Potent antimicrobial effect induced by disruption
of chloride homeostasis
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Summary

Artificial transmembrane ion transporters have proposed applicability to medicinal chemistry where perturbation of
normal cellular homeostasis has already been shown to induce apoptosis in mammalian cells, however this effect has
not been observed in bacteria. In this study, we report the synthesis and structural characterisation of a new class of
fluorescent anionophores that effectively kill Gram+ bacteria by disrupting normal Na* and CI= concentration. So-
called 'squindoles’ take advantage of both NH and CH H-bonding interactions to bind chloride with high affinity and
act as efficient anion transporters as measured by lipid vesicle transport assays. The most active transporter shows
potent inhibitory activity against Staphylococcus aureus (SA) and Methicillin-resistant Staphylococcus aureus (MRSA).
Cell-based assays and label-free quantitative proteomic profiling suggest that the mode of action is directly related to
the anion transport ability where an influx of chloride into bacterial cells significantly affects their proteome and
induces several known stress responses.

Introduction:

Each year anti-microbial resistant (AMR) bacteria kill over 1 million people and it is expected that this will increase to
10 million people by 2050 if new antibiotic drugs are not found.” Therefore, there is an urgent need for antimicrobial
drugs that exhibit a distinct mode of action from traditional approaches. Anion transport has become an increasingly
important area in this regard where it's proposed applicability to medicinal chemistry has stimulated significant
research interest.>* For example, Quesada et al., recently reported a promising new approach for Cystic Fibrosis (CF)
therapy with a series of tambjamine analogues capable of efficient transmembrane anion transport that also improved
several aspects of CF pathophysiology in a lung epithelial cell model.® Several classes of synthetic anionophores have
been utilised as vectors for the disruption of anion homeostasis in cellulo.®® The dysregulation of chloride influx with
perenosins can induce apoptosis and cell cycle arrest” while some squaramide transporters have been shown to
disrupt autophagy through altering the lysosomal pH."® There has been less research focus on the applicability of
anionophores that may function as antimicrobial agents." This is somewhat surprising given the documented
antimicrobial activity of many cationophore natural products such as monensin, salinomycin and lasalocid.'> Quesada
et al., recently exploited a series of indol-7-yl-tambjamine conjugates where it was shown that these compounds
exhibited anti-microbial activity against a panel of Gram-positive and Gram-negative strains, however, no link between
anionophoric ability and anti-microbial activity was established.” Similarly, Share et al. reported a series of
aminopyrrolic receptors that were shown to inhibit the growth of S. aureus.™ Interestingly, while some correlation
between anion transport activity and antimicrobial effect was observed for this series of compounds, the trend was
imperfect and suggests that the observed activity might stem from more than one underlying mechanism. Thus, there
remain several unanswered questions on the role of anionophores in promoting antimicrobial effects.



To date, the commonality amongst most known anion binding motifs is the use of NH bond donor systems that display
high affinity for biologically relevant anions such as CI" or bicarbonate. For the most part, this has been achieved
through exploiting functional groups such as ureas,'>'® thioureas,'"?" pyrroles,?*?* thioamides® and squaramides®*?
to name just a few examples. More recently, pnictogen-, chalcogen- and halogen-bonding receptors have been
proposed as anion transport scaffolds and several examples using this approach have been reported,®* while Flood
et al., have demonstrated how a cryptand-like triazolo cage bearing only CH donors was capable of binding chloride
with attomolar affinity (10" M™").3* Although not yet exploited for the purposes of anion transport, it is clear that CH
interactions provide a new perspective in the pursuit of effective anion transporters.
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Our groups have also exploited the squaramide functionality in the design of anion receptors, sensors®*3? and
transporters.***® Squaramides are particularly amenable to this purpose due to their strong H-bond donating ability,
planar structure and the observed increase in aromaticity upon guest binding.**** Moreover, their potential uses across
a range of applications in the chemical sciences has seen them be exploited to a large extent in recent years.*

Herein, we describe a new class of squaramides that take advantage of both NH and CH bonding to recognise anions,
and with the benefit of an incorporated indoline moiety, display bright green fluorescence. We expected that the
combination of both anion binding ability and fluorescence would prove useful as either a potential new therapeutic
or as a tool to ‘track and trace’ anion transport in biological environments. This new family of ‘squindoles’ (1 - 4,
Scheme 1) differ in their aromatic substitution and modification of lipophilicity significantly affects anion transport
ability. They are easily synthesised, display high chloride binding affinity, and exhibit efficient anion transport.
Moreover, we demonstrate the potent anti-microbial activity of this class of compounds and, for the first time
undertake a detailed study of the underlying mechanism of action. The results suggest a direct link between the
anionophoric ability of compound 2 and its potent inhibitory activity in MRSA. We believe these findings lay the
foundation for a new approach in the fight against bacterial resistance, where anionophores provide a viable
alternative to known antibiotics.

Synthesis:

Compounds 1 - 4 were synthesised according to Scheme 1. Reaction of 1-ethyl-2,3,3-trimethyl-3H-indol-1-ium iodide
with ethyl squarate under basic conditions gave the known semisquaraine intermediate 5 in 55% yield.*” Subsequent
reaction of the appropriate aniline with 5 in the presence of Zn(OTf), afforded 1 - 4 in 48%, 45%, 47% and 50% yield,
respectively after purification by column chromatography. The successful synthesis of all compounds was confirmed
by '"H and *C NMR, high-resolution mass spectrometry (HRMS), and IR spectroscopy (see Supporting Information for
further details). The 'H and *C NMR spectra showed signals for the indoline as well as the aniline components and
importantly, well-resolved signals were clearly observed for the squaramide NH and indoline CH.

Scheme 1.

Crystals suitable for single crystal X-ray analysis were obtained for 1 - 4 by recrystallisation from concentrated DMSO
solutions allowing the evaluation of their solid-state behaviour and also confirmation of the trans geometry of the
indoline relative to the cyclobutene ring; an important consideration for successful anion binding (See Figure 1).

X-Ray Crystallography:

Each of the four hosts 1 - 4 crystallised as their DMSO solvates, and common features in molecular geometry,
intermolecular interactions and crystal packing behaviour were observed in all four structures. The structural models
for compound 1, 2 and 3 (refined in the space groups P2:/c, P-1 and P21/n, respectively) each contain one molecule
of the host and a single DMSO molecule within their asymmetric unit, while the model for compound 4 in the space
group P-1 contains two unique host molecules and two DMSO molecules. As shown in Figure 1, all four structures
confirm the expected trans orientation of the indoline group, and the central NH and CH groups are oriented in a cis
fashion to form a heterotopic central binding pocket reminiscent of that observed in symmetric squaramides. *®

Figure 1.

In all four cases, the expected N-H---O hydrogen bond from the squaramide to the DMSO oxygen atom is observed,
while weaker ancillary C-H---O contacts from the indoline C-H group are observed also involving the DMSO acceptor.
Unsurprisingly, the C-H donor exhibits considerably longer donor:-acceptor distances than the NH donor in all cases
(Table 1). The N---O distances vary uniformly for the series, decreasing in the order 1>2>3>4 with the distance in 4
nearly 4% shorter than the equivalent distance in 1. In contrast, the C---O distances show a more random distribution,
and the difference between the two non-equivalent molecules in the asymmetric unit of 4 is considerably larger than
any discrepancy observed between different hosts. These observations are consistent with the electronic influence of
the phenyl substituent affecting the acidity of the directly attached NH group, while the contacts from the C-H group
are likely more influenced by the local geometry and crystal packing forces.



Table 1: Key hydrogen bonding parameters for the bound DMSO species in compounds 1 - 4.

Compound N--O distance (A) N-H--O angle (°) C--O distance (4) C-H-+O angle (°)
1 ‘ 2.925(2) 168 3.431(3) 167
2 ‘ 2.900(5) 171 3.442(6) 160
3 ‘ 2.873(3) 168 3.369(3) 165
4 ‘ 2.820(3) 172 3.392(3) 163
2.807(3) 161 3.657(4) 148

Beyond the key hydrogen bonding interactions, the remaining intermolecular forces observed in the structures of the
DMSO solvates mainly involve m-rt interactions, as shown in Figure 2. Given the out-of-plane steric bulk of the indoline
group, these interactions primarily involve the squaramide core and phenyl ring where additional influence from the
R1 and Rz substituents is observed. For all four solvates, the most notable intermolecular contact is a parallel head-to-
tail m-t interaction between the phenyl rings. In compound 1, the phenyl ring and squaramide group are essentially
co-planar ata 3.3° angle, and adjacent molecules stack at an interplanar distance of 3.39 A. A similar interplanar angle
of 3.2° is observed in 2, although the increased steric bulk from the trifluoromethyl groups results in a longer
interplanar distance of 3.52 A. Compound 3 shows the shortest interplanar stacking distance of 3.28 A despite a larger
interplanar angle of 14.8°. In compound 4, the most prominent stacking interaction is between the two non-equivalent
host molecules with overlap solely involving the phenyl rings, where the two rings are offset by 3° to one another and
the shortest inter-atomic distance is 3.580(4) A for C18-C42. The disfavoured stacking in 4 likely relates to the large
phenyl-squaramide interplanar angles in both unique molecules, of 36.7 and 39.1°. A close contact between the
squaramide carbonyl groups of adjacent molecules is also observed in the structure of 4; the minimum inter-atomic
distance of 3.171(4) A is shorter than the overlap distances of the phenyl ring, although the interaction between
squaramides is limited to the periphery of the ring only.

Figure 2.

Photophysical Properties:

The absorption and emission properties of 1 - 4 were evaluated in DMSO solution (10 uM) where all compounds
exhibited two broad absorbance bands between 287 nm - 309 nm and 428 nm - 440 nm. In the case of the 2, a third
absorption band at ca. 540 nm was also observed, suggesting that some internal charge transfer (ICT) may be
occurring between the electron rich indoline and the electron deficient 3,5-bis(trifluoromethyl)phenyl moieties.
Similarly, the fluorescence emission of 1 - 4 was also measured in DMSO (10 uM) where excitation between 425 - 450
nm led to characteristic emission at ca. 490 nm in all cases.

Given the interesting absorption and emission characteristics of 1 - 4 we next wished to evaluate their response to
anions. Addition of various anions (I, AcO", SOq’, Br, Cl, H:PO4  and NOs" as their tetrabutylammonium (TBA) salts) to
a solution of the receptors in DMSO (10 pM) showed that the absorbance spectra of the compounds remained mostly
unchanged. However, upon the addition of F, the absorbance showed a clear hypochromic shift for all compounds.
In the case of 2, there was also a clear hyperchromic shift at 298 nm and 536 nm (See Supporting Information). The
observed results with F~ are likely due to deprotonation where there is now significant evidence that F is capable of
deprotonating squaramides with aromatic substituents. Moreover, this theory is further supported by visible
disappearance of the NH protons in the presence of F-ions in '"H NMR spectroscopic studies discussed below.

Anion Binding Properties:

To confirm the ability of 1 - 4 to bind anions, 'H NMR spectroscopic studies were carried out in DMSO-ds/H20
(99.5:0.5) with the TBA salts of a selection halides and oxoanions. Treatment of the receptors with basic anions such
as fluoride, sulfate, acetate and phosphate gave rise to deprotonation of the NH and alkene CH protons, indicated by
the disappearance of the respective peaks and a broadening of the aromatic signals in the '"H NMR spectra. No
observable changes were seen upon treatment with iodide and nitrate, implying minimal hydrogen bond formation
with these anions (See Supporting Info). Upon treatment of the receptors with chloride and bromide, a considerable
shift downfield was observed for signals associated with the proposed binding site, indicating interaction and
formation of host:guest complexes. The titration of compound 2 with TBACl is shown in Figure 3 as an example. The
largest changes are observed for CHy and NHc(Appm = 0.7 and 1.7, respectively) with the methylene protons H. and
aromatic CH proton Hq also shown to undergo a downfield shift (Appm = 0.2 and 0.4, respectively). This suggests the
main binding interaction is occurring at the squaramide NH with a significant contribution from the indoline CH.
Similarly, it suggests that a weak interaction exists with the protons surrounding the binding site (Ha and Ha) and the
guest anion. Weak C-H'anion binding has been reported previously.*” From this titration data, association constants



were determined by fitting to a 1:1 binding model using BindFit,***' the results of which are summarised in Table 2.
(See Supporting Info for fitted data).

Table 2: Summary of the interaction between receptors 1 - 4 and the TBA salts of various anions and their association
constants. All values represented are the association constant (K./M™") for the formation of a 1:1 host : guest complex.
(d. = deprotonation occurred.)(n. = no interaction observed.)

F cl Br I SO.? NO: AcO H.PO.*
1 ‘ d. 41 12 n. d. n. d. d.

2 ‘ d. 201 50 n. d. n. d. d.

3 ‘ d. 83 18 n. d. n. d. d.

4 ‘ d. 63 13 n. d. n. d. d
Figure 3.

Overall, the data revealed that anion affinity for the receptors is in the order of 2 > 3 > 4 > 1. This trend is congruent
with previously reported receptors, where the substitution pattern of the aniline affects binding to a significant extent.>
1 displayed the lowest binding constant due to a lack of electron-withdrawing groups, while 2 has by far the highest
binding affinity for both chloride and bromide due to the presence of two electron withdrawing CFs substituents.
Anion Transport Properties:

Once the "H NMR titration data had confirmed the affinity of this class of compounds towards chloride, their ability to
transport this anion across a model lipid bilayer was investigated using the CI/NOs exchange assay. Vesicles
consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), prepared following literature methods,®
were loaded with a pH-buffered sodium chloride internal solution (300 mM) and sodium nitrate external solution (300
mM). Each transporter was added in a portion of DMSO (10 pL) at a number of different molar concentrations, and
subsequent chloride efflux monitored using a chloride ion-selective electrode (ISE) for 300 seconds. By plotting the
efflux achieved after 270 seconds for each concentration and fitting to the Hill equation, an ECso value can be
generated - the gold standard measurement of transporter activity. The results are summarised in Table 3.

Table 3: A summary of the activity and rate measurements recorded for receptors 1 - 4 in the transport assay
experiments. 2ECso at 270 s, shown as molar percentage with respect to lipid concentration. ®The Hill coefficient. <The
ratio of electrogenic transport character was performed via division of the valinomycin test initial rate (kmaxva) by the
monensin test initial rate (kmaxvon). ¢ Rate calculated by fitting to an exponential decay curve. ®Rate calculated by fitting
to a sigmoidal curve.

CI/NOs Exchange Assay Cationophore Coupled Assay
E(fjgf;") n Ko (% 57) | Kot (% 51) Kemastiion) (% ) Ratiot
1 1.28 £ 0.05 2804 0.23¢ 2.51¢ 0.53¢ 4.7
2 0.21+0.006 1.5%0.10 0.82¢ 0.63¢° 0.49¢ 1.3
3 1.25+0.05 1.7=0.1 0.27¢ 0.74¢ 0.44¢ 1.7
4 0.74 £ 0.02 20x0.1 0.50¢ 0.44¢ 0.38¢ 1.2

All four compounds were found to facilitate transport at low molar concentrations (with respect to the concentration
of lipid), however compound 2 proved to be the most efficient transporter (Figure 4), with an ECsovalue of 0.21 mol%.
This can be partially attributed to the higher chloride binding affinity afforded by multiple electron-withdrawing
groups as described above. The effect of the bis-CFs groups is amplified further when considering the enhanced
lipophilicity afforded by this motif, which results in better partitioning of the transporters into the lipid bilayer.>*¢ The
ECso value for compound 2 is comparable to that of a number of the most active squaramide transporters tested,
which include the symmetrical bis-CF3 squaramide 6 (ECso = 0.15 mol%) and structurally similar mono-CF3 squaramide
7 (ECso = 0.06 mol%)."%%2% These results indicate that the replacement of the potent hydrogen bonding NH group
with an alkene CH hydrogen bond does not diminish transport activity. Notably, the trend reported in the titration data
for compounds 3 and 4 is reversed for transport activity, with 3 exhibiting ECso and kmax values similar to parent
compound 1. This again could be ascribed to the increased lipophilicity of the CF3 leading to enhanced partitioning
in to the lipid bilayer but is likely due to solubility issues associated with compound 3 which limits the amount of
transporter that reaches the lipid bilayer.



Figure 4.

The Hill coefficient (n) indicates the stoichiometry of the complex formed between the receptor and the anion during
transmembrane movement.®® A value of 2, approximately, was reported for each compound, suggesting that the
movement of chloride across the bilayer is facilitated via encapsulation by two transporter molecules. The maximum
rate of efflux achieved by each transporter at 1 mol% loading (kmax) was found to be in agreement with the trend
reported for activity. The transport capabilities of receptors 1 - 4 were also probed using the NMDG-CI assay, which
again returned the same pattern of activity (Results can be found in the supplementary information).

The transport mechanism for this class of transporters was subsequently investigated using cationophore coupled
assays. In this assay, vesicles are loaded with potassium chloride solution (200nm) and suspended in a solution of
potassium gluconate (200 mM), both buffered to pH 7.2 using 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES). The highly hydrophobic gluconate anion is unable to cross the lipid bilayer, meaning the specific chloride
transport mechanism can be probed. Efflux achieved by the free transporter is again recorded, followed by separate
runs accompanied by two cationophores. Valinomycin is a potassium uniport transporter and, when coupled to a
chloride transporter, enables the molecule to solely transport chloride out of the vesicle, also known as electrogenic
transport (Figure 5(a)). By comparison, monensin acts as a K*/H* exchanger. This means that an electroneutral H*/CI
symport mechanism is facilitated because monensin balances pH by transporting H* ions in the reverse direction
(Figure 5(b)). Each experiment was run at a concentration of transporter which corresponded to 80% efflux in the
previous ISE experiments.

Figure 5.

This assay revealed that coupling of compounds 1 - 4 to either cationophore resulted in an increased rate of transport.
This suggests that these compounds are capable of both ClI- uniport and H*/Cl-symport, however the predominant
mode of transport is consistent across the series. The ratio of the maximum rate of CI efflux achieved when coupled
to either cationophore (kmaxval / kmaxmon) was calculated,® and all receptors returned a value greater than 1. These
results indicate a preference for chloride transport over H*/Cl transport, with the parent compound 1 displaying the
most electrogenic character of the compounds tested.

Antimicrobial Susceptibility Assays:

With the observation of strong chloride affinity and potent transmembrane chloride transport for compounds 1 - 4 we
next wished to ascertain whether this anionophoric ability might result in the compounds possessing some anti-
microbial properties. Each compound was screened for activity across a range of pathogens (Staphylococcus aureus,
Methicillin-resistant Staphylococcus aureus (MRSA), Pseudomonas aeruginosa, and Klebsiella pneumoniae), through
the use of a modified antibacterial susceptibility assay.” From these experiments, a degree of growth inhibition by 2
against both S. aureus, and MRSA was observed. No activity was observed for any of the Gram-negative pathogens
tested suggesting that the compounds under study could not effectively permeate the secondary membrane present
in these organisms. Informed by this - an antimicrobial susceptibility assay, in line with CLSI defined standards, was
performed to ascertain minimal inhibitory concentrations (ICso/ICe0) of 2 against both S. aureus and MRSA. The ICso
and ICgo values are defined as the minimal concentrations of 2 required to inhibit growth of S. aureus by 50% or 80%,
respectively. ICso/ICgo values were determined experimentally through varying treatment concentrations in a 96-well
plate where cells were grown at 37°C and measured at 600 nm after 24 h.

A concentration of 2.5 pM resulted in 51% growth inhibition of S. aureus, relative to the control - indicating an
approximate ICso value of 2.5 uM for 2 against S. aureus. Furthermore, the highest concentration - 80 pM inhibited
growth of S. aureus by approximately 75%. Concentrations of 3.1 uM and 1.6 uM gave 60% and 40% growth inhibition
of MRSA relative to control, respectively, thus the ICso value for compound 2 against MRSA is approximately 2.35 pM.
This value correlates to the definitive ICso value of 2.5 uM observed against S. aureus. This compares well to a recently
reported ICsovalue of 6 uM against S. aureus and MRSA for Monensin'?, indicating that 2 has a clinically relevant
activity when compared against known antimicrobials. Furthermore, a concentration of 100 pM resulted in 80% growth
inhibition relative to the control, and as such 100 uM can be considered the ICg value for compound 2 against MRSA
(Figure 6).

Figure 6.

Antimicrobial susceptibility assays were also performed with compounds 6 and 7 which are known anion
transporters.®? 7 has also been shown to facilitate chloride transport in to mammalians cells resulting in a disruption
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of autophagy and induction of apoptosis by perturbing cellular chloride homeostasis.®’ It was expected that if the
antimicrobial effect was due solely to anionophoric ability, 6 and 7 should also exhibit significant activity. This was not
the case. When susceptibility assays were carried out for 6 and 7 against S. aureus a significantly lower level of activity
was observed compared to 2. At a concentration of 200 uM, 50% growth relative to control was exhibited in both
cases. This indicates that the antimicrobial characteristics of 2 may be as a result of multiple factors and not just anion
transport efficiency. Nonetheless, it is likely that the effect is linked to its anionophoric ability across the bacterial
membrane and we wished to investigate this further.

Another concern regarding the marked activity of 2 was whether S. aureus or MRSA would develop resistance to 2.
To ascertain this, S. aureus was exposed to compound 2 at a concentration of 2.5 uM for a period of 10 days, with
repeated daily subculturing to allow for sufficient adaptation. After this period, we found an appreciable but low level
of acquired resistance to compound 2, where the ICso increased from 2.5 uM to 4.69 uM (see supporting info). When
compared to other clinical antimicrobials, this level of acquired resistance is extremely low. For example, when
compared to the degree of change in ICso for Ciprofloxacin, when resistance is acquired through point mutation of
grlA and gyrA. This mutation yields an ICso increase from 0.125 - 0.25 ug/mL to 16 - 32 ug/mL, which corresponds to
a 128 fold increase in ICso. This increase in inhibitory concentration is of much higher severity than the acquired
resistance to 2 (approx. 2-fold increase). This result also suggests that the efficacy of 2 may be due to a non-canonical
mechanism of action and highlights its ability to evade resistance.

To ascertain the clinical applicability of 1 - 4, we carried out in-vitro cytotoxicity assays against HaCaT cell lines using
an Almar blue assay. Compounds 1 - 4 showed no marked toxicity to the cell line until a concentration of approx. 10
uM, 4x the concentration of the ICso for S. aureus growth (figure S43). The order of cytotoxicity for compounds 1 - 4
was determined to be 2>4>1>3. Encouraged by this result, in-vivo toxicity was also investigated using the model
organism Galleria mellonella.>*¢ G. mellonella were treated with a concentration gradient of 2 from 3 - 300 pM, where
even at the highest administered dose there was no observed toxicity. With this encouraging information, an infection
model was also established in G. mellonella. Larvae were initially infected with a previously determined LDso dose of
S. aureus, and after a 30 min incubation time, to allow for establishment of infection were treated with a dose of 2 at
either 50 or 150 pM. After a period of 96 h it was observed an increased 40% survival rate of G. mellonella when
compared to a 27% rate of survival for those infected and untreated with 2 (Figure S44). This is an important result as
it highlights the low cytotoxicity of compound 2 while also showing its ability to prolong the survival of larvae when
exposed to an infection of S. aureus.

Bacterial uptake of 2:

Given the exciting results discussed above, we wished to further investigate the underlying mechanism of action. The
inherent emission characteristics of compound 2 allowed the use of fluorescence microscopy confirm bacterial
membrane permeability and uptake. An overnight culture of S. aureus treated with 2 at concentrations of 3, 10, 50,
and 100 pM for 30 mins resulted in clearly observable fluorescent signals (Aexe = 420 nm) localised to bacterial cells
(Fig. 7). Interestingly, bacteria were observed to be self-adhering, forming clumped aggregates in response to 2. This
behaviour was not observed in control samples. It has been well documented that bacterial auto-aggregation is a
protective mechanism brought about by chemical stressors being introduced to the environment.¢”¢® These results
confirm both the uptake of 2 in to S. aureus but also further confirm the potent effect it has on bacterial behaviour.
Moreover, Z-stack experiments confirmed that the observed fluorescence was shown to be uniformly in three
dimensions and corresponded to 2 being located inside the bacterial aggregates and not concentrated on the
periphery.

Figure 7.

In an effort to ascertain whether the anionophoric ability of 2 results in an increase in cytosolic Cl' concentration, an
assay previously outlined by Ko et. al. was performed.”® An overnight culture of S. aureus was pre-treated with N-
ethoxycarbonylmethyl-6-methoxyquinolinium bromide (MQAE), for 1 h at 37 °C before treatment with compound 2 at
various concentrations for 5 min, whereafter fluorescence emission was measured. Treatment with 2 (3, 10, and 30
pM) resulted in a rapid, concentration dependent decrease in fluorescence output from MQAE, centred around 460
nm, indicating a rapid increase in cytosolic Cl concentration in response to 2 (Figure S45).

The observed decrease in MQAE fluorescence, taken together with the results of the lipid vesicle experiments
suggests 2 acts to rapidly import ClI into bacterial cells. Whilst known in bacteria, CLC chloride channels and
transporter proteins are poorly understood and are observed in relatively low abundance endogenously.”"’2 Thus we
suspect that the fluorescence quenching response observed from MQAE is primarily a direct result of facilitated
transport by 2. Moreover, in the absence of compound 2 basal cytosolic chloride concentration remains unchanged -
resolved using time dependent fluorescent measurement of MQAE fluorescence. This further indicates that the
reduction in fluorescence observed is likely correlated to 2's propensity for anion transport.

As cytosolic Cl concentration is evidently increased by the presence of 2, we wished to further investigate its biological
impact on bacterial cells. A triphenyl-tetrazolium chloride (TTC) assay to monitor cellular respiration was carried out
to ascertain whether the activity of 2 is reliant on the abundance of free CI ions in solution, where the “into-cell”
transport of chloride gives rise to therapeutic effect.



Assessment of cellular respiration using the TTC assay:

It has been established that the unanticipated or facilitated influx of Cl ions into mammalian cells can exert a toxic
effect leading to cell death.””* Thus with the observed potent anionophoric activity displayed by 2, we sought to
elucidate whether the absence of free Cl ions in solution would attenuate its efficacy. Following standard procedures,
a TTC assay for monitoring cellular respiration was carried out in three buffer systems: Hank’s buffered salt solution
(HBSS), CI free HBSS and Na* free HBSS. S. aureus was treated with 2 for 5 h before growing in the presence of 0.5
mg/mL TTC. Samples were incubated at 37 °C for 18 h, whereafter formazan production was quantified - indicating
cellular respiration levels after treatment. In HBSS buffer S. aureus respiration was decreased in a dose-dependent
fashion, with 100 uM 2 resulting in a 75% reduction in cellular respiration. When the experiment was repeated in HBSS
buffer where the CI- was replaced with equimolar gluconate, the effect on cell viability was completely attenuated.
Similarly, the replacement of Na* with choline also gave rise to an equal attenuation of activity. Taken together, these
experiments suggest that the effect of compound 2 is dependent on the presence of sufficient extracellular Cl and
Na*ions, and acts as an “into-cell” transporter. This is believed to be a result of charge dependency with regards to
transport, where sodium influx is also integral to the observed activity of 2. It has previously been reported the influx
of Na* cations in response to synthetic transporter induced CI influx is dictated largely by the presence of native
sodium ion channels on cell membranes.”” We hypothesise this dependency on both CI-and Na*ionic abundance for
activity is due to the transport coupling between synthetic transporter and native ion channels to maintain a net-neutral
charge and seek ionic balance within cells.

Figure 8.

The above results suggest that both Na* and Cl ions are required for 2 to exert its inhibitory effect and that this effect
is closely correlated to its ionophoric activity (Figure 8). In an effort to further elucidate the effect of 2 and the
associated ionic dysregulation, label free quantitative (LFQ) proteomics was carried out.

Proteomic analysis of S. aureus cellular response to treatment with compound 2:

LFQ proteomics is used to compare proteomes of a cell or organism in response to a stress, or stimulus and it is an
invaluable technique in the characterisation of potential modes of action of compounds. In order to investigate the S.
aureus proteomic response to compound 2 and further evaluate its mode of action, in-vitro LFQ proteomics was
performed on whole cell lysates, as per literature procedures with minor modifications.®® In an effort to elicit a change
in the proteome in response to treatment, S. aureus was grown in the presence of compound 2 (3 uM) for a total of 6
h, to early stationary phase. This concentration was chosen based on the ICsovalue determined through treatment with
varying concentrations of 2.

The experiment identified a total of 1351 proteins via Perseus, and following filtration steps to remove potential
contaminants and misidentified peptides, a total of 548 proteins remained. Filtered proteins were subjected to a
principal component analysis which demonstrated a large degree of difference between treatment and control (Figure
S47). A total variance of 90.6% was found between treatment and control, illustrating a large proteomic shift in
response to treatment with 2. A total of 534 proteins were identified as present in both samples, with 10 proteins
being exclusive to control, and a further four exclusive to treatment. Post-imputation, it was determined a total of 228
proteins were statistically significant and differentially abundant (SSDA), pairwise test with a cut-off of p < 0.05 and a
minimum fold change of 1.5. Samples were subjected to hierarchical clustering of z-score normalised intensity values.
All SSDA proteins (n = 228) were resolved as such, and subsequently visualised by heatmapping. Perseus allows for
the generation of protein intensity heatmaps based on their median expression trends. Whereupon, a set of two
distinct major protein clusters, 1 & 2, with three replicates from relevant conditions in each were identified. SSDA
proteins observed in lower abundance in treatment compared to control are clustered in protein group 1, where SSDA
proteins observed in higher abundance in treatment compared to control samples are clustered in protein group 2
(Figure S48).

The volcano plot (Figure 9) illustrates the distribution of all 548 filtered proteins and altered protein abundance levels
in treatment versus control samples. When treated with 2, the most statistically significant, differentially abundant
proteins which were observed in higher abundance include: Glycyl-glycine endopeptidase LytM (16.66 - fold)
associated with cell-wall organisation, ArsA family transcriptional repressor (13.73 - fold), Chaperonin (11.89 - fold)
which is linked to stress-response protein folding, Starvation-inducible DNA-binding protein (10.39 - fold), Superoxide
dismutase 1 (10.25 - fold), Cold shock protein CspA (8.09 - fold), Fibronectin-binding protein A (8.09 - fold) which
relays a self-adhesion response, Thioredoxin reductase (7.01 - fold) which regulates cell redox homeostasis &
detoxifies, Cold-shock protein CspC (5.61 - fold), 50s ribosomal protein L29 (4 - fold), Organic hydroperoxide
resistance protein (3.31 - fold) which induces a response to oxidative stress, and Alkaline shock protein 23 (2.85 - fold).

Conversely, the most statistically significant, differentially abundant proteins which were observed in lower abundance
in response to treatment with compound 2 were: Lipase 1 (62.82 - fold) which is responsible for lipid breakdown at
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the cellular frontier, Carbamoyl-phosphate synthase large chain (23.94 - fold) & small chain (20.16 - fold) which are
both responsible for UMP, pyrimidine & arginine biosynthesis via the metabolism of glutamine, alpha-hemolysin (19.9
- fold) which is an extracellular virulence factor, Leukocidin LukS (16.44 - fold) which causes hemolysis of other
organisms, N-acetylmuramoyl-L-alanine-amidase (11.67 - fold) which is responsible for the breakdown of cell-wall
peptidoglycans, amino acid ABC transporter AA-binding protein (7.96 - fold) which is responsible for ligand-gated
transmembrane ion transport, Succinyl-CoA ligase subunit alpha (6.56- fold) & beta (6.95 - fold) associated with the
TCA cycle, and Leukotoxin LukD (4.54 - fold) & LukE (4.37 - fold). A table summarising protein group 1 and protein
group 2 is shown in the supporting info and graphically represented in Figure 9.

Figure 9.

In an effort to identify biological pathways and networks of proteins which are linked between SSDA proteins increased
and decreased in abundance, the STRING database was used to compile and visualise protein networks. Resultant
pathways decreased in abundance were found to be involved in; ‘de-novo’ amino acid biosynthesis, 50s ribosomal
protein synthesis, virulence factors and aerobic respiration (TCA cycle) (Figure 10a). Protein networks which were
observed in higher abundance upon treatment include: 30s ribosomal protein synthesis and translation,
transmembrane glucose transport, self-adhesion and clumping factors, compensatory protein folding and cellular
responses to oxidative stress (Figure 10b).

Figure 10.

Taking the above results together it is apparent, through the use of LFQ proteomics, that S. aureus cells experience a
dramatic alteration to their proteome in response to treatment with 2. This technique has provided further evidence
toward the mechanism of action of 2 and the cellular response brought about by its anionophoric ability. The
proteomic response to treatment appears to predominantly be membrane localised activity which we suspect is a
result of homeostatic imbalance. With regard to membrane localised activity, SSDA proteins which indicate this activity
include: Lipase 1 (66.82 - fold decrease), N-acetylmuramoyl-L-alanine-amidase (11.67 - fold decrease), and Glycyl-
glycine endopeptidase LytM (16.66 - fold increase). This decrease in Lipase 1 abundance is believed to diminish lipid
membrane metabolism. Lipase 1 plays an integral role in the breakdown of lipids which are essential for membrane
stability,”® and thus lower lipase 1 abundance may infer an attenuation of membrane lipid metabolism. Additionally,
Glycyl-glycine Endopeptidase LytM is a cell wall localised endopeptidase which acts to stimulate cell wall organisation
in response to cell division or dramatic environmental changes.”® Moreover, LytM plays an integral role as a
bifunctional autolysin where its autolytic pathogenic function is elicited in response to an attenuation of other virulence
proteins in S. aureus. It is also clear that 2 elicits a dramatic decrease in virulence factor abundance. Supporting this is
the decreased abundance of N-acetylmuramoyl-L-alanine-amidase which is a bifunctional autolysin which plays an
integral role in the hydrolysis of cell wall peptidoglycans, and exerts a lytic effect on host cells.”” This attenuation of
virulence factor production can be rationalised by as an induced stress response to 2. S. aureus has been noted to be
"disarmed” by various therapeutic agents, where this attenuation of virulence factor activity allows for host cells to deal
with the infection more expeditiously.”®”? It has also been noted that molecules which possess the capacity to attenuate
virulence in S. aureus and other species are of particular interest for the management and treatment of infections.”®%

It has previously been demonstrated that therapeutic agents which exert activity by increasing cytosolic chloride
content can induce ROS formation.”*”* Whilst not intrinsically linked, it has also been shown that rationally designed
anionophores cause increase of ROS in cells.”® In the case of 2, we see evidence for this. From LFQ proteomic data we
see an increased abundance of proteins that sequester and remediate ROS under oxidative stress. Exemplary SSDA
proteins observed, linked to ROS remediation include: Cold shock protein CspA (8.09 - fold), Cold-shock protein
CspC (5.61 - fold), Superoxide dismutase 1(10.25 - fold), Thioredoxin (7.01 - fold), Organic hydroperoxide resistance
protein (3.31 - fold), and Alkaline shock protein 23 (2.85 - fold). Whilst not cognately linked to ROS remediation in S.
aureus, it has been widely documented that Cold Shock and Alkaline Shock proteins relay an oxidative stress response
towards ROS in cells.?"® However, Superoxide dismutase 1, Thioredoxin reductase, and Organic hydroperoxide
resistance protein are all critical in the cellular response to oxidative stress and in dealing with intracellular ROS.8*%5 In
addition to these two mechanistic insights, LFQ proteomics indicates that 2 induces a decreased level of cell division,
protein biosynthesis, and as previously noted, an attenuation of virulence.

Taken together, this evidence suggests a sodium chloride-dependent activity exerted by 2 that has been shown to
induce oxidative and osmotic stress through the use of LFQ proteomics These results are strong evidence to support
the use of 2 as a non-canonical therapeutic motif for the management and treatment of S. aureus infections.

As a final experiment to check the validity of our results, LFQ proteomics was repeated, this time in the absence of
chloride. Given our conclusions from the previous section we expected that experiments in the absence of chloride
should give a significantly different proteomic response of the bacteria.

LFQ proteomics was again performed on whole cell lysates. S. aureus was grown in the presence of compound 2 (3
pM) for a total of 6 h, to early stationary phase, but this time in Hanks Buffered salt solution containing no chloride
(HBSS-Cl free). In addition, untreated cells were grown in HBSS-Cl free, and Nutrient broth solutions. This was done in
an effort to replicate the previous set of conditions, and to allow for visualisation of proteomic shifts in response to the



varying media, and treatment conditions. On this occasion, 1677 proteins in total were identified via Perseus, where
following filtration steps to remove likely contaminants and misidentified peptides, a total of 1616 proteins remained.
From this, all proteins were identified as present in all three samples, with 0 proteins being exclusive to their relevant
dataset. Following imputation steps, it was determined a total of 1261 proteins were SSDA, (multiple sample T test)
(ANOVA, p ,0.05) with a minimum fold change of 1.5. As before, filtered proteins were subjected to PCA which
demonstrated a moderate degree of variance amongst all three conditions (Figure S49). A total variance of 65.8% was
found between all three sample sets. Interestingly, the variance between nutrient broth and both HBSS sample sets is
more pronounced than the disparity between HBSS CI free and HBSS CI free w/ treatment which we ascribe to the
differing nutrient composition in NB, and the lack thereof in HBSS media.

Based on the clustering of z-score normalised intensity values, samples were again subjected to hierarchical clustering.
All SSDA proteins (n = 1261) were resolved as such, and subsequently visualised by heatmapping as before. A set of
three distinct major protein clusters, 1, 2, and 3, with four replicates from relevant conditions in each were identified.
This clustering visualised by heatmapping illustrates a somewhat disordered intensity trend within each distinct group
(Figure S50). Indeed, group 1, 2, and 3 protein intensities all show a lack of trend with respect to alterations in intensity.
Indeed, this lack of trend with regard to median expression suggests that treatment with 2 in Cl free media is not the
main cause of proteome alteration of S. aureus in these samples. When datasets from HBSS CI' free conditions were
subjected to a STRING analysis to compare protein pathways observed in higher or lower abundance (See
supplemental info), it was noted that the primary cellular pathways decreased in abundance upon treatment with 2
were; primarily those related to ribosomal biogenesis, and amino acid biosynthesis. Proteins observed in lower
abundance were similar to original data sets, despite the removal of Cl from the media and thus can be deemed as
less important than proteins which were observed in higher abundance. These were; the TCA cycle, peptidoglycan
biosynthetic processes, cell cycle, and cell division. Indeed, having observed active cell division upon treatment with
2 but in the absence of CI, further supports our assertion that 2 requires the presence of Cl for activity. Had this not
been the case, inhibition of the cell cycle and active cell division would still have been possible in the presence of 2
under CI' free conditions. Further protein networks observed in increased abundance, are located primarily at the
periphery of the cell, at the envelope and cytoplasmic cell membrane, further supporting the replication process
observed. Whilst there is an increase in proteins related to oxidoreductase activity, as a result of treatment with 2, this
heightened presence is not entirely unexpected. The heightened presence of these proteins can be ascribed to the
nutrient deficient nature of the media, HBSS. However, the results also indicate (although poorly defined) some
secondary effects that may be brought about by 2 and further experiments and further experiments will be required
to fully elucidate any alternatives modes of action.

Overall, however, the results of LFQ proteomics carried out in the absence of chloride does not show the same
proteomic response seen in the presence of chloride and suggests that an abundance of chloride is integral the main
antimicrobial activity of 2.

Conclusions:

In conclusion, we report the synthesis and characterisation of a new anion binding motif - so-called ‘squindoles’ that
take advantage of both NH and CH interactions to bind chloride with high affinity. X-ray crystallography of all
compounds confirmed the desired trans geometry of the indoline relative to the cyclobutene ring that forms a
heterotopic central binding pocket reminiscent of that observed in symmetric squaramides. All compounds 1 - 4
display bright green fluorescence that is not modulated in the presence of less-basic anions such as chloride. '"H NMR
anion binding titrations confirmed high affinity chloride binding in all cases and lipid vesicle transport assays also
confirmed their ability to transport chloride across a model lipid bilayer. Compound 2, that contains a 3,5-
bis(trifluoromethyl)aniline in its structure is shown to be amongst one of the most efficient anionophores reported to
date (ECso = 0.21 mol%) acting through a combination of CI- uniport and H*/Cl- symport. Importantly, these results
confirm that replacing the potent hydrogen bonding NH group with an alkene CH hydrogen bond does diminish
binding or transport activity to any great extent. A series of antimicrobial susceptibility assays demonstrated that 2 is
also a potent anti-microbial agent against both S. aureus and MRSA with a clinically relevant ICso value of 2.5 pM.
Subsequent experiments utilising confocal microscopy, scanning electron microscopy and fluorescence spectroscopy
confirmed that 2 is rapidly internalised by bacterial cells, promotes an influx of Cl'into the cell and triggers a significant
change in cell morphology. Furthermore, assessment of cellular respiration in the presence of 2 confirms a dose
dependent toxicity towards S. aureus that is completely attenuated in the absence of either CI' or Na* ions. This
important result confirms the pivotal role NaCl concentration has in the activity of 2 as an antimicrobial agent. Finally,
LFQ proteomics revealed that S. aureus cells experience a dramatic alteration to their proteome in response to
treatment with 2 with a decreased level of cell division, reduced protein biosynthesis and an attenuation of virulence
factors. Taken together, the results suggest a sodium chloride-dependent activity that induces membrane
perturbation and oxidative stress and ultimately cell death. LFQ proteomics carried out in the absence of CI did not
show the same proteomic response and confirms the necessity of Cl to the antimicrobial activity of 2.

Overall, this study represents the first detailed mechanistic insight into the anti-microbial activity of synthetic
transmembrane anion transporters. It confirms their potential as a new approach to fighting AMR and suggests a
mechanism of action directly linked to a perturbation of sodium chloride homeostasis that circumvents resistance
mechanisms in MRSA. Given the promising results seen from this small family of compounds, we are currently
undertaking an expansion of the structural diversity of squidoles with a view to identifying further lead compounds.



We are hopeful that with some synthetic modification, we will identify more efficacious compounds that can be
progressed into more complex in vivo models. The results of this work will be communicated in due course.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Robert
B. P. Elmes (robert.elmes@mu.ie).

Materials availability
All reagents used in this study and full experimental details can be found in the supplemental information.
Data and code availability

Full experimental procedures are provided in the supplemental information.Crystallographic data of 1 - 4 have been
deposited in the Cambridge Crystallographic Data Centre under accession CCDC numbers 2167535 - 2167538.
These data can be obtained free of charge via https://www.ccdc.cam.ac.uk/structures/
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Scheme 1: The synthesis of compounds 1 - 4. (i) lodoethane, toluene, reflux, 24 hr, 85%; (ii) 3,4-diethoxy-cyclobut-3-
ene-1,2-dione, triethylamine, EtOH, reflux, 8 hr, 55%; (iii) substituted aniline, Zn(OTF),, EtOH, reflux, 24 hr, 45 - 50%.

Figure 1: Structures of the DMSO solvates of compounds 1 - 4 with partial atom labelling scheme and ADPs rendered
at 50% probability level. Crystallographic disorder on the DMSO sulfur atoms in 3 and 4 and the indoline and DMSO

methyl groups in 2, and selected hydrogen atoms are omitted for clarity.

Figure 2: Comparison of the key parallel n-rt interactions between the phenyl groups observed in the DMSO solvates
of compounds 1 - 4. Selected hydrogen atoms and crystallographic disorder are omitted for clarity.

Figure 3: "H NMR stack of receptor 2 with 0.0 - 10.0 eq. TBACI in DMSO-ds/0.5% H20.

Figure 4: Hill analysis of CI/NOs exchange facilitated by 2. Each point is the average of three repeats with error bars
to show standard deviation. A run of pure DMSO was used as a control.
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Figure 5: Determination of the mode of transport by 1 - 4. a) Experimental set up to determine electrogenic transport
capability. This type of transport occurs when coupled to valinomycin (red). b) Experimental set up to determine
electroneutral transport capability. This type of transport occurs when coupled to monensin (turquoise).

Figure 6. Percentage growth of S. aureus (a) and MRSA (b) in the presence of compound 2 relative to the control.
Cultures grown overnight were treated with compound 2, incubated at 37 °C and growth was quantified after 24 h.
All values are the mean + S.E of eight samples.

Figure 7. Fluorescent microscopy images of S. aureus samples upon treatment with Compound 2 at varying
concentrations. A) 3 uM, B) 10 uM, C) 50 pM, D) 100 pM. Images were acquired using a Photometrics CoolSnap HQ2
camera, mounted on a Nikon TiE fluorescent microscope. Images were acquired through a 60x objective oil immersion
lens, where the scale bar represents a distance of 20 um.

Figure 8. Percentage cellular respiration relative to the control, upon treatment with Compound 2 in various buffer
systems. Blue = Hank's buffered salt solution (HBSS), Orange = CI free HBSS buffer, Green = Na* free HBSS buffer.
Cells were treated with varying concentrations of Compound 2 for 5 h before incubation with TTC at 37 °C for 18 h.
All values represented are the mean + S.E of 24 samples.

Figure 9. Volcano plot for visualisation of protein abundance from S. aureus in response to treatment with compound
2 for 6 h. Protein distributions are based on their relative significance (LogioP value)(y) graphed against the fold change
(Logz LFQ intensity difference)(x). Proteins of statistical significance (p value < 0.05) are found above the horizontal
orange line. Proteins of interest are annotated with those increased in expression shown as orange or to the right of
the blue vertical line and those decreased in expression shown as blue or to the left of the vertical blue line. Proteins
of interest have a fold change of =1.5.

Figure 10. STRING analysis of protein networks decreased (a), & increased (b) in abundance in S. aureus treated with
3 uM SQS-IND A3 for 6 h Versus untreated controls. Data accrued from the STRING database using UniProt IDs from
SSDA proteins from multiple sample t tests (p < 0.05) details the interactions between individual proteins, or
corresponding pathways (highlighted in distinct colours & labelled). (A) Protein pathways observed to be
downregulated in response to treatment. (B) Protein pathways observed in increased abundance upon treatment with
compound 2.

Supplemental Data Items

Supplemental dataset 1: All identified proteins.
Supplemental dataset 2: Heirarchical clustering of proteins.
Supplemental dataset 3: Proteomics data in varied buffers.
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