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ABSTRACT: Proton transport is crucial for cellular energy, and synthetic systems having the ability to control this process
offer promising applications in drug development and cancer treatment. Herein we report a unique light-responsive pro-
ton/water transport system using self-assembled acylhydrazone-imidazole channels with tunable activity via E-Z isomeri-
zation. Three channel-forming molecules with varying alkyl chain were synthesized namely 1a (C4), 1b (C8) and 1c (C12).
The photoswitching behaviour of the molecule was confirmed by UV-Vis spectroscopy within the liposome. The crystallo-
graphic analysis revealed that the E-isomer forms a H-bonded proton transport pathway mediated by water molecules.
Patch clamp assays confirmed proton channel formation for 1a with a transport rate of 2.18 x 107 H*/s/channel and high
proton selectivity over other ions. lon transport assays with EYPC-LUVs entrapped with HPTS and NaCl revealed complete
rejection of external cations and anions. The compounds demonstrated significant proton transport when combined with
valinomycin, indicating transmembrane proton transport for 1a-c. Upon irradiation at 310 nm, all derivatives showed in-
creased proton transport rates, which subsequently decreased after exposure to 365 nm, confirming the photo-responsive
behaviour of the system. A similar trend was observed in water transport, where the single-channel permeability of 1a in-
creased from 6.5x106 to 3.5x107 water molecules/s/channel upon switching from the E to Z isomers, then decreased to
1.8x107 after reverting to the E conformer. Molecular simulation confirmed that stable supramolecular porous water crystal
patches may form, featuring multivalent water H-bonding to acylhydrazone and imidazole units that serve as water-cluster
relays within the channel.

INTRODUCTION

Transmembrane proteins are vital for cellular physiology,
facilitating the regulated movement of ions across biologi-
cal membranes!. These proteins play a critical role in pH
homeostasis?, signal transduction and energy production3.
The precise regulation of ion flux across the cell mem-
branes is essential for maintaining its volume, osmotic
balance and the electrochemical gradients required for
cellular processes. For instance, proton gradients across
inner mitochondrial membranes are fundamental to ATP
synthesis*. Dysfunctions in natural ion-channel proteins
can severely disrupt cellular and systemic functions, lead-
ing to diseases such as Parkinson’s®, neonatal diabetes®,
neuropathic pain?, cystic fibrosis®, etc. Understanding the
structural and functional mechanisms of ion channels is
crucial for the diagnosis and treatment of related disor-
ders, making them a prominent focus of biomedical re-
search®. One emerging therapeutic approach involves the
development of artificial ion channels designed to replace
defective biological channels, thereby restoring normal ion
transport. Additionally, these synthetic channels show

usually brings a higher level of difficulty owing to its
smaller size and higher dehydration energy, requiring a
precise control over protonation and deprotonation states
to facilitate its translocation without disrupting other cel-
lular functions.?? Matrix-2 (M2) Influenza A virus proton
channel has inspired artificial systems that mimic its pro-
ton transport mechanism?4. The channels primarily rely on
proton hopping via water wires,?526 a process known as
the Grotthuss mechanism?’. An alternative strategy in-
volves proton relay through N-H chains within a helical
unimolecular proton channel?®. Molecular dynamics simu-
lations have revealed that acetic acid can act as a molecular
rotor, coordinating water arrays to facilitate proton trans-
port?°. Our group has previously reported the well-known
[-quartet-3* or saccharide rim-appended pillar[5]arene??
artificial water channels, which facilitate water transport
through the formation of a continuous water
wires/clusters and enable proton transport via the Grot-
thuss mechanism. In addition to well-defined structural
pathways, some systems can transport protons through
undefined or dynamic routes, yet still achieve efficiency

promise in applications beyond therapeutic replacement,
including anticancer and antibacterial activities by trigger-
ing cell apoptosis'?, underscoring their potential in diverse
biomedical fields.While numerous synthetic channels for
ions!1-14 water15-19 and small molecules?? have been de-
veloped, few exhibit selective proton transport across lipid
bilayers?1.22. Proton transport among all the other ions

comparable to natural proton channels.3!

Despite these successes, these artificial systems lack spati-
otemporal control, which limits their control over the
transport of ions thus becoming a hinderance for their
usage in biological systems. To address this challenge,
researchers have investigated stimuli-responsive systems
in various ion transporters, including Na*, K¥, and CI-,



employing triggers such as pH, light3233, voltage34, ligands3> and
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Scheme 1. Synthesis of compounds 1a-c.

enzymes3%37. However, none have been specifically de-
signed for selective proton or water transport. Among the
stimuli, light-responsive ion transporters have gained
significant interest due to their precise spatiotemporal
control and non-invasive modulation of transport rates.
Photo-switchable moieties such as acyl hydrazone38-41,
azobenzene*?#43 and stilbene** can enable tunable trans-
port activity by inducing conformational changes in the
structure.

Acyl hydrazones are extensively studied in medicinal
chemistry as a versatile scaffold, offering structural flexi-
bility for the development of compounds with various
therapeutic applications, including antibacterial and anti-
fungal properties*>. They feature a dynamic imine (-C=N-)
bond, capable of reversible isomerization and structural
transformations under electromagnetic irradiation, en-
dowing them with distinct photophysical properties?.
Their facile synthesis, tunable features and ability to un-
dergo photoinduced isomerization between E and Z con-
figurations make them particularly suitable for designing
photo-responsive ion transporters. Additionally, imida-
zole-based channels, which facilitate water array forma-
tion through interlayer stacking, serve as a promising func-
tional motif for proton transport. Consequently, by design-
ing a system where acyl hydrazones play a key role in
regulating interaction patterns within the proton transport
chain, it is possible to achieve precise control over trans-
membrane proton translocation.

Leveraging this concept, we propose an acyl hydrazone-
linked imidazole-based channel forming molecule which
with the help of water can form a hydrogen bonded proton

transport pathway in its E-state while when switched to
the Z-state can lead to the disturbance in the stacking pat-
tern and thus modify the transport ability of the system.
Herein, we report a unique self-assembled proton trans-
port channel based on acyl hydrazone-imidazole, which
exhibits distinct proton and water transport behaviour in
its two isomeric states upon photoirradiation. The pro-
posed design is first of a kind system where the proton and
water transport ability of the compound are controlled via
an external photoirradiation. This designed molecule
shows potential as a candidate for cancer therapy owing to
photo-responsive nature and may serve as a prototype for
the development of future classes of stimuli-responsive
water/proton transporters.

RESULTS AND DISCUSSION

Design and synthesis: The design of the synthetic proton
channels incorporated imidazole, a functional group
known to facilitate water wires/cluster formation, mimick-
ing natural water channels.#” An acyl hydrazone moiety
was introduced to impart photo-switching capability to the
molecule, while an adjacent pyridine ring was introduced
to stabilize the Z-conformer after photo-switching. This
stabilization occurs through intramolecular hydrogen
bonding between the pyridine nitrogen and the N-Ha pro-
ton, as reported previously in the literature.384648 [n addi-
tion to its photo-switching properties, the acyl hydrazone
may also form hydrogen bonds with water molecules,
potentially enabling the formation of proton/water chan-
nels. Further, we introduced varying alkyl chains at one
end-side of the molecule as an ether connection to aid the



insertion and stabilisation of the molecule inside the
membrane.

The synthetic strategy of three derivatives of the proton
channel forming molecules 1a-c involves a four-step syn-
thetic process (Scheme 1). 4-(methoxycarbonyl) benzoic
acid was transformed to its acid chloride derivative using
thionyl chloride, followed by amide coupling with hista-
mine to afford compound 4, that was further reacted with
hydrazine monohydrate in methanol to get compound 2.
Simultaneously, 5-hydroxy-picolin-aldehyde was reacted
separately with 1-bromobutane, 1-bromooctane and 1-
iodododecane in presence of K2CO3 with dimethyl forma-
mide as a solvent under reflux condition to achieve 3a, 3b
and 3c respectively. 3a-c were further separately reacted
with previously synthesized molecule 2 in methanol at
room temperature to give us the final channel forming
molecules 1a, 1b and 1c respectively. The synthesized
compounds were characterised and 'H, 13C NMR and HRMS
data (Figure S1-S18) are in accord with proposed struc-
tures.

Photo-switching Studies: Photo-switching studies were
conducted in DMSO as a solvent in which an initial peak of
absorbance at 317 nm was observed for E conformer for
1c (Figure S20). Further, the system was irradiated with
310 nm LED until a photo-stationary state was achieved
and a slight red shift in the absorbance peak was observed
from 317 nm to 327 nm indicating a switch of isomer from
E to Z (Figure 1a). The percentage of Z at this stage was
calculated to be 80% with the help of 'H NMR photoirra-
diation experiment (Figure S21). Furthermore, reverse
isomerisation was done by irradiating the same sample
solution with 365 nm LED to verify conversion from Z to E
isomer. The spectral change during this irradiation was
less pronounced than the previous irradiation, and the
absorbance peak showed a minor blue shift from 327 nm
to 322 nm. This shift suggests that the solution at the

33.2A

photo-stationary state (PSS) after 365 nm irradiation was
not purely in the E form. The percentage of E isomer pre-
sent was calculated with 'H NMR which came out to be
46% (Figure S21). The persistence of a higher proportion
of the Z isomer, even after 365 nm irradiation, is attributed
to its enhanced stability, which is due to the strong in-
tramolecular H-bonding between the pyridine nitrogen
and the N-H. proton (Figure 1a).
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Figure 1. a) Representation of the acyl hydrazone based pho-
to-switchable Z to E proton transporters la-c and b) UV-
Visible spectra of 1a in bilayer membrane vesicles and PBS
solution showing spectrum at two photo-stationary state PSS
stages.

To verify the photo-switching property of these com-
pounds inside the bilayer membrane vesicles used for
water/ion transport assays, compound 1a was dissolved in
1.88 mL of phosphate buffer system with 100 pl vesicle
which comprised of EYPC: Brain PS: Cholesterol 4:1:5 mo-
lar ratio mixture. The observed data was showing a similar
trend as in the DMSO solvent system (Figure 1b) indicating
no alteration in the photo-switching property of the com-
pounds inside the vesicle.




Figure 2. X-ray single crystal structures of 1a AWCs: a) lateral and b) top view and antiparallel dimer formation with 1a and
Pyridine-hydrazone H-bonded water and imidazole H-bonded methanol molecules Structure of U1-channel confining 8 water
molecules; c) Side and d) top view of crystal packing for 1a-channels, confining water (red circle) and methanol (blue circle)
channels showing a possible pathways for the water proton to transport.

X-ray Crystal Structure 1a: Further to understand the
self-assembly behaviour that can help to understand the
precise transport mechanism of proton/water through the
self-assembled channels, compound 1a was crystallised by
slow evaporation (30 days) from a methanol/water sol-
vent mixture. The X-ray structure (Table S1) revealed the
formation of an antiparallel dimer of 1a, with the terminal
imidazole and alkyl groups oriented in opposite directions
and stabilized as depicted in Figure 2a-c by two water
molecules H-bonded to pyridine-acyl hydrazone groups of
1a. The amide and pyridine donor acceptor H-bonds pre-
sent in the molecule played a pivotal role in binding water
and organizing these dimers within the same plane as
these structural water molecules should be a crucial fea-
ture for the stabilization of the dimers which are further H-
bonded in parallel layers. The terminal imidazole groups
are hydrogen bonding methanol molecules used as solvent
and stabilized via hydrophobic contacts between the
methyl groups of methanol and butyl chains of 1a. These
dimers are self-assembled in a continual array via hydra-
zone amides resulting in the formation of a nice array of
double structural water (red cercles) and methanol chan-
nels (blue cercles) that are clearly visible between the
molecular planes (Figure 2d). The methanol hydrogen-
bonded array forms via a combined H-bonding
/hydrophobic effect. In the more dynamic self-assembly in
bilayer membranes the methanol molecules can be easily
replaced with water channels when embedded in the
membrane providing multiple continuous water pathways,
potentially facilitating proton transport across these chan-
nel structures.

Proton transport through a channel mechanism: Hav-
ing confirmed the photo-switching behaviour, we per-
formed a bilayer patch clamp study with 1a to determine
the proton channel activity of the Z and E states. Two com-
partments (trans and cis) containing 0.1 M HCl (pH = 1)
solutions were separated by a planar lipid bilayer com-
posed of 2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC).
10 pl DMSO solution of compound 1a (5mM) was added to
the grounded cis compartment and the conductance traces
were recorded at an applied voltage of 80 mV across the
lipid bilayer.

The conductance traces demonstrated a regular square-
like signal indicating the formation of proton channels
across the lipid bilayer (Figure 3a). The calculated proton
conductance value for 1a was found out to be 62 pS from
the I-V plot (Figure 3b), within the range observed for
synthetic ion pores.!? This experiment illustrated the for-
mation of proton channels by 1a across the lipid bilayer
with the conductivity of 10 times higher than M2 proton
channels at pH 3% and is 30% of the conductivity of grami-
cidin A in 0.25 M HCI?¢. Additionally, the single channel
proton traces revealed a transport of 2.18 x107 pro-
tons/channel/s (Figure S40) conducting within two order
of magnitude of gramicidin at 4M HCl in symmetric condi-
tions>0.

Furthermore, to illustrate H* over M* ion selectivity single
channel current traces were recorded in unsymmetrical
condition with cis chamber having 0.25 M HCI and the
trans chamber containing 0.25 M MCI (M= Na*, K*). The [-V
curve plotted for the gave us the reverse membrane poten-
tial value of -99.46 mV for Na* (Figure 3c) and -84.4 mV for
K* (Figure 3d) resulting in the H'/Na" selectivity of 48.1
and H'/K" selectivity of 26.7 calculated from equation S6.
Additionally, to demonstrate H" over Cl” selectivity trans
chamber was filled with 0.1 M HCI and cis chamber with
0.25 M HCL. The conductivity experiment revealed the
reverse membrane potential of -46.383 mV (figure 3e) and
the selectivity of H"/CI” to be 81.6 derived from equation
S7.

Ion Transport Studies: To study the transmembrane lipid
bilayers ion transport activity, we have used egg yolk
phosphatidylcholine large unilamellar vesicles entrapped
with pH sensitive 8-hydroxypyrene-1,3,6-trisulfonate
(HPTS) dye with 10 mM phosphate buffer system (PBS)
having pH 6.4 and 100 mM NaCl salt. 1a-1c with different
concentration were subjected to an environment where
these vesicles were suspended in 100 mM NaCl and 10 mM
PBS solution. A pH difference of 1 unit (pHin = 6.4 and pHout
= 7.4) was created across the vesicle by adding 29 pL of 0.5
M NaOH during the measurement. The emission of HPTS
was monitored at 510 nm by using two excitation wave-
lengths 405 nm and 460 nm over a period of 360 s. After
monitoring the transport activity for 280 s under the cre-
ated pH gradient, Triton-X was added to the solution to
disintegrate the pH gradient by lysing the vesicle and re-
sulting in the maximum fluorescence intensity.

All the three compounds 1a-1c were tested with increas-
ing concentrations (up to 10 mM stock concentration), but
the fluorescence activity did not show any significant in-
crease in all the three cases indicating rejection of NaCl salt
(Figure S23). Then the ion transport activity of the com-
pounds was further evaluated using various external
cations (Li*, K*, Rb*, Cs*) to assess their ability to reject
other cationic salts at a similar concentration. A 2 mM
stock solution of compounds 1a-1c was exposed to NaCl-
entrapped vesicles suspended in solutions containing dif-
ferent salts, including NaCl, KCl, LiCl, RbCl, and CsCl. Fluo-
rescence monitoring revealed a negligible increase in fluo-
rescence activity, indicating complete salt rejection for all
tested cations (Figure 4a, Figure S24). This finding
prompted further investigation of the ion transport capa-
bility of these compounds in a similar setup, following a
conformational switch to the 1a-Z-isomer upon irradiation
with 310 nm LED light. The irradiation was performed for
2 minutes after which the compound was added to the
vesicles and PBS solution.

Post-irradiation, the fluorescence intensity was measured
under a pH gradient over the same time as in the initial
conditions. Interestingly, compound 1b-Z demonstrated a
slight increase in fluorescence intensity, reaching up to 0.4
for certain cations indicating and optimal channel self-
assembly / dynamic aggregation behaviours provided by



the octyl chains, resulting in an optimal channel-ion trans-
port activity after photo-switching (Figure S25a), while
compounds 1a-Z (Figure 4b) and 1c-Z remained com-
pletely inactive toward all tested cations (Figure S25b).
After confirming the cation-independent behaviour of
these systems, we proceeded to investigate the involve-
ment of anions in the ion transport process by using differ-
ent external salts, including NaCl, NaBr, Nal, NaOMe, and
NaNOs;. The results demonstrated no activity for any of the
compounds with.
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Figure 3: a). The single channel current traces observed (from the top) i) under symmetric condition at +80 mV with 0.1 M HCl in
both cis and trans chamber ii) For unsymmetric conditions at +100 mV with 0.25 M HCl in cis chamber and 0.25 M NaCl in trans iii)
The next two traces observed at -100 mV and +100 mV sequentially for 0.25 M HCl in cis and 0.25 M KCl in trans iv) unsymmetric
condition at -80 mV with 0.25 M HCl in cis chamber and 0.1 M HCl in trans. b) The conductivity experiment for symmetric condi-
tion for 1a. Conductivity experiment for unsymmetric conditions to determine the selectivity of ¢) H over Na*, d) H" over K" and €)
H* over CI7, ) The table summarising the selectivity of 1a for H" over other ions.
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Figure 4: a) Ion transport activity of a) 1a-E (2mM) and of b)
1a-Z (2mM) after irradiation of 310 nm light in EYPC-LUVs
> HPTS and internal NaCl and in presence of different exter-
nal cationic salts.

these anions, indicating the rejection of anions as well
(Figure S26). Additionally, the anion transport capability of
the photo-switched 1a-Z-c-Z -conformers was evaluated
using NaCl, Nal, NaBr, and NaOMe.

None of the compounds exhibited a significant increase in
salt transport activity, further confirming the rejection of
the tested salts in their photo-switched forms (Figure S27).
Further, K* and H*- assisted valinomycin and FCCP assays
were conducted to evaluate the transport activity of the

$29).

Additionally, the proton transport assay was carried out to
elucidate the proton transport ability of 1a-1c in, the pres-
ence of Valinomycin. Valinomycin (12.5 uM) was added to
the vesicle solution as a K+ carrier in addition to these
compounds and we observed a H*/K* antiport with an
increase in the transport activity indicating proton trans-
port for all compounds 1a-1c (Figure 5a). These led us to
calculate the half maximal effective concentration (EC50)
of these compounds for proton transport. The value at 310
sec of the fluorescence reading was used for the hill equa-
tion plot (Figure 5b) and the EC50 values found were
15.24 + 1.74 pM, 3.72 £ 0.29 uM and 13.91 *= 1.30 pM for
1a, 1b and 1c respectively (Figure 5c). These values indi-
cate the proton transport among la-1c follows the se-
quence 1b > 1c > 1a. Hill coefficient values calculated for

compounds 1a-1c under electrogenic membrane- .
polarization experiments. FCCP (Carbonyl cyanide-p- 1a, 1b and 1c were 1.27, 2.82 f'md 1._83 respe(.:tllvely. All the
trifluoromethoxyphenylhydrazone) a synthetic n values were greater than 1 implying a positive coopera-

protonophore known for transporting proton across the

tivity in the self- assembly process.>!
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Figure 5: a) Proton transport activity of 1a with increasing
concentration (0-7mM of stock solution) in presence of
Valinomycin (25 uM), b) the corresponding hill plotatt =310
sec and c) the EC50 and the hill coefficient (n) values calcu-
lated from the hill equation for each compound 1a-1c and
their corresponding log P values as obtained from
(http://www.swissadme.ch/index.php).

Light response on proton transport rate: The promising
results from the valinomycin assay prompted us to investi-
gate the effect of photo-switching on transmembrane pro-
ton transport. For this, sequential irradiation with 310 nm
and 365 nm LEDs was performed on bilayer vesicle solu-
tion incorporating 1a-1c and the proton transport rate
was monitored after each irradiation. A concentration
exhibiting a proton transport activity around 0.5 for each
compound was selected for this assay. For each compound
1a-1c, the sample was first irradiated with 310 nm to in-
duce the formation of Z conformer, and at the photo-
stationary state (PSS), and notably a significant increase in
proton transport rate was observed. Subsequently, the Z
conformer was irradiated with 365 nm, which resulted in a
decrease in proton transport rate (Figure 6a). The fluores-
cence values at 190 s were plotted for each compound
after irradiation with 310 nm and subsequent 365 nm
irradiation for comparison (Figure 6b). These findings
indicate that proton transport is more efficient in the Z
conformer compared to the E conformer. For more de-
tailed information about this photo-switching effect, water
transport studies were carried out.

Light response on water transport rate: To determine
the water transport ability of the compounds 1a-1c they
were reconstituted in a phosphatidylcholine (PC)/ phos-
phatidylserine (PS)/ cholesterol (Chl) mixture with a mo-
lar ratio of 4:1:5 obtaining vesicles with a 100 nm diameter
1a, 1b and 1c were added from the DMSO solution with
different concentrations to the vesicle suspensions in 200
mM D(+)- sucrose osmolyte and 10 mM PBS solution (pH =
6.4). The solution was incubated for 30 min after which
these vesicles were subjected to hypertonic condition of
400 mM D(+)- sucrose solution, creating a water gradient
to force the water to get out of the vesicles. The resulting
rate of shrinkage of the vesicles was monitored by the
increase in the light scattering signal. A concentration

dependent study with three different mCLR of 0.01136
(0.5 mM stock), 0.02326 (1 mM stock) and 0.04651 (2 mM
stock) revealed negligible increase in the water transport
rates (Figure S34-S36). The process was further repeated
after the irradiation of the compounds 1a-1c (1ImM stock
concentration) vesicle solutions with 310 nm LED and
subsequently after 365 nm LED irradiation, giving us the
effect of photo-switching on water transport rate for the
molecules (Figure 6c¢). The net permeability values were
calculated for each compound 1a-1c and after each irra-
diation which gave us the rate of transport of water
through the vesicle membrane. For a molar compound to
lipid ratio of 0.023 (1mM stock solution) the initial net
permeability values were found to be 2.56 um/s, 3.19
um/s and 3.71 pum/s for 1a, 1b and 1c respectively. The
low net permeability values for the 1a-E-1c-E conformers
can be explained as the water molecules are strongly em-
bedded in within interlayers within red (red) acylhydra-
zone- and (blue) imidazole channels (see Figure 2d) as
observed in the crystal structure resulting in the formation
of no continuous water arrays to facilitate the water trans-
port. Interestingly, the net permeability values increase
significantly after irradiation with 310 nm light for 1.5 min
indicating that the 1a-Z-1c-Z conformer results in in-
creased rate of water transport as compared to the 1a-E-
1c-E conformer. The net permeability values were 13.64
um/s, 7.19 pm/s and 10.57 um/s for 1a-Z, 1b-Z and 1c-Z
respectively after irradiation with 310 nm LED. To check
the effect of reverse isomerisation on the water transport
rate the Z conformer solution was further irradiated with
365 nm LED and notably the net permeability values de-
creased to 7.2 um/s, 6.21 pm/s, 4.18 pum/s respectively for
1a-E, 1b-E and 1c-E (Figure 6d). We further calculated the
single channel permeability (Ps) of these channels based on
the net permeability values obtained from the experiment.
For mCLR of 0.023 and assuming 6 molecules are required
to span the membrane length of 35 A (Figure 2c), the Ps
value ranges in between 0.65x107 - 0.94 x107 water mole-
cules/s/channel. The Ps values increased noticeably to
1.8x107 - 3.5x107 water molecules/s/channel after irradia-
tion with 310 nm. However, a further decrease in the Ps
value was observed to 1.06x107 - 1.8x107 water mole-
cules/s/channel after irradiating with 365 nm LED (Table
S2). We note that for all transport experiments successive
irradiations from E-conformers to Z-conformers and back
to the E-conformers are not leading to pure E-conformers,
suggesting the slow re-Z—F isomerization led to a mixture
of E-Z conformers, as previously observed with other car-
riers.#* These findings indicate that as for the proton
transport rates, the water transport rates are significantly
higher in the Z-conformers compared to the E-conformers.
This difference in permeability can be attributed to the
structural flexibility of the bended Z-conformer.

Specifically, in the Z-conformer the structural water mole-
cules are expulsed, the absence of an additional amide
bond for interlayer bonding results in a less rigid bended
molecular architecture. This reduced rigidity allows the Z-
conformer to adopt a more dynamic configuration, facili-
tating easier water and proton dynamics and diffusion
through the imidazole channel. In contrast, the E-
conformer, due to the accessibility of the amide bond for
interlayer stacking, it exhibits increased rigidity and a



more constrained layered structure. This rigidity likely
hinders the movement of water molecules, resulting in a
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Figure 6: a) The fluorescence assay for compound 1a in presence of valinomycin and the change in graph after irradiation with
310 nm and 365 nm LEDs; b) 3D graphs showing the change in the ion transport activity for compounds 1a-1c at 190 s during the
assay after irradiation with 310 nm and 365 nm LEDs. c) Stopped flow light scattering experimental data for 1c at 1mM concentra-
tion showing the changes in the normalised curves after irradiating with 310 nm and 365nm light and d) 3D graphs indicating the
changes in net permeability for compounds 1a, 1b and 1c after irradiation with 310 nm and 365 nm LEDs.

These results can also be correlated to the proton trans-
port results where the Z conformer is more responsible for
proton transport indicating that the proton in this case is
travelling with water as opposed to the E state where it
was hopping through the molecule and water H-bonded
network in the imidazole channels. The proton diffusion
along H-bonded water chains needs certain dynamic be-
haviours of the water-imidazole chains to reorient and
facilitate the proton translocation.5? Thus, proving that
photo-switching in between the Z- and E-conformers plays
a crucial role in modulating water and proton transport
efficiency, with the Z-conformer providing a more favour-
able pathway for water diffusion through the membrane.
Furthermore, a comparative analysis of proton-to-water

transport selectivity was conducted for compound 1a to
quantitatively assess its transport behavior following suc-
cessive photoirradiation steps. This selectivity was derived
by combining patch-clamp measurements with fluores-
cence-based photoswitching data obtained from Figure 6a.
The results indicated an initial proton-over-water selectiv-
ity of 3.35 prior to irradiation (Table S3), suggesting that
protons were transported approximately three times more
efficiently than water through the channels. Upon irradia-
tion at 315 nm, the selectivity remained similar at 3.14
but further decreased to 2.00 after exposure to 365 nm
light. The data consistently indicated that proton transport
was favored over water under all irradiation conditions.
For further clarification on this and to study the mechanis-



tic pathway of proton and water transport we carried out
exploratory molecular dynamics (MD) simulation studies.

Molecular Dynamics Simulations: Considering that
transmembrane transport is an inherently dynamic proc-
ess, and the X-Ray structure is only a snapshot of dynamic
self-assembly behaviours of channels in the bilayer mem-
brane, we deemed it essential to perform Molecular Dy-
namics (MD) simulations in order to gain a more realistic
atomic-level understanding of water/proton translocation
events. We extracted a small patch (mCLR of 0.151) from
the resolved molecular structure of 1a-E and inserted into
the POPC membrane. When methanol was removed from
the single crystal X-ray molecular structure, intriguingly,

these cavities of 1a-E channels were spontaneously filled
with water to create potential water/ proton transport
pathways (Figure 7a). A close inspection of the water dis-
tribution within the initial channel configuration (i.e, t =0
ns) revealed a water-imidazole array with complementary
H bonds. Here, each water molecule serves as a bridge
between two imidazole head groups of parallelly stacked
1a units (Figure 7a). Importantly, imidazole-intercalated
water molecules are not crucial for the stability of the self-
assembly aggregate, in contrast to the water molecules
presented within acylhydrazone channels. Specifically, MD
runs without any

Figure 7. MD simulation snapshots of 1a-E within a POPC membrane at a) t = 0 ns, b) 50 ns and c) 100 ns illustrating the stability
of the self-assembled channels within bilayer membrane environment over time and highlighting the imidazole water/proton
translocation pathway. Water molecules within the self-assembled imidazole channels are depicted in magenta to distinguish them
from structural water molecules strongly bonded to arylhydrazone moieties and bulk water molecules. Hydrogen atoms have been

omitted

constraints demonstrate that beyond the temporal stabil-
ity of the self-assembled aggregate, imidazole head groups
can stabilize each other (Figure 7b,c). We observe the for-
mation of temporary stabilized water wires that sustain a
water/hydronium ion hopping translocation mechanism.
The observed channel pathway is more favourable for
water/proton over other ions due to the presence of alter-
nating Hydrogen bond donor (N-H groups) and hydrogen
bond acceptor groups (Imidazole-N) and the less condu-
cive environment for anion and cation binding explains ion
rejection by the system. Analysis of the channel’s inner
imidazole binding motifs indicates a strong preference for
coordinating water molecules over other ions, in agree-
ment with previous observations from I-quartet channels
reported by our group.?®#’” In this arrangement, the alter-

clarity.

nating N-H and N functionalities establish a sequential
hydrogen bond donor-acceptor environment (Figure 7),
which is optimally suited to stabilize water clusters beside
coordinating the cations and anions. In contrast, efficient
cation binding would necessitate the presence of at least
two closely positioned hydrogen bond acceptors to pro-
vide an energetically favourable electrostatic interaction, a
feature absent in this channel. A similar limitation applies
to anion binding, where two or more proximal hydrogen
bond donors are typically required to accommodate and
transport larger anions such as chloride, which is likewise
not supported by the channel’s architecture. Taken to-
gether, these structural features strongly suggest that the
channel is inherently selective for water and proton trans-
port, while effectively excluding both cations and anions.



Notably, the structural water molecules intercalated within
the acylhydrazone layers are and remain tightly bound
during overall simulations, being crucial for self-assembly
but not undergoing translocation. Notably, due to the sta-
bilisation of the antiparallel strongly packed configuration
by the E isomer (see Figure 2c), a dynamic configuration
where imidazole groups cooperate together to form a dy-
namic I -quartet is partially hindered. Although no direct
simulations of the Z configuration were performed, as no
structural data is available, it can be deduced that when
switching the assembly observed in the simulations of the
E configuration to the Z configuration, water access to the
acylhydrazone would be restricted, which destroys the
highly packed antiparallel stacking. As a result, there is a
higher likelihood of formation of more dynamic imidazole-
quartets that support faster water and proton transport
across the lipid bilayer. Consequently, these findings effec-
tively (yet indirectly) reaffirm the experimentally observed
lower water and proton translocation rates of the E-state
as compared to the Z-state.

Complementarily, membrane insertion efficiency experi-
ments were conducted to evaluate the incorporation be-
haviour of the molecule in its different conformational
states. The same vesicles used in the water transport as-
says were employed, and insertion efficiency was quanti-
fied based on concentration curves derived from UV-Vis
spectroscopy for both isomers (Figures S45-S50). The
results revealed that membrane insertion efficiency in-
creased significantly upon switching from the E to the Z
conformer (Table S4), suggesting that the observed differ-
ences in water and proton transport rates are influenced
not only by the intrinsic binding characteristics of the
isomers but also by their differential membrane incorpora-
tion.

CONCLUSION

In this study, we demonstrated light-responsive proton
and water channels whose transport rates can be exter-
nally controlled using light radiation. The synthesized
channels exhibited efficient photoswitching, as confirmed
by UV-Vis and 'H NMR studies. Furthermore, proton chan-
nel formation was validated using patch clamp assays
exhibiting a proton transport rate of 2.18 x10” H' per sec-
ond per channel. Additionally, the ion selectivity through
patch clamp assay for 1a revealed a high selectivity of H"
over Na“, K, CI” ions with a value of 48.13, 26.7 and 81.6
respectively. The crystal structure of 1a-E revealed a novel
proton transport pathway mediated by water molecules in
two different amide and imidazole channels. The HPTS
assay with various external cations and anions indicated
salt rejection for both E and Z conformers across all com-
pounds, except for minimal activity observed with 1b. The
valinomycin-assisted assay revealed efficient proton
transport, with 1b showing the lowest half-maximal con-
centration (3.73 £ 0.29 uM). Photo-responsive tests con-
firmed increased proton transport upon switching to the Z
conformer and a subsequent decrease upon reverting to
the E conformer. The stopped flow assay revealed a similar
trend in the transport rate of water, as for proton trans-
port where Z conformer was responsible for increased rate
of water transport up 3.5x107 water molecules/s/channel

after irradiation with 310 nm, one order the magnitude
less than natural Aquaporins. Molecular Dynamics simula-
tions of 1a-E revealed that the primary transport pathway
for the transport of water and proton is through imidazole
and the embedded water remains stationary resulting in
an increased rigidity of the system. Through this we can
interpret that the photo switched Z conformer’s increased
proton and water transport behaviour is due to the intrin-
sic change in the interaction pattern with water molecule
rendering the system more dynamic and responsive to-
wards water/ proton transport. Along with the intrinsic
interaction changes, the membrane incorporation ability of
the molecules significantly increases after switching from
E to Z conformer which again adds to the increased trans-
port rate for the Z isomer.

Proton selectivity and gating/pumping are the key func-
tions of Influenza A M2,53 or to the light-driven microbial
rhodopsins’# proton channels. Selective artificial proton
channels are less described in literature. Biomimetic I-
quartets reported by our group a decade ago remained
long time as unique selective proton channels via artificial
water channels,3? while nowadays new discoveries in this
field are being made. Designing exclusive proton flux
through lipid bilayers remains a challenging task.26:55-56 The
findings described in this paper add a new advancement to this
field establish an impressive light-responsive system capable
of regulating proton and water transport through biomimetic
channels with potential implications for light-controlled artifi-
cial water/proton channel systems. This system also shows
promise in cancer treatment owing to their photoresponsive
nature and can be essentially helpful in designing future class
of stimuli responsive and selective proton /water channels a
field which is largely unexplored.
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Rigid - Restricted Water/Proton Flow
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