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lon transport across biological membranes, facilitated by naturally occurring ion channels and pumps,
plays a crucial role in biological processes. Gating is an important aspect of these systems, whereby trans-
port is regulated by a range of external stimuli such as light, ligands and membrane potential. While syn-
thetic ion transport systems, especially those with gating mechanisms, are rare, they have garnered signifi-
cant attention due to their potential applications in targeted therapeutics as anticancer agents or to treat
channelopathies. In this work, we report stimuli-responsive anion transporters based on dynamic hydro-
gen bonding interactions of hydroxyl-functionalised hydrazone anionophores. Caging of the hydroxyl
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groups with moities that are responsive to light and H,S locks the hydrazone protons through intra-
molecular hydrogen bonding, rendering them unavailable for anion binding and transport. Upon decaging
with light or H,S, the hydrogen bonding pattern is reversed, rendering the hydrazone protons available for
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. Introduction

Gating of biological ion transport proteins regulates their activity,
and is triggered by a wide range of stimuli, including light, mem-
brane potential, and small molecule ligand binding.'”
Malfunctioning ion transport proteins cause a variety of diseases,
collectively called ‘channelopathies’.”® Synthetic transport
systems have emerged as an important class of compounds that
have potential as chemotherapeutics to treat channelopathies,
particularly in the context of chloride anionophores for cystic
fibrosis, or via exploiting ion transport-triggered apoptosis for
cancer therapy.” " Stimuli-responsive systems in particular are of
significant interest for spatiotemporally controlled activation in
targeted therapeutics. To achieve this, various stimuli including
pH, light, enzymes, redox and voltage have been employed."" >
Reversibly gated systems that commonly exploit photoisomeriza-
tion of azobenzene®*° and stilbene®” often exhibit background
transport activity because of incomplete photoconversion or
suffer from fast thermal relaxation which limits their applicability
in biological contexts. In contrast, irreversibly controlled transpor-
ters that are triggered by decaging reactions enable very effective
off-on control over transport, and overcome the challenges of
incomplete activation or deactivation in photo-switchable
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anion binding, and leading to efficient switch-on of ion transport across the lipid bilayer membrane.

systems. Examples include the use of photo-responsive cages to
block the anion binding sites in anion carriers,>*** modulate the
self-assembly pattern of channel forming monomers,* or control
the mobility of anionophores.**

Recently, a new approach has been developed in which
dynamic hydrogen bonding interactions were employed to gene-
rate responsive ion transport systems. Ren and coworkers reported
non-covalently stapled self-assembled H'/CI™ channels utilizing
photo-decaging of alkyl-functionalized dihydroxy isophthalamide
derivatives.*> We have demonstrated that a similar concept could
be utilized for accessing multiple stimuli-responsive moieties, in
which light, redox or enzymatic decaging of pro-carriers leads to a
intramolecular hydrogen bonding switch, and activation of ion
transport, including with dual-caged AND logic activation.*®

Here, we demonstrate that efficient off-on activation of
transport, with negligible background activity in the off state
and high transport activities in the on state, can be achieved
using stimuli-triggered decaging of hydrazone based aniono-
phores that operate via an intramolecular hydrogen bond
switch. We show that this system can be readily modified, to
access transporters efficiently activated using light or H,S as a
biologically relevant redox stimulus.

Il. Results and discussion
Approach

We envisaged that replacing the amide motif in our previously
reported system with an acyl hydrazone anion binding motif
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would enhance the anion binding as it provides a binding core
with multiple hydrazone N-H and imine-N-C-H hydrogen
bonding interactions, and enhanced ion transport activity.
Accordingly, we designed 4,6-dihydroxyisophthalohydrazone-
derived transporters to develop dynamic hydrogen bonding-
based responsive anionophores that are activated by either
light or H,S (Fig. 1). In this design, dual-caging of the hydroxy
groups with ortho-nitrobenzyl (ONB) and azido cages locks the
anion binding hydrazone protons through intra-molecular
hydrogen bonding, inhibiting anion binding and hence anion
transport. Decaging of both hydroxy groups, using light or H,S
respectively, reverses the hydrogen bonding pattern such that
the hydrazone NH protons are available for anion binding and
transport (Fig. 1C). A library of four different transporters 1-4
containing variable aromatic moieties were designed and syn-
thesized, varying the nature of the aromatic groups to tune
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Fig. 1 (A) Schematic representation of stimuli-responsive anion trans-
port. (B) Chemical structure of active transporters 1-4 and (C) caged
protransporters. (D) Activation mechanisms with light and H,S.
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lipophilicity, and optimise the permeability and transport
affinity of these anionophores (Fig. 1B).

Synthesis and binding of active transporters 1-4

The synthesis of anion transporters 1-4 was achieved by react-
ing compound 5 with hydrazine hydrate to form compound 6,
which upon coupling with different aromatic aldehydes 7a-7d
yielded acylhydrazones 1-4 in excellent yield (Fig. 2A). Full
experimental details and characterisation are available in the
ESL{ Subsequently, chloride anion binding studies were
initially carried out by "H NMR titration experiments. Titration
of 1-4 with tetrabutylammonium chloride (TBACI) in DMSO-d;
led to changes in H;, H,, and H; protons, revealing their role
in chloride binding through hydrazone-N-H,---Cl”, imine-C-
H,:--Cl", and ArC-Hj---ClI” hydrogen bonding interactions
(Fig. 2B, S34, S36, S38, and S407). The data could be fitted to a
1:1 binding isotherm using Bindfit, to afford association con-
stants values (Ka1:4)/Cl7) of 168 M™' + 4% for 1, 165 M~ ' + 4%
for 2,150 M™" + 4% for 3, and 167 M™" + 3% for 4, respectively
(Fig. 2C, S35, S37, S39, and S417). Moreover, we also performed
the chloride binding analysis of the previously reported amide-
based transporter 5’ in DMSO-ds for means of comparison.*?
Importantly, compound 5’ displayed very weak binding in the
solution phase compared to the hydrazone derivatives ((Ky(.1)/
Cl7) of 64 M™" + 1%) demonstrating that replacing amide with
hydrazone motifs significantly enhances the anion binding,
which in turn should improve the ion transport activity
(Fig. 2E, S42 and S43t).

Crystallographic studies of 1 with TBACI

Further evidence for the binding mode of chloride within the
isophthalohydrazone binding cavity was obtained by single
crystal X-ray diffraction studies. Crystals of 1 with Cl~ were
obtained by mixing 1 and tetrabutylammonium chloride
(TBACI) in dimethyl sulfoxide in 1:5 ratio. Slow evaporation
led to the formation of colourless needle-like crystals. The
structure reveals the complementarity of the binding cavity for
the chloride anion, which interacts with the receptor molecule
through convergent amide-N-H;---Cl~, imine-C-H,---Cl~, and
ArC-H;---Cl” hydrogen bonding interactions, in agreement
with the change of chemical shift value of these protons
observed in "H NMR binding studies (Fig. 3). Furthermore,
both NMR and crystallographic studies revealed a 1:1
receptor : CI” binding stoichiometry.

Ion transport studies

Having confirmed that compounds 1-4 were effective chloride
receptors in the solution phase, ion transport experiments in
large unilamellar vesicles (LUVs) encapsulating the chloride
sensitive fluorophore lucigenin were performed. LUVs were
prepared by entrapping lucigenin (1 mM) and sodium nitrate
(200 mM) buffered at pH of 6.5 using the phosphate buffer
(10 mM). Ion transport was monitored by creating a 33.3 mM
Cl™ gradient across the membrane by adding sodium chloride
as a pulse (50 pL, 2.0 M) in the extravesicular buffer. The rate
of fluorescence quenching for lucigenin was recorded upon

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) Chemical synthesis of active transporters 1-4. (B) The plot of chemical shift (5) of H1 proton vs. concentration of TBACI added, fitted to

1:1 binding model of BindFit v0.5 for the active transporters 1-4. (C) Binding constant values of transporters 1-4. (D) Chemical structure of amide-
based transporter 5. (E) The plot of chemical shift (5) of H1 proton vs. concentration of TBACI added, fitted to 1: 1 binding model of BindFit v0.5 for

hydrazone-based transporters 1 and amide-based transporter 5'.

Fig. 3 Molecular structure of 1 with chloride anion from single crystal
X-ray diffraction studies. The tetrabutylammonium (TBA) cation, selected
hydrogen atoms and minor components of disorder are omitted for
clarity.

the addition of transporters 1-4 and 5'. These experiments
revealed an activity sequence for the transport of 1 > 2 > 3 > 5>
4, determined by monitoring the chloride transport at a
loading of 0.055 mol% with respect to lipid (Fig. 4A). Dose-
response curves for each transporter revealed the ECs, values
of 0.035 + 0.002 mol% for 1, 0.042 + 0.002 mol% for 2, and
0.063 + 0.002 mol% for 3, respectively (Table 1, Fig. S49-S517).
Hill analysis could not be performed for transporter 4 due to

This journal is © The Royal Society of Chemistry 2024

precipitation issues at higher concentration (Fig. S52t). The
above activity sequences of 1 > 2 > 3 > 4 is most likely deter-
mined by variation in the lipophilicities of the transporters,
given the similarities of the chloride binding constants across
the series, with most active transporter 1 having optimum
clog P value. Notably, the hydrazone transporter 1 showed
almost three-fold enhancement in the ion transport activity
compared to the amide-based transporter 5' that was used in
the previous studies. This result is likely the outcome of the
enhanced anion binding affinity. Hill coefficients of ~2 is
indicative of two molecules of the carrier binding to the anion
to facilitate transport.

Mechanistically, chloride transport in the above studies
could in principle occur either through M*/CI~ symport, Cl~/
NO,~ antiport, or H'/Cl~ symport pathways. Variation of the
cations in the external buffer using different MCl solutions
(M = Li*, Na', K, Rb", Cs") did not affect the ion transport
activity, ruling out the possible M*/CI~ symport pathway for
chloride transport (Fig. 4C). To distinguish between the poss-
ible CI7/NO;~ antiport and H'/Cl~ symport pathways, we per-
formed a variation on the lucigenin assay, in which lucigenin
was encapsulated inside the vesicles in the presence of NaCl
(200 mM). The change in lucigenin fluorescence was moni-
tored in the presence of 1 following addition of either Na,SO,
or NaNO; salt solutions in the external buffer. Significant
transport was observed only in the presence of nitrate, which
suggests that a CI7/NO;™~ antiport pathway dominates in this

Nanoscale, 2024, 16, 21545-21553 | 21547
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(A) Activity comparison of 1-5 (0.30 mol%) across POPC-LUVs D lucigenin. (B) Concentration dependent activity of 1 across

POPC-LUVs D lucigenin. (C) Cation selectivity of 1 (0.035 mol%) by varying the external cations using different MCl external buffers (M* = Li*, Na®,
K*, Rb*, Cs*). (D) Schematic representation of lucigenin-based chloride efflux using either extravesicular SO4>~ or NO®™ ions. (E) lon transport
activity of 1 (0.3 mol%) in presence of external SO42~ and NO>~ ions. (F) lon transport activity of 1 (0.30 mol%) across DPPC-based vesicles at 25 °C

and 45 °C temperatures, respectively.

Table 1 Summary of clog P, chloride binding K, (M™), ECso (mM), and
Hill coefficient (n) values

Comp. clog P K,“ (MYl ECso” (mol%) nt

1 6.4 168 M~ + 4% 0.035 + 0.0016 2.4 +0.21
2 4.9 165 M~ ! + 4% 0.042 + 0.0022 2.5+0.34
3 4.6 150 M~ + 4% 0.063 + 0.0022 2.5+0.24
4 43 167 M~ + 3% >0.5¢ —

5' 6.0 64M ™ +1% 0.092 + 0.0012 1.8 £ 0.02

“ Association constants were obtained using the BindFit Program
based on the 1:1 binding model for NH, proton. ” Effective concen-
tration to reach 50% of maximal activity across POPC-LUVs entrapped
with 1 mM lucigenin, NaNO; (200 mM), buffered at pH 6.5 using
10 mM phosphate buffer. “Hill coefficient. clog P values were calcu-
lated using MarvinSketch software.  EC5, could not be reliably deter-
mined due to precipitation at higher concentrations.

assay (Fig. 4E). For C17/X™ antiport, NO;~ or SO,>” co-transport
is requisite for chloride efflux, the latter being too hydrophilic
to be readily transported. Conducting analogous experiments
in dipalmitoylphosphatidylcholine (DPPC) LUVs provided evi-
dence for a mobile carrier mechanism. Inactivity at 25 °C, and
restoration of activity at 45 °C which is above the gel- liquid
phase transition temperature for DPPC (T}, = 41 °C), is indica-

21548 | Nanoscale, 2024, 16, 21545-21553

tive of a mobile carrier process, rather than transport mediated
by self-assembly into an ion channel, that activity of which
would be typically expected to be invariant to lipid phase
(Fig. 4F).

Synthesis and binding studies of protransporters 1a and 1b

Having demonstrated that compound 1 displayed the
maximum ion transport activity, we selected this anionophore
as the core scaffold for caging with stimulus-responsive groups
(Fig. 5). In order to synthesize the ONB-based protransporter
1a, 4,6-dihydroxyisophthalate 5 was reacted with 1-(bromo-
methyl)-2-nitrobenzene 8 to form ONB-ester based compound
9. Treatment with hydrazine hydrate under reflux conditions
led to the formation of hydrazine intermediate 10 (for further
details, see ESIt). The hydrazine derivative 10, upon coupling
with 4-trifluoromethyl benzaldehyde 7a, furnished the protran-
sporter 1a in excellent yield. The sulfide-responsive protran-
sporter 1b was synthesized using a different procedure due to
incompatibility with the above method. Accordingly, com-
pound 5 was reacted with 1-azido-4-(bromomethyl)benzene 11
to form azido-ester derivative 12, which upon hydrolysis led to
the formation of acid derivative 13. This acid derivative was
converted to the acid chloride with oxalyl chloride, followed by
coupling with ((trifluoromethyl)benzylidene)hydrazine 15,

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Chemical synthesis of protransporters 1a and 1b.

which itself was prepared by reacting 4-trifluoromethyl-
benzaldehyde 7a with hydrazine hydrate, to afford protranspor-
ter 1b in good yield.

Following the synthesis of the pro-transporters, NMR chlor-
ide anion binding studies were performed on these caged
derivatives. Both 1a and 1b displayed very weak anion binding
with association constant values of 7 M™" + 1% for 1a and 9
M~ + 2% for 1b, respectively (Fig. 6C, S44-S477). This demon-
strates that hydrazone protons are locked through six-mem-
bered intramolecular hydrogen bonding which makes them
unavailable for anion binding. Single crystal X-ray diffraction
studies of 1a confirmed this hypothesis, revealing six-mem-
bered intramolecular hydrogen bonding interactions between
the hydrazone protons with cage-functionalized attached
oxygen atoms (Fig. 6A).

Stimuli-responsive activation studies on 1a and 1b were
initially performed in solution phase experiments. For 1a, a
solution of the pro-transporter in DMSO-ds was subjected to
photoirradiation using a 405 nm LED and analysed by 'H
NMR experiments (Fig. S56t). For 1b, a solution of the pro-
transporter in DMF was subjected to sodium hydrosulfide
(NaSH, 20 eq.) as the H,S donor and subjected to HPLC ana-

This journal is © The Royal Society of Chemistry 2024

FsC CF3

lysis (Fig. S571). In each case, efficient decaging to generate 1
was observed. With evidence of efficient activation of pro-
transporters 1a and 1b with light and H,S in hand, the trig-
gered off-on activation of ion transport was subsequently eval-
uated using lucigenin-containing LUVs in buffered NaNO;.
Pro-transporters 1a and 1b were added in an aliquot of DMF
(final concentration of 0.30 mol% with respect to lipid), fol-
lowed by an external chloride pulse. No significant changes
were observed in the lucigenin fluorescence, indicating that
the pro-transporters are inactive at this concentration, thus
achieving an effective off state. Pro-transporter 1a in buffer
solution in a cuvette was then subjected to 405 nm light,
before adding LUVs and initiating ion transport by addition of
a chloride pulse. Photo-activation of 1a (0.30 mol%) using a 1
W 405 nm LED resulted in efficient activation, achieving com-
parable activity to a sample of 1 after 150 s of irradiation,
indicative of near quantitative decaging under these con-
ditions (Fig. 7A). For 1b, a sample in DMF (57 pM, 2.0 mL) was
subjected to 10 eq. NaSH for different time intervals
(10-40 min), and then aliquots (20 pL) of this solution were
added to the cuvette containing the nitrate buffer and LUVs
(final concentration of 1b = 0.30 mol%). Addition of NaSH

Nanoscale, 2024, 16, 21545-21553 | 21549
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generated comparable transport activity to a sample of 1
(Fig. 7B). These results demonstrate that by utilising acylhydra-
zones within the hydrogen bonding switchable framework,
excellent OFF-ON transport activation profiles can be
achieved, whilst also enhancing overall transport activity in
comparison to the previously reported amide-based system 5'.
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Computational analysis

To further understand the influence of H-bond (HB) inter-
actions and preorganisation on chloride binding, we studied
the best-performing transporter, 1, and its methylated ana-
logue, 1m, wusing density functional theory (DFT)
calculations.>*3®

An extensive conformational search confirmed that the
minimal energy states 1 and 1m feature well defined O-H-O
and O-H-N hydrogen bonding, respectively, as evidenced by
second order perturbation NBO analysis (E*, Fig. 8A).>° As
expected, based on the enhanced hydrogen bond donor ability
of the more electronegative oxygen, the O-H-O HB in 1 are sig-
nificantly stronger (80 kcal mol™") than the O-H-N HB in 1m
(20 kcal mol™", see Fig. $637 for detailed analysis). Moreover,
the shorter C=0 bond in 1, compared to the C-N bond in 1m,
results in hydrogen bonds that are 0.1-0.2 A shorter for the
intramolecular O-H-O HB in 1 compared to the O-H-N HB in
1m (Fig. S64-667).

Chloride binding is favourable in 1 (—2.5 kcal mol™, in
agreement to that determined experimentally by titration:
—3.0 kcal mol™), but endergonic in 1m (+2.1 kcal mol™"). This
can be understood by comparing the change in HB inter-
actions upon binding. While both receptors bind chloride with
similar strength (52 vs. 49 kcal mol™" from NBO analysis),
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Fig. 8 (A) Summary of DFT optimised structures of protected and

deprotected variants of compound 1 with key features highlighted:
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Y-Z, ZE(Z’X_Y_Z, as well as chloride binding energies, of geometries cal-
culated at the CPCM(DMSO)-E-B97X-D3/def2-QZVP//CPCM(DMSO)-
E-B97X-D3/def2-SVP level. (B) Distortion—interaction analysis of the
binding of CI” and DMSO to 1 and Cl™ to 1m.
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their intramolecular HBs are significantly different. In 1 the
O-H-O HB remains almost intact upon chloride binding (78
vs. 80 kcal mol™"), while in 1m the O-H-N HB is completely
broken. Moreover, 1m shows a significant conformational
change upon chloride binding, evidenced by a heavy-atom
Root Mean Square Deviation (RMSD) between unbound and
bound states of 3.7 A, which contrast with the small RMSD
(0.47 A) observed for 1 (Fig. $64-661). To quantify the energetic
cost of this conformational change we performed distortion-
interaction analysis, which partitions AG into distortion
(energy required to distort the geometry for binding) and inter-
action (accounting for interactions between host and guest
upon binding, Fig. 8B).*” This analysis confirms that differ-
ences in AG arise almost completely from the greater distor-
tion for 1m compared to 1 to bind chloride (5.7 vs. 1.6 kcal
mol ™" for 1), while the interaction component is similar (—4.1
and —3.6 kcal mol ™" for 1 and 1m, respectively).

We also explored the role of DMSO solvent coordinating to
the transporters, using both DFT and molecular dynamics
(MD) simulations. DFT calculations suggest binding of a
single DMSO molecule to 1 to be slightly unfavourable but
thermally accessible (AG = 0.8 kcal mol™, Table S3, and
Fig. S651). A simple Boltzmann weighting gives this [1-DMSO]
complex in a 1:4 ratio to the unbound 1, but both the small
difference in energy and the large concentration of the DMSO
solvent suggested that this state would be populated under
experimental conditions.

Indeed, unbiased MD simulations of 1 in explicit DMSO
solvent confirmed a stable coordination of DMSO to the
binding site. Moreover, it showed that the intramolecular O-
H-O remains stable during the simulation time (Fig. S69t). To
quantify the energy associated with chloride binding in explicit
DMSO, we performed both Umbrella Sampling MD (US/MD)
and Free Energy Perturbation (FEP) MD simulations (Fig. 9
and Table S4, for further details see ESIt).*'™*3

For US/MD simulations we used the distance between chlor-
ide and the centre of mass (CoM) of the central atoms of the
binding motif as the pulling coordinate to generate 12
windows spaced 1 A apart (sampled 3 x 100 ns each using
different initial velocities in the NPT ensemble). The resultant
free energy profile shows two binding modes of chloride to 1.
Minimum I (AG = —4.3 + 0.5 kcal mol™") corresponds to the
structure with chloride bound to both hydrazides of 1, similar
to the DFT optimised structures. Minimum II (AG = —2.3 =
0.5 keal mol™') was observed during the dissociation of chlor-
ide, where it is bound to one of the hydrazide units as well as
the neighbouring phenol, which disrupts the intramolecular
O-H-O interaction. These minima are connected by a TS
where one of the hydrazide units begins to interact with a
DMSO molecule (AG*ci- gissociation = 5.2 = 0.5 keal mol™).
Complete dissociation of chloride from 1 leads to re-formation
of the O-H-O hydrogen bond and bonding of DMSO by both
hydrazides (DMSO bound, AG = 0 + 0.2 kcal mol™). The com-
puted binding energy (—4.3 = 0.5 kcal mol™) is higher to the
one computed by DFT, possibly due to hysteresis in umbrella
sampling. To compute the binding energy in explicit solvent

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 US/MD energy profile of chloride binding in explicit DMSO. Free
energy is reported relative to the chloride-unbound state at a distance
of 12 A to the binding site, defined as the centre of mass (CoM) of the
central atoms of the binding motif. This coordinate was used to generate
12 windows spaced 1 A apart, with a 2000 kJ mol™ nm™2 restraint; each
window was sampled for 3 X 100 ns in the NPT ensemble, with the first
10% excluded from the analysis. The shaded areas indicating uncertainty
from bootstrapping analysis. The bar plot insert compares the binding
energies with DFT and experimental values from titration experiments
calculated as —RT In(K).

with a more accurate method, we performed FEP simulations,
where we found the binding energy to be within error of the
experimental value (=3.1 + 1.1 kcal mol™"), building confi-
dence in the parameters used in the MD simulations, as well
as their results.

Ill. Conclusion

In conclusion, we have developed stimuli-responsive anion
transporters utilizing the dynamic hydrogen bonding inter-
actions of 4,6-dihydroxyisophthalohydrazone anionophores,
displaying enhanced activity over previously reported amide-
based derivatives. Caging of hydroxyl groups for the most
active anionophore 1 with moieties that are responsive to light
and H,S locks the hydrazone protons through six-membered
intramolecular hydrogen bonding, rendering them unavailable
for anion binding and hence for anion transport. This was
confirmed by solid state X-ray crystallographic studies and
further validated by NMR binding experiments. Decaging with
light and H,S reverses the hydrogen bonding pattern to switch
on anion binding and transport, with efficient off-on activation
profiles. DFT calculations highlighted the energetic origins of
this incredibly effective switching between an active and an
inactive transporter. By using a model truncated system, and
including explicit solvent, agreement with experimental
binding energies was also obtained, and the inclusion of expli-
cit solvent was validated using molecular dynamics. These
results demonstrate the generality of using intra-molecular
hydrogen bond switches for developing highly active, stimuli-

responsive anionophores, including demonstrating the
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enhanced activity of systems employing arylhydrazone motifs
compared to analogous amide hydrogen bond donors. We
anticipate that this methodology should be amenable to inte-
gration of any stimuli-cleavable protecting group, such as
those already optimised for drug delivery triggered by biologi-
cal stimuli, providing a platform for future development of tar-
geted therapeutics.
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