1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Chem. Author manuscript; available in PMC 2024 January 18.

-, HHS Public Access
«

Published in final edited form as:
Chem. 2021 December 09; 7(12): 3325-3339. doi:10.1016/j.chempr.2021.08.018.

Synthetic Na*/K+ exchangers promote apoptosis by disturbing
cellular cation homeostasis

Sang-Hyun Park1-6, Innong Hwang?6, Daniel A. McNaughton3:6, Airlie J. Kinross3, Ethan
N.W. Howe37, Qing He*", Shenglun Xiong#*, Martin Drghse Kilde28, Vincent M. Lynch?2,
Philip A. Gale3>", Jonathan L. Sessler?2” Injae Shinl"*

1Department of Chemistry, Yonsei University, Seoul 03722, Republic of Korea

?Department of Chemistry, The University of Texas at Austin, 105 East 24th Street, Stop A5300,
Austin, TX 78712, USA

3School of Chemistry (F11), The University of Sydney, Sydney, NSW 2006, Australia

4State Key Laboratory of Chemo/Biosensing and Chemometrics, College of Chemistry and
Chemical Engineering, Hunan University, Changsha 410082, P.R. China

5The University of Sydney Nano Institute (SydneyNano), The University of Sydney, Sydney, NSW
2006, Australia

6These authors contributed equally
’Present address: GlaxoSmithKline, GSK Jurong, 1 Pioneer Sector 1, Singapore 628413

8Present address: Department of Chemistry, University of Copenhagen, Universitetsparken 5,
DK-2100 Copenhagen &, Denmark

9Lead contact

SUMMARY

A number of artificial cation ionophores (or transporters) have been developed for basic research
and biomedical applications. However, their mechanisms of action and the putative correlations
between changes in intracellular cation concentrations and induced cell death remain poorly
understood. Here, we show that three hemispherand-strapped calix[4]pyrrole-based ion-pair
receptors act as efficient Na*/K* exchangers in the presence of CI~ in liposomal models and
promote Na* influx and K* efflux (Na*/K* exchange) in cancer cells to induce apoptosis.
Mechanistic studies reveal that these cation exchangers induce endoplasmic reticulum (ER) stress
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in cancer cells by perturbing intracellular cation homeostasis, promote generation of reactive
oxygen species, and eventually enhance mitochondria-mediated apoptosis. However, they neither
induce osmotic stress nor affect autophagy. This study provides support for the notion that
synthetic receptors, which perturb cellular cation homeostasis, may provide new small molecules
with potentially useful apoptotic activity.
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Park et al. report three artificial ion-pair receptors that act as efficient Na*/K* exchangers in
the presence of CI~, not only in liposomal models but also /n vitro. They promote Na*/K*
exchange in cancer cells, thereby inducing apoptosis. Mechanistic studies reveal that these
cation exchangers induce endoplasmic reticulum (ER) stress in cancer cells by perturbing
intracellular cation homeostasis, promoting the generation of reactive oxygen species, and
eventually enhancing mitochondria-mediated apoptosis. However, they neither induce osmotic
stress nor affect autophagy.

INTRODUCTION

The precise regulation of intracellular ion concentrations is essential for diverse cellular

functions and eventually sustaining living organisms. A variety of natural ion transporters/

channels are responsible for maintaining concentration gradients of ions across cell
membranes. Recently, several synthetic anion transporters have been developed and
their biological activities in cells have been determined.! Additionally, various types of
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small molecule-based cation carriers or pore-forming molecules have been explored for
basic research and biomedical applications.! For example, polycyclic ether-based natural
products,? macrocyclic peptides and depsipeptides,3~ crown ethers® or peptide-crown ether
conjugates,® and cationic cyclodextrinsl? have been shown to perturb intracellular cation
concentrations mainly by forming channels and pores. However, their effects on biological
systems have not been well elucidated.

Multiple previous studies have shown that disruption of potassium ion homeostasis in
cells is closely related to the onset of apoptosis.}! Agents that disrupt cellular potassium
ion homeostasis can, thus, induce apoptosis.2 For instance, valinomycin, a naturally
occurring K*-selective ionophore that enhances K* efflux, was found to perturb potassium
homeostasis and induce apoptosis in cells.12:13 However, the underlying mechanisms of
action leading to apoptosis induction are not yet fully understood.1214 Studies of well-
defined synthetic transporters can help address this knowledge gap. Here, we report a set
of artificial ion-pair receptors that act as efficient Na*/K* exchangers in liposomal models.
They mediate Na* influx and promote K* efflux in cancer cells. The resulting K*/Na*
cation exchange perturbs cellular cation homeostasis and triggers endoplasmic reticulum
(ER) stress-associated apoptotic cell death. To the best of our knowledge, this is the first
example of an ion-pair receptor that has proven effective at inducing apoptosis. Thus, it
highlights a possible new approach to drug discovery while providing specific tools that can
be used to modulate intracellular cation concentrations.

RESULTS AND DISCUSSION

Design, synthesis, and ion-pair-binding studies of hemispherand-strapped calix[4]pyrroles

The goal of this study was to explore whether synthetic receptors could be used to perturb
cellular potassium cation homeostasis and the effect, if any, such perturbations would have
on apoptosis. Therefore, in terms of receptor design, what was needed were systems that
would promote K* egress without inducing a substantial change in membrane potential

or inducing appreciable osmaotic stress. This goal could be met, we felt, by creating

carrier systems that would promote intracellular K*/Na* cation exchange rather than the
transmembrane movement of a single cation. In operational terms, we felt this would require
the use of ion-pair receptors that would promote the charged balanced through-membrane
transport of both M* and CI~, where M* is either K* or Na* depending on the direction of
cation flow. We also appreciated that the extracellular sodium concentrations (ca. 145 mM)
are much higher than their intracellular concentrations (12 mM), whereas the intracellular
potassium concentrations (ca. 150 mM) are much higher than the extracellular concentration
(ca. 4 mM).15 Therefore, in principle, ion-pair receptors that bind to Na* or K* in the
presence of CI~ but not its absence would be expected to bind Na* and CI~ outside of cells,
where Na* ions are present at high concentrations. This would allow for their transport
through the cellular membrane in the form of a neutral ion-pair complex. Inside cells, where
the K* concentration is much higher than the Na* concentration, Na* would be released in
favor of K* (Na*/K* exchange). The resulting KCI ion-pair complex would then exit from
cells. Outside the cells, K* would be released and a new molar equivalent of Na* taken up
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(K*/Na* exchange). As a consequence, it is expected that the transporters would reduce the
intracellular K* concentration, while increasing that of Na*.

Compounds 1-3 (Figure 1A) contain both triaryl cation recognition subunits and a
calix[4]pyrrole anion binding motif. Thus, they were expected to function as ion-pair
receptors capable of transporting as ion pairs both NaCl and KCI. Systems 4 and 5 were
designed as controls for the cation and anion complexation sites, respectively. Receptor

3 was obtained as described previously,18 whereas analogs 1 and 2, along with control
compound 4, were synthesized according to the general method of Lee et al. (Schemes

S1 and S2).17.18 All new compounds were characterized by standard spectroscopic means.
Receptors 1 and 2 were also characterized by means of single-crystal X-ray diffraction
analysis (Figures S1 and S2).

Initial support for the design expectation that the new receptors 1 and 2 would be able to
bind NaCl and KCl as ion pairs came from 1H NMR spectroscopic analysis carried out in
CD»Cly. In earlier work, we showed that receptor 3 was capable of binding NaCl and KCl in
nitrobenzene-as.18 The same proved true for ion-pair receptors 1 and 2. These latter systems
were also found capable of extracting NaCl and KCI from the solid state into CDCl,
(Figures S3 and S4). Specifically, upon contacting CD,Cl, solutions of 1 or 2 with solid
NaCl or KCI and allowing to equilibrate for 48 h, the NH protons of the calix[4]pyrrole
moieties of 1 and 2 underwent downfield shifts, whereas the calix[4]pyrrole CH protons
shifted upfield. Concurrently, the aromatic proton and the OMe or OCH,CH,OMe signals
shifted to lower field. These findings are consistent with the chloride anions being bound to
the calix[4]pyrrole subunit and the Na* or K* cations being complexed by the hemispherand
straps present in 1 and 2. In contrast, no appreciable changes in the 1H NMR spectra of

4 and 5 were seen upon exposure to NaCl or KCI under otherwise identical conditions
(Figures S5 and S6). Single-crystal X-ray diffraction analyses revealed that both NaCl

and KCl are bound to receptors 1 and 2 as tight ion pairs in the solid state (Figures 1B

and S7-S10). As expected, the Na* and K* cations interact with the hemispherand-amide-
based straps, whereas the chloride anions were found bound to cone-shaped calix[4]pyrrole
moieties via multiple hydrogen bonding interactions. These structural features mirror what
was seen previously in the case of receptor 3.16

To test the solution phase binding interactions between NaCl or KCI and receptors 1-3, 1H
NMR spectroscopic titrations were carried out in a mixture of THF-dgD-0 (9:1, v/v), a
medium selected after considering the solubilities of all species involved. Upon titration with
NaCl, receptors 1 appears to bind NaCl with an exchange rate that is intermediate on the
NMR timescale, whereas slow and fast exchange are seen in the case of receptors 2 and

3, respectively (Figures S11-S14). Similar effects were seen in the case of KCI (Figures
$15-S19). In contrast, the interactions between receptors (1-3) and Na* (or K*) were found
to be almost negligible (Figures S20-S25). On this basis, we conclude qualitatively that the
binding affinities of 1-3 for the ion pairs NaCl and KCI follow the order2>1>3and 2> 1
~ 3, respectively. These conclusions were supported by DFT calculations (Figures S26-S31;
Tables S1 and S2).
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lon-transport activity of strapped calix[4]pyrroles in a liposome model

A series of transport experiments were conducted to determine whether the receptors were
capable of facilitating Na*/K* exchange across lipid bilayer membranes. This type of
model system has been used extensively to investigate the activity of synthetic chloride
transporters.19-22 In this instance, a 300 mM KCI solution was encapsulated within the
vesicles, which were subsequently suspended in a buffered extracellular solution of 300
mM NaCl. A potassium ion-selective electrode was employed to measure the efflux of K*
ions into the extravesicular solution upon the addition of each putative transporter (see the
supplemental information for a full description of conditions and methods).

Compounds 1-3 were all found to facilitate K*/Na* exchange across the lipid bilayer under
these experimental conditions. A percentage K* efflux at 1,800 s was established for each
transporter at multiple concentrations, and these data were fitted to the Hill equation to
determine ECxsg 1 goos Values for each transporter. Compound 1 was found to be the most
active compound, with an ECsg 1 goos Value of 0.39 mol % (Figures 2C and 2D; Table 1; see
also Figure S32; Table S3). Compared with 1 and 3, compound 2 was found to be the least
active of the compounds tested (Figures S33 and S34), although the NMR spectral titrations
provided evidence that this compound bound the ion pair most strongly. The lower levels

of activity may be due to solubility issues, poor partitioning of the transporter into the lipid
bilayer, or to the affinity of the ion-pair interaction being too strong to allow decomplexation
of the metal cation under the conditions of the transport experiments. A Hill coefficient
close to 2 was found in the case of all three compounds; this is consistent with the high

Hill coefficients seen previously in the case of transmembrane anion transport experiments
involving calixpyrrole derivatives2324 and may reflect the formation of non-1:1 complexes
under the conditions of the transport studies.

Control compound 4 also proved capable of facilitating cation exchange; however, a

large Hill coefficient was found, leading us to suggest that several molecules may act
cooperatively to bind the ion pair. Moreover, the acyclic system 4 was considerably less
active than the macrocyclic calixpyrroles 1-3 (Figure S35). In fact, compound 1, its closest
analog, was almost 15 times more active in the exchange experiments. This difference is
rationalized in terms of the additional energetic penalty needed to organize the unconnected
pyrrole rings into a chloride binding motif. Compound 5 displayed minimal exchange
activity, and solubility issues were encountered at higher concentrations. As a consequence,
an ECgg value could not be determined for this control system. The trend in maximum rate is
in accord with the trend in activity, following the sequence 1 > 3 > 2.

The role of chloride as a coordinating anion was investigated. The above-mentioned
experiments were repeated, this time with 300 mM of potassium gluconate and sodium
gluconate as the intracellular and extracellular solutions, respectively (Figure 2B). The
gluconate anion does not bind effectively to calixpyrroles. Thus, it was chosen as a
counteranion to investigate whether transporters 1-4 would facilitate K*/Na* exchange as
cation-only complexes rather than as an ion-pair complexes with chloride. All promoted
K*/Na* exchange at a slower rate in the absence of chloride than in its presence,
indicating importance of CI~ for K*/Na* exchange (see supplemental information for
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the corresponding efflux plots). The enhanced transport in the presence of chloride was
quantified by calculating Fqp, the ratio of the maximum rate of K* efflux in the presence

of chloride and the maximum rate achieved in the gluconate assay. The difference in rate
was most apparent for compound 1 (Figure 2E), where the maximum rate achieved in the
chloride assay was 76 times greater; however, compounds 1-3 exhibited at least a 50%
increase in the maximum rate of cation exchange when chloride was present (Figures S36—
S40). The presence of chloride presumably not only increases the affinity of the receptor
toward the respective cations but also has the effect of neutralizing the charge of the
complex. A neutral receptor will be more likely to penetrate the hydrophobic core of the
lipid bilayer and traverse the membrane efficiently. Additional transport studies analyzing
the M*/CI~ symport mechanism and the cation-only M*/H* antiport mechanism of this class
of compounds can be found in the supplemental information (Figures S41-S56; Tables S4
and S5).

lon-transport activity of strapped calix[4]pyrroles in cells

In an initial effort to determine whether 1-5 could serve as ion transporters in cells, their
ability to alter the cellular concentrations of K*, Na*, CI~, and Ca?* was examined. HeLa
and A549 cells were incubated for 2 h with each compound in the absence and presence of
a cellular potassium channel inhibitor, 4-aminopyridine.2> The levels of cellular potassium
ions were then measured using a potassium fluorescent probe PBFI-AM (potassium-binding
benzofuran isophthalate acetoxymethyl ester). It was found that incubation with 1-3 led to a
decrease in the cellular K* concentration (Figures 3A and S57A) and that this reduction was
not affected by 4-aminopyridine. These findings are consistent with 1-3 serving to lower the
intracellular K* concentrations as a result of artificial receptor-mediated transport rather than
through some process involving the cellular potassium channels. In contrast, 4 and 5 without
appreciable cation transport activity in liposomes did not affect the intracellular potassium
ion levels.

We then examined whether changes in the sodium ion concentrations in cells would be

seen after treatment with 1-5. HeLa and A549 cells were, thus, incubated for 2 h in the
absence and presence of a cellular sodium channel blocker, amiloride,23:26.27 ysing a sodium
fluorescent probe SBFI-AM (sodium-binding benzofuran isophthalate acetoxymethyl ester).
Transporters 1-3, but not 4 and 5, served to increase the cellular Na* concentrations (Figures
3B and S57B). The sodium ion-transport activities of 1-3 were only very slightly changed in
the presence of amiloride, leading us to conclude that the increase in the intracellular sodium
ion concentration is mediated by 1-3.

Cell studies were also conducted to determine if the present synthetic transporters affected
the intracellular CI~ concentrations. This was done using a chloride ion-sensitive fluorescent
quencher MQAE (N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide).28:29 It was
found that the intracellular chloride ion concentrations were only very slightly increased

in the presence of 1-3 (Figures S57C and S58A). To test further the effect of CI~ on Na*
influx and K* efflux promoted by 1-3, cells were incubated with each substance, along with
4 and 5, in normal HEPES (4-1-piperazineethanesulfonic acid) buffer or CI™-free buffer.
These studies revealed that whereas 1-3 were characterized by good potassium and sodium
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transport activities in normal HEPES buffer, essentially no cation exchange activity was
seen in the CI™-free medium (Figures S59A and S59B). This finding highlights the fact that
ClI~ ions are essential for Na* and K* transport in the case 1-3 and are consistent with

the inferences drawn from the initial binding studies, namely that 1-3 are effective ion-pair
receptors.

We also determined the effect of transporters on the calcium ion levels using a calcium
fluorescent probe, Fluo-4 NW. The results revealed that 1-5 had no effect on the cellular
calcium ion concentration in cells after a 2-h incubation period (Figures S57D and S58B).
Also, transporters 1-5 did not alter the cytosolic pH, as inferred on the basis of experiments
of cells treated with 1-5 followed by staining with the pH-sensitive fluorescent probe
BCECP (2,7’ -bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein) (Figure S58C).26

Taken together, the findings are consistent with our design expectations, namely that
transporters 1-3 serve to promote Na* influx and K* efflux in the presence of normal
chloride anion concentrations. Accordingly, we conclude that they, thus, function primarily
as K*/Na* exchangers. Presumably, this exchange is driven initially by the fact that the
intracellular K* concentration (150 mM) is much higher than that of Na* (12 mM).30

Cation exchangers induce apoptosis without affecting autophagy

Multiple previous studies have shown that perturbations in intracellular cation homeostasis
are closely correlated with the onset of apoptosis.31-34 On this basis, we sought to
determine whether synthetic transporters 1-3 or controls 4 and 5 would enhance cell
death. We incubated several cancer and normal cell lines (HeLa, cervical cancer cells;
Ab49, lung adenocarcinoma epithelial cells; PLC/PRF/5, liver hepatoma cells; HepG2,
liver hepatocellular carcinoma cells; HCT116, colorectal carcinoma cells; MRC-5, lung
fibroblast cells; C2C12, myoblast cells; MEF, embryonic fibroblast cells) with various
concentrations of each compound for 24 h. The results of the corresponding MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays revealed that the number of
viable cells after treatment with 1-3 decreased in a dose-dependent manner with half
maximum inhibitory concentration (ICsg) values ranging from 10 to 25 uM, regardless of
the cell type (average 1Csq values; 1, 19 uM; 2, 23 pM; 3, 10 uM) (Figure S60). However,
controls 4 and 5 did not affect the cell viability.

Next, we tested if the cell death promoted by transporters 1-3 takes place via apoptosis.
Toward this end, HeLa cells were incubated with 1-3 and then exposed to a mixture of
fluorescein-annexin V and propidium iodide (PI). Flow cytometry analyses then revealed
that the cells treated with 1-3 exhibited positive annexin V binding and PI uptake (Figure
3C). This was taken as evidence of apoptosis.3> Analyses of cell size by flow cytometry
revealed that cells treated with 1-3 were subject to considerable shrinkage (Figure S61).
This finding provides additional support for the proposed apoptosis-inducing activity of 1-3.

Because the loss of mitochondrial membrane potential is a hallmark of apoptosis, this
potential was examined using a membrane-potential-sensitive JC-1 probe.36 The results of
cell image analyses revealed an increase in green fluorescence arising from JC-1 and a
decrease in its red fluorescence in cells treated with 1-3, as would be expected for apoptosis
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(Figure 3D). Moreover, an increase in DNA fragmentation was also observed in cells treated
with 1-3 (Figure S62). Collectively, these findings provide further evidence that transporters
1-3 have apoptosis-inducing activity.

Because some synthetic ion transporters are known to affect autophagy (a self-eating
process),?” we also examined the affect, if any, compounds 1-5 have on this process.

In this study, HeL a cells, stably expressing a mRFP-EGFP-LC3 fusion protein (mRFP,
monomeric red fluorescence protein; EGFP, enhanced green fluorescence protein), were
exposed to 1-5, along with controls torin-1 (an autophagy inducer) and bafilomycin Al
(BfA1, an autophagy inhibitor).3” Confocal microscopy image analysis of cells treated with
1-5 displayed fluorescence patterns similar to those of untreated cells, although BfA1 shows
yellow vesicles arising from merge of GFP and RFP fluorescence, and torin-1 displays red
fluorescent vesicles (Figure S63A).38 Further support for the conclusion that 1-5 have no
influence on autophagy came from assessing the levels of LC3-11 and p62 cells treated with
1-5. As inferred from western blotting, the levels of LC3-11 and p62 were found to be
similar to those in untreated cells (Figure S63B). These findings lead us to conclude that
compounds 1-5 have no effect on autophagy and that transporters 1-3 promote cell death
by inducing apoptosis without affecting autophagy. The controls 4 and 5 neither induce
apoptosis nor affect autophagy.

Cation exchangers promote cell death via ER stress-associated apoptosis

Next, we sought to understand the cellular mechanisms underlying apoptosis induced by
ion-pair receptors 1-3. Previously, we found that synthetic transporters with the ability to
increase cellular ion concentrations induce osmotic stress, an event that leads eventually to
apoptosis.23 Thus, we tested whether transporters 1-3 would induce osmotic stress. Because
osmotic stress causes a change in the cell volume,3 we measured the cell size over a 1.5

h period using confocal microscopy after incubating HelLa cells with 1-3 as well as with a
known osmotic stress inducer, sucrose.? No appreciable change in cell size was seen for
the cells treated with 1-3, whereas sucrose induced an increase in cell size after short-term
incubation before recovering back to the original size within 1 h (Figure S64A).23

Further evidence that transporters 1-3 are benign in terms of inducing osmatic stress came
from studies of p38 phosphorylation in cells treated with 1-3 versus sucrose. Induction of
osmotic stress in cells leads to activation of p38 within a short time window.* The results
of western blot analyses using a phospho-p38 antibody revealed that 1-3 did not alter the
level of phosphorylated p38; this stands in contrast to sucrose, which increased the level of
phosphorylated p38 (Figure S64B). Because transporters 1-3 mediate Na* influx and K*
efflux, it is likely that, per our design criteria, 1-3 do not promote a substantial increase in
intracellular ion concentrations and, thus, do not induce osmotic stress.

It has been shown that perturbation of cellular K* homeostasis promotes apoptosis by
inducing ER stress.32-34:42:43 Accordingly, we examined whether transporters 1-3 induce
ER stress by determining the levels of phosphorylated IRE-1 (Inositol-requiring enzyme

1) and PERK (protein kinase R (PKR)-like endoplasmic reticulum kinase), which are well-
known ER stress markers.** Immunoblot analysis of Hela cells incubated with 1-5 for
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various times revealed that the levels of phosphorylated IRE-1 and PERK increased after 4 h
in the case of 1-3 but not with 4 and 5 (Figure 4A). These findings are taken as evidence that
1-3 induce ER stress in cells.

Because reactive oxygen species (ROS) are produced during ER stress,*® the ROS levels
were determined; this was done by incubating cells with 1-5 in the absence and presence of
the ROS scavenger sodium pyruvate.46 Cell studies using the ROS fluorescent probe PF146
revealed that the levels of ROS increased in cells treated with 1-3 after a 4 h incubation
period but not with 4 and 5 (Figures 4B and S65A). However, when the ROS scavenger was
added to the cells treated with 1-3, ROS generation was almost completely eliminated. In
addition, it is also known that during ER stress, Ca%* is released from ER into the cytosol.4
Thus, we determined if the cytosolic CaZ* concentration is changed in cells treated with
synthetic transporters using Fluo-4 NW. The results revealed that 1-5 had no effect on

the cytosolic Ca2* concentration within a 2-h incubation period (Figures S57D and S65B).
However, the cytosolic Ca2* concentration of cells treated with 1-3, but not with 4 and 5,
increased after a 4-h incubation period, a time point where the levels of ER stress markers
increase, and ROS levels become elevated.

An increase in the level of ROS during ER stress is known to induce caspase-dependent
apoptosis by activating JNK (c-Jun N-terminal kinase).8 To test this, HeLa cells were
incubated with 1-5 and the level of phosphorylated JNK in the treated cells was then
measured by western blotting. Cells treated with 1-3 displayed a significant increase in the
level of phosphorylated INK compared with untreated cells (Figure 4C). As expected from
the inability of 4 and 5 to generate ROS, they had no effect on the phosphorylation of JNK.
To examine further whether ROS generation causes phosphorylation of INK, HeLa cells
were co-treated with 1-3 and the ROS scavenger (sodium pyruvate). The phosphorylated
form of JNK was then assessed. The results of immunoblot analysis revealed that the

ROS scavenger suppressed almost completely the formation of phosphorylated JNK in cells
treated with 1-3. This is consistent with the notion that ROS generation promotes INK
activation.

It is known that JNK activation enhances cleavage of Bid and release of cytochrome ¢

from mitochondria into the cytosol for caspase activation.® Therefore, HeLa cells treated
with 1-5 were subjected to western blotting to assess Bid cleavage, as well as the levels of
cytosolic and mitochondrial cytochrome c. It was found that Bid was cleaved in cells treated
with 1-3 and that cytochrome c was released from the mitochondria into the cytosol (Figure
4D). However, 4 and 5 had no effect on these events.

Because cytochrome c is released from mitochondria into the cytosol, we tested whether
1-3 would promote caspase activation.?9 Toward this end, the cleavage of procaspase-3 and
an endogenous caspase substrate, PARP (poly (ADP-ribose) polymease), was examined.
Western blot analyses revealed that the cleaved products of procasepase-3 and PARP were
generated in cells treated with 1-3. This was not the case for cells treated with 4 and 5
(Figure 4D). Next, the caspase activities of lysates of cells treated with 1-5 were tested
using a colorimetric peptide substrate for caspases. It was found that the caspase activity in
cells treated with 1-3 was increased (Figure 4E). However, when Ac-DEVD-CHO, a known
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inhibitor of caspases, was added to the lysates of cells treated with 1-3, the caspase activities
were attenuated to the basal level. In addition, almost no caspase activity was detected when
cells were co-treated with 1-3 and either a ROS scavenger (sodium pyruvate) or SP600125
(a selective inhibitor of INK) (Figure 4E).> Thus, we conclude that the enhanced caspase
activity seen in the case of 1-3 is induced by ROS generation and JNK activation. Caspase
activity was not increased in cells treated with 4 and 5.

Finally, we evaluated whether the change in relative intracellular Na* and K* cation
concentrations promoted by 1-3 is a cause or a consequence of caspase-dependent
apoptosis. HeLa cells were incubated with each compound at different time periods and
then treated with SBFI-AM and PBFI-AM. In addition, the caspase activity of the treated
cells was measured in a time-dependent manner. These studies revealed that Na* influx and
K* efflux took place shortly after incubation with 1-3 but that increases in caspase activity
occurred at later times (Figures 5A-5C, S66, and S67). We also showed that ER stress is
seen after incubation of cells with 1-3 for ca. 4 h (Figures 4A and S65). Thus, we conclude
that the perturbations in cellular cation concentrations promoted by 1-3 precede ER stress.
The disruption of cellular cation homeostasis induced by 1-3 leads to ER stress, which is
followed by caspase activation. Thus, we rule out apoptosis leading to the observed changes
in cation flux.

On the basis of the above-mentioned mechanistic studies, we propose that ion-pair receptors
1-3 induce ER stress by perturbing cellular cation homeostasis, enhancing cellular ROS
levels, inducing JNK activation and Bid cleavage, promoting the release of cytochrome

¢ from the mitochondria into the cytosol, and inducing caspase activation (Figure 5D).
Treatment with either a ROS scavenger or a JNK inhibitor blocks the caspase activation
induced by 1-3, as would be expected based on this mechanistic proposal. In addition,
transporters 1-3 display Na*/K* exchange activity in cells only in the presence of CI~.

We take this as evidence that CI™ is required for the cation transport promoted by these
receptors. Since transporters 1-3 serve as electroneutral ionophores without substantially
increasing cellular ion concentrations, they do not induce osmotic stress. Furthermore, 1-3
do not affect the autophagy process.

CONCLUSION

We previously demonstrate that synthetic chloride ion transporters induce apoptosis by
increasing intracellular chloride and sodium concentrations in cells and consequently
provoking osmotic stress.23 In addition, certain synthetic chloride ion transporters inhibited
the autophagic process by disrupting lysosome function through a transporter-mediated
decrease in lysosomal chloride ion concentration and an increase in the lysosomal pH.23.27
Also, it is known that valinomycin, a potassium ionophore, decreases intracellular K*
concentrations and causes depolarization and uncoupling of respiration in mitochondria

by increasing membrane permeability, thereby leading to apoptosis.1* However, the mode
of action whereby valinomycin induces apoptosis has not been fully elucidated. Recently,
helical polypeptide-based potassium ionophores were developed that decreased intracellular
K* concentrations and slightly increased the intracellular Ca* concentrations in early
times post-treatment without affecting intracellular Na* and CI~ concentrations.>? It is
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likely that helical polypeptide-based potassium ionophores act as electrogenic ionophores,
similarly to valinomycin. These substances promoted ER stress by disrupting intracellular
K* concentrations, followed by cytochrome c release and caspase 3 activation.

In this study, we have shown that three synthetic hemispherand-strapped calix[4]pyrroles
1-3 act as effective contact ion-pair receptors for NaCl and KCI and promote the through-
membrane transport of these salts in liposomal models. These synthetic receptors mediate
K* efflux and Na* influx in cells, thus acting effectively as K*/Na* exchangers in vitro.
Receptors 1-3, but not 4-5, induce apoptosis without affecting autophagy. In addition,
transporters 1-3 did not induce osmotic stress. Cell studies support the conclusion that
receptors 1-3 induce ER stress-associated apoptotic cell death by perturbing intracellular
cation homeostasis.

Receptors 1-3 are different from our previously reported synthetic chloride ion transporters
in that they act as Na*/K* exchangers without substantially increasing cellular ion
concentrations. In contrast, our previously reported anion transporters serve to increase
cellular ion concentrations. Thus, the determinants underlying apoptosis induction differ
for these two types of transporters as detailed earlier. In addition, receptors 1-3 differ

from valinomycin and helical polypeptide-based potassium ionophores in terms of their
mode of transport. Specifically, compounds 1-3 act as electroneutral cation exchangers
allowing charge balance to be maintained during cation transport. In contrast, valinomycin
and helical polypeptide-based potassium ionophores serve as electrogenic ionophores. As a
consequence, transporters 1-3 regulate cellular ion concentrations in a manner distinct from
both previously studied synthetic anion transporters and K* ionophores.

Based on the present findings, we suggest that ion-pair receptors 1-3 could emerge

as chemical tools that are useful in modulating intracellular cation concentrations and
promoting apoptosis via modes of action that differ from the approaches normally used

to trigger programmed cell death. More broadly, synthetic cation exchangers, such as those
described here, offer a new approach to generating agents with potentially useful apoptotic
activity.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, Jonathan L. Sessler (sessler@cm.utexas.edu).

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

Data and code availability—Crystallographic data of 1, 2, and complexes 1-NaCl,
1-KClI, 2:NaCl, and 2-KCI have been deposited in the Cambridge Crystallographic Data
Center under accession numbers CCDC: 2063566-2063571. These data can be obtained free
of charge via https://www.ccdc.cam.ac.uk/structures/
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Full experimental procedures are provided in the supplemental information.
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Highlights

Three hemispherand-strapped calix[4]pyrroles NaCIl/KCI ion-pair receptors were
prepared

These ion-pair receptors act as efficient Na* and K* transporters in the presence of CI~
The ion-pair receptors of this study promote Na*/K* exchange in cancer cells

Apoptosis is induced without creating osmotic stress or perturbing autophagy
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The bigger picture

The tight regulation of intracellular ion concentrations is essential for diverse cellular
functions and eventually sustaining living organisms. Herein, we report a set of ion-pair
receptors that act as efficient Na* and K* transporters in liposomal models in the
presence of CI~ anions. These synthetic receptors mediate Na* influx and promote K*
efflux (Na*/K* exchange) in cancer cells. The resulting perturbations in cellular cation
homeostasis induce endoplasmic reticulum (ER) stress and promote apoptosis. Cell death
activity is seen for the artificial ion-pair receptors across several cancer cell lines. This
work highlights a new potential approach to drug discovery while providing a set of
specific tools that can be used to modulate intracellular cation concentrations.
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Figure 1. Artificial ion-pair receptors considered in this study
(A) Chemical structures of compounds 1-5.

(B) Partial view of the single-crystal structures of (from left to right) 1-NaCl, 1-KCl, 2-NaCl,
and 2-KCI. Solvent molecules are omitted for clarity.
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Figure 2. lon-transport activity of strapped calix[4]pyrroles in a liposome model
(A) K* ISE-based assays used in this study to investigate K*/Na* antiport in presence of

chloride and (B) absence of chloride.

(C) Plots for compound 1 at various concentrations of compound-to-lipid molar ratio.

(D) Hill plot analysis for compound 1 of the K* efflux at 1,800 s against compound-to-lipid
molar ratio. Error bars (black) represent the standard deviation of two repeats.

(E) Comparison of the K*/Na* antiport plots for compound 1 at two different concentrations
of compound-to-lipid molar ratio, running in either KCI/NaCl solutions (blue) or KGlu/
NaGlu solutions (green).
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Figure 3. Synthetic transporters with sodium influx and potassium efflux activities promote
apoptosis

(A) HeLa cells pretreated with 10 uM PBFI-AM were incubated with various concentrations

of receptors 1-5 in the absence (gray bars) and presence (black bars) of 20 uM 4-
aminopyridine for 2 h. The PBFI fluorescence was used to monitor changes in the
intracellular potassium ion concentrations (mean + SD, n = 3).

(B) HeLa cells pretreated with 10 uM SBFI-AM were incubated for 2 h with various
concentrations of 1-3 in the absence (gray bars) and presence (black bars) of 1 mM
amiloride. SBFI-AM fluorescence was used to monitor changes in the intracellular sodium
ion concentrations (mean G SD, n = 3).

(C) Flow cytometry of HeLa cells treated with 20 uM 1, 40 uM 2, or 20 uM 3 for 24 h

and stained with a mixture of fluorescein-annexin V and PI. Untreated cells are shown as
negative control.

(D) HelLa cells were treated with 20 uM 1, 40 uM 2, or 20 uM 3 for 24 h and then

stained with JC-1. Cell images of red and green fluorescence were obtained using confocal
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fluorescence microscopy at 600 and 535 nm, respectively. Shown are merged cell images of
the red and green fluorescence (scale bar, 10 um).
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Figure 4. Synthetic ion transporters promote cell death by inducing ER stress
(A) HeLa cells were treated individually with 20 uM 1, 40 uM 2, 20 uM 3, 40 uM 4, and 40

UM 5 for the indicated times. Immunoblotting was conducted using the indicated antibodies.
[B-actin was used as a loading control.

(B) HeLa cells were incubated for 8 h with each substance at indicated concentrations in

the presence and absence of 100 mM sodium pyruvate. Treated cells were incubated with 10
UM PF1 for 1 h. The fluorescence intensity of PF1 was measured using a microplate reader
(mean G S.D., n=3).

(C) HeLa cells were treated individually with 20 uM 1, 40 uM 2, 20 pM 3, 40 uM 4, and 40
UM 5 for 8 h. Immunoblotting was conducted using the indicated antibodies.

(D) HeLa cells were incubated for 8 h with each substance at the indicated concentrations
for 12 h. Immunoblotting was conducted using the indicated antibodies.

(E) HeLa cells were treated with each substance at the indicated concentrations in the
presence and absence of either 100 mM pyruvate or 20 uM SP600125 for 18 h. The caspase
activities of cell lysates were determined using Ac-DEVD-pNA (200 uM) in the absence and
presence of 20 yM Ac-DEVDCHO (mean = SD, n = 3).
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Figure 5. Potassium efflux and sodium influx precede apoptosis induced by a synthetic
transporter

(A) HelLa cells pretreated with 10 uM PBFI-AM were incubated with 20 uM 3 for indicated
times. The PBFI fluorescence was measured to examine changes in the intracellular
potassium ion concentration (mean + SD, n = 3).

(B) HelLa cells pretreated with 10 uM SBFI-AM were incubated with 20 uM 3 for

the indicated times. SBFI-AM fluorescence was measured to determine changes in the
intracellular sodium ion concentration (mean £+ SD, n = 3).

(C) HelLa cells were incubated with 20 uM 3 for the indicated times. The caspase activities
of cell lysates were determined using Ac-DEVD-pNA (200 uM) (mean = SD, n = 3).

(D) Proposed mechanism of action underlying the apoptosis induced by the synthetic
K*/Na* cation exchangers of this study (see text for a detailed explanation).
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Summary of Na*/K* transmembrane transport results for the transporters used in this study

Table 1.

ECso, 18002 NP K*Na* (%s™Y) with CI=  K*/Na* (%s™%)  Fe,®
1 039+003 170+002 175¢ 0.0237 76
2 105+002 1.90+0.02 0.0469 0.0317 15
3 086+001 170+0.04 00867 0.0347¢ 26
4 575+008 4.00+053 00217 0.0187 12
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aConcentration of receptor (mol % receptor to lipid) required to achieve 50% potassium efflux at 1,800 s during the Na*/K* exchange experiment,
using NaCl and KCI as the medium.

B4l coefficient for the Na*/k*+ experiment.

cMaximum rate (at 5 mol % receptor to lipid) calculated by fitting the efflux plot to an exponential decay curve using Origin 2019.

dMaximum rate (at 5 mol % receptor to lipid) calculated by fitting the efflux plot to a Boltzmann sigmoidal curve in Origin 2019.

e . . . o . . .
The ratio of maximum rates; this value was calculated via division of the maximum rate in the NaCIl/KCI exchange assay by the maximum rate
achieved in the corresponding NaGIu/KGlu exchange assay.
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