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Photocontrol of Na+ transport across a phospholipid bilayer
membrane can be undertaken by using a new calix[4]arene
carrier bearing two anthracene moieties.

Photoresponsive compounds are of great interest for the
development of photocontrolled transport systems where ion
and electron fluxes across membranes can be regulated by
light.1 Since a first report2 of photoresponsive crown ethers, a
number of the photocontrolled ion transport systems using
bulky liquid membranes have been reported.3 However, there
are very limited studies of photocontrol of ion fluxes across
lipid bilayer membranes.4 The photoresponsive ionophores, by
which ion fluxes across lipid bilayers can be controlled, are
expected to be useful for the study of the response of cellular
systems to ion concentrations. Here, we report the first example
of photocontrol of Na+ transport across a phospholipid bilayer
containing a bisanthroylcalix[4]arene carrier 1.

Calix[4]arene esters are known to have selective complexing
abilities5 toward Na+ ions, and act as selective Na+ carriers6–8 in
lipid bilayer membranes. It has been shown that the rates of Na+

transport by a calix[4]arene ester across a phospholipid bilayer
membrane are comparable to the rates by an antibiotic
ionophore, monensin.6 To synthesize a phoresponsive calix-
[4]arene-based Na+ carrier, we introduced two photo-dimeriz-
able anthracenes into the terminal positions (-OCH2COR) of
sodium binding sites in a calix[4]arene ester.9 Anthracene

appended calix[4]arenes 1 and 2 were prepared from the
reaction of p-(9-anthroyloxy)phenacyl bromides (Molecular
Prob. Inc.) and bis- or trisethoxycarbonylmethyl ether10 of p-
tert-butylcalix[4]arene in the presence of K2CO3 in THF. The
compounds were identified by 1H NMR and field desorption
mass spectroscopy.† The signal patterns in ArCH2Ar protons
confirmed that both 1 and 2 adopted cone conformations in
CDCl3. The Na+ complexing abilities of 1 and 2 were checked
by the 1H NMR titration experiments.5

Photoirradiations were carried out in THF at 25 °C using a
150 W Xe lamp through a band pass filter (l 360 nm). As shown
in Fig. 1(a), the UV irradiation of the solution of the
bisanthroylcalix[4]arene 1 caused a decrease in the absorbance
of anthracene moieties with two isosbestic points. However, the
UV irradiation of the solution of the monoanthroyl calix[4]ar-
ene 2 did not cause a significant spectral change (Fig. 1(b)).
These results indicate that the photodimerization of the two
anthracene moieties in 1 readily takes place in THF (Scheme 1),
but not in 2. The slight decrease in the absorption of 2 may be
explained by the photobreaching of the anthracene moiety. In
the case of 1, the thermal decomposition of the photodimeric
form was hardly observed even after 24 h in the dark, suggesting
that the photodimeric form of 1 is very stable compared to the
monomeric form of 1.

The ion transport experiments were conducted by a planar
bilayer membrane11 (soybean phospholipid) with the aid of a
voltage-clamp technique.‡ The ion transport selectivity of 1 was
evaluated by the measurements of the current–voltage relation-
ships in the unsymmetrical ionic conditions of LiCl (cis)–NaCl
(trans) and KCl (cis)–NaCl (trans), where the salt concentra-
tions in two chambers were set to 100 mM containing 25 mM
HEPES–Tris Buffer (pH 7.2). The reverse potentials were
obtained as 280 and 237 mV for the LiCl–NaCl and KCl–
NaCl systems at 25 °C. From the Goldman–Hodgkin–Katz
equation,12 the ion permeability ratios (PX+/PNa+) across the
bilayer membrane were calculated as PLi+/PNa+ = 0.044 and
PK+/PNa+ = 0.24, showing that 1 can act as a selective Na+

carrier in a phospholipid bilayer membrane.
Fig. 2 shows the effect of UV ( > 310 nm) irradiation on the

membrane currents resulting from Na+ transport by 1 and 2.
Upon UV irradiation of the bilayer membrane containing 1, the
Na+ currents (at 100 mV) immediately decreased (Fig. 2(a)),
while UV irradiation of the membrane containing 2 did not
cause any change (Fig. 2(b)). This behavior is consistent with
the results of the spectral change of 1 and 2 in THF by UV
irradiation. In the case of 1, it should be noted that the Na+

currents are going to recover after the light-off, which can be
explained by the increase in the concentration of the monomeric

Fig. 1 The absorption spectra of 1 (a) and 2 (b) in THF before and after UV
irradiation (360 nm) : (a) 0 s; (b) 30 s; (c) 1 min; (d) 5 min.
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form of 1 in the membrane region at the aperture in a Teflon
film. This may be due to the lateral diffusion of the monomeric
form of 1 from the membrane which is not irradiated by light. In
fact, after a long irradiation time (ca. 30 min), the membrane
current decreased to be the current (0.5 pA) of a control level.
The increase in Na+ currents, which result from the thermal

decomposition of the dimeric form of 1, was not observed
within 1 h. These results indicate that the photodimerization of
two anthracene moieties in 1 takes place in the lipid membrane
and the Na+ transport activity diminishes in the photodimetric
form of 1.

In conclusion, we have demonstrated that photocontrol of
Na+ fluxes across a bilayer membrane can be undertaken by
using a bisanthroylcalix[4]arene 1. This is the first report of a
photoresponsive Na+ carrier which is active in a phospholipid
bilayer. We believe that the new calix[4]arene 1 has potential
for use as a photoresponsive Na+ carrier for the regulation of
Na+ concentrations in biological membrane systems.
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† Selected data for 1: dH(400 MHz, CDCl3), 1.06 and 1.24 (s, 18H, CMe3),
1.30 (t, 6H, CH2CH3), 3.32 (d, 4H, ArCH2Ar, J 13.0), 4.19 (q, 4H,
CH2CH3), 4.87 (s, 4H, OCH2CO2), 5.09 (d, 4H, ArCH2Ar, J 13.0), 5.83 (s,
4H, OCH2COPh), 6.76 and 7.00 (s, 4H, ArH), 7.36–8.49 (26H, COPh and
anthracene); field desorption mass spectrum, m/z 1497 (M+).
‡ Planar bilayer membranes were formed at an aperture (diameter, 0.2 mm)
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2300; Nihon Kohden, Ltd., Tokyo, Japan) was used in a voltage clamp mode
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Scheme 1

Fig. 2 The changes in Na+ currents across the lipid bilayer membrane
containing 1 (a) or 2 (b) at 100 mV by UV irradiation ( > 310 nm). Two
chambers were filled with 100 mM NaCl aq. solutions (pH 7.2, 25 mM
HEPES–Tris buffer). The bilayer membranes were prepared by the lipid–
calix[4]arene mixtures (lipid: 1 or 2 = 100: 1 w/w). The UV irradiation (3.2
mW mm22) was performed through a glass fiber, where the spot of the light
was ca. 5 mm diameter.
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