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The cellular membrane transport of physiologically important cations and anions is omnipresent and
regulates different physiological functions. Whereas a notable number of cation—anion transporters are
being developed to transport salts across the membrane, developing an artificial cation—anion symporter
with stimulus-responsive activities is an immense obstacle. Herein, for the first time, we report reversibly
photoswitchable acylhydrazone-based transporter 2 that has distinctive OFF-ON cation—anion co-
transport abilities. The substituent was modified in 1la—1c and 2, to change the to-and-fro movement of
the transporter to enhance the ion transport efficiency. lon transport experiments across the lipid bilayer
membrane demonstrate that 1la has the highest transport activity among the series with irreversible
photoisomerization properties, whereas 2 has a unique reversible photoisomerization property. A
detailed transport study indicated that the E-conformer of compound 2 facilitates Na™/Cl™ transport via
the symport process by following the carrier mode of ion transport. 2’Na NMR and chloride selective
electrode assays confirmed the OFF and ON state of ion transport of compound 2 with photoirradiation.
An assembly of [(2g), + NaCl] was subjected to geometry optimization to understand the responsible ion
binding motif. Geometry optimization followed by the natural bond orbital analysis of lay and 27
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1 Introduction

Appropriate concentrations of physiologically important ions
(Na*, K, Cl7, etc.) are crucial for the functioning of different
biological processes, including regulating cardiac and neuronal
activity, systemic pH, salt and water homeostasis, and cell
proliferation, differentiation, and apoptosis.’™ Structurally and
functionally complex transmembrane cation-anion cotrans-
porters (CACs)**® are one of the classes of transmembrane
proteins that mediate electroneutral transport of cations and
anions across the cellular membrane according to the require-
ment of the cells. Dysfunction of these transmembrane proteins
is linked to several pathologies that are generally termed
channelopathies, which comprise a plethora of diverse
diseases, including epilepsy, migraine, cardiac arrhythmia,

asthma, cystic fibrosis, cancer, etc.”® Hence, chemical
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accessible for reversible photoisomerization.

modification of natural transmembrane proteins'** or devel-
oping small molecule-based synthetic transporters*®*® is
avintage strategy that is still intriguing for giving structural and
functional information. Moreover, recent findings revealed that
synthetic transporters have the potential for antibacterial****
and anticancer™>" activities. Such an interesting outcome with
the synthetic transporter motivated us to design new synthetic
ion transporter systems that can translocate ions across the
bilayer membrane. Over time, scientists have developed
cation*** and anion*® transporters to mimic the structures
and functions of natural ion transporters and their application
in various biological contexts. In recent years, cation-anion
transporters have also been developed to realize the more
complex dual ion selectivity. Synthetic K'~CI~ and Na'-Cl~
symporting carriers, based on the salt-binding macrobicycle,
were first invented by Smith and coworkers.”” Following this,
Kyu-Sung Jeong,”® Philip A. Gale,” Stefan Matile,*® Yun-Bao
Jiang,** and Nandita Madhavan® and coworkers have also
developed synthetic symporter carriers that can transport
cation-anion across the bilayer. Alongside, Madhavan and our
group have also made an efficient effort to develop cation-anion
symporter channels.*?*>* Despite the advances in cation-anion
transport, the non-stimulus response of these systems is
a major limitation for real-life applications.

Chem. Sci., 2024, 15, 17017-17025 | 17017


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc02474e&domain=pdf&date_stamp=2024-10-17
http://orcid.org/0000-0003-2528-1665
http://orcid.org/0000-0002-9573-903X
http://orcid.org/0000-0003-3951-4335
https://doi.org/10.1039/d4sc02474e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02474e
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015041

Open Access Article. Published on 30 August 2024. Downloaded on 4/3/2026 3:06:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

A variety of synthetic gated ion transporters that involve pH,
enzymes, voltage, light, redox, ligands, etc., as external stimuli
are reported.**** Among these, light is a suitable choice as an
external stimulus due to its wide control at the molecular level
with high spatiotemporal precision.*” To this extent, various
photoresponsive transmembrane transporters based on stil-
bene,*»** azobenzene,**** o-nitrobenzyl,***® and acyl hydra-
zone*** have been reported in the literature. Although acyl
hydrazone-based systems have both cationic and anionic sites,
their usage as a photoresponsive cation-anion symporter is
unprecedented. In 2017, Zhou et al. showed that an acyl
hydrazone-based molecule could be utilized to photoregulate
the ion channel formation with different wavelengths of UV
light, thus regulating the cation transport.** Our group also
made an appreciable attempt to make an acylhydrazone-based
transmembrane carrier that can photocontrol the transport of
anions across the lipid bilayer membrane.*** But all of these
systems either transport cations or anions. Moreover, the use of
UV-B region (280 nm-320 nm) of light for the deactivation
process or redox stimulus in the reactivation process makes it
difficult to use in real-life biological applications. The sparsity
of these acyl-hydrazone-based cation-anion transporters with
reversible ON and OFF transport activity stimulates us to
develop stimulus-responsive small molecule-based cation-
anion synthetic transporters.

Herein, we have reported a series of acylhydrazone-based
cation-anion transporters 1la-1c and 2 whose transport
activity can be controlled spatiotemporally with the help of
a specific wavelength of electromagnetic radiations to achieve
both ON and OFF state of ion transport (Fig. 1). A series of
derivatives were synthesized to modulate the ion transport
activity by altering its insertion efficiency into the bilayer.
Compound 1a is supposed to show its higher transport activity
among the congeners 1a-1c due to its optimum logP value. In
investigating the influence of heteroatom X within the
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Fig. 1 Chemical structure of compounds la—1c and 2 with photo-
isomerization property and its effect on the ion transport process (A);
structural description and log P values of designed molecules la-1c
and 2 (B).
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chromophoric moiety on the reversible photoswitching process,
the design of molecule 2 was implemented.

2 Results and discussion
2.1 Design and synthesis of 1a-1c and 2

Acylhydrazones are known to bind to cations and anions.*
Here, we designed an acylhydrazone-based molecule that has
both cation and anion binding sites in itself. An electron
withdrawing nitro group was introduced on the chromophoric
moiety to reduce the double bond character of the hydrazone
bond by enhancing the extended conjugation, which leads to
a rapid photoswitching property. Compounds 1a-1c, and 2 have
been synthesized by following Scheme 1. Initially, compounds
3a-3c were reacted with hydrazine monohydrate (NH,NH, - H,-
O) in methanol solvent under reflux conditions to get
compounds 4a-4c. Without further purification of 4a-4c, it was
coupled separately either with 5-nitrofuran-2-carbaldehyde or 5-
nitrothiophene-2-carbaldehyde in 2:5 water : ethanol mixture
at 100 °C to get compounds 1a-1c¢ and 2. All compounds are
characterized with the help of *H, **C, HRMS, and IR data.

2.2 Photoswitching studies in UV

Initially, the photoswitching efficiency of both compounds 1a
and 2 were analyzed through UV-Vis spectroscopy in methanol
solvent. Photoirradiation on compound 1a with 365 nm of UV
light for 5.5 min showed a significant bathochromic shift of the
absorbance peak at 450 nm (Fig. S1At), indicating the £ — Z
photoisomerization process. To validate the reversibility of the
photoswitching process, the isomerized Z-conformer was
further irradiated with 450 nm of LED light. Data revealed that
even after 20 min of photoirradiation, reverse isomerization was
unfeasible (Fig. S1BY).

Notably, the photoswitching study for compound 2 in
methanol revealed a very rapid £ — Z photoisomerization
within 5 s of 365 nm irradiation (Fig. 2A and S3At). Further, to
substantiate the photo reversibility of compound 2, an iso-
merized Z-conformer was irradiated with 450 nm light.
Remarkably, after 9 min of photoirradiation, the Z-conformer
reverts to its initial E-conformer (Fig. 2A and S3Bt), which
validated the photo reversibility of compound 2. The
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Scheme 1 Synthetic scheme of compounds 1la—1c and 2.
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Fig. 2 UV-Vis spectrum of compound 2 showing photostationary
states for 365 nm and 450 nm (A); change in absorbance value at
365 nm after each cycle of irradiation (B).

photoisomerization between E and Z-conformer was repeated
for four cycles, and no major degradation was observed
(Fig. 2B), which revealed that our acylhydrazone-based molec-
ular switch remains stable even after higher photoirradiation
cycles. After subjecting compound 2 to photoirradiation at both
365 nm and 450 nm, an insignificant change in the high-
resolution mass spectra (HRMS) spectra was observed
(Fig. S6t). Notably, the accurate molecular ion peak mass of
compound 2 remained constant, indicating an efficient and
reversible photoswitching process without any apparent pho-
todegradation of the compound. Further, the presence of the
UV-absorbance peak of 2, conformer in 500 nm wavelength
influenced us to investigate the Z — E photoisomerization with
500 nm of LED light. Efficient photoisomerization of the 2, —
2 conformer was noticed upon photoirradiation with 500 nm
of light for 14 min (Fig. S71), indicating the Z — E photo-
isomerization can be achieved even with 500 nm of LED light.
The stability of compound 2 was investigated by subjecting it to
sequential photoirradiation cycles with 365 nm and 500 nm
light in MeOH solvent, aiming to assess its photo reversibility
(Fig. S81). No photodegradation was observed even after four
cycles, validating compound 2 can be used as a reversible effi-
cient photoswitching system even with longer wavelength of
light. The calculated photostationary state (PSS) composition
during E — Z isomerization with 365 nm is 2g:2, = 20: 80.
Whereas the calculated PSS composition during Z — E isom-
erization with 450 nm and 500 nm lights is 2p:2; = 82:18 and
91:9, respectively.

To scrutinize the stability of the Z-conformer, time-
dependent "H NMR was recorded in MeOH-d, (Fig. S91) and
MeOH-d, : D,O (2:1 v/v) solvent (Fig. S101) systems. Interest-
ingly, a significant enhancement in the stability of 2, conformer
was noticed in the MeOH-d, : D,O solvent (=48 h) compared to
the MeOH-d, solvent (=24 h), validating the solvent-dependent
thermal stability of the Z-conformer (Fig. S117). The calculated
photostationary state (PSS) of 2, — 2 thermal relaxation is
approximately 80% and 85% in MeOH-d, and MeOH-d, : D,O
solvent stems.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3 Ion binding studies

Ion binding efficiency of 1a-1c¢ and 2 were investigated by "H
NMR titration in acetonitrile-d; with a host concentration of
2 mM." Increasing the equivalent of the tetrabutylammonium
chloride (TBACI) salt demonstrated a significant downfield shift
of the H,, Hy, and H. protons, validating the involvement of
these three protons in the overall ion binding process by N-H:--
X~ and two C-H---X" hydrogen bonding interactions. BindFit
v0.5 program® was further used to investigate the binding
constant of compounds 1a-1c and 2 with TBACI salt. A 1:1
model of host: guest confirmed that ion binding constants of
1a, 1b, 1c, and 2 with TBACI salt are 995 + 5% M™%, 662 + 6%
M, 429 +0.7% M, and 935 4 3% M~ " respectively (Fig. S13-
S207). The photo reversibility nature of compound 2 influenced
us to investigate the ion binding process with the tetrabuty-
lammonium halide (TBAX, X~ = Br and I ) salts. A 1:1 model
of host:guest confirmed compound 2 has higher binding
constants for TBACI (935 + 3% M), followed by TBABr (91 +
3% M™'). In contrast, the binding constant for TBAI could not
be determined due to the insignificant change in the chemical
shift with the sequential addition of the TBAI salt (Fig. S237). To
scrutinize the involvement of the cation in the binding process,
"H NMR titration was carried out with compound 2, titrating
with NaPF; (Fig. S241). Being a larger anion, PF,~ is unlikely to
fit in the anion binding sites, and hence, changes shown during
the "H NMR titration will be due to the binding of Na* cation.
During the NMR titration H,, Hp,, and H. peaks are getting
upfield shifted with an increase in the equivalent of NaPF salt,
indicating the Na' is binding to the respective cation binding
sites of compound 2. Further, "H NMR titration of compound 2
with Na'Cl~ ion pair was investigated by mixing an equimolar
amount of NaPFs and TBACI salt (Fig. S25t). Interestingly,
during ion pair titration, all of the H,, Hy,, and H, protons shift
towards the downfield region with an increase in the equiva-
lence of the guest. This data indicated compound 2 has the
potential to bind both Na” and CI~ ions in their respective ion
binding sites. A 1:1 host: guest binding model by using the
BindFit v0.5 program, revealed the binding constant 307 + 14%
M~ (Fig. S267).

2.4 Transmembrane ion transport activities of 1a-1c and 2

The rapid, reversible photoswitching process and significant
difference in the binding constant with different salts influ-
enced us to scrutinize the ion transport comparisons of the
series of compounds 1a-1c and 2. An egg yolk phosphatidyl-
choline large unilamellar vesicles (EYPC-LUVs), entrapped with
a pH-sensitive 8-hydroxypyrene-1,3,6-trisulfonate (HPTS, pK, =
7.2) dye was used to investigate the ion transport activity of
compounds l1la-1c and 2. Initially, a 0.8 unit of pH gradient
(pHin = 7 and pHyy = 7.8) was generated upon the addition of
20 puL of 0.5 M NaOH solution at ¢ = 20 s. A change in the
fluorescence intensity was monitored (Aey, = 510 nm, Aex = 450
nm) after the addition of the compounds 1a-1c, and 2 sepa-
rately. Finally, Titron X-100 was added (¢ = 300 s) to disintegrate
the pH gradient by lysing the vesicles to achieve the complete
leakage of HPTS dye."** Ion transport efficiency of compounds

Chem. Sci., 2024, 15, 17017-17025 | 17019
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la-1c, and 2 were investigated at 300 nM concentration with
extravesicular and intravesicular NaCl salt. Comparison data
divulge the activity sequence of 1a > 2 > 1b > 1c (Fig. 3A). As
expected, compounds 1a and 2 showed higher transport effi-
ciency among the congeners due to their optimum log P value
(Fig. 1B), which enhanced the to-and-fro movement efficiency of
the transporter molecule across the bilayer. HPTS assay was
further utilized to investigate the dose-dependent studies of
compounds 1a-1c, and 2. Half-maximal effective concentration
(ECs0) and Hill coefficient (n) values for each analog of
compounds were analyzed by the Hill equation. Hill analysis
provided the n = 2 for all of the compounds, indicating that two
monomeric units of the transporter molecule are actively
involved in the overall transport process. Calculation of the ECs,
values demonstrated that compound 1a has the lowest ECs,
value (71.9 nM =+ 2.28, 0.106 mol%) followed by compounds 2
(365 M =+ 17.5, 0.539 mol%), 1b (0.54 uM = 0.05, 0.798 mol%)
and 1c (6.36 uM =+ 0.39, 9.40 mol%), which also validate the
transport comparison data of the compounds.

2.5 Ion selectivity studies

Irrespective of the highest ion transport activity of compound
la, further ion transport studies were performed with
compound 2 because of its unique reversible photoswitching
nature. To elucidate the involvement of different ions in the
transport process, an ion selectivity assay was performed across
the EYPC-LUVs D HPTS. Firstly, the anion selectivity of
compound 2 by changing the extravesicular NaX (X~ =F , Cl™,
Br-, I, NO; , and SCN") salts was investigated.>** A consid-
erable change in transport activity confirmed the involvement
of the anions in the transport process with a selectivity order
Cl" >NO;” >F = Br =1 >SCN (Fig. 4A). The observed
anion selectivity does not follow any of the Hofmeister
series,*** indicating anion selectivity is controlled by both the
hydration energy and the size of the anions (Fig. S33A and BY).
Likewise, the involvement of the cations in the overall ion
transport process was also checked by varying the extravesicular
MCI salts (M" = Li*, Na", K', Rb", and Cs").>*>® A conspicuous
change in the fluorescence activity upon variation of the extra-
vesicular MCI salt indicated the cation selectivity with an

A 100 B 100
3 — 3
S s
> 801 > 804
2 2 v
g I}
= =
g 601 o 60
g g z
2 3 =t
[} [0} o
S 404 © 40
=
el el
[} (9]
S 20 S 901 .
[o ©
£ £
: . :
b4 b4
0- T 0 T T T

T
100 200 300 400 500
t(s)

Blank 1a 1b 1c 2 0

Fig. 3 Comparison of ion transport activity of 1la—1c and 2 (A); dose—
response study of 2 across EYPC-LUVs D HPTS (B).
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Fig. 4 lon selectivity of compound 2 across EYPC-LUVs D HPTS
towards anion (A); and cation (B) at 300 nM concentration.

activity sequence Na" > K" > Rb" = Cs' > Li" (Fig. 4B). The
observed cation selectivity suggested that both the size and
hydration energy of the cation regulate the overall cation
selectivity (Fig. S33C and Dt).** Further, >*Na NMR was
utilized for the confirmation of the cation transport property of
compound 2. A shift reagent was added externally to distinguish
the external and internal Na* signals. The change in the extra-
vesicular Na' signal was monitored by increasing the concen-
tration of compound 2. A prominent change in the Na* ion
transport rate was observed with increasing the concentration
of compound 2 (Fig. S377), indicating that compound 2 is
capable of transporting Na* ions across the bilayer membrane.
Hence, the aforementioned selectivity studies divulge the
involvement of both cation and anion in the overall transport
process.

2.6 Chloride influx and cation selectivity studies

To ensure the chloride transport activity of compound 2,
a halide-sensitive lucigenin dye,*” 200 mM NaNO; salt with pH
= 7.0, was encapsulated in EYPC-LUVs. A CI"/NO;~ gradient
was created by the addition of 33.3 pL from 2 M NaCl salt in the
extravesicular medium, and the change in the fluorescence
activity was monitored at Ae;,, = 535 nm (Aex = 455 nm) with
time. At ¢ =300 s, Titron-X 100 was added to lyse the vesicles.*”**
The increasing concentration of the compound gradually
increased the fluorescence quenching of the lucigenin dye,
demonstrating the chloride influxing capability of compound 2
(Fig. S351). Hill analysis provided the ECs, value 2.47 uM + 0.18
and the Hill coefficient n = 2, reiterating the aforementioned
Hill coefficient values of our transporters during the HPTS
assay.

The cation selectivity of compound 2 was further recon-
firmed across the EYPC-LUVs D lucigenin. A chloride gradient
was created by the addition of 33.3 pL of 2 M MCl salts (M' =
Li", Na*, K', Rb", and Cs") in the extravesicular medium at ¢ =
20 s. A change in the fluorescence quenching activity of luci-
genin was monitored after the addition of compound 2 at ¢t =
100 s. Variation in the extravesicular cations conspicuously
changed the lucigenin fluorescence quenching activity
(Fig. S361), demonstrating compound 2 is selective towards

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cations with selectivity order Na* > K* > Rb" > Cs" = Li*. The
obtained cation selectivity sequence coordinates with the
selectivity pattern observed during the HPTS assay.

2.7 Mechanistic studies

Increment of the HPTS fluorescence activity in the presence of
the transporter molecule can be due to either antiport (OH /A~
or H/M" where A~ and M" are anions and cations) or symport
(M'/OH™, M/A™ or H'/A") of ions. To evaluate the operated
mechanism by our transporter molecule, different experiments
were conducted with compound 2. Initially, the change in the
chloride influx across the EYPC-LUVs DO lucigenin was inves-
tigated in the presence of valinomycin.** The analogous chlo-
ride influx by compound 2 in the absence and presence of
valinomycin confirmed the non-cooperative effect between
compound 2 and valinomycin (Fig. S38t). The non-cooperative
effect preliminary demonstrated that the compound 2 trans-
ports both cations and anions via the symport process. For the
confirmation of the mechanistic insight into the transport
process, we chose NO; /SO,*~ assay.*® Here, 200 mM Nacl salt
was encapsulated in the EYPC-LUVs with 1 mM lucigenin, and
the pH was adjusted to 7.0. An extravesicular solution of iso-
osmolar NaNO; or Na,SO, was used to create the ionic gradient,
and fluorescence intensity was monitored after the addition of
compound 2. SO,>~ is a doubly negatively charged anion, and
hence, it is difficult to transport across the bilayer as compared
to the NO; ™ ion. It is expected that if compound 2 follows the
antiport process as the transport mechanism, then changing
the extravesicular ion from NO;~ to SO,>~ will significantly
reduce the fluorescence activity gaining of the lucigenin dye.
Irrespective of the extravesicular salt medium, an insignificant
difference in ion transport activity for both of the extravesicular
salts (Fig. S401) was observed. This data demonstrated
compound 2 can transport ions via a symport mechanism.
Further reconfirmation of the transport mechanism was inves-
tigated by entrapping the 1 mM lucigenin dye with either iso-
osmolar NaNO; salt or Na,SO, salt. The Cl™ ion influx was
monitored separately by creating an ionic gradient by adding
NaCl salt extravesicularly. It is expected that if compound 2
follows the symport mechanism during ion transport, then
changing the intravesicular salt will not affect the Cl™ ion influx.
However, if it follows the antiport as a transport mechanism,
then Cl™ ion influx will be negligible in the presence of intra-
vesicular Na,SO, salt compared to NaNO; salt. As expected,
irrespective of the entrapped salt, a comparable amount of C1~
ion influx was observed by compound 2 (Fig. 5A). Whereas our
earlier reported compound® (RAS02052, Fig. S41Ct), which is
known to follow the antiport mechanism during the transport
process, did not show any Cl~ ion influx (compound concen-
tration 2.5 uM) in the presence of intravesicular Na,SO, salt.
Therefore, it is evident that compound 2 transports cation and
anion by following the symport mechanism during the trans-
port process.

The U-tube experiment was carried out to establish the mode
of the ion transport (carrier or channel) by compound 2.*
During the experiment, the source arm (500 mM NacCl, 5 mM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Chloride influx by compound 2 (2.5 uM) across EYPC-LUVs D
lucigenin with entrapped iso-osmolar NaNOsz and Na,SO4 salt in the
presence of externally added NaCl ionic pulse (A). U-tube experiment
of effective NaCl symport by compound 2 by carrier mechanism (B).

phosphate buffer, pH = 7.0) and the receiver arm (5 mM
phosphate buffer, pH = 7.0) were separated by a 15 mL chlo-
roform layer dissolved with 1 mM compound 2. The practica-
bility of a supramolecular channel to span the chloroform layer
is very unlikely, and hence, it will not increase the Na* and CI~
concentration in the receiver arm, but a carrier can easily
shuttle across the chloroform layer and transport the Na* and
Cl” ion from the source arm to the receiver arm. The experi-
mental result showed a gradual increase in the Na" and CI~
concentration in the receiver arm (Fig. 5B), indicating that
compound 2 follows the carrier mode of ion transport. Subse-
quently, ANTS-DPX assays were performed to elucidate the
occurrence of large pore formation and assess membrane
stability in the presence of compound 2.* The experimental
data revealed an indiscernible leakage of ANTS dye across the
bilayer membrane in the presence of compound 2 (Fig. S427).
These findings suggest that compound 2 does not induce the
formation of large pores within the bilayer and does not
compromise membrane integrity.

2.8 Effect of photoswitching in ion transport

The effect of photoirradiation in the transport process was
initially investigated across EYPC-LUVs D HPTS by irradiating
the membrane-embedded compound 2 with 365 nm of light at
different concentrations. It was evident from the experiment
that 2 shows significant transport activity, whereas irradiation
with 365 nm of light diminished the ion transport activity due to
the 2 — 2, isomerization (Fig. S44At). A dose-response study
of photoisomerized 2, indicated that even at high concentra-
tions, it remains inefficient in transporting ions (Fig. S44B¥).
The presence of higher absorbance intensity at 450 nm and
shorter photoswitching time influenced us to scrutinize the
impact of photo reversibility on the ion transport process using
450 nm light instead of 500 nm. To investigate the effect of the
cation transport during the photoswitching process, a >*Na
NMR experiment was carried out with compound 2. 200 mM
NaCl salt encapsulated EYPC-LUVs was used during the
experiment. A shift regent was added externally during the
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experiment to differentiate the internal and external Na* ion
peaks. Initially, sodium ion concentrations in intravesicular
and extravesicular medium are equal in equilibrium. The
addition of 0.2 M sodium tri(poly)phosphate and 0.1 M
dysprosium trichloride solution in 2:1 ratio will form Na,-
Dy(P3010)>-3NaCl. Noticeably, the addition of membrane-
impermeable Dy(P;0,,)" " in the extravesicular medium makes
ionic concentration unequal across the vesicular membrane.
Since the large complex cannot be transported inside the vesi-
cles through the transporter, diffusion of sodium ions through
transporter 2 can be visualized by the line broadening observed
for the Na' resonances due to the exchange of the internal and
external Na" ions. Ton transport can be visualized and quanti-
fied by the line broadening observed for the Na* resonances.
The exchange rate of the internal and external Na' ions is
directly proportional to the line broadening observed for the
Na' signal. A change in the line width of the external Na* ion
peak was monitored during the photoirradiation of compound
2 with 365 nm and 450 nm of light prior to the addition into
vesicles. As expected, a conspicuous decrement in the Na®
transport rate was observed upon photoirradiation with 365 nm
light due to the E — Z isomerization. Conversely, compound 2
achieved an initially comparable Na* transport rate (Fig. 6A)
upon photoisomerization of Z — E conformer during exposure
to 450 nm of light, demonstrating its stimulus-responsive OFF-
ON transport behavior. Further, the effect of photoswitching on
the chloride ion transport process was investigated through an
ion-selective electrode (ISE) assay. EYPC-LUVs were entrapped
with 500 mM NaCl and 10 mM sodium phosphate buffer with
pH = 7.0. During the experiment, vesicles were immersed in
500 mM NaNOj; and 10 mM sodium phosphate buffer with pH
= 7.0 to create an ionic gradient. A stock solution compound 2
was sequentially irradiated with 365 nm and 450 nm of light
and added at 50 s, and the efflux of the chloride ion was
monitored by the chloride selective electrode.*” Experimental
data revealed that the E-conformer showed significant ion
transport activity, but irradiation with 365 nm of light decreased
the transport activity due to the closing of the ion binding site in
the Z-conformer. To further understand the effect of the
reversibility of Z — E conformer in the ion transport, the iso-
merized Z-conformer was irradiated with 450 nm of light to
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Fig. 6 2°Na NMR experiment to investigate the effect of light in Na*
transport rate by compound 2 (3.42 mol% relatives to phospholipids)
across EYPC—-LUVs (A); effect in Cl™ efflux by 2 (4.11 mol% relatives to
phospholipids) upon repeating photoirradiation with different wave-
length of light (B).
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reconvert to its initial transport active E-conformer. As expected,
it regains its initially comparable transport activity, indicating
the efficient OFF-ON state of the ion transport property. Three
cycles of the photoswitching process were carried out to validate
the effect of the reversibility in the ion transport process.
Experimental data revealed that OFF-ON transport activity can
be retained even after three cycles of photoirradiation (Fig. 6B).

2.9 Theoretical studies

The X-ray crystal structure of compound 2 showed that the
molecule is planar and associated with another molecule by
forming a hydrogen bond.®* To understand the motifs that are
responsible for binding both cation and anion, all possible
conformers were initially analyzed by the CONFLEX 8 software
program.**** 1306 number of possible conformations of [(2z), +
NaCl] assembly complex was obtained in the CONFLEX 8 soft-
ware program. The highest populated ten conformers
(Fig. S487), along with the dimeric E-conformer of compound 2
were further used to optimize by Gaussian 09 program
package®*® using B3LYP functional and 6-311++G(d,p) basis
set. The [(2g), + NaCl] complex suggested that the transporter
molecule 2 participates in the anion recognition by hydrogen
bonding interactions with H, (H,---Cl~ = 2.167 A), Hy, (Hp+-Cl~
= 2.984 A), and H, (H.---Cl~ = 2.691 A) protons. Whereas
sodium ion binds through the electrostatic interaction between
sodium cation and CONH group C=0---Na"' (2.283 A), hydra-
zone nitrogen atom N---Na® (2.643 A) and sulfur atom S---Na*
(2.870 A) (Fig. 7A). The binding energy of the geometrically
optimized [(2g), + NaCl] complex was calculated to be
—28.22 keal mol ™" (Table S31).

Further, to unveil the reason for reversibility in the photo-
switching of compound 2, the highest populated two
conformers of compounds 1a; and 2, were geometrically opti-
mized by the Gaussian 09 program with B3LYP functional and
6-311++G(d,p) basis set after analyzing all possible conformers
with CONFLEX 8 software program. Geometry optimization of

Fig. 7 Geometry optimized structure of [(2g), + NaCl] complex with
different hydrogen bonds and electrostatic interactions to bind anion
and cation (A); geometry optimized structure of laz (B), and 2z with
intramolecular hydrogen bond (C).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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compounds 1a, and 2, suggested that the conf-II; is the most
stable for both of the compounds. Further, natural bond orbital
(NBO) analysis®” and the corresponding hydrogen bond inter-
action energies (E*) were carried out with conf-II; of 1a, and 2.
Investigation divulged that in 1a, the oxygen atom (LP 1) in the
chromophoric moiety formed an intramolecular H-bond with
H, proton with an interaction energy of 3.92 kcal mol
(Fig. 7B), whereas in 2, the sulfur atom (LP 1) in the chromo-
phoric moiety formed an intramolecular H-bond with H, proton
with comparatively lesser interaction energy of 2.58 kcal mol
(Fig. 7C). Further, evidence of the formation of a stronger H-
bond in the case of 1a, also reflects from its shorter H-
bonding distance. Lesser H-bonding strength and larger H-
bonding length in 2,, make it a suitable candidate for revers-
ible photoisomerization.

3 Conclusions

We introduced the first example of a reversibly photoswitched
acylhydrazone-based ion transporter system that transports
cations and anions across the bilayer membrane. A series of
molecules were synthesized by varying the lipophilicity. Among
the series, although compound 1a showed higher transport
activity, compound 2 has unique reversible photoswitching
properties. Compound 2 can be reversibly photoswitched by
sequential photoirradiation with 365 nm and 450 nm of light as
well as 365 nm and 500 nm of light. Ion selectivity studies
confirmed its higher selectivity towards Na" and Cl~ ions. The
mechanistic study revealed that compound 2 transports ions via
the symport mechanism by following the carrier mode of ion
transport. Further, the dose-response studies in lucigenin assay
demonstrated the chloride influx ability of compound 2. The
effect of the photoswitching process in ion transport revealed
the OFF-ON transport of compound 2 on sequential repetitive
photoirradiation with 365 nm and 450 nm of light. The mode of
binding of compound 2 with NaCl as well as the reason for
reversible photoisomerization of transporter 2 were finally
studied using geometry optimization and natural bond orbital
analysis, which strongly validates the experimental evidence.
Hence, we believe these acylhydrazone-based small transporter
molecules have the potential to be utilized as a photoresponsive
ion transport system with reversible OFF-ON transport activity
upon photoirradiation. We are certain that in the future, this
can open up a new avenue for utilizing these acylhydrazone-
based reversibly photoswitchable cation-anion transport
systems for real-life biological applications.

Data availability

Crystallographic data for compound 2 has been deposited at the
Cambridge Crystallographic Data Centre (CCDC) under depo-
sition number 2340801.®> The datasets supporting this article
have been uploaded as part of the ESI.f Data for this paper,
including synthesis, compound characterization, experimental
procedures, and theoretical calculations, are available in the
ESL T
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