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It is well-established that molecules which transport cations
across cell membranes (cationophores) can have potent
biological effects.[1] Anion flux is also important to the cell
and, correspondingly, anion carriers may be capable of
biological activity. Indeed, chloride transporters have direct
medical potential as treatments for cystic fibrosis and other
diseases caused by defective channel proteins.[2] Despite this
motivation, there have been relatively few reports of aniono-
phore natural products[3] or of anion transport by synthetic
systems.[4] Most, moreover, have involved cationic centers,[5]

which can assist anion passage through the formation of an
ion pair.[4a–g] Anion transport by purely electroneutral systems
is still quite rare.[4j–l] The recently described “cholapod” anion
receptors 1 are intrinsically lipophilic, potentially membrane-
soluble, and tuneable to very high affinities.[6] Certain
cholapods have proved capable of “flippase” activity, that is,
they can convey polar head groups across phospholipid
membranes.[7] We therefore supposed that electroneutral
cholapods might transport inorganic anions by a “shuttle”
mechanism, in the manner of cationophores such as valino-
mycin. We now report that cholapods 2 are indeed capable of
transporting chloride ions across liposomal membranes and
also across live cells grown as polarized epithelia.

Receptors 2 were prepared from cholic acid 3 by
conversion into diamine 4[8] and treatment with appropriate
isocyanates. Initially, their anion-transport properties were
studied by following chloride efflux from unilamellar vesicles
using a chloride-selective electrode. More specifically, 30 mm

unilamellar vesicles (200 nm mean diameter) were prepared
by extruding a 7:3 mixture of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) and cholesterol[9] in aqueous NaCl
(500 mm). This stock vesicle dispersion was dialyzed against
aqueous NaNO3 (500 mm) to replace the external chloride
ions with nitrate and then diluted with 500 mm NaNO3 to give
a 1 mm total lipid concentration. As shown in Figure 1,
addition of a solution of 2a–e in THF (4.0 mm final cholapod
concentration) caused chloride efflux from the inner phase of
the vesicles. The initial rates of chloride efflux and the
association constants of 2a–e for Et4N

+Cl� and Et4N
+NO3

� in

Figure 1. Chloride release (r) upon addition of 2e (&), 2d (*), 2c (!),
2b (^), and 2a (~). At time 0 s cholapod (4 mm) was added to vesi-
clesn (1 mm total lipid) containing NaCl (500 mm) dispersed in
NaNO3 (500 mm). The detergent (polyoxythylene(8) lauryl ether) was
added at time 300 s to disrupt the vesicles and release remaining chlo-
ride ions.
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water-saturated CHCl3, as measured by extraction, are listed
in Table 1.[6b] The efflux rates correlate reasonably well with
the association constants, thus indicating that a hydrogen-
bonding recognition event controls the transport process. As
expected, compounds 5 and 6 (Boc= tert-butoxycarbonyl)
with very weak chloride affinity produced no measurable
efflux.

Further studies were performed on 2d to clarify the
mechanism of transport. Firstly, chloride efflux was shown to
be unaltered upon changing the entrapped countercation
from sodium to either potassium or caesium (see the
Supporting Information), which indicates that the metal
cation is not involved in the transport process. Secondly, the
external anion was varied. As shown in Figure 2, the effect
was substantial. For example, replacement of the external
NO3

� with HCO3
� ions lowered transport rates by about

80%, while substitution with SO4
2� ions prevented chloride

efflux altogether. Addition of external NO3
� ions to this latter

experiment restored transport (see the Supporting Informa-
tion). These results clearly indicate an anion antiport
mechanism; substantial chloride efflux can only occur if
there is corresponding influx of an external anion. Cholapod
2d transports both Cl� and NO3

� ions, but is less effective for
the more hydrophilic HCO3

� and SO4
2� ions. In the case of

external sulfate, a small amount of chloride transport
(undetectable using the Cl� electrode) creates a transmem-
brane potential difference, after which further efflux cannot
occur. In support of this mechanism, cholapod 2d induced an
electric potential (inside negative) across vesicle membranes
partitioning Na2SO4 (inside) and NaCl (outside), as judged by
fluorescence experiments using the potential-sensitive dye
safranin O (see the Supporting Information).[4l]

The ability of 2e to transport chloride ions into vesicles
was detected by using 35Cl NMR spectroscopy. In this case,
vesicles were formed in 300 mm NaBr solution and then
dialyzed against aqueous NaCl (300 mm) containing CoCl2
(10 mm) as a 35Cl NMR shift reagent.[4a,10] Internalized
chloride ions were detected as an unshifted 35Cl NMR
resonance after addition of 2e (Figure 3). Separate resonance
peaks for the internal and external chloride ions were
observed for at least 24 h, thus showing that the vesicle
membranes remain unperturbed by the cholapod.

In principle, cholapods 2 might act as mobile carriers or
through formation of multicomponent channels. To date,
there are two pieces of evidence suggesting the former. First,

Table 1: Initial rates of Cl� release from vesicles and affinity constants.

Compound Initial rate of
efflux [% s�1][a]

Ka
(Et4N

+Cl�) [m�1][b]
Ka (Et4N

+-

NO3
�) [m�1][b]

2a 0.031 3.4E106 2.1E106

2b 0.051 1.2E107 8.8E106

2c 0.075 6.3E106 5.1E106

2d 0.085 1.5E107[c] 1.0E107[c]

2e 0.52 5.2E108 1.7E108

[a] For details see text and legend to Figure 1. [b] Average of two
measurements. [c] Determinations made on the corresponding eicosyl
ester to avoid overlap of NMR signals.

Figure 2. Dependence of the chloride release (r) induced by 2d on
external anions. The vesicles containing NaCl (500 mm) were dis-
persed in isotonic NaNO3 (&), NaHCO3 (!), or Na2SO4 (*). See
Figure 1 for other details.

Figure 3. 35Cl NMR spectra of vesicles (30 mm total lipid) containing
300 mm NaBr dispersed in a solution of 300 mm NaCl and 10 mm

CoCl2. Spectra were obtained a) before and b) 24 h after addition of 2e
(4 mm). Signals corresponding to chloride ions outside and inside the
vesicles are labeled accordingly.

Communications

4932 � 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2003, 42, 4931 –4933

http://www.angewandte.org


efflux rates with 2d increased just 3.2-fold when the receptor
concentration was increased from 4 to 40 mm (see the
Supporting Information). This less than first-order depen-
dence suggests the formation of inactive, rather than active,
aggregates at the higher concentration.[11] Second, there is no
cholapod-mediated efflux of chloride ions from vesicles
composed of dipalmitoylphosphatidylcholine (DPPC) at
room temperature (gel phase), but facilitated efflux occurs
above the temperature for the gel/liquid crystalline phase
transition (fluid phase). This is signature behavior of a mobile
carrier (for example, monensin) whose activity depends on
membrane viscosity; in contrast, channel activity should not
show this effect.[12]

Finally, cholapod-mediated Cl� transport was demon-
strated in live cells by using Madin Darby canine kidney
(MDCK) epithelia and the Ussing chamber technique.[13] The
method involves growing an oriented layer of cells on a filter
support and placing it between current- and voltage-measur-
ing electrodes. Endogenous active transport systems generate
a potential difference across the cell membranes. Addition of
a passive chloride transporter causes discharge of the electro-
chemical gradient, which is detected as a flow of current.
Receptor 2e (80 mm) did indeed produce this effect (see the
Supporting Information). As expected, the response was
anion-dependent; replacement of chloride by gluconate
anions on either side of the membrane reduced the signal
by about 80%. Moreover, the response was different from
that induced by activators of native chloride channels found in
MDCK epithelia (see the Supporting Information).

In conclusion, cholapods 2 have been shown by three
techniques (electrochemical, NMR, and fluorescence) to
transport chloride ions across vesicle membranes. The data
favors an antiport mechanism with the cholapod more likely
acting as a mobile carrier than a channel. The cholapod does
not disrupt the bilayer membrane and is able to convert a
chloride concentration gradient into a transmembrane elec-
trical potential. Facilitated chloride transport has also been
demonstrated in polarized epithelial cells, which augurs well
for future applications in biochemistry and medicine.
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