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Introduction

Thiosquaramides: dual-function ionophores for
Zn?* and Cl™ with ion dependent anti-microbial
activity

Xuanyang Luo, 2@ Luke E. Brennan,?® Chris S. Hawes, (2  Tobias Kramer, (2

John Farragher,” Shane Robinson,”® Kevin Kavanagh®® and
Robert B. P. Elmes (2 *°f

Synthetic transmembrane transporters have garnered considerable interest in medicinal chemistry for
their ability to modulate cellular processes via ion transport. These ionophores can disrupt intracellular
ion homeostasis, often triggering biological responses such as programmed cell death or antimicrobial
effects. In this study, we present a series of thionated squaramides that demonstrate dual binding affinity
for both metal cations and anionic species, as confirmed by spectroscopic analyses and single-crystal
X-ray crystallography. While thiosquaramides have previously been shown to mediate chloride transport
across lipid bilayers, we now report their capacity to facilitate Zn?* transport, as assessed using the
FluoZin-3 fluorescence assay in a vesicle model. Notably, the ability of these thiosquaramides to act as
zinc ionophores correlates with a distinct Zn2+-dependent antimicrobial response against Staphylococcus
aureus. These findings establish a clear link between zinc transport and biological activity, suggesting that
thiosquaramides function through a novel ionophoric mode of action. Collectively, this work introduces a
new class of dual-function ionophores with potential as antimicrobial agents and underscores the value
of structural diversification in the design of supramolecular therapeutics.

workers have synthesised a range of nucleoside derivatives modi-
fied with thiosquaramide where they have shown their ability to

Squaramides have seen an explosion of research interest in
recent years due to several favourable characteristics that provide
applicability across diverse sections of the chemical and biologi-
cal sciences."™ This applicability has included organocatalysis,
bioconjugation and sensors to name just a few key areas.*® To a
large extent, squaramides have also been exploited in the field of
anion recognition, sensing and transport’ 2° where their ability
to act as anionophores has seen them applied as potential anti-
cancer and anti-microbial therapeutics.>** However, while the
number of examples of oxosquaramide derivatives continues to
increase, examples of their thionated derivatves, thiosquara-
mides have remained more scarce.”*>! McGouran and co-

“Department of Chemistry, Maynooth University, National University of Ireland,
Maynooth, Co. Kildare, Ireland. E-mail: robert.elmes@mu.ie

bSSPC - the Science Foundation Ireland Research Centre for Pharmaceuticals,
University of Limerick, V94 T9PX Limerick, Ireland

School of Chemical and Physical Sciences, Keele University, Keele, ST5 5BG, UK
d]anssen Pharmaceutical Sciences, Cork, T45 P663, Ireland

“Department of Biology, Maynooth University, National University of Ireland,
Maynooth, Co. Kildare, Ireland

JKathleen Lonsdale Institute for Human Health Research, Maynooth University,
National University of Ireland, Co. KildareW23 F2H6 Maynooth, Ireland

9142 | Org. Biomol Chem., 2025, 23, 9142-915]

act as inhibitors of SNM1A; a zinc-dependent nuclease involved
in the removal of interstrand crosslink lesions from DNA.**
Jolliffe and co-workers have reported a series of thiosquaramides
that display switchable anion recognition and transport, where
reversible anion transport was demonstrated by simply modulat-
ing pH.>**® While it has been suggested that, squaramides
should also be capable of cation recognition, this is a character-
istic that remains largely unexplored.'®***® One of our main
interests in this area, is the synthesis of squaramide based recep-
tors that are also capable of efficient ionophoric activity and
their potential use in medicinal chemistry.>*>° Most recently, we
have demonstrated efficient anti-microbial activity against Gram-
positive bacteria such as Staphylococcus aureus and Methicillin
Resistant Staphylococcus aureus (MRSA), where the activity was
linked to the ability of the receptors to efficiently disrupt chlor-
ide homestasis.>**" While this approach has yielded some inter-
esting new approaches to antimicrobial development, there
remains significant potential to expand the scope through tar-
geting other ions - particularly cationic species. Indeed, many
well known antibiotics such as valinomycin and monensin are
known to exert their anti-microbial effects through ionophorism
of Na" and K" ions.>*** Similarly, Zn>* ionophorism is emerging
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Fig.1 The chemical structures of the squaramide receptors under
study.

as a promising modality for new antimicrobial agents.*®> For
example, known zinc ionophore PBT2, in combination with
Zn*', has been shown to reverse Gram-positive bacterial resis-
tance against several antibiotics.®® The same ionophore med-
iates activity against Streptococcus uberis, by the accumulation of
Zn*" and the depletion of Mn>* that triggers an increase in oxi-
dative stress.>” Such a supramolecular approach to antimicrobial
development is an emerging field,*® but there is clearly a need
for more structural diversity amongst the ionophore families
that will lead to new antimicrobial drugs that exert their activity
through novel modes of action - an important need during the
current crisis in antimicrobial resistance. With this in mind, we
have synthesised a series of oxo- and thiosquaramides (1-7,
Fig. 1) and explored their ability to bind either anions or cations
using NMR and UV-vis spectroscopies. We have found that
metal binding to oxosquaramides appears to be weak under
competitive solvent conditions but is significantly increased
with their thio analogues which show clear evidence of binding
to 2" metals (such as zn**, Cd*", Pb** and Hg*"). The binding
event is easily observed using UV/vis spectroscopy and appears
to occur in a 2:1 (ligand: metal) stoichiometry in certain sol-
vents. Moreover, as part of this work, we confirm for the first
time, that thiosquaramides are also capable of rapid and
efficient Zn** transport, acting as potent zinc ionophores in a
liposome model with comparable efficiency to the known clini-
cally available Zn** ionophore, clioquinol. Moreover, we also
show that thiosquaramides are capable of dose dependent anti-
microbial activity in Staphylococcus aureus that is enhanced in
the presence of Zn>", suggesting that ionophoric activity may be
related to the observed anti-microbial effect.

Results and discussion
Synthesis and characterisation

Oxosquaramides 1 and 2 were synthesized using diethyl squa-
rate and the appropriate primary amine in the presence of Zn
(OTf), as previously reported.>® Thiosquaramides 3-7 were
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obtained using dicyclopentyl thiosquarate as the key inter-
mediate through reaction with the appropriate primary amine
in MeCN.*>*' This method allowed the formation of thios-
quaramides 3-7 in 31%, 71%, 62%, 42%, 56% yields, respect-
ively. All compounds were fully characterised using 'H and **C
NMR, HRMS, IR and LCMS (see the SI for full characterisation
details) and where literature compounds were made, all data
matched the literature.

Thiosquaramide 3 was crystallised from hot MeCN, and
analysis by single crystal X-ray diffraction confirmed the
expected structure. Compound 3 forms a one-dimensional
hydrogen bonded chain in the solid state as shown in Fig. 2(a),
comprised of R,*(10) rings between the N-H donors and sulfur
acceptors at D---A distances of 3.4188(6) A. Although the inter-
actions are directional, the peripheral butyl chains provide no
significant inter-chain interactions with the result that there is
no transfer of directionality from one chain to the next, and
the overall structure is a disordered average of chains proceed-
ing both in the positive and negative b directions. 'H NMR
variable concentration experiments support the occurrence of
similar interactions in solution where significant downfield
shifts of the NH signals for compound 3 are observed as a
function of increasing concentration, suggesting that some
aggregation behaviour also occurs in MeCN solution (Fig. S29).

One interesting observation also warrants comment.
When a sample of 3 was exposed to water for a period of
several weeks, a trace quantity of a second crystalline phase
was isolated. The structural model, refined in the trigonal
space group R3, revealed compound 3 alongside butylammo-
nium cations and sulfate anions, presumably arising from
gradual hydrolysis and oxidation of 3. The overall structure
takes the form of a linear assembly of three sulfate anions,
capped at each end by three molecules of 3 with an equatorial
belt of six butylammonium cations, as shown in Fig. 2(b) and
S84. The central sulfate and the inner face of the terminal
sulfates are supported by hydrogen bonds from the butylam-
monium cations, while the thiosquaramides form a 3-fold pro-
peller with chelating R,%(9) hydrogen bonding interactions to
the terminal sulfate groups. This motif is reminiscent of
that seen in tripodal urea-based anion receptors such as the
sulfate receptor reported by Das*? although the shorter N---O
distance in the case of 3 (2.765(3) and 2.864(3) A, cf
2.87-2.90 A in the urea case) may indicate a greater N-H
acidity for the thiosquaramide. While indicating that thios-
quaramides may suffer from long term stability problems in
the presence of aqueous solutions, this observation can also
be seen as further evidence of their strong anion-binding capa-
bilities, particularly toward polyvalent anions such as sulfate,
and highlights the potential for these systems to form discrete
supramolecular assemblies under conditions of slow crystalli-
zation or degradation.

Photophysical evaluation

Given the distinct chromophoric nature of squaramides and
thiosquaramides, we wished to conduct a preliminary analysis
of the UV/Vis absorption properties of receptors 1-7. We antici-
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(@) Crystal structure of 3 with labels for unique heteroatoms. Disorder is omitted for clarity. (b) Complete structure of (BuNH3)6(3)6(SO4)3

with thiosquaramide molecules coloured blue and butylammonium species coloured orange, selected hydrogen atoms and disorder in the central
sulfate are omitted for clarity. UV spectrum of receptors 1 and 3 in MeCN solution. (c) Experimental and (d) computational UV spectrum of receptors

1 and 3 in MeCN solution.

pated a significant difference in their properties and suspected
that this information may be useful when attempting to deter-
mine ion binding behaviour. An absorption band at 291 nm
was observed for 1 in MeCN while for the thiosquaramide ana-
logue 3, two bands are observed with Ay.x of 274 nm and
388 nm, respectively (Fig. 2(c) and (d)). Similar behaviour was
observed for receptor 2 which exhibited A, of 328 nm while 4
showed absorption maxima at 288 nm and 408 nm. In MeCN,
a significant difference between the oxo- and thio-derivatives
was observed where inclusion of the sulfur atoms appears to
result in a significant red shift of the absorption. We expected
that compared to C=O0, the weaker bond strength of C=S
reduces the energy of electronic transitions which results in
the red shift of A,,...** This trend was observed for all ana-
logues. Moreover, solutions of oxo-squaramides 1 and 2
appeared colourless, while solutions of all thio-derivatives
appeared yellow/orange. Insight into the spectral differences of
the oxo- vs. thiosquaramides were obtained from time-depen-
dent density functional theory (TD-DFT) calculations per-
formed on models of receptors 1-4. The calculated absorption
spectra (Fig. S75 and S76) are consistent with the spectral fea-
tures of the experimental data and accurately reproduce the
red shift of the absorption bands for the thio congeners.
The spectrum of 1 shows one peak centred around 251 nm
with dominant contributions from two nearly coalescing

9144 | Org. Biomol. Chem., 2025, 23, 9142-9151

HOMO - LUMO (250.7 nm) and HOMO — LUMO+1
(251.5 nm) transitions (Fig. S77). These peaks are more separ-
ated in 3, splitting into transitions that appear at 333 and
327 nm, respectively. A smaller shoulder around 305 nm in the
computed spectrum corresponds to a HOMO—-1 — LUMO+1
transition which is best described having n — a* character
(Fig. S78). This is consistent with the general observation that
this absorption band is shifted into the visible spectral region
for thiocarbonyl compounds as compared to the corres-
ponding carbonyl derivatives. Similar behaviour is seen for the
pair 2 and 4, with additional peaks emerging at 230 and
250 nm in these cases, respectively, due to transitions from
the C=S r-orbital into the LUMO (Fig. S78 and S80). The red
shift of the absorptions in 2 and 4 can be attributed to the
energy lowering of the LUMO and LUMO+1 in these thiocarbo-
nyl derivatives, leading to an overall narrowing of the energy
gap in the frontier orbital region (Fig. S81 and S82).
Considering the longer C=S bond lengths and the differences
in 2p and 3p orbital size, this effect can be understood in
terms of the weaker overlap between the C(2p) and S(3p)
orbitals compared to carbonyl valence C(2p)/O(2p) inter-
actions.** This effect can also be correlated to the lower relative
bond strengths of the thiocarbonyl versus carbonyl unit, as
reflected in their respective
(Table S3).

stretching force constants

This journal is © The Royal Society of Chemistry 2025
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Ion binding studies

Given the observed absorption characteristics of these receptors
we expected that complexation to either anionic or cationic
species may result in a perturbation of their ground state pro-
perties. Squaramides are well known in the literature for their
H-bond donating ability as well as their H-bond accepting
ability. This has meant they are often reported as efficient
anion binders. However, their properties as cation binding
receptors are much less well developed. There are very few
examples of this, and as far as we are aware, there have not
been any reports of metal binding studies with thiosquara-
mides. We first carried out anion binding titrations to observe
any significant difference in behaviours between the oxo- vs.
thio-analogues. Fabbrizzi and co-workers have previously exam-
ined the binding behaviour of a nitro-squaramide analogue
using UV/Vis spectrophotometric titration experiments where
they showed interaction of CI™ at the squaramide NHs induces
a red shift in the absorption spectrum due to stabilisation of
one or more excited states.*” Thus, we expected similar behav-
iour might be observed in this case. To evaluate the anion
binding properties of receptors 1-4, we conducted titrations
with tetrabutylammonium chloride (TBACI) in MeCN and
monitored the changes using UV-Vis spectroscopy. All receptors
exhibited a red shift in their absorption maxima upon CI~
addition, indicative of CI~ binding at the squaramide/thios-
quaramide moieties. As representative examples, the titrations
of oxosquaramide 2 and thiosquaramide 4 with ClI~ showed
bathochromic shifts of several nm in both cases (Fig. 3a and
b). These spectral changes were analysed using the open-access
BindFit software, with the data for most receptors fitting best
to a 2:1 host:guest binding model (see Fig. S22-S28) and
showing a higher affinity of the thiosquaramide derivatives in
comparison to their oxosquaramide analogues.*®*”

To complement the UV-Vis data and further confirm the
binding, "H NMR titrations of receptors 1-4 were also carried
out in either CD3CN or DMSO-d, (depending on solubility) at
298 K, again using TBACI as the CI™ source. The changes in
chemical shifts (A5) were plotted against equivalents of CI™
and again fitted using BindFit. These studies also generally
supported a 2:1 binding stoichiometry in CD;CN while titra-
tions carried out in DMSO-dg, were best fitted to a 1:1 model.
For example, the "H NMR titration of thiosquaramide 4 with
CI” in DMSO-d; (Fig. 3(e)) showed substantial downfield shifts
of the squaramide NH signals, consistent with anion binding
and was best fitted to a 1:1 model as previously reported.>
However, when the titration was repeated in a CD;CN/DMSO-
de (49:1) mixture Job’s plot analysis supported a 2:1 model
(Fig. S35). Such an observation suggests that the choice of
solvent has a strong influence on the Cl™ binding affinity and
stoichiometry with these receptors.

To assess metal binding capacity of receptors 1-4, cation
binding studies were also conducted using UV-Vis spec-
troscopy. A metal screening experiment was performed by
adding 1 equiv. of various metal perchlorate salts (Fe**, Hg>",
Pb>*, cd**, zn**, K*, Li*, Ca®", Na", Ni**, Cu®", Co*") to a solu-

This journal is © The Royal Society of Chemistry 2025
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tion of the receptor (10 pM) in MeCN. The most significant
spectral changes were observed for thiosquaramides 3 and 4
upon addition of Cd**, Pb*", Hg?', and Zn>", prompting
further detailed titration studies with these metals (Fig. S36).
UV-Vis titrations with these metal cations showed a clear con-
trast between oxosquaramides and thiosquaramides: the
former showing very minor spectral changes, while the latter
exhibiting dramatic shifts upon metal addition. For instance,
addition of 10 equiv. Zn*" to receptor 2 caused minimal
changes, whereas just 3.5 equiv. Zn>" added to receptor 4
resulted in significant hypochromism at 404 nm, a red shift to
410 nm, and pronounced changes at 290 nm and 330 nm,
along with the appearance of isosbestic points at 305 nm and
335 nm (Fig. 3¢ and d). These changes were accompanied by
visible color changes, indicating strong metal-receptor inter-
action (see Fig. S57). Similar behaviour was also observed for
Cd*" and Pb*". To assess the effect of substituents on metal
binding, we extended these titrations to receptors and 5-7
showing that all thiosquaramide derivatives displayed high
sensitivity toward Cd>*, Pb**, Hg*>", and Zn**, with similar
spectral profiles and shifts. The resulting titration data were
fitted using BindFit, yielding association constants (K,) in the
range of 10°-10° M, typically best described again by a 2:1
receptor : metal binding model. Notably, a Job’s plot analysis
of receptor 3 with Zn>* confirmed a 2:1 stoichiometry in
MeCN (see Fig. S35), consistent with the BindFit results and
reinforcing the conclusion that higher-order complexation
appears to occur under the studied conditions.

Crystal structure analysis also supported the ability of thios-
quaramides to form a 2:1 complex with 2+ metal salts. The
reaction of compound 4 with lead (i) perchlorate in MeCN gave
small yellow plate crystals, analysis of which by X-ray diffrac-
tion revealed a complex of the form [Pb(4),]2ClO, as shown in
Fig. 3(f) and Fig. $S85 with the asymmetric unit containing two
nearly equivalent residues. The Pb** ions adopt four coordi-
nate distorted sawhorse geometries, where the thiosquara-
mides adopt asymmetric chelating coordination modes occu-
pying the equatorial positions at much shorter distances than
the axial positions (2.782(3)-2.825(3) A for equatorial, vs. 2.915
(3)-3.025(3) A for the axial positions). The thiosquaramide
C=S bonds are not significantly lengthened by coordination
compared to those in the hydrogen-bonded sulfate adduct (ca.
1.65 A). The extended structure of [Pb(4),]2ClO, reveals further
association of [Pb(4),] dications into discrete tetranuclear
assemblies around two central perchlorate anions, with weaker
Pb---O contacts involving the open faces of the lead ions
mostly beyond 3 A in length. As expected, the remaining per-
chlorate anions within the structure engage in hydrogen
bonding with the thiosquaramide N-H groups, although from
the enlarged ADPs these species appear to show more mobility
or tendency for disorder than the perchlorate anions bound
within the Pb, tetramer.

Ion transport studies

With the clear ability of thiosquaramides to bind to both
anions and cations, we next wished to ascertain whether they

Org. Biomol. Chem., 2025, 23, 9142-9151 | 9145
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Fig. 3 (a) Absorption spectra of Cl™ titration of 4 in MeCN. (Inset) Fitplot for absorbance at 415 nm as a function of Cl~ concentration. The data was

best fitted to a 2: 1 binding model. (b) Absorption spectra of Cl™ titration of 2 in MeCN. (Inset) Fitplot for absorbance at 345 nm as a function of Cl™
concentration. The data was best fitted to a 2: 1 binding model. (c) Zn?* titration in MeCN with receptor 4. (Inset) Fitplot for absorbance at 408 nm
and 329 nm as a function of Zn?* concentration. The data was best fitted to a 2 : 1 binding model. (d) Zn?* titration in MeCN with receptor 2. (Inset)
Absorbance at 328 nm as a function of Zn?* concentration. (e) *H NMR stackplot of 4 with TBACl in DMSO-ds. (Inset): Fitplot for NH proton at & =
10.86 ppm as function of Cl~ equivalents. The data was best fitted to a 1:1 binding model. (f) Representative structure of one of the two unique
fragments in [Pb(4),]12ClO4 with heteroatom labelling scheme. ADPs are rendered at the 50% probability level, hydrogen atoms and anion disorder
are omitted for clarity.

might also be capable of ion transport. Squaramides and
thiosquaramides are well-established as efficient chloride
transporters,”>*>*® and we have recently exploited this prop-
erty in the development of antimicrobial agents.’®*"*° Wwe
have also recently utilised the FluoZin-3 dye to confirm that
hydroxychloroquine is not a direct zinc transporter’® while
also showing several other natural products are capable of
efficient zinc transport.”® Zinc transport is particularly, inter-
esting from a biological perspective where it plays a significant
role in many important biological processes. For example,
Sensi and co-workers have recently shown that perturbation of

9146 | Org. Biomol. Chem., 2025, 23, 9142-915]

zinc concentrations result in neurotoxic processes and affects
neuronal functioning.>> Moreover, Terao and co-workers have
also shown that zinc ionophores, for example quercetin, result
in antioxidant, anti-inflammatory, and neuroprotective effects
in the central nervous system.>>>* In this work, we again
employed Large Unilamellar Liposomes (LUVs) to probe the
ability of oxo- and thiosquaramides to act as ionophores.

To first probe metal ion transport, we again employed
FluoZin-3-loaded Large Unilamellar Vesicles (LUVs), following
our previously established methods®**' where LUVs composed
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC)

This journal is © The Royal Society of Chemistry 2025
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Fig. 4

(@) The change in fluorescence intensity over time of liposomes containing FluoZin-3 in PBS (0.01 M, pH = 7.4) upon the addition of Zn

(ClOy4); (0.1 mM) to receptors 1 (black, 5 uM) and 3 (red, 5 pM). (b) The dose-dependent change in fluorescence intensity of FluoZin-3 over time of
liposomes containing FluoZin-3 in PBS (0.01 M, pH = 7.4) upon the addition of Zn(ClO4), (0.1 mM) followed by a pulse of 3 at a range of increasing
concentrations. (c) The change of fractional fluorescent intensity with the addition of 3 and ZnCl, (75 pL, 0.5 M) to liposomes containing lucigenin
(in 112.5 mM Zn(NO3),) at various transporter concentrations (mol%). (d) Hill plot of the fractional fluorescence intensity with the addition of 3 and
ZnCl; (75 pL, 0.5 M) to liposomes containing lucigenin (in 112.5 mM Zn(NO3),) at various transporter concentrations (mol%) recorded at 270 s. (e)
Normalised Zn?* transport data of FluoZin-3 assays (red) vs. Cl™ transport data (green) of lucigenin assays of 3 (0.8 uM) under analogous conditions
(225 mM NaNO:s). (f) Confocal laser scanning microscopy of unfixed POPC vesicles, comparing FluoZin-3 fluorescence before and after treatment
with transporters 3—7. (g) Analysis of the fluorescence intensity of FluoZin-3 across a 1000 pM ROI identified as the centre of each image, rep-

resented as mean grey values (+SEM) compared to control.

were prepared and loaded with FluoZin-3 in phosphate-
buffered solution (PBS). Upon addition of Zn(ClO,), (0.1 mM)
alone, no change in fluorescence was observed, confirming the
dye was effectively encapsulated in the LUVs. However, sub-
sequent addition of thiosquaramide derivatives (3-7) resulted
in a rapid fluorescence increase, indicating Zn** transport into
the vesicles. In contrast, oxosquaramide derivatives 1 and 2
showed no such activity, highlighting the importance of thio-
nation for Zn>* transport (Fig. 4a and S59). All five thiosquara-
mides displayed measurable ionophoric activity at 5 pM, with
receptor 3 showing the highest transport rate. Interestingly,
thiosquaramides bearing electron-withdrawing groups, known
to enhance CI™ transport, showed reduced Zn>' transport,
suggesting divergent structure-activity relationships for cation
vs. anion transport. The Zn>" transport activity of compound 3
was further quantified across different transporter : lipid ratios
showing a classic dose dependent response (Fig. 4b). To our
knowledge, this represents the first report of Zn>" transport
mediated by thiosquaramides.

We then turned to the question of whether metal ions can
influence the known CI™ transport activity of thiosquaramides.
This time, lucigenin-loaded LUVs were used to assess Cl~
influx. To allow for direct comparison, ZnCl, was used across a
range of transporter concentrations to determine ECs, values
by Hill analysis and, as shown in Table 1, the ECs, for CI™
transport by compound 3 in the presence of ZnCl, was
~0.04 mol%, approximately threefold higher than that

This journal is © The Royal Society of Chemistry 2025

Table 1 Summary of anion transport performance of 3 in NaNOs3 solu-
tion with different MCl pulse

Receptor Ion pH ECs0”
3 ZnCl, 7.2 0.04
NaCl 7.2 0.14

“ Concentration of receptors required to achieve the half of max effect.

observed with NaCl (%0.14 mol%) indicating that Zn** facili-
tates enhanced chloride transport.

To further explore the role of the metal salt, we conducted
further lucigenin assays where the NO;~ source in the LUV
medium was replaced with Zn(NOj3),, Cu(NOj3),, Cd(NO3),, Ni
(NO3),, or KNO3, and CI™ influx was then initiated with the
corresponding MCI salt (Fig. 4c and Fig. $71-S79). The resulting
ECs, values for compound 3 under these conditions (Table 2)
revealed several trends: (1) K, Cu®" and Na* produced similar
ECs, values, suggesting minimal cation influence, (2) Ni*" and
Cd** significantly reduced CI~ transport efficiency, suggesting a
detrimental cation influence and (3) Zn>* was again shown to
increase Cl™ transport efficiency, suggesting a positive cation
influence. Taken together, these results suggest that metals with
strong binding affinities may hinder Cl™ transport through a
weakening of anion binding. This is supported by "H NMR titra-
tion data, where the addition of Cl™ to a solution of receptor 3 in
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Table 2 Summary of the ECso value at 270 s for transporters 3 in
different conditions

Metal ion n EC;o
cu® 3.1 0.27
Zn** 4.5 0.10
Ni%* 3.1 0.63
Na* 2.7 0.13
K 2.5 0.25
cd** n.a’ n.a’

@ Hill coefficient (n-value). > No observed transport behaviour.

the presence of Cd** caused almost no changes in the chemical
shift of the NH protons, consistent with reduced propensity for
anion binding (Fig. S34).

A spectrophotometric pK, determination for receptor 3 also
revealed a value of 5.9 (Fig. S21), indicating that deprotonation
is also feasible under the conditions used, particularly with
strong Lewis acids present, however, the solid-state structure
does not show evidence of NH loss.

Despite these observations, Zn>" uniquely enhances Cl~
transport, and suggests that a co-transport mechanism may be
occurring with this metal, where Zn** and CI~ are transported
concurrently. Indeed, as shown in Fig. 4(e), time-dependent
profiles from both FluoZin-3 and lucigenin assays, conducted
under analogous conditions (225 mM NaNOj;), show closely
matched kinetics, consistent with a coupled Zn**/Cl™ co-trans-
port process mediated by thiosquaramide receptor 3.

Finally, to further confirm the Zn*" ionophoric ability of 3,
confocal microscopy was employed to observe the ‘switch on’ of
FluoZin-3 fluorescence in POPC vesicles. POPC vesicles sus-
pended in PBS (0.4 mM, in 0.01 M PBS) containing an excess of
extravesicular Zn>* ions were imaged before and after the
addition of each receptor to a final concentration of 10 uM.
Images were acquired using cumulative acquisition of 30% of
each well stemming from the centre of a standard live-cell
imaging compatible 96-well plate, with a Leica Stellaris 8 LSCM
(WL laser 80% power, Adexciem 494/516 nm, 10x non-immersion
objective), and were stitched and deconvoluted using the in-
house LasX software package. Fig. 4(f) and (g) show that, when
compared to untreated vesicles, those treated with 3-7 for 5 min
at 10 uM exhibit large increases in fluorescence intensity centred
from the vesicles. Indeed, when Grey values (intensity) were
measured for each image from the raw data, across a 1000 pm
linear cross section of each image, and plotted relative to
control, there is a clear, quantifiable increase in FluoZin-3
derived fluorescence when transporters are added to vesicles (up
to 26-fold increase, p < 0.0001, multiple unpaired ¢-test) (Fig. 4g).
This data provides additional qualitative visual evidence that
supports the effective Zn** transport facilitated by receptor 3
already quantitatively measured by the FluoZin-3 assay.

Antimicrobial activity

Encouraged by the pronounced chloride transport activity
observed in the presence of Zn**, we next sought to determine
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Fig. 5 Results of growth inhibition assays for 3 and 4 against S. aureus.
Blue = transporter added in the absence of Zn?*. Red = transporter
added with 2 eq. excess of Zn?*. Both results are represented as mean
(+SEM) percentage growth relative to the control of three biological
replicates.

whether this enhanced transport translates into biological
efficacy. As previously reported, we have developed a class of
squaramide-indole hybrids (“squindoles”) that display potent
antimicrobial activity, mediated via anion transport mecha-
nisms.*" Given the well-established antimicrobial properties of
known cation transporters such as Monensin, Valinomycin,
Salinomycin, and Lasalocid,’” we were motivated to investigate
whether thiosquaramides 3-7 exhibit analogous behaviour
through cation-associated pathways.

To this end, we performed bacterial growth inhibition
assays using Staphylococcus aureus. Cultures were grown to
early stationary phase and incubated with each transporter
across a range of concentrations, both in the absence and pres-
ence of Zn>* (2 molar equivalents). Following a 24-hour incu-
bation at 37 °C, bacterial growth was assessed via optical
density measurements at 600 nm and normalised against
untreated control samples.

The minimum inhibitory concentration required to inhibit
50% of bacterial growth (MICs,) was derived for each com-
pound from the resulting dose-response curves (see Fig. 5 and
Fig. S83). The corresponding MIC;, values are summarised in
Table 3. In each case, a marked enhancement in antimicrobial
activity was observed when Zn>" was co-administered. Notably,
compound 4 exhibited an ICs, as low as 9.4 uM under zinc-
rich conditions.

Although the enhancement was less dramatic for com-
pounds 6 and 7, an appreciable increase in activity was still
evident, with MICs, values improving to 32.5 pM and 25 pM
respectively in the presence of Zn”>*. These findings support

Table 3 Summary of the MICso concentrations for transporters 3-7
against S. aureus in the absence and presence of 2 molar equivalents of
Zn2+

Receptor MICs, (—Zn**) (uM) MIC;5, (+Zn*) (uM)
3 n.a 100

4 n.a 9.4

5 n.a 25

6 50 33

7 50 25

n.a = no observed activity.

This journal is © The Royal Society of Chemistry 2025
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the hypothesis that Zn**-dependent ion transport plays a role
in mediating the observed biological activity, and reinforce the
potential of thiosquaramides as dual-function antimicrobial
agents capable of modulating both cation and anion flux.

Conclusions

In conclusion, we have demonstrated that a series of thios-
quaramides exhibit enhanced metal-binding affinity compared
to their oxosquaramide analogues, with particular selectivity
towards divalent metal ions such as Cd**, Pb**, Hg”* and zn*".
In addition to metal coordination, these receptors retain the
ability to bind anionic species such as chloride. Upon metal
complexation, substantial changes in the UV-visible absorp-
tion spectra were observed and structural insights from X-ray
crystallography and spectroscopic data suggest the formation
of 2:1 (ligand : metal) complexes, which appear to be the pre-
dominant binding mode under the conditions employed.
Transport studies using the FluoZin-3 liposome assay revealed
that thiosquaramides 3-7 function as highly effective Zn**
ionophores in stark contrast to their oxosquaramide counter-
parts which showed no measurable ion transport under the
same conditions. Furthermore, the chloride transport activity
of thiosquaramides was significantly influenced in the pres-
ence of Zn**, consistent with a co-transport mechanism.

Importantly, evaluation of the antimicrobial activity of
these compounds against Staphylococcus aureus revealed that
zinc addition leads to a pronounced enhancement in bacterial
growth inhibition. For several members of the series, this
effect manifests as a clear Zn**-dependent “switch-on” of anti-
microbial activity. These findings suggest that efficient co-
transport perturbs ionic homeostasis within the bacterial cell,
contributing to the observed antimicrobial effect—an
interpretation further supported by preliminary confocal
microscopy data. Taken together, these results introduce thios-
quaramides as a promising new class of ionophoric scaffolds,
capable of mediating both cation and anion transport and
offering tunable biological activity. These results lay the
groundwork for further exploration into the structural optimi-
sation of thiosquaramide-based systems and their broader
application in supramolecular medicinal chemistry, particu-
larly in the development of novel antimicrobial agents with
dual-function transport capabilities.
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