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We have recently described a new design principle for the
construction of synthetic ionophorés.In essence, a rigid
hydrophobic unit is used to drag a covalently attached array of
relay elements (i.e., a “conducting module”) into a lipid mem-

brane. When two or more of these modules span the bilayer, a
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Figure 1. (a) Entry of Nd into (C14:1) vesicles containing 0.4, 0.6,
0.8, and 1.0 mol % o® (increasing rates, respectively) as a function of
time at 35°C. (b) Plot ofkossgversus mol %2; the solid line represents
a nonlinear least-squares fit of the data according to eq 4, wher2.0

+ 0.1.

The synthesis a2, starting from 23,24-bisnor-5-cholenic acid,

contiguous pathway (i.e., an “ion conductor”) is produced that has previously been describéd.o characterize its ionophoric

permits a flow of ions. In previous work, we reported that one
such ionophorel(), having 23,24-bisnor-5-cholenic acid as the
hydrophobic unit and spermine as the conducting module, was
active for H/OH™ transport but not for Naion transport* In

this paper, we show that replacement of the polyamine moiety

properties, we first measured its ability to promote the transport
of Na' across bilayers made from 1,2-dimyristolesylglycero-
3-phosphocholine (C14:1) PC. For this purpo¥®a” NMR
spectroscopy was used as an analytical tool because it can directly
monitor the flow of ions into the interior of vesicl&$n brief, a

by a polyether chain produces an analogous ionophore havingmembrane—impermeable paramagnetic shift reagent is added to

exactly the opposite propertigse., 2 is active for Na but not
for HY/OH~ transport. We also provide kinetic evidence for

membrane-spanning dimers as being the active species in both

cases. The likely origin for this difference in ion selectivity and
the implications of these findings for the rational design of new
synthetic ionophores having enhanced activity as well as membrane
selectivity are briefly discussed.
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the external aqueous solution and the percentage oftié enters
the vesicles is quantified by integration of internal and external
23Na"” NMR absorbances. By using procedures similar to those
previously described, varying mole percentages 2ofwere
incorporated into 200-nm unilamellar vesicles that were made
from (C14:1) PC. Thus, thin films composed of (C14:1) PC plus

2 (deposited from homogeneous solutions) were dispersed in
aqueous LiCl and subjected to freezbawing and extrusion to
produce the requisite vesiclé®.Since the introduction of an
ionophore under these conditions leads to its incorporation in both
halves of the bilayer, such methods are generallly referred to as
a “double-sided” addition. Dilution with aqueous NaCl, addition
of a shift reagent, and analysis of internal'Nas a function of
time yielded kinetic profiles that are shown in Figure la. Gel
filtration and analysis of the vesicle fractions established that more
than 90% of the ionophore was bound to these membranes.
Observed pseudo-first-order rate constarks,s§ that were
calculated from these data were found to have a second-order
dependency on the mol % @ (Figure 1b). In the absence of
ionophore, N& permeation was very slow. In separate experi-
ments, we have found that in sharp contrast tavhich readily
discharges pH gradients across egg PG bilay2rexhibited
negligible activity for such discharde.

The second-order dependencykgfson the mol % of2 lends
strong support for a model in which (i) monomersfre in
equilibrium with dimers, (ii) monomers are thermodynamically
favored and their concentration can be approximated by the total
concentration o2 that is present, and (iii) dimers are responsible
for ion transport. Thus, for the general case of transport-active
aggregates, the rate of ion flow is expected to obey eq 1, where
kobsd iS @ pseudo-first-order rate constant that is the product of
the aggregate concentration and a rate conskaiieq 2). If the
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aggregate concentration is expressed in terms of the monomer 20
concentration and the dissociation constd(jt that defines the a
aggregate-monomer equilibrium (eq 3), tHepqwill vary with

the monomer concentration to timh power (eq 4). Thus, the
second-order dependencylgfsqson the mole percentage &fin
bilayers of (C14:1) PC supports the existence of transport-active
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dimers, similar to what has been observed¥en pH discharge I e
experiments. 0 1 2 3 4 5 6 7
(mol% ionopl‘xon-:)2
Rate= k,,.[Na'] 1) I/,/a
Kopsa= K> [aggregate] (2) 0 1 2 3 4 5 6
K = [monomer]/[aggregate] ©)) 40 b 50
_ 40
Kpsa= Ko[monomer]/K (4) - 2 30t
= 30 Pl
To gain insight into whether dimers &ffunction as ion carriers v_f = 1ob
or as membrane-spanning agents, we examined their activity in 2 20 o ST i
PC bilayers of varying thickness. In principle, the activity of a 0 S(moli/(:icno:)iore)z 10
membrane-spanning agent should be very senstive to the thickness 10
of its host membrang Specifically, when the bilayer thickness .
begins to exceed the length of the agent, ionophoric activity should s ; > & 3 4L

be sharply reduced or eliminated due to its inability to provide a
contiguous pathway for ion flow. For a carrier mechanism,
however, ionophoric activity is expected to show only a modest Figure 2. (a) Plot ofkopsaversus (mol %2)? for (a) vesicles made from
dependence on membrane thickness; e.g., kinetic studies involving(®) €14:1, @) C16:1, and 4) C18:1 PC at 35C. (b) Plot ofkspsaversus
valinomycin (a well-established ion carrier) have shown that the (Mol % 1)? for vesicles made from PG forms o8) C14:1, @) C16:1,
transport rate of valinomycin/Rbacross lipid membranes made ~ and @) C18:1 at 23°C. Insets show expandett or Y-axis.
from a-monoglycerides decrease by a factor of only 7 when the ) o
fatty acid chain length is increased from 16 carbons (palmitoleoyl) out with1, in bilayers made from PG forms of C14:1, C16:1 and
to 20 carbons (11-eicosenoyl\With this rationale in mind2 C18:1, gave very similar results (Figure 2b). In this case, values
was incorporated into three fluid phospholipid membranes having Of kz/K decrease by a factor of ca. 3700. Thasand 2 both
acyl chains that differ by two methylene units; i.e., vesicles made function as membrane-spanning ion conductors.
from (C14:1) PC, 1,2-dipalmitoleoydrglycero-3-phosphocholine The striking differences in selectivity betwednand 2, we
(C16:1) PC, and 1,2-dioleogrglycero-3-phosphocholine (C18:  believe, is a likely consequence Gf being able to undergo
1) PC, which bear monounsaturated fatty acids having 14, 16, protonation. Specifically, whereas a “string” of protonated nitro-
and 18 carbons, respectively. Examinatior2 bfy CPK molecular ~ gens will repel oncoming Naions, a string of ethyleneoxy units
models indicates an overall length that is slightly shorter than can bind and “pass along” such ions through a lipid bilayer. The
(C14:1) PC, when the conjugate is placed in a macrocyclic effectiveness ofl in discharging pH gradients can also be
conformation, when the headgroup of the conjugate and that of accounted for in terms of a protonated polyamine module; i.e.,
the phospholipid are aligned, and when the alkyl chains are fully such a module would be ideally suited for a fQH" antiport
extended. I2 functioned as an ion conductor, one might expect pathway, as we have previously suggest&ince a polyether
to observe a strong decrease in activity on going from (C14:1) module cannot support such a pathway, one would not expect
PC to (C16:1) PC to (C18:1) PC. to have the ability to discharge pH gradients, which is, in fact,
Transport experiments that were carried out with the above the case.
three PC membranes yielded results that are shown in Figure 2a. The modular control over the ion selectivity that is described
The linear correlation that was found betwdgggand (mol % herein demonstrates significant flexibility in our design principle.
2)? for the C16:1 bilayers lends further support for the existence Atthe same time, it provides further evidence thahd2 function
of transport-active dimers. Whehwas incorporated into C18:1  as true ionophores. Finally, our kinetic results, which point toward
bilayers, its transport activity was found to be very low. For this membrane-spanning dimers as being the active species, highlight
reason, only one data point is given where 2 mol % of the two new avenues of research that warrant detailed exploration;
ionophore was used. According to our kinetic model, the slopes i.e., the design and synthesis of second-generation, sterol-based
of these lines yield values d&/K that decrease by a factor of ionophores of varying length and ones that can be prepared in
>300 on going from C14:1 to C18:1. Although we are presently the form of dimers. In particular, the strong dependency of the
unable to separate these kinetic and thermodynamic terms, theactivity of 1 and2 on membrane thickness suggests a fundamen-
fact thatk,/K varies bymore than 2 orders of magnitugieovides ~ tally new approach toward drug design; i.e., the creation of
compelling evidence that a membrane-spanning agent is in-ionophores that can recognize and exploit small differences in
volved%1 Analogous pH discharge experiments that were carried membrane thickness. Synthetic efforts are now being directed
along both of these avenues.
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