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A synergistic approach to anion antiport
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A synergistic approach to CI/HCOj; antiport has been
demonstrated in POPC lipid bilayers using an ion selective
electrode assay showing that, when using combinations of
carriers each optimised for a particular component of the
transport process, enhanced rates of transport are observed.

Bicarbonate transporter proteins are essential for metabolism and
the excetion of bicarbonate, whole-body pH regulation and the
control of cell volume that chiefly operate by CI/HCO;5
exchange (sodium dependent or independent) and Na'/HCO;
cotlransport.1 Dysregulation of chloride transport in the epithelia
of cystic fibrosis (CF) patients has long been known, however
dysregulation of bicarbonate transport has also been linked to
disease states including cystic fibrosis, infertility and heart
disease.? In particular Quinton has recently hypothesised that the
defect in bicarbonate transport in CF may be the basis for
pathogenic mucus production.’

Hence the development of transporters for bicarbonate and
chloride is currently of intense interest both for use as tools for
the study of membrane transport processes in biological systems
and also as potential future treatments for these diseases.® For
example, a range of molecules have been identified as efficient
CI/HCOs5 ™ antiporters in lipid vesicles including; tripodal tris-
thioureas based upon the tris(2-aminoethyl)amine scaffold,” the
natural  product prodigiosin and  structurally related
isophthalamides,’ structurally simple thioureas bearing an Zso-
pentyl groups,7 urea appended decalins® and the sphingolipid
ceramide.’

Transport processes in cells do not function independently
from one another but rather are coupled together. We therefore
thought it would be interesting to begin to combine discrete
molecular carriers with contrasting transport properties to
produce transport systems that function synergistically. In the
simplest case, by considering an electroneutral transport process
as two coupled uniport steps, two carriers could be used
synergistically, with each receptor facilitating one of the uniport
pathways in a so-called “dual host” system. The potassium
ionophore valinomycin has been used in conjunction with
protonophoric compounds, such as chlorophenols, to achieve
synergistic K'/H" transport.'® Similarly, K'/CI transport can be
facilitated by a combination of valinomycin and naturally'' or
synthetically'? derived chloride channels. We recently reported a
dual host system for the co-transport of K'/Cl' comprising
valinomycin and triazole strapped calixpyrroles 1 and 2.'* The
synergistic action of the two compounds was demonstrated in a
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series of fluorescence assays using the chloride sensitive dye
lucigenin, encapsulated within 1-palmitoyl-2-oleoyl-s#-glycero-
3-phosphocholine (POPC) vesicles.

We wished to explore whether we could use a combination of
anion receptors to enhance the exchange of ClI" and HCO; across
a lipid bilayer in the first example of a dual host approach to
anion-anion antiport. By combining a receptor optimised for
chloride transport with one optimised for bicarbonate transport
then we hoped to see the combination of receptors resulting in
faster chloride/bicarbonate antiport than sum of the transport
resulting from each of the receptors acting alone.

To achieve this we selected a set of compounds capable of
chloride uniport only and studied the effect of these carriers on
chloride/bicarbonate antiport mediated by a second set of
compounds. Triazole strapped calixpyrroles 1 and 2 have been
shown to facilitate both M'/CI" symport and CI/NO5™ antiport in
model systems'® whilst zeso-octamethylcalix[4]pyrrole (3) has
only been found to transport chloride as a caesium chloride ion
pair.’® Thus compounds 1 and 2 are capable of facilitiating
chloride uniport whilst compound 3 cannot.”> However, neither
compounds 1 or 2 are capable of facilitating CI/HCOj5™ antiport to
a significant degree. In contradistion to these results, thiourea
compounds 4 and 5§ have been shown to facilitate both C1/NO;5
and CI/HCO; antiport.” In fact, compound 5 shows transport
activity in POPC lipid vesicles at concentrations as low as 0.004
mol% (with respect to lipid). Proton NMR titrations in DMSO-
40.5% water reveal that these compounds show selectivity for
bicarbonate over chloride (Kycos/Kci]= 5.8 for 4, 18.4 for 5).7

We then studied the effect of calixpyrroles 1-3 on CI/HCO;
antiport processes mediated by 4 and 5. To achieve this,
unilamellar POPC vesicles were prepared containing 489 mM
sodium chloride solution buffered to pH 7.2 with 20 mM sodium
phosphate salts. The vesicles were dialysed to remove
unencapsulated chloride to form a stock solution of vesicles
loaded with chloride. The vesicles were then suspended in 167
mM sodium sulfate buffered to pH 7.2 with 20mM sodium
phosphate salts. The carriers were added individually and in
combination as solutions in DMSO at 2 mol% (with respect to
lipid) loadings, with the exception of compound 4 which was
added at 0.03 mol% (with respect to lipid) due to its inherently
higher transport activity. The system was allowed to equilibrate
for 60 s after which time a pulse of NaHCO; was added (such
that the concentration of the salt in the extravesicular solution
was 40 mM). Chloride efflux was monitored using an ion
selective electrode (Accumet). After 660 s the vesicles were lysed
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with detergent (octaethylene glycol monododecyl ether) to allow
determination of 100% chloride efflux. Control experiments were
performed without the bicarbonate pulse to examine the
possibility of H'/CI co-transport (see ESI).

Me  Me

Me Me

The results of the bicarbonate pulse experiment with thiourea

10 4 and calixpyrrole analogues 1, 2 and 3 are shown in Figures 1-

3. In each case the results show the effect of adding the thiourea

compound alone, the calixpyrrole alone and then the effect of

adding the two compounds simultaneously. In addition the

corrected “sum” of the change in chloride concentration of
15 adding the thiourea and the calixpyrrole seperately is shown.

An enhancement in CI/HCO; transport is observed when
compounds 1 or 2 are added with thiourea 4 (compared to the
individual ‘sum’ of chloride efflux derived from adding the
compounds seperately) demonstrating a synergistic effect (see

2 Figures 1 and 2). This supports the hypothesis that these
compounds can participate in a dual host system for the
transmembrane transport of chloride and bicarbonate via two
coupled uniport processes. The potential transport processes in
this system are shown schematically in Scheme 1. The addition
of compounds 1 and 2 provides an additional chloride uniport
pathway. In order to maintain charge neutrality for every
chloride anion transported out of the vesicle a bicarbonate anion
must be transported in. Hence the enhanced rate of chloride
transport observed when compounds 1 or 2 are added with
compound 4 is due to effectively enhanced membrane
permeability for chloride (due to the mechanism shown in
Scheme 1a) in the presence of the calixpyrroles which allows
compound 4 to transport bicarbonate at a faster rate (Scheme 1c).

In agreement with our previous K'/CI" dual host study,” no
s significant enhancement in transport was observed when meso-
octamethylcalix[4]pyrrole 3 was added in conjunction with
thioureas 4 or S5 (see Figure 3). Control experiments
demonstrated that the observed synergy was not a consequence of
dual host H'/CI" co-transport.'®

Similar results are observed in experiments with thiourea 5
and calixpyrroles 1, 2 and 3 (see ESI).
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Figure 1 Chloride efflux from unilamellar POPC vesicles containing
45 489mM sodium chloride, buffered to pH 7.2 with 20mM sodium
phosphate salts and suspended in 167mM sodium sulfate, buffered to pH
7.2 with 20mM sodium phosphate salts, upon addition of DMSO
solutions of 1 (2 mol%), 4 (2 mol%) and both 1 (2 mol%) and 4 (2
mol%). The sum of 1 (2 mol%) and 4 (2 mol%) is shown for comparison.
s0 A sodium bicarbonate pulse was added at t = 60 s such that the external
bicarbonate concentration was 40mM. Each point represents an average
of three trials.
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Figure 2 Chloride efflux from unilamellar POPC vesicles containing

489mM sodium chloride, buffered to pH 7.2 with 20mM sodium

s phosphate salts and suspended in 167mM sodium sulfate, buffered to pH
7.2 with 20mM sodium phosphate salts, upon addition of DMSO

solutions of 2 (2 mol%), 4 (2 mol%) and both 2 (2 mol%) and 4 (2

mol%). The sum of 2 (2 mol%) and 4 (2 mol%) is shown for comparison.

A sodium bicarbonate pulse was added at t = 60 s such that the external

10 bicarbonate concentration was 40mM. Each point represents an average

of three trials.

100

= DMSO
* 3
4
v 3and 4

754 | ¢ Sumof3and4

D
e
e
et

x
2
5 et
3 50 %i’
5 (it
= T4
(8] §§:
o b2
LAPYH vii*
IR
g4
st
o_m;:;;[;;:;;i::[;i;;;;
0 250 500
Time (s)

Figure 3 Chloride efflux from unilamellar POPC vesicles containing
15 489mM sodium chloride, buffered to pH 7.2 with 20mM sodium
phosphate salts and suspended in 167mM sodium sulfate, buffered to pH
7.2 with 20mM sodium phosphate salts, upon addition of DMSO
solutions of 3 (2 mol%), 4 (2 mol%) and both 3 (2 mol%) and 4 (2
mol%). The sum of 3 (2 mol%) and 4 (2 mol%) is shown for comparison.
20 A sodium bicarbonate pulse was added at t = 60 s such that the external
bicarbonate concentration was 40mM. Each point represents an average
of three trials.

Conclusions

We have shown that the addition of receptors optimised for
25 chloride transport with those optimised for bicarbonate transport
can result in enhanced rates of CI/HCO; antiport over each
receptor functioning alone. Not only does this suggest that with
careful selection of the transport components it may be possible
to expand this methodology to a range of other transport
% processes, including H'/CI™ co-transport but that the use of this
type of small molecule carrier in a cell rather than in a model
vesicle system may result in enhanced rates of tranport due to

coupling between the transport mediated by the synthetic carrier
and other transport processes present in the cell membrane.
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a) 1.Cl 4% 1.0
cr or
1 1
b) acr acr
HCOg HCOs
cr or
4.HCOy éﬁ 4.HCO4
c)
4 4
HCOgy HOOs
4.HCOy 4.HCO4
d) 4.Cl 4.Cr
cr cr
4 4

Scheme 1 The chloride and bicarbonate transport processes occurring in
the 1-4 transport system: a) chloride uniport by compound 1; b)
chloride/bicarbonate antiport by compound 4 which could be regarded as
10 two coupled uniport processes for bicarbonate (c) and chloride (d).
Chloride/bicarbonate antiport can also be achieved by coupling processes
a) and c).
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