Facilitated transport of sodium or potassium chloride across vesicle
membranes using a ditopic salt-binding macrobicycle
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A synthetic receptor, with an ability to bind sodium or
potassium chloride as a contact ion-pair, is shown to effectively transport either salt across vesicle membranes. Significant transport is observed even when the transporter :
phospholipid ratio is as low as 1 : 2500. Chloride efflux
from unilamellar vesicles is monitored using a chloride
selective electrode. Mechanistic studies indicate that the
facilitated efflux is due to the uncomplexed transporter
diffusing into the vesicle and the transporter–salt complex
diffusing out. Vesicle influx experiments are also reported,
where the facilitated influx of chloride and sodium ions
into vesicles is observed directly by 35Cl and 23Na NMR,
respectively.
While nature has produced mobile carrier molecules, such as
valinomycin and monensin, to transport metal cations across
biological membranes, it is intriguing that there are no analogous biotic carriers that selectively transport anions, or salts.1
There are likely chemical and biological reasons for this situation. Chemically, anion transport across a bilayer membrane is
less favorable than cation transport because anions are often
more hydrophilic. In addition, most biological membranes have
a high phospholipid content and the phosphate residues present
in the phospholipid head groups compete strongly for anion
binding sites. In fact our research group has recently demonstrated that various anionophores can bind and translocate
certain types of phospholipids across bilayer membranes, a
dynamic process also known as ﬂip-ﬂop.2 Nonetheless, facilitated transmembrane anion transport is a ubiquitous cellular
process, and thus an interesting challenge for supramolecular
chemists. Biologically, the most important target anion is
Cl⫺ since defective Cl⫺ transport is related to a number of
disease states, the most common being cystic ﬁbrosis.3 It is
thought by some researchers that synthetic Cl⫺ transporters
have potential as therapeutic agents.4 While the last few years
have witnessed the ﬁrst examples of synthetic Cl⫺ channels,5
we know of no publication describing rationally-designed
carrier-mediated transport of Cl⫺ or chloride salts across
phospholipid bilayer membranes.6 Recently, we reported the
synthesis of macrocyclic receptor 1 (mp 121–123 ⬚C) 7 and
described its ability to bind KCl or NaCl as contact ionpairs in organic solution (Scheme 1). We now disclose that 1
is a very eﬃcient transporter of these salts across vesicle
membranes.
Cl⫺ eﬄux from unilamellar 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) vesicles was monitored by a Cl⫺ selective
electrode.8 The Cl⫺ eﬄux proﬁles in Fig. 1 show that 1 is a very
eﬀective transporter. For example, even a phospholipid–1 ratio
of 2500 : 1 leads to release of half of the vesicle Cl⫺ content
in about 300 s. Control experiments show that transporter 1
induces no leakage of entrapped ﬂuorescent dyes or glucose-6phosphate, reﬂecting the selectivity of the transport process.9
The importance of the ditopic salt-binding ability of macrobicycle
1 is highlighted by the complete lack of Cl⫺ eﬄux induced by

Scheme 1 Structures of 1ⴢM⫹Cl⫺ complex and partial ion receptors
2 and 3.

Fig. 1 Cl⫺ eﬄux upon addition of 1 (0.4 µM, green 䊊; 4.0 µM, red 䉮;
40.0 µM, blue 䊐) or a 1 : 1 molar mixture of 2 and 3 (40 µM each,
blue 䊏) to unilamellar POPC vesicles (200 nm mean diameter, 1 mM
phospholipid) containing 500 mM NaCl and dispersed in 500 mM
NaHCO3.

high concentrations of a binary mixture of crown 2 and isophthalamide 3, the two ion-binding components of 1.
Mechanistic insight was gained by monitoring transporter-
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promoted Cl⫺ eﬄux from POPC vesicles containing NaCl, KCl
or CsCl. Furthermore, the Cl⫺ eﬄux was monitored with three
diﬀerent extravesicle solutions, Na2SO4, NaHCO3 and NaNO3
(Fig. 2). Previously, we have shown that receptor 1 has a much

Fig. 3 Cl⫺ eﬄux upon addition of 1 (4.0 µM) to unilamellar POPC
vesicles (200 nm mean diameter, 1 mM phospholipid) containing 500
mM of NaCl and dispersed in 375 mM Na2SO4 (blue 䊐) or 375 mM
Cs2SO4 (red 䉮).

Scheme 2 Proposed mechanism for Cl⫺ eﬄux mediated by transporter
1.

In addition to Cl⫺ eﬄux, established 23Na and 35Cl NMR
transport assays were employed to directly observe facilitated
inﬂux of Na⫹ and Cl⫺ ions into vesicles.12 The inﬂux experiments started with vesicles containing Cs2SO4 which were
dispersed in NaCl. Both NMR assays used the same principle,
that is, a membrane impermeable shift reagent was added to
the vesicle solutions which allowed internalized Na⫹ (or Cl⫺) to
be distinguished from externalized ion. The shift reagent for
the 23Na NMR was a DyCl3–sodium tripolyphosphate mixture
which moves the 23Na resonance upﬁeld.13 As shown in Fig. 4A
and B, an unshifted peak, corresponding to internalized Na⫹,

Fig. 2 Cl⫺ eﬄux upon addition of 1 (4.0 µM) to unilamellar POPC
vesicles (200 nm mean diameter, 1 mM phospholipid) containing 500
mM of NaCl (blue 䊐), KCl (red 䉮) or CsCl (green 䊊) and dispersed in:
(A) 375 mM Na2SO4, (B) 500 mM NaHCO3, or (C) 500 mM NaNO3.

weaker aﬃnity for CsCl than NaCl or KCl,10 and as shown in
Fig. 2 the rates of Cl⫺ eﬄux from vesicles containing CsCl are
considerably lower than the eﬄux from vesicles containing
NaCl or KCl. This is strong evidence that the Cl⫺ is transported
from the vesicles as a 1–salt complex.11 A related mechanistic
question is whether transporter 1 enters the membrane as an
uncomplexed receptor, or as a salt complex. The data in Fig. 3
shows that the rate of Cl⫺ eﬄux from vesicles containing
NaCl is unaltered if the extravesicle solution is changed from
Na2SO4 to Cs2SO4. The fact that Cl⫺ eﬄux rates are independent of external metal cation identity (and external anion
identity, see Fig. 2) indicates that transporter 1 enters the vesicle
as an uncomplexed receptor. The proposed major transport
pathway for facilitated Cl⫺ eﬄux from vesicles in shown in
Scheme 2.
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Fig. 4 Na⫹ and Cl⫺ inﬂux into vesicles (egg-PC : cholesterol, 7 : 3). (A)
23
Na NMR spectrum of vesicles containing 150 mM Cs2SO4 and
dispersed in 20 mM Na5P3O6–100 mM NaCl–5.5 mM DyCl3. (B) 23Na
NMR spectrum one hour after addition of 1 (lipid : 1, 250 : 1). (C) 35Cl
NMR spectrum of vesicles containing 225 mM Cs2SO4 and dispersed in
300 mM NaCl–15 mM CoCl2. (D) 35Cl NMR spectrum one hour after
addition of 1 (lipid : 1, 250 : 1).

appeared after addition of 1 to the vesicles. The 35Cl NMR shift
reagent was CoCl2 which moves the broadened 35Cl resonance
downﬁeld.14,15 As shown in Fig. 4C and D, an unshifted peak,
corresponding to internalized Cl⫺, appeared after addition of
1 to the vesicles.
In summary, a salt-binding macrobicycle is shown for the
ﬁrst time to transport NaCl or KCl across vesicle membranes.
The ditopic receptor 1 is an extremely eﬀective transporter,
whereas a binary mixture of crown 2 and isophthalamide 3, the
two ion-binding components of 1, has essentially no transport
activity. Our results suggest that salt transporters, such as 1, are
likely to induce interesting biological eﬀects.
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