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Synthetic ion transporters can induce apoptosis
by facilitating chloride anion transport into cells

Sung-Kyun Ko"?", Sung Kuk Kim3f, Andrew Share3, Vincent M. Lynch3, Jinhong Park?,
Wan Namkung*, Wim Van Rossom?®, Nathalie Busschaert®, Philip A. Gale>¢*, Jonathan L. Sessler'3*

and Injae Shin'*

Anion transporters based on small molecules have received attention as therapeutic agents because of their potential to
disrupt cellular ion homeostasis. However, a direct correlation between a change in cellular chloride anion concentration
and cytotoxicity has not been established for synthetic ion carriers. Here we show that two pyridine diamide-strapped
calix[4]pyrroles induce coupled chloride anion and sodium cation transport in both liposomal models and cells, and
promote cell death by increasing intracellular chloride and sodium ion concentrations. Removing either ion from the
extracellular media or blocking natural sodium channels with amiloride prevents this effect. Cell experiments show that
the ion transporters induce the sodium chloride influx, which leads to an increased concentration of reactive oxygen
species, release of cytochrome ¢ from the mitochondria and apoptosis via caspase activation. However, they do not
activate the caspase-independent apoptotic pathway associated with the apoptosis-inducing factor. lon transporters,
therefore, represent an attractive approach for regulating cellular processes that are normally controlled tightly

by homeostasis.

aintenance of the ion homeostasis of cells is essential to
I\/\ sustain life processes, including proliferation, differen-
tiation and apoptosis. A considerable body of evidence pro-
vides support for the generally accepted notion that ion channels
and transporters are involved in apoptosis (or programmed cell
death)'?, which serves inter alia to remove unwanted or damaged
cells®. Various cancer cells exhibit different patterns of ion channels
that result in the dysregulation of ion concentrations and fluxes®.
This dysregulation can manifest itself in operational terms as apop-
totic resistance in cells’, as well as an enhancement in proliferation®
and the migration of cancer cells’. Taken to the extreme, however,
the dysregulation of intracellular concentrations of ions, particularly
of chloride®?, calcium!® and potassium ions'!, has been shown to
correlate closely with the onset of apoptosis!. The potency of
channel blockers* and ionophores!>!® as anticancer agents provides
a strong incentive to explore new approaches to influence intracellu-
lar jon concentrations in a controlled fashion. Particularly attractive
in this regard would be synthetic or semisynthetic ion carriers or
transporters that are able to alter intracellular ion concentrations.
Anion transporters based on small molecules have received particu-
lar attention because of their potential as therapeutic agents'*'7.
One of the most notable small-molecule-based natural anion
transporters is prodigiosin. Compounds of this class are known to
function as HCI receptors and transporters and have been studied
extensively for, among other possible benefits, their anticancer
effect'®20, It has been proposed that disruption of intracellular pH
gradients by HCl transport’® is one of the key mechanisms
whereby prodigiosin promotes cancer cell death?'-2%. However, it is
also possible that prodigiosin induces apoptosis by an alternative
mechanism??> that results in the depolarization of acidic

compartments within cells. The effectiveness of prodigiosin against
cancer cells has spurred the synthesis of many artificial receptors,
so-called anionophores, that act as anion transporters*2°.
Although various anionophores have been created, few have
been tested in biological settings'>?-%. In one example, artificial
tripodal anion transporters that contain urea and thiourea function-
alities were found to inhibit cancer cell growth by acting as a pre-
sumed CI"/HCO; anion exchanger (a so-called antiport agent)'®.
However, a direct correlation between a change in cellular chloride
anion concentration and cytotoxicity has not been established in
the case of synthetic carriers. Rather, it has been inferred based
on transport studies of liposomal model membranes. As with prodi-
giosin, it is possible in these cases that apoptosis is induced by
a different mechanism that results in perturbation of chemical
gradients within the cancer cells. A key question is whether the car-
riers perturb chemical gradients, resulting in apoptosis, or trigger
apoptosis, which causes a perturbation of chemical gradients. In
this study, using time-dependent studies we show that changes in
ionic gradients within A549 and HeLa cells precede, and therefore
induce, apoptosis.

Normally, the extracellular chloride concentration (120 mM) is
higher than the intracellular chloride concentration (4-60 mM).
Nevertheless, in healthy cells no appreciable chloride influx takes
place unless biological ion channels or transporters are activated™.
Ion channels, such as the Na-K-Cl co-transporter, use the decrease
in free energy that results from transporting Na* across the cellular
membrane as the driving force to increase intracellular Cl” concen-
trations®!. A synthetic transporter that takes advantage of the Na*
gradient and allows for the concomitant transport of CI~ would
be expected to enable the effective transport of Cl™ into cells.
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Figure 1| Structures of compounds. a, Chemical structures used in this study. b, Partial view of the single-crystal structure of 1:NaCl. Most hydrogen atoms,
solvent molecules and two non-attributable tetramethylammonium cations are omitted for clarity.

Herein we describe the design and synthesis of two diamide-
strapped calix[4]pyrroles (C4Ps) that facilitate chloride transport
in liposomal model membranes and in mammalian cells. In liposo-
mal models we show that the strapped calixpyrroles facilitate chlor-
ide transport and that chloride transport is enhanced significantly in
the presence of cation transporters®?. In the cells we show that the
compounds facilitate chloride influx and concomitantly sodium
entry mainly via sodium channels. As detailed below, our results
serve to demonstrate that synthetic transporters can be used to
induce an influx of Cl™ as well as of Na*, and that this leads to an
increased level of reactive oxygen species (ROS), the release of cyto-
chrome ¢ from the mitochondria and induction of apoptotic cell
death via the caspase-dependent pathway.

Results and discussion

Synthesis and ion-binding studies of diamide-strapped
calixpyrroles. For this study two new pyridine diamide-strapped
C4Ps (compounds 1 and 2; Fig. 1a) were prepared. The diamide
functionality present in these targets was expected to provide
effective ion-pair recognition and through-membrane transport.
To allow for an appropriate testing of this hypothesis, the
diester control system 3 was prepared and tested, as were
compounds 4 and 5.

Receptors 1-3 were prepared according to the general method
first introduced by Lee and co-workers®***. Full synthetic details
are included in the Supplementary Information. All new com-
pounds were characterized fully by standard spectroscopic means,
with receptors 1 and 3 further characterized via single-crystal X-
ray diffraction analyses (Supplementary Figs 1 and 2). 'H NMR
studies were performed to probe the interaction of these macro-
cycles with alkali metal chloride salts. On the addition of NaCl,
KCl and CsCl (5.0 equiv.) in 10% D,0O in DMSO-dj to the receptors,
the NH peaks of both pyrroles and amides underwent significant
downfield shifts (Supplementary Figs 3 and 4), consistent with the
fact that both the pyrrole and the amide NH protons participate
in binding the chloride anion via hydrogen-bonding interactions*.
On subjecting compounds 1 and 2 to titration with NaCl in 10%
D,0O in DMSO-ds, two sets of distinguishable resonances were
seen for all observable proton signals in the 'H NMR spectra
recorded before saturation (at 1.0 equiv.) was achieved
(Supplementary Figs 5 and 6). Such findings are consistent with
the suggestion that receptors 1 and 2 bind chloride strongly and
with a 1:1 binding stoichiometry. Downfield shifts of CH proton res-
onances associated with the strap, especially the aromatic pyridine

ring and aliphatic H, signals, were observed on treatment with
NaCl. This is taken as evidence that the sodium cation interacts
with the carbonyl oxygen atoms of the amide groups. Support for
this conclusion comes from single-crystal X-ray diffraction analyses,
which revealed the sodium counter-cation bound via an outside
binding mode (Fig. 1b and Supplementary Fig. 7). This stands in
contrast with the ‘within-the-bowl” binding mode seen for larger
cations, such as the caesium and tetraethylammonium cations
(Supplementary Figs 8-10).

In contrast to 1 and 2, compounds 3-5, which lack either an
amide group or a C4P subunit, proved less effective as receptors
for chloride. Association constants (K,) of 617 and 198 M,
respectively, were calculated for compounds 3 and 5 with chloride;
these values are significantly lower than that observed for com-
pound 1 under identical conditions (K, = 4.55 x 10* M.

Ion-transport activity of diamide-strapped calixpyrroles in a
liposome model. The ability of compounds 1-5 to transport
chloride and sodium across model membranes that consisted of
1-palmitoyl-2-oleoylphosphatidyl choline (POPC) phospholipid
bilayers was assessed through a series of unilamellar vesicle assays
monitored by ion-selective electrodes, fluorescence or **Na NMR
spectrometry using methods described previously®. These model
membrane studies can allow for limiting mechanisms of transport
(including anion and cation co-transport (‘symport’), anion-for-
anion exchange (‘antiport’) and ‘dual host’, wherein the anion and
cation are carried by separate transporters) to be identified for
synthetic carrier systems.

On the basis of these transport studies, detailed in the
Supplementary Information, we conclude that the strapped C4Ps
1 and 2 function as moderately effective chloride anion transporters
in the liposomal phospholipid bilayer (via a chloride/nitrate antiport
process in the presence of intra- and extravesicular sodium cations),
whereas compounds 3, 4 and 5 have a much-reduced chloride-
transport activity relative to the amide-strapped calixpyrroles
(Fig. 2a). In the presence of monensin, a known sodium ionophore
and carrier, the efflux of chloride mediated by compounds 1 and 2
was greatly promoted as monitored at 300 s. In this case transport
presumably occurs via coupled sodium and chloride co-transport
by the monensin and calixpyrrole®’. On this basis, we propose
that over the course of the much longer timescale (about 18 hours
of incubation) associated with cellular incubation studies, com-
pounds 1 and 2 will be capable of mediating the transport of Cl™
coupled to biological Na* transport processes. However, it is
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Figure 2 | Transport studies using liposomal model membranes. a, Change
in extravesicular chloride concentration over time seen for unilamellar
vesicles that contained 489 mM NaCl suspended in a 167 mM K,SO4
solution, buffered to pH 7.2 with 20 mM sodium phosphate salts, on the
addition of a DMSO solution of receptors 1-5 (2 mol%), an acetone solution
of monensin (2 mol%) or a DMSO/acetone solution of either receptor 1 or
2 and monensin (2 mol% each). b, 2>Na NMR spectrum before the addition
and three minutes, 15 minutes, 50 minutes and 140 minutes after the
addition of 2 (2 mol%) to vesicles that contained 489 mM NaCl dispersed
in 167 mM K,SO4, solution, buffered to pH 7.2 with 20 mM potassium
phosphate salts, with the addition of adequate Na;Dy(PPPi), (sodium bis
(tripolyphosphate)dysprosium(in)).

important to appreciate that in the absence of monensin and in the
absence of a hydrophobic extravesicular anion, such as nitrate, com-
pound 2 will co-transport sodium and presumably chloride
(symport mechanism), as observed using **Na NMR techniques
over longer timescales (see Fig. 2b). Thus, even in the absence of
fully functioning biological sodium transport mechanisms, residual
biological activity is predicted for carriers 1 and 2. Evidence in
support of this proposition is provided below.

Ion transporters induce an increase in intracellular chloride and
sodium concentrations. Previous studies have served to show that a
stimulated influx of chloride ions into cells induces cell death®°. To
examine the effect of the present ion transporters on cell viability,
several cancer and normal cell lines (A549, lung adenocarcinoma
epithelial cells; Capan-1, pancreas adenocarcinoma cells; HCT116,
colorectal carcinoma cells; HeLa, cervical cancer cells; MRC-5,
human fetal lung fibroblast cells; NRK, normal rat kidney cells;

267B1, human fetal prostate epithelial cells) were treated with
various concentrations (0-80 uM) of 1-5 for 18 hours. Cell
viabilities were then measured using an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. In
the cases of 1 and 2, but not of 3-5, the number of viable cells
was found to decrease in a dose-dependent manner with half-
maximum inhibitory concentration (ICsp) values that ranged from
10 to 15 M, irrespective of cell type (Supplementary Fig. 79).

We then investigated changes in the concentrations of several
intracellular ions after treatment of cells with 1 and 2, as well as a
negative control, 3. Alterations in intracellular chloride concen-
trations were evaluated by incubating Fischer rat thyroid epithelial
(FRT) cells with each compound for two hours. These cells
express a mutant yellow fluorescent protein  (YFP-
F46L/H148Q/1152L) whose fluorescence is sensitively quenched
by chloride ions in the cytosol®”. The results obtained show that 1
and 2 induce significantly increased intracellular chloride concen-
trations based on the decreased fluorescence of a mutant YFP in
the cells (Fig. 3a). However, the intracellular chloride concentrations
were not altered in cells treated with control 3. As FRT cells lack
chloride channels, we can rule out the possibility that the chloride
ion influx observed in 1 and 2 takes place via chloride
channels. Rather, we suggest that it is the result of active synthetic
transporter-induced chloride transport.

To provide support for the proposed mechanism, for compounds
1 and 2 we next investigated which cations, if any, entered the cells
along with the chloride ions. Initially, changes in intracellular
sodium concentrations were measured by incubating A549 and
HeLa cells with the sodium fluorescent probe SBFI-AM (sodium-
binding benzofuran isophthalate acetoxymethyl ester) for
1.5 hours followed by treatment with 15 uM solutions of 1 and 2,
as well as of control compound 3, for two hours in each case®®. It
was found that carriers 1 and 2 proved effective in increasing the
intracellular sodium concentration (Fig. 3b and Supplementary
Fig. 80b). To check whether sodium ions enter cells directly as a
result of the transport by carriers 1 and 2 or via endogenous
sodium channels, we examined the effect of amiloride on
the sodium influx elicited by synthetic transporters.
Amiloride is an inhibitor that directly blocks sodium channels. In
its presence, the sodium influx induced by 1 and 2 was attenuated
substantially, although not eliminated completely (Supplementary
Fig. 80c,d).

The above findings lead us to conclude that (1) receptors 1 and 2
act predominantly as chloride anion transporters and (2) the
sodium counter ions enter cells predominantly through cellular
sodium channels during the course of the transporter-induced
chloride influx. Consistent with this hypothesis is the finding that
the chloride entry induced by 1 and 2 is reduced in the presence
of amiloride (Supplementary Fig. 80e).

In contrast to what proved true for sodium, neither the intra-
cellular potassium nor calcium concentrations were altered in
cells treated with 1 and 2, as inferred from experiments that
involved preincubation of the cells with the potassium and
calcium fluorescent probes, PBFI-AM (potassium-binding benzo-
furan isophthalate acetoxymethyl ester) and Fluo-4, respectively
(Supplementary Fig. 80f,g)**°. As the extracellular sodium con-
centration (145 mM) is normally much higher than its intracellular
concentration (12 mM) and the extracellular potassium concen-
tration (4 mM) is much lower than its intracellular concentration
(150 mM)", transporters 1 and 2 induce sodium influx but not
potassium influx.

Taken together, the above results provide support for the con-
clusion that compounds 1 and 2 act as into-cell Cl™ transporters
under conditions in which control systems, such as 3, do not. The
chloride influx induced by transporters 1 and 2 is coupled to
sodium entry mediated largely through the action of natural
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Figure 3 | lon transporters induce apoptosis. a, FRT cells were incubated with 15 pM of 1-3 for two hours and YFP fluorescence was measured to deduce
changes in the respective intracellular chloride ion concentrations (mean +s.e.m., n=10). b, A549 cells pretreated with 10 uM SBFI-AM for 1.5 hours

were incubated with 15 uM of 1-3. The SBFI-AM fluorescence was then measured to examine changes in the intracellular sodium ion concentrations
(mean+s.e.m., n=6). **P<0.001. ¢, Flow cytometry of A549 cells treated with 15 uM of 1 or 2 for 18 hours and stained with fluorescein-annexin V and PI
(annexin V binding versus Pl uptake). Untreated cells are shown as a negative control. d, Flow cytometry of A549 cells treated with 15 uM of 1 or 2 for 18
hours and stained with JC-1. Untreated cells are shown as a negative control. Also shown is a dot plot of red fluorescence (FL2, JC-1 aggregate) versus green

fluorescence (FL1, JC-1 monomer).

sodium ion channels. The coupled transfer of both chloride anions
and sodium cations is the result of charge considerations and is
required to maintain ion balance within the cells.

Transporters induce apoptotic cell death. A number of studies
have served to demonstrate that dysregulation of ion
homeostasis, particularly via chloride influx, can induce cell
shrinkage and lead to apoptosis®®. To investigate whether
synthetic transporters could lead to apoptosis, HeLa and A549
cells were incubated with 15uM of 1 or 2 for 18 hours and
then treated with a mixture of fluorescein-annexin V and
propidium iodide (PI). The results of flow cytometry analysis
revealed that 1 and 2 induced apoptosis, as inferred from the
observation of positive annexin V binding and PI uptake
(Fig. 3c and Supplementary Fig. 81a)*!. In addition, the loss of
mitochondrial membrane potential, a hallmark of apoptosis, was
also examined using a JC-1 probe that is sensitive to membrane
potential?2. The intensity of dye-derived red fluorescence in cells
treated with 15puM of 1 or 2 for 18 hours decreased
significantly, as would be expected for apoptotic cell death
(Fig. 3d and Supplementary Fig. 81b). An increase in DNA
fragmentation was also observed in cells treated with 1 or 2 for
18 hours (Supplementary Fig. 82). Cells treated with 15 uM of 1
for six hours were also subjected to a gene-expression profiling
analysis of mRNA. It was found that a number of genes
involved in apoptosis were dysregulated by more than twofold
compared to controls (Supplementary Table 8). Taken together,
these results provide clear evidence that transporters 1 and 2
have apoptosis-inducing activity.

Transporters induce caspase activation but do not activate the
apoptotic pathway associated with the apoptosis inducing

factor (AIF). Apoptotic cell death takes place mainly via caspase-
dependent and independent mechanisms*. As an initial test of
whether the present ion transporters induce caspase-dependent
apoptosis, HeLa cells were incubated with 1 or 2 and the
proteolytic activities associated with caspases were examined. The
activities of caspases in lysates of cells treated with 10 and 15 uM
of 1 or 2 for 18 hours were measured using a colorimetric peptide
substrate, Ac-DEVD-pNA (pNA, p-nitroaniline), for caspases.
Increases in caspase activity were observed for both 1 and 2
(Fig. 4a). However, when Ac-DEAD-CHO, a known inhibitor of
caspases, was added to the lysates of cells treated with 1 or 2,
caspase activities were attenuated.

Cytochrome ¢ and caspase-3 play an important role in caspase-
dependent apoptosis. Cytochrome c¢, which is located in the space
between the inner and outer mitochondrial membranes, is
released from the mitochondria into the cytosol during the
caspase-dependent apoptosis. The released cytochrome ¢ binds
to Apaf-1 to form the apoptosome*!. The cytochrome c/Apaf-1
complex activates caspase-9, which subsequently induces acti-
vation of caspase-3 through the cleavage of procaspase-3*'.
Thus, we examined the release of cytochrome ¢ from the mito-
chondria and caspase-3 activation by treating cells with 1 or 2.
Immunoblot analysis of HeLa and A549 cells treated with both
10 and 15 uM of 1 or 2 for 18 hours revealed that the cytochrome
¢ was released from the mitochondria into the cytosol and procas-
pase-3 was proteolytically cleaved to produce caspase-3 (Fig. 4b).
Additional experiments aimed at evaluating cleavage of an
endogenous caspase substrate, PARP, by western blot analysis
revealed that the cleaved product of PARP was generated in the
treated cells.

To evaluate whether the pan-caspase inhibitor ZVAD-FMK
(benzyloxycarbonyl-Val-Ala-Asp(OMe)  fluoromethyl  ketone),
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Figure 4 | lon transporters induce caspase activation but do not activate the AlF-associated apoptotic pathway. a, The caspase activities of lysates of
Hela cells treated with 10 and 15 uM of either 1 or 2 for 18 hours were measured using acetyl-DEVD-pNA in the absence (white bar) or presence (grey bar)
of 200 uM Ac-DEVD-CHO (mean +s.d.,, **P < 0.001). b, A549 and Hela cells were treated with 10 and 15 uM of 1 or 2 for 18 hours and the indicated
proteins were immunoblotted using the appropriate corresponding antibodies. ¢, Hela cells were preincubated with 20 uM of the caspase inhibitor
ZVAD-FMK for three hours, and then treated with various concentrations of 1 or 2 for 18 hours. The effect of this caspase inhibitor on cell survival was
determined using a MTT assay (mean £s.d.). d, Hela cells preincubated with 20 pM ZVAD-FMK were treated with 15 pM of 1 or 2 for 18 hours and the
indicated proteins were immunoblotted using the corresponding antibodies. e, Hela cells were treated with 10 uM of 1 or 2 for six and 18 hours. Western
blot was performed with AIF antibody. f, Hela cells, treated first with 10 uM of 1 or 2 for 18 hours, were immunostained using an anti-AlF antibody. The

nuclei were stained with DAPI.

which is a cell-permeable, irreversible caspase inhibitor with broad
specificity, would protect cells against the effect of transporters 1
and 2, HeLa cells preincubated with 20 uM ZVAD-FMK for
three hours were treated with 15 uM of either 1 or 2 for 18
hours. Under these conditions the cells were largely protected
from apoptotic cell death (Fig. 4c). The results of the western
blot analysis provided further confirmation that caspase activation
induced by 1 and 2 was suppressed by treatment with 20 uM of the
inhibitor (Fig. 4d). These results provide support for the proposal
that compounds 1 and 2 induce apoptosis via a caspase-
dependent pathway.

We then evaluated whether 1 and 2 induced cell death via AIF-
mediated caspase-independent apoptosis. AIF is translocated into
the nucleus during the caspase-independent apoptosis®.
Therefore, a comparison of the AIF levels in the cytosolic and
nuclear fractions would provide a measure of apoptosis that
occurs in a caspase-independent manner. Thus, HeLa cells were
treated with 10 uM of 1 or 2 for either six or 18 hours. It was
found that treatment with 1 or 2 did not induce AIF translocation
into the nucleus (Fig. 4e,f). On this basis, we conclude that transpor-
ters 1 and 2 induce caspase activation but do not activate the AIF-
associated apoptotic pathway.

Effect of chloride and sodium ions on transporter-induced cell
death. To determine whether cell death is correlated with
enhanced levels of chloride or sodium influx, we evaluated the
effect of extracellular CI~ and Na" on cells treated with 1 and
2%46 Here, HeLa and A549 cells were incubated for four hours
with various concentrations (0-25 uM) of 1 or 2 in buffers with
both chloride and sodium ions (Hank’s balanced salt solution
(HBSS)) or in analogous buffers free of either chloride anion
(Cl -free HBSS) or sodium cation (Na*-free HBSS). When added
to cells in the Cl™-free or Na'-free buffers, transporters 1 and 2
proved less potent; that is, they produced a remarkably lower
decrease in cell viability compared to those seen in buffers
containing both ions (Fig. 5a and Supplementary Figs 83-85).

The extent of cell shrinkage, a further marker of apoptosis, was
also measured for A549 cells treated with 1 or 2 for two hours in
the presence and absence of Cl". Analysis of cell size by flow cyto-
metry revealed that, whereas cells treated with 1 and 2 in HBSS
exhibited a large degree of cell shrinkage, almost no change in cell
size was observed for cells treated in Cl -free HBSS (Fig. 5b). This
is taken as additional evidence that the tested cells undergo apopto-
sis. On the same basis, cell death via necrosis is ruled out because
such a process induces cell swelling.
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Figure 5 | Effect of ions on transporter-induced cell death. a, A549 cells were incubated with various concentrations (0-25 pM) of 1 or 2 in HBSS or

ClI™-free HBSS for four hours. Cell death was measured using a MTT assay (mean *s.d.). b, A549 cells were incubated with 15 uM of 1 or 2 for two hours in
HBSS or ClI™-free HBSS, and the percentage of shrunk cells within the total cell population was determined using flow cytometry. ¢,d, Hela cells were treated
with 10, 15 and 20 pM concentrations of the two ion transporters considered in this study (white bar, 1; grey bar, 2) for eight hours (¢) or with 15 uM of the
same ion transporters (white bar: 1, grey bar: 2) for various indicated incubation times (d). The cells were then treated with 10 uM DCFH-DA to monitor the

ROS production (mean +s.d.). FSC, forward scatter; SSC, side scatter.

We also examined if amiloride, which blocks activities of sodium
channels in cells but rarely induces cell death on its own, affected
cell death induced by 1 and 2. In these studies, HeLa and A549
cells were incubated for 18 hours with 15 uM of 1 or 2 in the pres-
ence of various concentrations (0-400 pM) of amiloride. The results
showed that treatment with amiloride reduced the extent of cell
death mediated by transporters 1 and 2 in a dose-dependent
manner. This finding is fully consistent with the suggestion that
the inhibitor indirectly suppresses carrier-mediated chloride influx
for charge-balance reasons, as discussed above (Supplementary
Fig. 86). Taken together, we conclude that the transporter-mediated
apoptosis induced by transporters 1 and 2 is dependent on the pres-
ence of both extracellular chloride and sodium ions and requires
active sodium channels to occur at a high level.

Transporters induce ROS generation in cells but do not modulate
intracellular pH. It has previously been shown that a number of
therapeutic agents induce cell death via promoted chloride influx
or via increased levels of intracellular ROS®. Therefore, we
examined whether transporters 1 and 2 promote ROS generation
in cells. For these studies, HeLa cells were treated with either 1
or 2 at different concentrations and for varying incubation
periods. The levels of intracellular ROS were then measured by
treating the cells with 10 uM dichlorofluorescein diacetate
(DCFH-DA)Y. After treatment with 1 and 2, an increase in the
fluorescence intensity was observed (Fig. 5c¢,d), which indicates
ROS production.

We also tested whether transporters 1 and 2 induced changes in
intracellular pH. In this study, FRT cells were incubated with 15 uM
of 1-3 for 1.5 hours and then treated for 30 minutes with the
pH-sensitive fluorescent probe BCECF (2',7'-bis-(2-carboxyethyl)-
5-(and-6)-carboxyfluorescein)®®. For all three compounds,

intracellular pH was almost unchanged under these incubation
conditions (Supplementary Fig. 87). This leads us to conclude
that a decrease (or increase) in cytosolic pH is not implicated in
the early events that result in the apoptosis induced by 1 and 2.

Finally, we conducted experiments to study the temporal relation-
ship between changes in the intracellular concentrations of sodium
chloride, ROS production and apoptosis. In this study, A549 cells,
which were incubated with 15 M of 1 or 2 at different time periods,
were treated with the sodium fluorescent probe SBFI (sodium-
binding benzofuran isophthalate), the Cl -quenching fluorescent
probe MQAE (N-(ethoxycarbonylmethyl)-6-methoxy-quinolinium
bromide)*’, the ROS probe DCFH-DA (dichlorodihydrofluorescein
diacetate) and FITC (fluorescein isothiocyanate)-annexin V. The
results indicate that annexin V-positive cells appear approximately
four hours after incubation with synthetic transporters, but the
sodium chloride influx and ROS increase take place earlier
(Supplementary Fig. 88). On this basis, we conclude that ion
influx induced by the present ion transporters is likely to be a
cause of apoptosis, rather than apoptosis leading to changes in
ion flux, as might be expected if compounds 1 and 2 were operating
via a non-transport mechanism.

Taken together, all the results show that transporters 1 and 2
cause an increase in intracellular concentrations of sodium chloride
and ROS levels. The increased level of ROS mediated by 1 and 2
induces the release of cytochrome ¢ from the mitochondria, as
proved true in other instances®, and this, in turn, leads to
caspase-dependent apoptosis.

Conclusions

In summary, the pyridine-strapped diamides 1 and 2 mediate the
transport of Cl” and concomitantly the Na® influx in cellular
milieux. These systems, but not 3-5, induce apoptosis via a
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caspase-dependent pathway. The transporter-mediated cellular
response was found to be strongly dependent on extracellular
sodium and chloride ions. We also show that these transporters
increase intracellular sodium chloride concentrations, enhance cellu-
lar ROS levels, cause the release of cytochrome ¢ from the mitochon-
dria and induce caspase activation. On this basis we propose that
receptors 1 and 2 could emerge as useful molecular tools that may
be used to induce apoptosis via modes of action that differ from
the approaches normally used to trigger so-called programmed cell
death. This, in turn, is expected to increase our understanding of
how ion fluxes modulated through the application of external
agents or induced through disease states give rise to physiological out-
comes at the cellular and ultimately organismal levels.

Methods

Synthesis. All the synthetic methods are described in the Supplementary
Information. Full characterization data are also provided, including crystallographic
data for 1, 3, 1.NaCl, 1-CsCl, 2-Et,N*Cl~, 2-NaCl and 2-CsCl, as are the
experimental details for the liposomal transport studies and for the cell studies and
measurements of intracellular ion concentrations.

Membrane transport. Typical membrane transport tests were carried out using
POPC-based model membranes as detailed in the Supplementary Information.
Chloride concentrations during the transport experiments were determined using an
Accumet chloride-selective electrode calibrated against sodium chloride solutions of
known concentrations prior to each experiment, or based on lucigenin fluorescence
intensities measured using a Varian Cary Eclipse Fluorescence Spectrophotometer.
A lipid film of POPC was formed from a chloroform solution under reduced
pressure and dried under vacuum for at least four hours. The lipid film was
rehydrated by vortexing with the internal solution. The lipid suspension was then
subjected to nine freeze-thaw cycles, in which the suspension was alternatingly
allowed to freeze in a liquid-nitrogen bath, followed by thawing in a water bath. The
lipid suspension was allowed to age for 30 minutes at room temperature and
subsequently extruded 25 times through a 200 nm polycarbonate membrane
(Nucleopore) using a LiposoFast-Basic extruder set (Avestin, Inc.). The resulting
unilamellar vesicles were dialysed (Spectra/Por 2 Membrane, molecular weight cut-
off 12-14 kD) against the external medium to remove unencapsulated internal salts
or passed through a Sephadex (G-50) column to remove unencapsulated dye. The
unilamellar POPC vesicles were then suspended in the external solution so that the
lipid concentration per sample was 1 mM. A DMSO or acetone solution of the
carrier molecule was added to start the experiment and the chloride or Na* efflux
was monitored using a chloride-sensitive electrode, lucigenin fluorescence or **Na
NMR spectroscopy. At the end of the experiment the vesicles were lysed with a
solution of polyoxyethylene(8)lauryl ether. Other transport experiments designed to
distinguish antiport from symport mechanisms are described in detail in the
Supplementary Information.

Biological studies. Cell-culture studies were carried out with A549, Capan-1,
HCT116, HeLa, MRC-5, NRK, 267B1 and Calu-3 cells. FRT cells were transfected
stably with the plasmid that contained the halide sensor yellow fluorescent protein
(YFP) gene, a mutant YFP (YFP-F46L/H148Q/I152L) that is quenched sensitively
by chloride ions in the cytosol. Measurements of cell death were made by plating
0.1 ml of cells in triplicate in 96-well plates for 24 hours and incubating with various
concentrations of the compounds subject to analysis in culture media, HBSS, CI -
free or Na*-free HBSS. Measurements of intracellular CI™ concentrations were made
using FRT cells that expressed the mutant YFP. The cells were incubated with each
compound (15 pM) for two hours at 37 °C. The YFP fluorescence was measured using
a fluorescence microplate reader (M200 pro, TECAN) (Aexcitation (Aex) =480 nm,
Aemission (Aem) = 530 nm). For the measurements of the time-dependent influx of ClI™ in
A539 cells, the cells were incubated with culture media that contained 10 mM MQAE
for one hour at 37 °C. After washing with PBS, the cells were incubated with culture
media that contained each compound (15 uM) for the indicated times at 37 °C. The
MQAE fluorescence was measured using a fluorescence microplate reader (Ao = 350
nm, Ao, =460 nm). Intracellular Na* concentrations were measured using A549 and
HelLa cells incubated with each compound (15 uM) for the indicated times at 37 °C.
The SBFI-AM fluorescence was measured using a fluorescence microplate reader

(Aex =340 nm, Aey= 500 nm). Intracellular K" concentrations were measured using
Calu-3 cells incubated with each compound (15 puM) for two hours at 37 °C. The PBFI
fluorescence was measured using a fluorescence microplate reader (Aey = 344 nm,
Aem =500 nm). Western blot analyses were carried out in accord with normal
procedures, as detailed in the Supplementary Information. Caspase activity was
determined using acetyl-DEVD-pNA, a preferred substrate for caspase-3 and -7.
The enzyme-catalysed release of pNA was monitored at 405 nm in an ultraviolet
microplate reader. For in vivo caspase-inhibition studies, the pancaspase inhibitor
ZVAD-FMK was used. HeLa cells were pretreated with 20 uM ZVAD-FMK for three
hours and then incubated with various concentrations of each compound for 18
hours. Cells were analysed by MTT assay and western blot as described above. The

generation of ROS was studied using HeLa and A549 cells treated with each
compound for eight hours. In addition, the cells were incubated with 15 uM of each
compound for two, four and eight hours. The treated cells were incubated with 10
uM of the fluorescent probe DCFH-DA and monitored using fluorescence
microscopy (Aex = 485 nm, Aep, = 535 nm). Full details of these cell studies and other
analyses are provided in the Supplementary Information.
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