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Abstract
Previous sodium ion transport results obtained by NMR methods are compared with those obtained
by a new ISE technique and are found to correlate well with each other and with the biological activity
against E. coli and B. subtilis.

Natural proteins that form ion-conducting channels1,2 or pores have been known for a century
and have been actively studied for the last five decades.3 Ion-conducting synthetic peptides4,
5 and non-peptide ion channels were developed relatively recently but the number of examples
is increasing rapidly.6-9 Our effort to develop cation-conducting channels that we call
hydraphiles10 has involved extensive efforts to characterize their position within the
bilayer11-13 and their function. These model channel systems have proved successful in
several important senses. They insert into the bilayer and they transport ions at a high rate.
Moreover, they show the classical open–shut behavior typical of protein channels that conduct
ions. A particular success of our channels was the identification of what we have called a
“central relay unit” in the KcsA channel of Streptomyces lividans.14 Such a structural subunit
was dictated in our channel design by chemical intuition but its presence in natural channels
was unknown prior to this important solid state structure.

The hydraphile channels have four essential features. The two distal (outer) macrocycles serve
as headgroups in the amphiphilic sense.15 They also serve as entry portals, although whether
the transported cations pass through them16 or by them12 is unclear and may be channel-
dependent. Covalent spacers determine the channel's overall span. The central relay links the
two covalent spacer chains and provides a polar site within the bilayer's midplane. In this case,
a third diaza-18-crown-6 macrocycle serves as the central relay.10 The efficacy of central relay
units has been confirmed by structure–activity studies.17 Additional structure–activity studies
have made it clear that when the central relay unit is a macrocycle, it is parallel to the
membrane's hydrocarbon regime rather than parallel to the membrane surfaces.18 The fourth
structural feature of this design comprises sidearms that are linked to the distal macrocycles.
These are expected to insert into the bilayer and, depending on their shape and properties, align
with the bilayer's hydrocarbon chains.
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The hydraphile channels can be defined schematically by using the following structural
shorthand:18 PhCH2<N18N>(CH2)n<N18N>(CH2)n<N18N>CH2Ph. We refer to this
particular compound as “benzyl channel” 3. Wehave previously reported compounds 1–5;19
6 and 720 were prepared analogously and found to give satisfactory analytical data.

Assessing ion transport in synthetic channels has proved to be a challenge for all laboratories
engaged in this effort.8 Early measurements of sodium transport were done for the hydraphile
system in liposomes using 23Na NMR to detect the ion transport.21,22 The NMR method was
remarkably useful in evaluating transport but it is experimentally complex. An important issue
is that the results one obtains by this method depend on a very well-tuned NMR instrument,
on buffer identity, and on the concentrations chosen for study. Notwithstanding the complexity
of the method, we used it to demonstrate a clear, length dependence for transport activity in
vesicles. As an alternative to this complex and instrument intensive method, we sought an assay
that would be less operator-dependent and still be a reliable, convenient, and realistic assay for
ion transport. We now report that ion-selective electrodes serve as the basis for this
methodology and that the results obtained show an excellent correspondence with biological
studies that were conducted independently.

Measurement of hydraphile-mediated Na+ transport using ion selective
electrodes

The present methodology builds in part on recent work by Silberstein et al. who examined
membrane destabilization, as mediated by small peptides, using a K+ selective electrode.23 In
the studies reported here, large unilamellar vesicles (LUVs) were prepared using the reverse
evaporation method of Skoza and Papahadjopoulos.24 A dry lipid film of 1,2-dioleoyl-sn-
glycero-3-phosphocholine was dissolved in ether and a sodium-containing internal buffer (750
mM NaCl/15 mM N-2-hydroxyethylpiperazine (HEPES), pH 7.0) was added. Following ∼20
s sonication, the organic solvent was removed and the liposomes sized through a 200 μM
polycarbonate filter. The internal buffer solution was exchanged for a sodium-free external
buffer (750 mM cholineCl/15 mM HEPES, pH 7.0). Lipid concentration was assayed
chemically25 and vesicle size was measured on a Coulter N4MD dynamic light scattering
instrument.

Na+ transport measurements
Sodium transport was measured using a Micro-Combination pH/sodium electrode (Thermo
Orion). After equilibration in an aqueous sodium-free external buffer, the electrode was placed
in a 5 mL disposable beaker containing external buffer and vesicle solution to achieve a lipid
concentration of 0.4 mM in a total volume of 2 mL. The voltage was recorded for five minutes
prior to the addition of channel (12 μM). The hydraphile was added as a solution in 2-propanol
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and the conductivity was measured for 25 minutes. Addition of 200 μL of 10% aqueous n-
octylglucoside induced complete lysis of the vesicles to achieve total sodium release. All data
were normalized to total Na+ release and converted from mV to a concentration based on the
calibration curve for the electrode.

The previously reported length dependence of Na+ transport for 1–5 is illustrated in the top
panel of Fig. 1 (open squares, dotted line). These values were determined by the 23Na NMR
method. They are included to calibrate the new data, obtained by the ISE method, for the
expanded set of compounds 1–7. The ISE data were acquired as described above and are shown
as filled circles (solid line). The connecting lines in both cases are to guide the eye and do not
represent a mathematical fit.

The ISE data were acquired as described herein in liposomes prepared from 1,2-dioleoyl-sn-
glycero-3-phosphocholine. The NMR experiments were done using liposomes prepared from
phosphatidyl glycerol and phosphatidyl choline (1 : 2 w/w). Despite the differences in vesicles
and methodology, the chain length dependence of channel function determined by the two
methods agrees well. Further, the two additional, longer-chained channels (6 and 7) show the
declining activity trend only suggested by the previously reported NMR results. The
consistency of these results confirms the value of the ISE method for the assay of synthetic ion
channel function.

The function of the benzyl channel was of particular interest because we recently found that it
is toxic to E. coli.26 It seemed possible that channel function in liposomal bilayers might
parallel biological activity for an array of channel compounds. We therefore determined the
minimum inhibitory concentration (MIC, in μM) for compounds 1–7 as the lowest two-fold
dilution of hydraphile that prevented bacterial growth, as outlined by the NCCLS.27 The results
are plotted in the lower panel of Fig. 1. Note that the ordinate is logarithmic and that 4 (C14)
and 5 (C16) are more than 100-fold more toxic to all three organisms than 1 (C8) and 2 (C10).
The activity of the hydraphiles diminishes as the compounds are further lengthened to C18
(6) and C20 (7) spacer chains. Compound 4 is the most toxic to both organisms, with extremely
low MIC values of 0.5 μM for B. subtilis and 2 μM for E. coli. For comparison, the most active
synthetic channel compounds reported previously are the cyclic peptides of Ghadiri et al.,
which kill B. subtilis at concentrations as low as 2.5 μM and E. coli as low as 5.5 μM.28

To our knowledge, this is the first example of a synthetic channel series that shows parallel,
length-dependent behavior both in synthetic liposomes and living organisms. Indeed, the sum
of these results indicates that, as far as synthetic ion channels are concerned, length truly does
matter.
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Fig. 1.
Top. Plot (open squares) of Na+ transport from liposomes mediated by 1–5 as determined by
the 23Na NMR method. Plot (filled circles) of fractional Na+ release at 1500 seconds from
phospholipid vesicles vs. the number of methylenes in the spacer chains as measured for 1–7
by ion selective electrode methods. Bottom. Activity (expressed as minimum inhibitory
concentration, or MIC, in μM) of 1–7 against the Gram-negative bacterium E. coli (filled
circles) and the Gram-positive bacterium Bacillus subtilis (open squares).
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