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Therapeutic synthetic anion transporters

Elba Feo and Philip A. Gale

This short review highlights recent examples of small-molecule
anion transporters reported in the literature that have poten-
tially useful biological activity. This includes anionophores with
antibiotic or antifungal activity, anticancer activity, or the po-
tential to treat channelopathies such as cystic fibrosis. Addi-
tionally selective and targeted anion transporters are also
discussed.
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Introduction

Anion transporters (or anionophores) have been
developed for their potential application in the treat-
ment of disease and as antimicrobials and antifungal
agents (Figure 1). For example, transporters may offer a
novel approach to the treatment of cancer that relies on
supramolecular chemistry to perturb homeostasis and
trigger apoptosis. Biological activity results from the
function of the anion carrier rather than its specific
structure, and consequently, a wide range of com-
pounds with varying binding motifs are able to mediate
the activity, resulting in a larger pool of potential
therapeutics. Alternatively, transporters could be used
to replace the function of faulty anion channels that
cause diseases such as cystic fibrosis. A variety of
different applications together with recent examples of
new anion transporter systems are featured in this short
review with the structures of the anionophores shown
in Figures 2—4.
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Anion transporters with antibiotic and/or
antifungal activity

There is increasing pressure to develop new antibiotics
to tackle the problem of antimicrobial resistance.
700,000 deaths occur worldwide each year due to anti-
biotic resistance, with this number estimated to rise to
10 million by 2050 [1,2]. Cationophores such as lasalo-
cid, monensin, narasin, and salinomycin have been used
extensively in animals as antibiotic agents and have been
shown to be effective against Gram-positive pathogens,
including methicillin-resistant  Staphylococcus — aureus
(MRSA) [3—5]. However, it is only in the last decade
that the potential of synthetic anionophores as anti-
biotic and antifungal agents has begun to be explored,
and efforts have been made to elucidate the modes of
action [6—11].

Amendola, Davis, and co-workers reported the antimi-
crobial activity of a tris (benzimidazolium)-based
organic cage 1°" [7]. The salts 1(PFg)3 and 1(NO3);3
exhibited minimal to no transport in 1-palmitoyl-2-
oleoyl-sz-glycero-3-phosphocholine (POPC) lipid
vesicle transport experiments, which the authors
attributed to the high positive charge increasing the
hydrophilicity and hindering membrane permeability.
The compounds were shown to be non-cytotoxic to SH-
SY5Y cancer cells, but exhibited antimicrobial activity
against the Gram-positive bacteria . aureus. Previously,
the antimicrobial properties of benzimidazolium com-
plexes were related to their ability to depolarize and
weaken bacterial membranes [6].

More recently Elmes, Kavanagh, Gale, Hawes, and co-
workers conducted a detailed study on the mecha-
nisms of action of a series of antimicrobial squindoles 2a-
d [8]. Compound 2b, which showed the most potent
chloride transport across POPC membranes, was eval-
uated in an antimicrobial susceptibility assay. It exhibi-
ted a clinically relevant ICsg of 2.5 UM against . aureus
and 2.35 uM against MRSA (ICsp of monensin against
S. aureus and MRSA is 6 UM [5]) and showed a low ac-
quired resistance compared with other clinical antimi-
crobials. In vitro cell viability studies in HaCaT cells
showed the compound was non-cytotoxic up to 10 pM,
which is 4x the ICsy concentration. /7 vivo toxicity in
Galleria mellonella was also investigated, with no observed
toxicity up to 300 UM. An §. aureus infection model in
G. mellonella showed an increase in survival rate on
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Figure 1
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Overview of the topics discussed in this review, including the biological applications of synthetic anion transporters, as well as selective and targeted

transporters.

treatment with the compound. From mechanistic
studies it was determined that compound 2b functions
by perturbing the chloride homeostasis, which induces
oxidative and osmotic stress, ultimately resulting in cell
death. This mechanism of action can overcome existing
resistance pathways in MRSA bacteria. Though the
antimicrobial effect is linked to the anionophoric ability
of the compound it is possible there are multiple
influential factors as antimicrobial susceptibility assays
of two potent squaramide transporter controls (3 and 4)
showed significantly lower activity than 2b.

Further evidence for the role of anion transport in the
antibiotic activity of anionophores was provided in a
study by Busschaert and co-workers [12]. They
performed bacterial cytological profiling on their previ-
ously reported bactericidal urea-based compound 5 [11],
revealing a membrane-related mode of action distinct
from that of other membrane-based antibiotics such as
the cationophore Calcimycin and pore-forming nisin.

Valkenier, Chmielewski, and co-workers investigated
the antibiotic properties of 1,8-di(thio)amidocarbazole
bicarbonate transporters 6a-d [13]. The compounds
were tested against two Gram-positive bacteria, Bacillus
subtilis, and S. aureus, and two Gram-negative bacteria,
Escherichia coli, and Acinetobacter baumannii. All four
compounds showed strong antibacterial activity against

B. subrilis, with the trend following that of their HT/CI~
transport ability. Compound 6b showed potent activity
against S. aureus with an MIC (0.07 uM) almost five
times greater than of the antibiotic vancomycin
(0.345 uM). Negligible activity was seen with K. co/i or
A. baumannii, which is common for synthetic aniono-
phores and is attributed to the more complex cell
membrane of Gram-negative bacteria [7—9].

Cystic fibrosis

Another potential use for anionophores is as ‘channel
replacement therapies’ for channelopathies such as cystic
fibrosis (CF) [14—17]. CF is caused by a mutation in the
cystic fibrosis transmembrane conductance regulator
(CFTR) protein gene, leading to a decrease or loss of
function of the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) protein [18]. The CFTR protein
acts primarily as a chloride channel and is expressed in
many epithelial and blood cells. Without effective chlo-
ride transport, chloride ions, and associated water accu-
mulate within cells, resulting in dehydration and
acidification of the airway surface liquid (ASL),
compression of the cilia, and prevention of regular mucus
clearance. Most current CF treatments consist of CFTR
modulators, which correct malfunctioning CFTR
proteins; however, they are not applicable in CF cases
where CFTR proteins are absent [19]. As anionophores
function independently of the existing channels, they
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Figure 2

Therapeutic synthetic anion transporters Feo and Gale 3

! R 2a R,=H Ry=H
- 1 2b Ry=H R,=CFs
/,'\‘ H 2c R1=N02R2=H

Ry 2d R,=CF; Ry=H

0

g R1 j\;( R4

: - 3 Ry=H R,=CF;
; noR 4 Ry=CF; Ry=H

R R

6a R=Cl X=0 |

i 6b R=Cl X=8 |

i N X :

i XS-NH H HN 6c R=CN X=0 |

: 6d R=NO, X=0 !
O_R

0
N=H
o H, P"U‘R R’ =-n-CgH17
H H NS H
N St
R—(O '
o
H-N 7
);:o
R

Current Opinion in Chemical Biology

The structures of anion transporters 13* - 7.

have potential as therapeutics for CFTR-deficient
epithelia [20,21]. Furthermore as anionophores can
transport both into epithelial cells as well as disrupting
bacterial membranes, they could also have additional
antibiotic properties beneficial to CF treatment.

Gong, Shao, and co-workers have reported a C5-
symmetric aromatic pentaamide macrocycle able to
restore the hydration and volume of the ASL of human
bronchial epithelial (HBE) cells taken from CF patients
[22]. The macrocycle 7 was synthesized in a one-pot
reaction and showed chloride selective transmembrane
transport in the initial vesicle studies. Compound 7 was
then applied apically for five days to HBE cells cultured
on permeable supports, and the ASL layer was fluo-
rescently labeled to allow the thickness to be deter-
mined via X7 confocal scanning microscopy. The ASL
thickness of the treated cells (7.8 &= 1.7 um) increased
by over 50% compared to the control cells
(5.1 &£ 1.4 pm), a promising result for use of aniono-
phores as CF therapeutics. Though there are limited
studies regarding the use of synthetic anionophores for
the treatment of CE Burke, and Welsh have investigated
the use of natural product anionophore amphotericin B
for this purpose [20,21]. They have had positive initial
in vivo results that encourage further clinical studies to

assess its potential and reaffirm the value of investi-
gating small-molecule anionophores for CE

Transporters with anticancer properties
Synthetic anion transporters have been investigated for
their potential as anti-cancer agents, due to their ability
to disrupt ionic and pH gradients. Studies have shown
anionophores can induce apoptosis via a caspase-
dependent pathway, with some also able to interfere
with autophagy [23—27].

Gale and co-workers developed an N,V-dimethylated-
N,N'-diphenylsquaramide scaffold to form a family of
anionophores (8a-e) with dual hydrogen-bonding
groups [28]. The transporters were shown to function
as HT/C1™ co-transporters. The most active compound
8d (ECsp of 0.03 mol% in ClI7/NO3;  exchange assay)
outperformed control compound 4 (ECsq of 0.06 mol%),
a squaramide previously reported for its efficiency as a
CI™ transporter [24,29]. Interestingly, compound 4 was
shown to be highly cytotoxic, reducing the cell viability of
A549 cancer cell lines to below 10 % at a concentration of
10 uM, whereas compound 8d, a more efficient trans-
porter, showed no cytotoxicity up to concentrations of
200 uM. This highlights one of the current main chal-
lenges in the development of anionophores as
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Figure 3
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The structures of transporters 8—11.

therapeutics, as anion transport activity does not always
correlate with the observed physiological effects. A
deeper understanding of the function of anionophores in
cells is needed to evaluate other factors influencing the
effectiveness of compounds.

Gale and co-workers have also studied a furazan bis-
urea scaffold functionalized with a range of electron-
withdrawing substituents to assess the effects of
lipophilicity and hydrogen-bond strength on transport
activity  [30].  The compounds 9a-i were
made synthetically accessible one- or two-step pro-
cedures, an important consideration as the field of
anion transporters moves more towards potential
therapeutic applications. All bar one of the compounds
(9e) had a cytotoxic effect in both HEK293 (normal)
and 4T1 (cancer) cells, with no significant selectivity
observed between the two lines. In the cancerous cells,
the trend in cytotoxicity generally followed the trend in
transport activity, though it is worth noting that the
only compound shown to be nontoxic was the second
most efficient transporter. The trend also broadly

correlated with that of the Hammett constants of the
substituents suggesting that the electron-withdrawing
strength of the phenyl substituent, and thus the
effect on the N-H acidity is an important factor in the
biological activity of the transporters. The trends were
less prominent in the normal cell line.

Pérez-Tomas, Quesada, and co-workers reported a series
of click-tambjamine lactate transporters 10a-f [31].
Evidence of lactate transport was obtained via 3G nu-
clear magnetic resonance spectroscopy experiments,
where efflux of L-lactate-1-'3C from POPC vesicles was
observed via a broadening of the nuclear magnetic
resonance signal on coordination to externally added
paramagnetic MnCl,. The cytotoxicity of the com-
pounds in a variety of cancerous (Hel.a, MCF7, CAL27)
and normal (MCF10A) cell lines was assessed, with
compound 10a found to have the greatest cytotoxic
effect (IC5p of 3.3—7.7 uM) across the different cell
lines. Thus, 10a was chosen to examine the lactate
transport ability in Hel.a cells. The lactate mono-
carboxylate transporter 1 (MCT'1) and 4 (MCT4) dual
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Figure 4

Therapeutic synthetic anion transporters Feo and Gale 5
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inhibitor syrosingopine was used in the assays to
demonstrate lactate transport by the compound inde-
pendently of MCT activity. Compound 10a was also
tested in combination therapy with the chemothera-
peutic agent cisplatin in Hel.a cells. At all doses tested,
the effect of the combined therapy on cell viability was
higher than for cisplatin on its own. The combination
indices of different doses were analyzed and found that
most of the combinations exhibited an additive effect,

though a moderate synergic effect was seen with higher
doses of 10a and cisplatin. The potential use of anio-
nophores in conjunction with existing therapeutics is a
promising line of investigation.

Inspired by the anticancer activity of cisplatin and other
platinum-based drugs, Gale, and co-workers developed a
series of Pt(II) complexes with urea-appended isoqui-
noline ligands (11a-h), capable of transmembrane
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chloride transport [32]. The cytotoxicity of the com-
plexes in AGS, MCF-7, and MDA-MB-231 cancer cells
was investigated, and four of the complexes (11b-e)
were found to exhibit ICsg values lower than cisplatin.
Further mechanistic studies on complexes 11b-
d showed they induce apoptosis with low necrotic ac-
tivity. The complexes caused a significant decrease in
reactive oxygen species in cells, which was surprising
considering cisplatin is known to induce higher reactive
oxygen species levels and can cause cell death as a direct
result. This suggests the Pt(II) complexes are inducing
apoptosis by an alternative, unknown mechanism.

Selectivity and targeting

One of the main challenges of using anionophores as
therapeutic agents is their specificity. Exerting control
over where and when these compounds work is crucial
for them to be viable treatments. In recent years, this
challenge has been addressed in a variety of ways,
including targeting the anionophores to specific types of
cells or subcellular compartments, and through the
development of stimuli-responsive transporters.

The availability and extensive library of known subcel-
lular targeting groups has allowed the development of
anionophores that selectively localize in specific organ-
elles. This is illustrated by Gale and coworkers’ family of
urea-based anionophores to target the lysosomes (12a-c),
the endoplasmic reticulum (ER) (12d-e), and mito-
chondria (12f-h) [33]. The use of a fluorescent 4-amino-
1,8-napthalimide unit within the transporters enabled
the use of colocalization experiments to confirm the
accumulation of the targeted anionophores within the
intended organelles. AlamarBlue cell viability assays in
A549 cancer cells showed mitochondrial-targeted com-
pounds 12g and 12h (IC5¢ 11.9 pM, 11,4 uM) exhibited
similar cytotoxicity compared to a nontargeted analogue
12§ (IG5 12 pM), whereas lysosome-targeted compounds
12a-¢ showed enhanced cytotoxicity (ICs0 < 5 pUM).
Surprisingly the highest percentage of apoptotic cells, as
determined by flow cytometry, was not observed for the
compounds with the highest cytotoxicity, but rather for
the ER (12d and 12e) and mitochondrial (12h) targeted
transporters. The disparity between cytotoxicity and
percentage of apoptotic cells suggests that targeting
different organelles may induce different cell death
mechanisms. Developing more active ER and mito-
chondrial targeted transporters may help uncover novel
mechanisms of cell death.

Chen and co-workers reported the use of squaramides
appended with a lysosome targeting morpholine group
(14a-1) to specifically modulate lysosomal pH via anion
transport [34]. Though the squaramides showed negli-
gible or minimal transport in a CI”/NO3 exchange assay,
some were able to efficiently alkalize the lysosomes of

Hel.a cancer cells, possibly via chloride exchange with
hydroxide or bicarbonate ions. The most effective
compound 141 induced a change in pH of 1.90 + 0.01
within the lysosome, which is comparable to the change
of 2.17 + 0.13 caused by the known lysosomal pH-
modulator chloroquinone phosphate. The trend in
induced pH change followed that of the transport abil-
ity. The compounds showed no cytotoxicity or distur-
bance to the autophagy of cells, which may be due to the
poor transport activity.

Soto-Cerrato, Pérez-Tomas, Quesada, and co-workers
developed a lysosome-targeted late-stage autophagy
inhibitor with a click-tambjamine scaffold [35]. They
showed compound 13 deacidifies the lysosome while
acidifying the cytosol, resulting in a blockage of cyto-
protective autophagy in cancer cells. Compound 13 had
an ICsg of 15.47 + 0.79 uM in A549 cancer cells after
24 h of incubation, which was lower than that of chlo-
roquine and 3-methyladenine, two well-known auto-
phagy inhibitors. Western blots showed the compound
initiates both apoptosis and necrosis. Compound 13 was
also evaluated in combination therapy with cisplatin,
and showed the compounds sensitize the tumor cells to
the cisplatin treatment with a synergistic effect,
resulting in lower cell viability when used in combina-
tion. Autophagy inhibitors are of particular interest as
autophagy is one of the mechanisms that can confer
treatment resistance to cancer cells [36,37].

Another strategy being explored to control the undesired
activity of transporters in normal cells is the use of
stimuli-responsive systems including photocaging. A
photocleavable group can be used to block the anion
binding site of a transporter, which is then activated in a
specific location using external radiation. This has been
explored by Talukdar and co-workers, who recently re-
ported doubly o-nitrobenzyl-protected benzimidazole-
amines 15a and 15b that exhibited photoinduced cyto-
toxicity in MCF-7 cancer cells [38]. The procarrier
initially shows no cytotoxic effect, but on irradiation at
400 nm the release of the active transporter causes sig-
nificant increase in cell death. To investigate the po-
tential role of the o-nitrosobenzaldehyde by-product in
the observed cytotoxicity, photoprotected control com-
pounds (16a and 16b), which release the same by-
product, were tested. The controls showed minimal
cytotoxicity on irradiation, confirming the anionophore is
responsible for cell death.

An alternative approach to achieving selectivity
toward cancer cells was employed in a paper by Ren and
co-workers [39]. They propose that as the mitochondrial
transmembrane potential (MMP) of cancer cells is
approximately 60 mV greater than that of normal cells, a
mitochondrial-targeted artificial ion channel, driven by
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MMP, could allow for selective cytotoxicity to cancerous
cells. They reported a novel class of adaptive artificial
ion channels with the mitochondrial targeting triphenyl
phosphine group attached via a polyethylene glycol
linker to a cholic acid moiety (17a-e). At low concen-
trations, two molecules assemble into chloride channels,
but at high concentrations form nanopores permeable to
small molecules. All the compounds exhibited anti-
cancer activity in HepG2 human liver cancer cells, with
the trend approximately following that of the ability to
form nanopores, as confirmed by a carboxyfluorescein
dye permeation assay. The most potent compound 17¢
had an ICs of 3.8 uM, matching that of doxorubicin a
chemotherapeutic agent currently in use. The com-
pounds were also tested in normal human liver cells
HHL-5, and selectivity indexes were determined.
Remarkably 17¢ exhibited a selectivity index of 4.37,
which is 16.8 times higher than that of doxorubicin,
cementing the potential of these compounds for use in
selective anticancer therapy.

Some compounds show a natural selectivity for
cancerous cells without intentional design. Talukdar and
co-workers’ bis-indole transporters 18a-d cause cyto-
toxic effects in MCF-7 cancer cells iz disruption of
chloride ion homeostasis leading to oxidative stress,
mitochondrial membrane depolarization, and lysosomal
pH disruption [40]. However, negligible cytotoxicity
was observed in noncancerous mouse embryonic fibro-
blasts (MEFs). Srivastava and co-workers reported a
series of pyridine-2,6-dicarboxamide molecular clips
with two spatially proximal urea groups (19a-e) that
facilitate transmembrane HT/CI™ co-transport [41].
Preliminary cytotoxicity studies indicate selective
toxicity toward cancerous HelLa cells over noncancerous
HEK-293T cells, though no explanation was proposed.

Perspectives and conclusions

Anion transporters have the potential to be future
treatments for a range of diseases and have other useful
biological activity, resulting from their function as su-
pramolecular carriers. Many advancements have been
made in recent years to understand how these com-
pounds can affect biological systems. Research into their
antimicrobial properties has found a variety of anion
transporters with bactericidal activity equal to or greater
than that of existing antibiotics. Mechanistic studies
suggest that the bactericidal activity of some trans-
porters may arise from a mode of action distinct from
other antibiotics. This is very encouraging for the po-
tential use of anion transporters for treatment of anti-
biotic-resistant bacteria.

There has been much work in the exploration of anti-
cancer anionophores. One of the main challenges that
remains is the unpredictability of anion transporter
cytotoxicity. Though cytotoxicity seems to follow the

Therapeutic synthetic anion transporters Feo and Gale 7

general trend of anion transport ability there are some
exceptions that are poorly understood. Without a thor-
ough understanding of the factors causing differences in
cytotoxicity, it is difficult to effectively design and opti-
mize novel anticancer transporters, limiting the rate at
which advances can be made. However, there have
nonetheless been considerable developments within the
field. Several recent studies have highlighted the
increased cytotoxicity observed with the use of aniono-
phores and cisplatin in combination therapies. This is a
promising avenue for further exploration as combination
therapies are desirable to combat tumor resistance and
improve treatment outcomes. Additionally, the ability of
some anion transporters to act as autophagy inhibitors
makes them particularly interesting, as autophagy is one
of the mechanisms that can grant treatment resistance in
cancer cells. Another challenge for the use of anion
transporters as therapeutics is their lack of selectivity.
The development of targeted and/or triggered trans-
porters offers a pathway for a more restricted and
controlled mode of action, which is necessary for them to
be viable and worthwhile treatments for investigation.

There has been comparatively limited research into the
use of synthetic anionophores for the treatment of cystic
fibrosis and other channelopathies over the last few
years. This is likely due to a range of factors. Designing
CF therapeutics requires achieving a balance between
efficient chloride transport and minimal cytotoxicity,
which is particularly hard to achieve with the current
lack of understanding of anion transporter cytotoxicity.
Furthermore, the tests required to assess the effec-
tiveness of CF treatments in initial stages are more
complex than the cell viability assays used to test for
anti-cancer activities, making it harder and more time-
consuming to screen complexes for CF therapeutics.
3D cell cultures such as spheroids, organoids, and air-
liquid interface systems are often required for i vitro
CF models [42]. These may be some of the reasons the
field has shifted more toward a focus on anticancer and
antimicrobial activity, and away from channelopathies.
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