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Abstract: Artificial proton channels exhibiting high selec-

tivity remain largely unexplored, with only two such
systems recently reported. Inspired by the DNA duplex’s
iconic helical structure, we present here a novel strategy
for designing a molecular-scale staircase configuration.
The resulting molecular staircase (MS), predominantly
linear in shape, consists of pyridine units linked by
hydrazide groups, with backbone rigidity enhanced by
intramolecular H-bonding. This MS incorporates up to
five proton-transporting motifs, demonstrating remark-
able efficacy as a proton-conducting channel within
lipid bilayer membranes. Our findings indicate that the
MS exhibits high proton transport activity (ECsy of
0.31 mol%, relative to lipids) and significant selectivity
for protons, with selectivity values of 160.3 for KT,
90.5 for Na*, and 3.5 for Cl . These results underscore
the potential of the MS and its variants as a highly
selective and efficient proton channel, advancing the field

of artificial ion transport systems.
J

The transmembrane transport of ions and large molecules
across the hydrophobic barrier of phospholipid bilayers is
fundamentally constrained, requiring specialized membrane
transport proteins. These proteins facilitate the efficient
passage of substances via channel-mediated or carrier-assisted
mechanisms,['71 overcoming the energetic and structural
barriers of the membrane’s hydrophobic core.

Proton channels, in particular, play a pivotal role in a
multitude of biological processes, including cellular energy
production, pH regulation, and signal transduction.[®”] Proton
gradients across cellular membranes are vital for ATP synthe-
sis within mitochondria and for the maintenance of cellular
homeostasis.[*] Artificial proton channels aim to replicate the
highly selective, rapid, and efficient proton transport observed
in biological systems, offering potential solutions for a wide
range of applications from biomedical therapies/®>'l to
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energy materials.[''-"3] Despite this promise, the development
of effective artificial proton channels remains a significant
challenge; to date, only two foldamer-derived channel systems
have been reported—by Liul'*l and Zeng!"*l—while all
other known proton-transporting transporters also transport
ions!'®1°l or H,O.[20-%5] This stands in stark contrast to the
rapid advancement of artificial transmembrane transporters
designed for the cross-membrane transport of K*, Cl~, and
H,0.[26-46]

The double-helix structure of DNA is often metaphorically
depicted as a “helical ladder,” with base pairs forming
the rungs and the sugar-phosphate backbone acting as the
rails.[*”#8] This canonical architecture not only provides
exceptional stability but also facilitates the transmission
of genetic information through the dynamic processes of
unwinding and rewinding of the double strands. Inspired
by this natural design, we have devised and synthesized a
foldamer-based artificial molecular staircase (MS), aimed at
not only expanding the structural diversities of H-bonded
aromatic foldamers but also broadening their functional
repertoire for transmembrane transport.[13242329.46:

Through systematic quantum calculations of the MS, we
demonstrate that pyridine rings intricately linked by di-acyl-
hydrazide bonds take a linear configuration (Figure 1a,b).
The computationally optimized structure (Figure 1b) reveals
intermolecular H-bonds that ensure orderly assembly of the
molecular units. In the MS, the five pyridine rings and three
di-acyl-hydrazine bonds collectively constitute the “treads”
of the MS, with the remaining three hydrazide bonds as the
“risers.” To ensure that the computed structure in Figure 1b
corresponds to a true energy minimum, we computed the
relative energies of four alternative conformations la-1d of
the MS’s central pyridine unit, flanked by two hydrazide
bonds, by systematically breaking one to six H-bonds (Figure
S2). Our computations show that the fully H-bonded con-
formation 1la is the most stable and is energetically more
stable than all others having broken H-bonds by 5.8, 7.0,
and 17.9 kcal mol~!, respectively. Comparative analysis of
the fully H-bonded linear structure computed in the gas
phase with those incorporating solvent effects (methanol,
chloroform, DMSO, THF, and gas) confirms that the MS
molecule consistently adopts a linear and largely planar
configuration, stabilized by the intramolecular hydrogen-
bonding network (Figure S3). The hydrophobic length of the
MS (37.5 A; Figure 1a) has been carefully tuned to match
the hydrophobic thickness of lipid membranes (~34 A). To
optimize structural orientation and enhance ion transport
functionality, we incorporated carboxyl groups®! at both
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Figure 1. a) Molecular design of molecular staircase MS. b) Computationally optimized structure of the MS at the m06-2x/6—31G(d) level. c)
Schematic illustration of the MS-mediated transmembrane proton transport likely via H-atoms of hydrazide bonds or N-atoms of pyridine rings.

ends of the MS to ensure strong attachment of its two ends to
the hydrophilic membrane regions, thereby enabling parallel
alignment of the MS with the hydrocarbon tails of the lipid
membrane. The MS integrates pyridine groups, along with an
abundance of H-bond donors and acceptors. These distinctive
structural features are anticipated to confer proton transport
capacities when embedded in the membrane (Figure 1c),
potentially unlocking new avenues for functional behaviors.

To explore this, we employed the well-established 8-
hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS)
assay to evaluate the ion transport activity of the MS
(Figure 2a). In this assay, HPTS, a pH-sensitive dye,
increases in fluorescence as pH rises and was encapsulated
within large unilamellar vesicles (LUVs) composed of
dioleoylphosphatidylcholine (DOPC) lipids, enabling real-
time monitoring of the ion transport process. NaCl (100 mM,
pH =7.0) and MCI (M = Li, Na, K, Rb, and Cs, all at 100 mM,
pH = 8.0) buffer solutions were loaded inside and outside the
vesicle membrane, respectively, to generate a transmembrane
proton gradient.

At a concentration of 2.5 pM, the MS exhibits pronounced
ion transport activity of 78% in terms of fractional ion trans-
port value and further demonstrates a remarkable indepen-
dence in activity from the type of MCl (M = Li, Na, K, Rb, and
Cs) in the extravesicular environment (Figure 2a). This obser-
vation suggests that the MS does not facilitate the transport of
M ions but instead selectively mediates the transport of H*,
Cl~, or OH, highlighting its specific ion selectivity. Hill anal-
ysis reveals an excellent ECs, value of 0.32 pM, or 0.33 mol%
relative to lipids for the MS-mediated transport (Figures 2b
and S4). We have further conducted transport experiments
in the presence of cholesterol (at a DOPC:cholesterol molar
ratio of 2:1) to better simulate the physiological membrane
environment (Figure S5). The results show that even at high
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cholesterol levels, transport activity is reduced by only 10%-—
15%, suggesting that MS may retain comparable performance
under biologically relevant conditions.

To elucidate the molecular species transported by the MS,
we performed two lipid bilayer experiments (Figure 2c,d).
Initially, we substituted the 100 mM MCI used in the HPTS
assay with 67 mM M,SO, (Figure 2c). Our results reveal
that the MS-mediated transport activity remained largely
unaffected by the type of M,SO,, with activity diminishing
from 78% for MCI to a range of 46%—-52% for M,SO,. Given
the functional groups present in the MS, it is unlikely that
the MS facilitates the transport of sulfate anions, thereby
signifying its proton transport activity. Consequently, the
observed decrease in transport efficiency is likely attributable
to the significantly reduced membrane permeability of SO,>~
compared to Cl-, necessary to preserve charge neutrality
upon the MS-mediated proton efflux.

Subsequently, a chloride-sensitive 6-methoxy-N-(3-
sulfopropyl)quinolinium (SPQ) dye assay was employed
to investigate the MS’s capacity for anion transport. SPQ,
a fluorescent probe, effectively monitors Cl~ ion transport
by exhibiting a decrease in fluorescence intensity as Cl-
concentration increases. In this experiment, vesicles were
encapsulated with 0.5 mM SPQ dye and 200 mM NaNOj;
at pH 7.0, while the external medium contained 200 mM
NaCl at the same pH (Figure 2d). If the MS is capable of
mediating Cl~ transport, a reduction in SPQ fluorescence
intensity would be expected. Indeed, a slight quenching of the
SPQ fluorescence was observed at a channel concentration
of 2.5 uM. These results indicate that the MS exhibits a
limited chloride ion transport capacity, further supporting
the conclusion that the transport activities observed in the
HPTS assay (Figure 2a,c) result from the MS’s strong proton
transport ability.

© 2025 Wiley-VCH GmbH
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Figure 2. a) The pH-sensitive HPTS assay for assessing ion-transport activities and selectivities of the MS in DOPC-based LUVs. b) Hill analysis of
the MS to determine its EC50 value. c) The HPTS assay with varied extravesicular cations (M;SOy4) to evaluate the ion transport activity of the MS. d)
The chloride-sensitive SPQ assay to confirm relatively weak chloride transport activity by the MS. HPTS, DOPC, and SPQ. [Total lipids] = 97.5 pM.
Triton X-100 was added at 300 s to disrupt the LUVs vesicle, allowing determination of the maximum fluorescence intensity.

To probe proton conductivity of the MS at the molecular
level, we utilized a planar lipid bilayer membrane made from
glyceryl monooleate and cholesterol at a 1:1 molar ratio, as a
typical bilayer membrane made from lipid molecules such as
DOPC is not stable at high acidity conditions. This membrane
configuration has been widely adopted for proton transport
studies due to its exceptionally low proton background
leakage and outstanding membrane stability under low-pH
conditions."*13] Single-channel current trace measurements
were conducted under symmetric electrolyte conditions (i.e.,
cis chamber = trans chamber = 0.25 M HCI, Figures 3a
and S6). Under these experimental conditions, we obtained
a clear linear relationship in the current-voltage (/-V) curve
across different applied voltages. Fitting the I-V curves yields
an Ohmic response, enabling us to determine the proton
conductivity (yy™) of the MS as 15.4 + 0.7 pS (Figures 3b,
S7, and S8). To further assess proton transport selectivity, we
recorded single-channel current traces in asymmetric baths
(cis chamber = 0.25 M HCI and trans chamber = 0.10 M
HCI) to evaluate the H/CI™~ transport selectivity at the single-
channel level. Curve fitting provides the reverse potential
value of 78.5 mV (g, Figures 3c, S9, and S10). After
accounting for the Nernst potential difference arising from
the proton gradient of 0.10 to 0.25 M, the reverse potential
value was used in the simplified Goldman-Hodgkin-Katz
equation (Figure 3c and Supporting Information) to calculate
the H*/CI™ ion selectivity, yielding a value of 3.5. Similarly,
using the &, values of 115.5 and 130.4 mV (Figures 3d,e
and S11-S16), the H/K"™ and H/Na' ion selectivity values
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were determined to be 90.5 and 160.3, respectively. While
the proton conductance of the MS (15.4 pS) is smaller than
the values 62.5!'] and 252.6 pSI'! for two recently reported
foldamer-based proton channels, its transport efficiency
approaches that of the native M2 proton channel protein.[*]
In terms of transport selectivity, the MS demonstrates its
H*/K* selectivity value of 90.5 and H"/Na* value of 160.3,
which are comparable to those reported by Yan et al. (74.8
and 225.1, respectively)' and our earlier work (81.5 and
122.7).I°1 Nevertheless, these selectivity values remain far
below the exceptionally high benchmark selectivity of M2
proton channels, which exhibit over 10°-fold preference for
H™ over other monovalent cations, indicating ample room for
further improvement of artificial proton channels.

After demonstrating the MS’s ability to selectively trans-
port protons, the remaining question concerns the underlying
origin of this ability. It has been established that directionally
aligned, consecutive NH groups are integral to mediating
proton transport via hydrogen exchange.['*! Considering the
abundance of NH groups within the MS molecule, we
hypothesized that the linear arrangement of these groups
could be crucial to facilitating proton transport through
a hopping mechanism. To examine this hypothesis fur-
ther, we investigated the mobility of H-atoms in the NH
groups by conducting hydrogen—deuterium (H-D) exchange
experiments.

The 'H NMR spectrum of the MS (Figures 4, S17, and S18)
reveals four distinct NH groups, categorized as H,, Hy, and
H.. The H-D exchange experiment was initiated by adding
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Figure 3. a) Single-channel current traces recorded in symmetric baths (cis chamber = trans chamber = 0.25 M HCI) for the MS and an exemplified
point amplitude histogram for the digitized current values that gives a mean value of 3.38 pA at 200 mV. For average current values and histograms
at other voltages, see Figures S7 and S8. b) Determination of H conductance (yH™) for the MS using a linear ohmic current-voltage (I-V) curve.
c) Permeability ratio of P4+ /P~ was obtained by fitting the -V curve using the simplified Goldman—Hodgkin—Katz equation

erev + 23.5 = RT/F x In{(Py™ x [HT]trans 4+ P¢~[Cl™]cis/ (Pu+ x [HT]cis + P~ x [Cl™]trans)}). For d) and e), the corresponding equation is

erev = RT/F x In(PmT/Pu™T). Here, 23.5 mV is the Nernst potential corresponding to a proton gradient of 0.10 to 0.25 M, R = universal gas constant
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OCgH;7 OC:Hi7
o ) A _0
oS N
|
gyt HayeNs H'N‘N'g o
: N * b AN
S I 0 OH
=
OCaHy7
MS + D,O
) 91% 91% 92% |
5 min J
A_ A A
Ms i
JL_A A LM
Ha Hb Hc

3.0 12.5 12.0 11.5 11.0 10.5 10.0 95 90 85 80 7.5

Figure 4."H NMR spectra of the MS at 2.43 mM a) before and b) after
addition of 10 pL D, O in a mixed solvent (DMSO-dg = CDCl3 = 295 pL)
at room temperature, showing that more than 90% of the H-D
exchange is completed within 5 min. Note that the peaks from 7.5 to

8.1 ppm are not affected by the H-D exchange process.
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10 puL of D,O into a 2.43 mM solution of the MS in a mixed
solvent (DMSO-d¢ = CDCl; = 295 pL). Experimental results
demonstrate that the H-atoms of all NH groups undergo
exchange by more than 90%, indicating rapid and nearly
complete H-D exchange within 5 min. These results confirm
the highly labile nature of these H-atoms, suggesting their
likely involvement as proton-hopping sites that are consistent
with early findings.['*! Certainly, pyridine groups or H,O
molecules that bind to the MS can also contribute to the
proton transport process.

In summary, this work introduces a pioneering foldamer-
based staircase structure that mediates proton transport
in a highly selective manner, utilizing a hopping mech-
anism, and demonstrating impressive selectivity values of
160.3 for H"/Na' and 90.5 for H*/K*. While the linearly
arranged NH groups appear to facilitate proton exchange
and hopping within the staircase framework, the precise
mechanism underlying proton transport remains to be fully
elucidated. When considered alongside the recent advance-
ments in membrane-active molecular machines, which oper-
ate through unconventional swing-relaying,*>~%) swinging,[*’]
fishing,[®]  shuttling,[°"%?]  drilling,[3%*] swimming,[®! and
rotating mechanisms,[®] this innovative staircase structure
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opens new avenues for the design and construction of artificial
channels with novel transport mechanisms, holding promising
applications across a spectrum of fields, from nanotechnology
and energy to medicine.
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