a). With the
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Fig. 3 (a) Current traces through a diPhyPC lipid bilayer in 1.0 M KCl at

a potential of +80 mV in the presence of (a) 1 and (b) 2. (c) /-V plots of 1
and 2 in the planar lipid bilayer in asymmetric electrolytes.
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Fig. 4 (a) Schematic representation of the HPTS assay. (b) Changes in
the fluorescence intensity of HPTS (A¢, = 460 nm and Aep, = 510 Nm) in
vesicles with time after the addition of 1 and 2 (x = 1.25%, molar ratio
relative to the lipid, represented by x). (c) Schematic representation of
the possible ion-transport mechanism and species.
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Fig. 5 (a) LUV-based HPTS assay for the transport species study. (b)
Changes in the fluorescence intensity of HPTS after the addition of 1, 2,
gA and FCCP. (c) HPTS assay with various external metalions (M* = Li*,
Na*, K* and Cs*). (d) Changes in the fluorescence intensity during the
cation transport activity test of 1.

addition of gA and FCCP, the fluorescence intensity of HPTS
increased to 45% and 35%, respectively (Fig. 5b). These results
demonstrated that gA and FCCP possess substantial transport
activity towards transport of H' and Na'. Under identical
conditions, artificial channels 1 and 2 were almost irrelevant to
the fluorescence intensity of HPTS. These results reveal that
neither H'/Na® antiport nor Na'/OH™ symport is a likely
mechanism during the ion transport process. The above
observation was further confirmed by varying the external metal
ions (M" = Li", Na', K" and Cs") (Fig. 5¢). As seen in Fig. 5d and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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S18 (see the ESIf), both channels 1 and 2 exhibit very low
transport activity for the tested metal ions. The above studies
clearly indicated that anions rather than cations mainly
participated in the ion transport process.

Then, fluorescence experiments were carried out in the
presence of a chloride-sensitive SPQ (6-methoxy-N-(3-sulfo-
propyl)quinolinium) dye to evaluate the anion transmembrane
transport abilities of channels 1 and 2 (Fig. 6a).*** Briefly, The
LUVs loaded with SPQ (30 pL, 10 mM in 225 mM NaNO;) were
exposed to a chloride gradient by adding to a NaCl solution (2.0
mL, 225 mM). As shown in Fig. 6b and S21 (see the ESI}), the
fluorescence intensity of SPQ decreased in a concentration-
dependent manner upon addition of channels 1 and 2. This
observation clearly indicated that C1” is one of the main species,
which is involved in the transmembrane transport process of
these artificial channels.

The above two fluorescence assays presented in Fig. 5 and 6
have clearly indicated that chloride ions can be transported
across the membrane via CI”/OH™ antiport or H'/Cl~ symport
mechanisms. To gain a deeper insight into the transport
mechanism of these channels, the commercial H' transporter
FCCP and K" carrier VA (valinomycin) were applied in the HPTS
assays, respectively (Fig. 7).** In the FCCP-HPTS assay, the
transport efficiency of channel 1 and FCCP was 27.3% and
15.8%, respectively. When channel 1 and FCCP were co-injected
into the LUV suspension, the fluorescence intensity of HPTS
significantly increased to 73.9% (Fig. 7a and b). These results
demonstrated that the co-injected FCCP could increase the
transport rate of H', which further indicates that the H" or OH~
transport efficiency of channel 1 is much slower than that of
Cl". Then, the VA-HPTS assay was performed to compare the
transport rates of H', OH ™, and Cl~ (Fig. 7c and d). In this assay,
the presence of VA will selectively mediate the K* transport from
outside to inside because of the concentration gradient and
further results in the efflux of H' or the influx of OH™ through
the anion channel to sustain the overall charge balance.
Simultaneously, the CI~ present within the LUVs will also
undergo efflux through the anion channel, driven by the
concentration gradient. Once the flow rate of H or OH™ is
higher than that of Cl™, a significant increase in the fluores-
cence intensity of HPTS will be observed. However, compared
with the individual addition of channel 1 (29.4%), the co-
injection of channel 1 and VA did not improve the
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Fig. 6 (a) LUV-based SPQ assay for the transport species study. (b)
Changes in the fluorescence intensity of SPQ after the addition of 1.
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Fig. 7 (a) Schematic representation of the FCCP-HPTS assay. (b)
Changes in the fluorescence intensity of HPTS after the addition of 1
and FCCP. (c) Schematic representation of the VA-HPTS assay. (d)
Changes in the fluorescence intensity of HPTS after the addition of 1
and VA.

fluorescence intensity of HPTS significantly (35.7%). These
observations suggest that Cl~ possesses a higher flow rate than
H' or OH™ during the transport process. The above two assays
further confirmed that the H'/Cl~ symport and Cl /OH™ anti-
port are the main transport mechanisms to sustain the overall
charge balance during the transport process, and Cl™ is the
preferred species among the above three transported ions (H',
Cl” and OH").

The anion selectivities of 1 and 2 were also investigated by
using the HPTS assay, as illustrated in Fig. 8a. Changes in the
fluorescence of HPTS-labeled LUVs were determined by varying
the anionic sodium salts within the LUVs (NaX, X~ = Cl™, Br_,
I",NO; ™ and SO,>"). The resulting fluorescence intensity traces
were normalized and baseline-corrected to enable a more
accurate comparison of the transport activity of these synthetic
channels towards various anions. As shown in Fig. 8b and S23,
despite variations in the amino acid residues lining their ion
permeation pathways, channel molecules 1 and 2 demonstrate
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Fig. 8 (a) HPTS assay with various internal anionic ions (X~ = CL™, Br,
I~, NO3~, SO427). (b) Changes in the fluorescence intensity during the
anion transport activity test of 1.
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very similar ion selectivities, both conforming to the sequence
I" >Br  >NO;” >Cl” >SS0,

Recent studies have categorized the positively charged
amino acid residues in the membrane-spanning domain of
CFTR into two distinct groups. The first group resides within
the inverted funnel-shaped ion permeation pathway of CFTR.
The side chains of these residues do not engage in specific
interactions with other parts of the protein, allowing them to
contribute to a positively charged microenvironment to the ion
permeation pathway while also facilitating anion binding
(Fig. 9a, highlighted in purple). In contrast, the second group of
positively charged residues is positioned away from the ion
permeation pathway, predominantly on the external surface of
CFTR, and does not impact the transmembrane transport of
anions (highlighted in yellow).** Similar to CFTR, our artificial
anion channels also possess multiple positively charged amino
acid residues. To investigate whether the distribution patterns
of positively charged amino acid residues in these artificial
anion channels mirror those found in their natural prototypes,
further molecular dynamics simulations were performed (see
Section 9 in the ESIf). As depicted in Fig. 9b, a-CD provides
a stable scaffold for channel 1 and assembles with multiple
positively charged peptide chains to form a hollow tubular
structure, thereby offering an ion conduction pathway for
transmembrane anion transport. Most Arg residues (9 out of 12)
in channel 1 are located on the external surface of the channel
molecule, while notably, three Arg residues are discernibly
positioned within the ion permeation pathway of this artificial
channel. This observation suggests that the positively charged
amino acid residues in our artificial anion channel exhibit
a similar distribution pattern to that of CFTR.

To further explore the relationship between the distribution
of positively charged amino acid residues and ion selectivity in
these artificial anion channels, the energy barriers along this
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Fig. 9 The distribution diagrams of positively charged amino acid
residues in (a) the membrane-spanning domain of CFTR and (b)
channel 1. The residues located within the ion transport pathway are
highlighted in purple, while those far from the ion transport pathway
are highlighted in yellow. The Trp residues in channel 1 are marked in
green.
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Fig. 10 The distribution diagrams of positively charged amino acid
residues in (a) the membrane-spanning domain of CFTR and (b)
channel 1. The residues located within the ion transport pathway are
highlighted in purple, while those far from the ion transport pathway
are highlighted in yellow. The Trp residues in channel 1 are marked in
green.

pathway were determined using the potential of mean force
(PMF) with adaptive biasing forces to understand how the
channel discriminates between anions and cations (see Section
9 in the ESIY). As depicted in Fig. 10, the energy barrier for K' to
enter and pass through the channel is much higher than that
for CI". Intriguingly, C1™ ions display local energy minima as
they traverse the Arg-rich segment within the ion permeation
pathway, in contrast to K ions, which encounter local energy
maxima in the same region. This computational result was
confirmed by the Pq;_/Pk. values obtained from planar bilayer
conductance measurements, which were calculated to be 11.5
(1) and 1.5 (2) (Fig. S17, ESIf), clearly indicating that these
channels possess a higher preference for transporting Cl™
during transmembrane transportation. The above observations
suggest that the electrostatic interaction between transported
ions and positively charged amino acid residues in the ion
permeation pathway plays a crucial role in determining the
preference of these channel molecules for anion transportation,
resembling the ion selectivity mechanism observed in CFTR.

Conclusions

In conclusion, artificial anion channels were constructed by
rebuilding the positively charged ion permeation pathway of the
natural anion channel protein CFTR in artificial systems. Elec-
trophysiological experiments and LUV-based fluorescence
experiments demonstrated that these synthetic molecules can
be efficiently inserted into lipid bilayers to form artificial ion
channels, which exhibit a preference for anions during the
transmembrane transport process. More importantly, the
positively charged amino acid residues located in the ion
permeation pathway can promote the transmembrane trans-
port of anions through electrostatic interaction, which is
consistent with the mechanism of anion transmembrane
transport achieved by CFTR. The findings presented herein

© 2025 The Author(s). Published by the Royal Society of Chemistry
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provide biomimetic alternatives that exhibit structural charac-
teristics and transport behaviors similar to those observed in
native anion channels, thereby holding promising potential for
applications in molecular devices and pharmaceutical
technologies.
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