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Abstract—A model sterol-based ion channel was rationally designed and synthesized. The potential ion channel is comprised of a
tartrate-derived crown ether to which six steroids are appended. Macromolecule la was incorporated into phospholipid vesicles
ard shown to facilitate the transmembrane transport of sodium and lithium ions using alkali metal NMR spectroscopy. © 1997
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Introduction

The control of membrane permeability is of funda-
mental importance to biological systems. lIons do not
readily diffuse through the phospholipid bilayers that
surround cells and yet they play essential roles in such
physiological processes as the transmission of nerve
impulses, the control of muscular function, protein
biosynthesis, and certain enzymatic transformations.
Biological systems have evolved two general strategies
for the selective transport of metal ions across cellular
mambranes: ion carriers and ion channels.! Of the two,
ion channels are the more prevalent. However, less is
krown about the important aspects of ion translocation
via the channel mechanism than is known about
carriers. This may be a result of the fact that model
ion channels are generally larger than carriers since the
active channel must span the width of the lipid bilayer
for transport to occur.

A number of synthetic models of ion channels have
appeared in the literature. These include compounds
which presumably require aggregation prior to trans-
pert® as well as a variety of macromolecules designed to
act via a unimolecular mechanism.*” This latter group
may be better suited for transport rate comparisons,
since aggregation should not be a necessary require-
ment for ion transport to occur and the determination
of relative transport constants should be more straight-
forward.

We wish to report the preparation and evaluation of a
unimolecular potential biomimetic ion channel, macro-
molecule 1a (Scheme 1), the design of which was based
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on the well-characterized interaction of sterols with
phospholipid bilayers.

Background

Our potential channel consists of an 18-crown-6 to
which six steroids are appended via a six-atom linker.
The choice of an 18-crown-6 ether as the core of our
channel was an obvious one; it provides a metal binding
site and, with a cavity dlameter of 2.6-3.2 A, it should
allow for the transport of a wide variety of metal
cations.”” In addition, appendages of 18-crown-6
systems have been found to adopt ‘quasi-axial’ orienta-
tions,® placing them perpendicular to the plane of the
crown cther, a situation which is ideal for channel
formation.

Analogues of cholesterol were utilized for the walls of
the channel. Cholesterol is a natural component of all
mammalian cellular membranes and its interaction with
the phospholipid bilayer is relatively well understood.®’
In the membrane, cholesterol orients itself perpen-
dicular to the bilayer surface with its hydrocarbon
region immersed in the interior of the bilayer and its
hydroxyl group near the water interface.'®'? The work
of Huang,” Lala et al.” Dahl et al.,’ and Yeagle*!
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suggests that the planar a-face of each steroid is critical
for interaction with the side chains of the bilayer’s
phospholipids. Therefore, it was anticipated that the
incorporation of our channel into a lipid bilayer would
result in the adoption of a conformation which has the
o-face of each steroid directed towards the phospholi-
pid bilayer and the B-face towards the center of the
proposed channel. The steroidal nuclei are relatively
wide and flat and therefore, if the appropriate number
of appendages is chosen, a rigid wall between the
bilayer and the interior of the channel would result
(Fig. 1). Such a rigid wall should eliminate the
possibility of collapse of the macromolecule—cation
complex during transport, a mechanism which is more
characteristically carrier-like. The choice of a rigid wall
unit in our model is in contrast to models reported
previously in which either a more flexible branched
alkyl chain* or a macrocycle is used.’

The optimal number of steroidal appendages and the
length of the linker between the steroid nuclei and the
crown ether were determined using a model study. The
model was generated by entering the X-ray crystallo-
graphic data for the fully extended form of cholesterol™
and K*-tetraamido-18-crown-6'® into MacroModel.
Differing numbers of cholesterol molecules were then
docked with the crown ether and placed in a
conformation in which the a-faces of the steroids were
facing the exterior of the channel. This model study
indicated that the arrangement which provides the
optimal barrier between the inside and the outside of
the channel was one with three steroids equally spaced
about the top of the crown ether and three about the
bottom. Therefore, the use of a hexasubstituted 18-
crown-6 as the core of our macromolecule was
indicated, as seen in Figure 2. Ester linkages between
the sterol and the crown ether were chosen primarily
because of their ease of preparation from known
hexaacid 2 (Scheme 1)."

In its natural state, cholesterol is immersed in the
hydrocarbon region of phosphatidylcholine bilayers
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Figure 1. Biomimetic ion channel design: (a) Model embedded in
phospholipid bilayer; (b) portion of the channel fully drawn to
indicate clearly each component.

with its hydroxyl group 19.5+1.5 A from the center of
the bilayer.” Our model study indicated that a four-
carbon link between C-17 of the steroids and the oxygen
of the ester would yield a distance of 19-20 A from the
central plane of the crown ether to the C-3 hydroxyl of
the steroid, as seen in Figures 1 and 2. Thus, with a six-
atom linker (four carbons from the steroid side chain
and the carbonyl and the oxygen from the ester of the
crown ether moiety), the C-3 hydroxyl groups of the
steroids should be located at the proper position within
the lipid bilayer for hydrogen bonding to the carbonyls
of the C-1 chain of the fatty acid side chains to occur.

Channel-facilitated transport, as illustrated in nature by
the gramicidins and other transport proteins, is thought
to be promoted by the presence of metal ion binding
sites. Ion transport presumably proceeds via binding of
the ion to the channel followed by ‘hopping’ from one
binding site to the next with the vltimate release of the
ion into the medium on the opposite side. The use of
steroids as appendages of a model channel allows for
the easy access of analogues of compound 1a possessing
additional binding sites within the channel. The

Figure 2. Space-filled model of the ion channel: (a) Long view; (b)
top view, as generated from MacroModel.
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introduction of functionalities onto the B-face of the
steroid would be possible at many locations along its
nonpolar region prior to connection of the crown ether.
Such modifications on the structure of compound 1a
may eventually provide information as to what func-
tionality is important within the channel and where it is
best located.

The most extensively studied natural ion channel,
gramicidin A, exists in two different ion conducting
forms: the ‘channel’ form and the ‘pore’ form."** The
‘channel’ form is a helical dimer in which the metal ion
binding sites are thought to be 20 A apart and the ‘pore’
form is a double helix in which the binding sites are 11.6
A apart. This information suggested that the simplest
version of our proposed ion channel (i.e., compound
la) may itself be capable of facilitating metal ion
transport across phospholipid bilayers since it was
designed so that the C-3 hydroxyl and the crown ether
are approximately 19 A apart.

Results and Discussion

We envisioned the preparation of potential channel 1a
by the alkylation of tartrate-derived hexaacid 2" with an
appropriately protected iodosterol in the presence of a
suitable base. The requisite 24-iodosterol 4 was
prepared from the known C-24 alcohol 3 via the
tosylate (84% yield from 3, Scheme 2). Compound 3
was synthesized from cholenic acid, as previously
described.” Known hexaacid 2" was treated with
iodosterol 4 and cesium fluoride in DMF* at 40 °C for
three days to give protected channel 1b in 58% yield.
Removal of the THP protecting groups with acetic
acid:THF:H,0* (4:2:1) at 50 °C provided potential
channel 1a in 82% yield.

Diol 5§ was used for a control as described in ‘Transport
Studies’. Compound 5 was synthesized from C-3-
protected sterol 3 using acetic acid/THF/H,0.

Transport Studies

The ability of compound 1a to facilitate the transmem-
brane transport of sodium cations was studied using
“Na NMR spectroscopy.” Phosphatidylcholine large
unilamellar vesicles (LUVs) were prepared by the
reverse-phase evaporation technique of Szoka and
Papahadjopoulos.”® Potential ion channel la was
incorporated into the vesicles during the LUV prepara-
tion to ensure its incorporation into the phospholipid
bilayer. This ‘pre-incorporation’ was a necessary step
since no effect was seen on the addition of compound
1a to a solution of preformed vesicles. The LUVs were
prepared in a buffer containing only lithium and
potassium cations.

Once prepared, the LUVs were added to a sodium
cation buffer containing dysprosium tripolyphosphate.
The dysprosium-based reagent acts as an alkali metal
NMR shift reagent. The addition of this reagent to only
one side of the vesicle bilayer allows one to distinguish
between the sodium cations on the inside of the vesicles
from those on the outside by creating a shift differential
in the two absorptions of about 8 ppm in the *Na NMR
spectrum. Relative integration of both peaks in the ®Na
NMR spectrum served to indicate the percentage of
Na* present inside (%Na; ) and outside the vesicles at
various time intervals. Approximately 11% of the aq
volume was encapsulated by the vesicles, as observed by
the addition of a known ion channel (gramicidin) and
equilibration followed by integration of the two result-
ing peaks. Thus, 11% proved to be the maximum
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(equilibrium) percentage of Na* that can be incorpo-
rated into the vesicles.”

As can be seen in Figure 3, macromolecule 1la was
found to facilitate the transmembrane transport of
sodium cations across the lipid bilayer of the LUVs.
The effect is clearly dependent on the concentration of
the potential ion channel la incorporated into the
vesicles. The graph of samples containing 2.00 mol%
and 0.30 mol% of compound 1a (based on the moles of
lipid used) tended to plateau between 10 and 11% Na;' .
The sample containing 0.01 mol% of compound 1a had
not yet reached a plateau after 100 h. At a concentra-
tion of 2.00 mol%, approximately 10 h were required to
reach half of the maximum value of %Na;;, whereas at
0.01 mol%, approximately 70 h were required.

It should be noted that no Na* transport was observed
for vesicles prepared in the absence of macromolecule
1a, as seen in Figure 3. Furthermore, the fact that the
%Na; for samples containing larger concentrations of
channel plateaus without falling off indicates that there
is little or no movement of the shift reagent through the
membrane or the potential channel.

Control Studies

We were also interested in determining the importance
of various components of potential ion channel 1a.
Incorporation of diol 5 into vesicles did not result in any
transport of Na* well beyond the time frame of the
study. Diol 5 is a sterol with a structure similar to the
appendages of the potential biomimetic ion channel 1a,
as well as polarity which is very similar to that of the
channel. The control study using diol 5 served two
purposes. Most importantly, it illustrated that preincor-
poration of a compound that is similar in polarity and
structure to the potential biomimetic ion channel does
not cause ion transport across the lipid bilayer. Diol 5
lacks the critical crown ether, the ionophoric portion of
the potential ion channel, and since diol 5 did not
transport, this lends support to the validity of the
channel design. Also, since diol 5 had been added to the
lipids as a solution in THF, we were confident that a
THF/sterol complex would not cause ion translocation.
It should be noted that, as in all transport experiments,
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Figure 3. Plots of growth of %Na] over time resulting from the

presence of potential ion channel 1a in vesicles. Concentrations of
compound 1a (based on the moles of lipid used) are indicated.

a solution of gramicidin was added to the vesicle
suspension after an adequate period of time to confirm
the presence of vesicles. Indeed, on addition of
gramicidin to the vesicle suspension, the %Naj
increased rapidly to the previously determined maximal
value of 11%.

Further control studies, as plotted in Figure 4, indicate
that the steroid portion as well as the hydroxyl
functionality are both critical for transport to occur in
our experiment. Both 18-crown-6 and the hexaacid
intermediate 2 were incorporated into the vesicle
suspension at a concentration of 1.0 mol% in the same
fashion as was the potential ion channel 1a. Both
showed a much slower rate of transport over the time
period of the study. Specifically, after 100 h, both crown
ethers facilitated the transport of sodium at levels well
below 4%, while at the same time interval, the
incorporation of the potential ion channel 1a at 0.01
mol% (100-fold lower concentration) caused sodium
transport at over 6% (Fig. 3). Furthermore, the
incorporation of the fully protected form of the ion
channel (1b) caused transport to occur at levels
significantly lower than those observed for the potential
ion channel 1a, but consistently greater (at least 1.5-
fold) than observed for the hexaacid 2. This study
implies that the steroid backbone enhances transport,
however, the presence of the THP groups somehow
impedes transport. This may be an effect of the bulky
nature of this protecting group or its nonpolar nature.
This series of controls is evidence that each component
of our potential ion channel is important for transport
to occur across the bilayer of phospholipid vesicles.

Data Analysis

In order to further analyze and effectively compare the
data, all samples were normalized to take into account
any variances in vesicle sizes from one batch to the next.
Thus, at the end of each run, gramicidin was added at a
concentration of 0.001 mol% and the samples were
allowed to equilibrate. Since gramicidin rapidly equili-
brates the system,” it was assumed that analysis of the
“Na NMR spectrum after equilibration would provide a
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Figure 4. Plots of growth of %Na over time resulting from the
presence of 18-crown-6, hexaacid 2, and fully protected channel 1b in
vesicles, at concentrations of 1.0 mol%.
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value for the maximal %Na/. The effect is seen in
Figure 4, where on the addition of gramicidin, the value
for %Na increases dramatically. All values obtained
for %Na, inside the vesicles at any given time were
corrected by dividing by the maximal %Na;, and
multiplying by 100. Variations in vesicle size have been
noted by Lehn, but have not been addressed in any
literature data analysis of which we are aware. This
rormalized %Na;> was subtracted from 100% for each
catum point to provide %Naf ., a value for the
percentage of Na* that will enter the vesicles, but that
has not yet entered. Such a data analysis is necessary
since the initial rate of Na* transport depends on the
concentration of Na* outside of the vesicles. The data
were then plotted on a log scale vs. time, as shown in
Figure 5. It is clear from Figure 5 that the transport of
Na* mediated by compound 1la exhibits first-order
kinetics.”

The value of the rate constant £ may be obtained from
the slope of each line (the slope is —k).”” The values for
k at various concentrations of compound 1a are listed in
Table 1. The lipid concentration for each sample was
8.96 umol mL™" (6.81 mg mL™).

Comparison of the data in Table 1 with literature values
suggests that potential ion channel la causes ion
translocation at a rate between 10 and 50 times more
slowly than that reported by Lehn et al. for the
‘bouquet’ macromolecules.* For example, at a channel
to lipid molar ratio of 0.66 (umol L7 mg™' mL?
(corresponding to 0.05 mol% channel in Table 1) the k&
value was 2,57 x 10™* min™' (0.0154 h™' in Table 1),
whereas Lehn reports a & value of 51 x 107* min™’
observed at a channel to lipid ratio of 0.42 pmol L™
mg ' mL’. This comparison is relatively straightforward,
since Lehn also uses a modified Na NMR technique.
However, it should be noted that for Lehn’s polyether-
containing ‘bouquet’ macromolecule, transport was not
dependent on macromolecule concentration. In a
further comparison, the potential ion channel 1la
appears to cause transport approximately 1000 times
more slowly than that reported for similar compounds
synthesized by Fyles et al.’ It should be noted that Fyles
uses the pH Stat method of data collection, very
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Figure 5. First-order plot of log (% Na*) vs time, resulting from the
presence of potential ion channel 1a in vesicles. Concentrations of
compound 1la are indicated.

Table 1. The rate constant & for a variety of potential ion channel 1a
concentrations

[channel], mol% k,h!
2.00 0.0237
1.00 0.016
0.30 0.0130
0.10 0.0087
0.05 0.0154
0.04 0.0079
0.01 0.0047

different from our own method. This makes any
comparison of the two results cumbersome and proble-
matic.

Li* Transport Studies

The transport mechanism was probed further by
observing any movement of the counterion, Li*, to the
outside of the vesicles. The Li* absorption is shifted
upfield in the presence of the dysprosium-based shift
reagent in the same manner as described for Na*. The
gradient for Li* is in the opposite direction as compared
with Na*, that is a larger initial concentration of Li*
exists inside the vesicles. As in the ?Na NMR studies,
integration of the two 'Li NMR peaks provides %Li" at
any time interval. This value of %Li} was then
subtracted from the initial value of %Lifﬁ1 to provide
an adjusted value for the %Li; (%Li:dj)'

Next, %Na; and %Li; were multiplied by either the
total moles of Na* used or the total moles of Li* used in
the sample (37.84 umol or 70.60 pmol, respectively) to
provide values for the total moles of Na* transported
into and the total moles of Li* transported out of the
vesicles, over time. Such an analysis provides a direct
comparison between the Na' transported into the
vesicle and the Li* transported out of the vesicle. These
values, plotted together in Figure 6, clearly show that
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Figure 6. A direct comparison of the amounts of Na* and Li*
transported through vesicles containing compound la and initially
containing LiCl in the internal solution and LiCl and NaCl in the
external solution. Initially, [Li*], > [Li*]

out”
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the transport of Na* resulting from the presence of the
potential ion channel is coupled to a counter-transport
of Li* to the external solution. Such a coupling of
transport of charged species maintains electroneutrality
across the membranes of the vesicles, and has been
documented with one other synthetic ion channel.® The
difference in amounts of Na* entered and of Li* exited
in our case may be attributed to a number of
mechanisms. For exampie, Li* may be co-transported
with H*, or Na* may be co-transported with Cl™ in
order to maintain electroneutrality across the vesicle
membrane.

Conclusions

A rationally designed potential biomimetic ion channel
was synthesized and its ability to transport sodium and
lithium ions across the membranes of phospholipid
vesicles was shown. The design of the compound lends
itself to the synthesis of analogues bearing additional
ion binding sites, the study of which may ultimately shed
some light on the relationship between the structure
and the function of ion channels.

We found the alkali metal NMR technique using the
localized dysprosium-based shift reagent to be the most
convenient and straightforward method for the deter-
mination of ion transport. The isolation and observation
of both internal and external ion signals has a major
benefit over other methods which measure a change
occurring on only one side of the membrane: the
integrity of the vesicles is never in question, therefore,
vesicle rupture cannot be confused with ion transport.
Using this technique, it is possible to observe the
movement of different ions in the same sample.

The relatively slow rate observed for sodium ion
translocation by potential ion channel 1a may be a
result of the known interactions between crown ethers
and alkali metal cations. The 18-crown-6 ether was
chosen as the core of potential ion channel 1a because
of its ionophoric properties. However, the notable
stability of 18-crown-6-metal cation complexes® may,
in fact, impede transport. Specifically, if the complex
between the sodium ions and the crown ether portion of
potential ion channel 1a is overwhelming, the channel
may become ‘blocked’ and bulk movement of ions will
be slowed. Syntheses and transmembrane transport
studies of analogues of compound 1a bearing various
types of ionophoric constituents with a diverse array of
ion association constants may eventually allow scientists
to determine what type of correlation exists between ion
association properties and transport phenomena.

Experimental

Synthesis

'"H NMR spectra were obtained on a Varian Unity-500
(500 MHz) NMR spectrometer with tetramethylsilane

as an internal reference for samples dissolved in CDCl,.
C NMR spectra were obtained on a Varian Unity-500
(125 MHz) NMR spectrometer, and referenced on the
middle peak of the solvent, deuterochloroform, at 77
ppm. Infrared spectra were recorded on a Perkin-
Elmer 298 spectrometer. Direct insertion probe (DIP)
chemical ionization or electron ionization mass spectral
data were obtained on a Hewlett—Packard HP 5087 GC-
MS. Mass spectral data for compound 2 were obtained
by Dr Carol Lisek of Searle. The sample was added to a
lithium 3-NBA matrix; the matrix was prepared by
adding a small amount of solid LiCl to 3 mL of 3-
nitrobenzylalchohol. One drop of water was added and
the mixture vortexed. If solid LiCl remained, the
supernatant was decanted and used as the matrix. If
no solid remained, additional LiCl was added until the
solution was saturated after vortexing; the supernatant
was then used as the matrix. Desorption of molecular
ions was induced by fast ion bombardment, using 35 KV
Cs™; mass spectral data for compounds 1a and 1b were
obtained by Joseph Lech, Rutgers University, NJ, using
a similar procedure. Melting points were obtained on a
Thomas Hoover capillary melting-point apparatus and
are uncorrected. Elemental analyses were performed by
Quantitative Technologies, NJ or Atlantic Microlab,
GA. Optical rotations were recorded in a 0.1 dm cell on
a Perkin—-Elmer 241 polarimeter.

5-Cholenic acid was obtained from Steraloids and used
as received. All other reagents were purchased from
Aldrich Chemical Company and were used as received
unless otherwise indicated. THF and Et,0 were
distilled from sodium/benzophenone ketyl. DMF was
distilled from BaO at reduced pressure. Pyridine was
distilled from KOH. Acetone was dried by standing
over anhyd Na,SO,. Silica gel (EM Science Silica Gel
60, 230400 Mesh) or neutral alumina (Universal
Scientific, 32-63) were used for flash chromatography.

24-lodo-3p-tetrahydropyranyloxychol-5-ene (4). Alco-
hol 3 (417 mg, 0.94 mmol) was dissolved in dry, distilled
pyridine (30 mL) in a round-bottom flask. The solution
was magnetically stirred at 0 °C for 15 min, after which
time p-toluenesulfonyl chioride (536 mg, 2.81 mmol)
was added. The reaction solution was stirred for an
additional 15 min and allowed to stand at 0 °C for 20 h.
The resultant solution was poured over crushed ice (50
g) and the mixture was stirred for 1.25 h. The resultant
aq suspension was extracted with EtOAc (3 x 150 mL).
The combined organic extracts were washed with satd
aq NaHCO; solution (50 mL) and satd aq NaCl solution
(50 mL), dried over anhyd Na,SQ,, and filtered. The
solvent was removed in vacuo and the flask was
evacuated overnight to remove residual pyridine. The
primary tosylate was provided as a yellow solid, which
was used without further purification. 'H NMR (500
MHz, CDC};) 8 7.79 (d, J = 8 Hz, 2H, tosylate Ar H),
7.34 (d,J = 8 Hz, 2H, tosylate Ar H), 5.34 (m, 1H, C-6
H), 4.71 (brs, 1H, THP methine H), 4.70-3.89 (m, 3H,
THP CH,O and C-24 H), 3.53-3.45 (m, 2H, THP CH,O
and C-3 H), 2.45 (s, 3H, tosylate CH,), 1 (s, 3H, C-19
H), 0.85 (d, J = 5 Hz, 3H, C-21 H), 0.65 (s, 3H, C-18
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H); MS (Cl/isobutane) m/z 600 (M+1, 0.15%), 497
(M+1-THPOH, 3.2%), 157 (tosylate).

The crude tosylate was dissolved in dry acetone (35
mL). Sodium iodide (1.41 g, 9.38 mmol) was added as a
solid followed by a catalytic amount of N,N-diisopro-
pvlethylamine (0.029 mL, 0.17 mmol). The resultant
yellow solution was stirred at room temperature for 20
h. The solvent was removed in vacuo. The yellow
residue was dissolved in EtOAc (250 mL) and the
solution was washed with 5% aq Na,S,0; solution (100
mL), satd aq NaCl solution (100 mL), and dried over
anhyd MgSO,. Filtration and removal of the solvent in
vacuo produced a yellow solid. The crude material was
dissolved in CH,Cl,, preadsorbed onto SiO,, and added
to a column of SiO, packed with hexanes:EtOAc 50:1.
Flash chromatography (hexanes:EtOAc 50:1) followed
by combination and concentration in vacuo of the
fractions containing the least polar component and
evacuation of the flask overnight yielded the iodide 4 as
a white crystalline solid (439 mg, 0.79 mmol, 84% from
alcohol 3). R; 0.55 in hexanes/EtOAc on SiO,; '"H NMR
(500 MHz, CDCl,;) 8 5.36-5.33 (m, 1H, C-6 H), 4.72—
4,71 (m, 1H, THP methine H), 3.94-3.90 (m, 1H, THP
CH,0), 3.54-3.47 (m, 2H, THP CH,O and C-3 H),
3.22-3.10 (m, 2H, C-24 H), 1.01 (s, 3H, C-19 H), 0.93
(d,J = 6.6 Hz, 3H, C-21 H), 0.68 (s, 3H, C-18 H); *C
NMR (125 MHz, CDCly) 6 140.91, 140.73, 121.38,
121.30, 96.79, 96.65, 75.84, 75.82, 62.68, 62.59, 56.58,
55.73, 50.01, 49.98, 42.21, 40.11, 39.60, 38.65, 37.31,
37.07, 36.75, 36.64, 36.60, 34.93, 31.78, 31.74, 31.16,
31.13, 30.22, 29.55, 28.09, 27.87, 25.38, 24.14, 20.92,
20.90, 19.93, 19.86, 19.26, 18.65, 11.75, 7.64; IR (CHCl,)
2900 cm™'; MS (Cl/isobutane) m/z 556 (M+1, 2%), 453
(M+1-THPOH, 50%), 327 (M+1-THPOH-I, 100%);
anal. caled for C,,H,,O.I: C, 62.79; H, 8.55; I, 22.9.
Fcund: C, 63.10; H, 8.53; 1, 22.99; mp 118-125 °C.

(2R,3R,8R,9R,14R,15R)-1,4,7,10,13,16-Hexaoxacyclo-
octadecane-2,3,8,9,14,15-hexacarboxylic acid hexa-3f3-
tetrahydropyranyloxychol-5-en-24-oate (1b). Cesium
fluoride (201 mg, 1.32 mmol) was weighed into a
flame-dried round-bottom flask. After flushing the flask
with argon, dry, distilled DMF (50 mL) was added,
followed by the 18-crown-6 hexacarboxylic acid 2 (50
mg, 0.095 mmol), as a solid. The resulting cloudy
solution was stirred at room temperature for 1 h and
then heated to 40 °C over 30 min. Then the steroidal
iodide 4 (735 mg, 1.32 mmol) was added rapidly, as a
solid. The reaction mixture was stirred at 40 °C for two
days and then at room temperature for one day.

The solvent was removed in vacuo and the flask was
evacuated overnight to remove residual DMF. The
resulting yellow material was dissolved in CH,Cl,,
preadsorbed onto SiO,, and loaded onto a column of
Si0, packed with 20:1 hexanes:EtOAc. The column was
eluted with this solvent followed by an increasingly
polar gradient. The desired product was eluted with
EtOAc. Appropriate fractions were combined, the
solvent was removed in vacuo, and the flask was
evacuated overnight to provide product 1b as an off-

white solid (171 mg, 55.4 mmol, 58%). R; 0.35 in 10%
MeOH/EtOAc. 'H NMR (500 MHz, CDCl,) § 5.36-
5.33 (m, 1H, C-6 H), 4.72 (brs, 1H, THP methine H),
4.26 (s, 1H, crown methine H), 4.08 (t,J = 7.0 Hz, 2H,
C-24 H), 3.94-3.91 (m, 1H, THP CH,0), 3.83 (s, 2H,
crown methylene H), 3.55-3.47 (m, 2H, THP CH,O and
C-3H), 1.01 (s, 3H, C-19 H), 0.93 (d,J = 6.6 Hz, 3H, C-
21 H), 0.67 (s, 3H, C-18 H); “C NMR (125 MHz,
CDCL) 3 169.28, 140.82, 121.46, 121.38, 96.93, 96.80,
80.19, 75.93, 70.80, 65.75, 62.85, 62.77, 56.66, 55.85,
50.09, 42.28, 40.19, 39.70, 38.72, 37.39, 37.16, 36.73,
35.36, 31.86, 31.25, 29.63, 28.17, 27.94, 25.44, 25.09,
24.22, 20.99, 20.05, 19.98, 19.32, 18.58, 11.83; IR
(CHCly) 2900, 1740 cm™'; MS (LSIMS, Rutgers) m/z
3095.2 (M+Li)*, 100%), 3111.1 (M+Na)*, 35%),
3126.2 (M+K)*, 25%), 3006.2 (M+Li—THP)*, 22%),
2990.2 ((M+Li—-THPOH)*, 45%); anal. caled for
Ci:H300050H;O: C, 74.24; H, 9.80. Found: C, 73.98;
H, 9.88; mp 115-120 °C.

(2R,3R,8R,9R,14R,15R)-1,4,7,10,13,16-Hexaoxacyclo-
octadecane-2,3,8,9,14,15-hexacarboxylic acid chol-5-en-
3B-ol-24-ate (la). The- tetrahydropyranyl-protected
hexasteroidal ester 1b (104 mg, 0.0337 mmol) was
dissolved in a solution of AcOH:THF:H,0 (4:2:1) and
stirred at 50 °C overnight. The solvent was removed in
vacuo. The crude product was dissolved in a minimum
amount of CH,Cl, and loaded onto a column of AlLO,
packed with 2% CH,OH/CH,Cl,. Flash chromatogra-
phy with this solvent followed by an increasing CH;OH
gradient eluted the less polar impurities. The desired
product eluted at ca. 4-6% CH,;OH/CH,Cl,. Appro-
priate fractions were combined, the solvent removed in
vacuo, and the flask was evacuated overnight to provide
product 1a as a white solid (83 mg, 0.032 mmol, 95%).
R; 0.33 in 7:1 CH,CL,:MeOH on SiO,. '"H NMR (500
MHz, CDCl,) 8 5.35-5.34 (m, 1H, C-6 H), 4.26 (s, 1H,
crown methine H), 4.09 (t, J = 7.0 Hz, 2H, C-24 H),
3.84 (s, 2H, crown methylene H), 3.54-3.49 (m, 1H, C-3
H), 1.01 (s, 3H, C-19 H), 0.93 (d, 3H, J = 6.6 Hz, C-21
H); “C NMR (125 MHz, CDCl,) § 169.34 (C=0),
140.74 (C-5), 121.56 (C-6), 80.17 (CHO), 71.65 (C-3),
70.78 (CH,0), 65.79 (C-24), 56.69 (C-14), 55.86 (C-17),
50.04 (C-9), 42.28, 42.18 (C-4, C-13), 39.72 (C-16),
37.22 (C-1), 36.42 (C-10), 3536 (C-22), 31.86 (C-7),
31.82 (C-8, C-20), 31.53 (C-2), 28.17 (C-12), 25.07 (C-
23), 24.21 (C-15), 21.01 (C-11), 19.33 (C-19), 18.58 (C-
21), 11.83 (C-18) (C identifications made by comparison
to cholesterol’s 'H NMR spectrum in Sadtler NMR
series); IR (CHCL;) 3600, 2900, 1700 cm™"; MS (LSIMS,
Rutgers) m/fz 2589.7 ((M+Li)*, 25%), 2606.7
((M+Na)*, 100%), 2622.6 ((M+K)*, 55%); anal. calcd
for C,;,H,5,0,,H,0: C, 74.78; H, 9.84. Found: C, 74.41;
H, 9.70; mp 151-154 °C; [a]®, —8.1 (¢ 0.3, CHCL,).

Chol-5-en-3,24-diol (5). Alcohol 3 (44 mg, 0.099 mmol)
was magnetically stirred in a solution of acetic
acid:THF:water (4:2:1, 7.0 mL) at 65 °C overnight.
The solvent was removed in vacuo. The crude product
was preadsorbed onto SiO, and loaded onto a column
of SiO, packed with 5:1 hexanes:EtOAc. Flash chro-
matography (hexanes:EtOAc 5:1 with a polar gradient
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to hexanes:EtOAc 1:1) followed by combination and
concentration of the appropriate fractions in vacuo
provided product 5 as a yellow solid (22 mg, 61%). R,
0.56 in hexanes:EtOAc 1:1 on SiO, 'H NMR (500
MHz, CDCl,) § 5.36-5.35 (m, 1H, C-6 H), 3.64-3.60 (m,
2H, C-24 H), 3.56-3.49 (m, 1H, C-3 H), 1.01 (s, 3H, C-
19 H), 0.94 (d,J = 6.5 Hz, 3H, C-21 H), 0.68 (s, 3H, C-
18 H); IR 3600, 2900 cm™'; mp 190-193 °C (ref 31 mp
191-193 °C); [a]*p —33 (¢ 0.39, CHCI, with two drops
CH,OH) (ref 32 [a]*, —41.8 (c 0.17, CHCL,).

Experimental Details of Transport Studies
Materials, instrumentation, and equipment

The following materials were purchased from Sigma: L-
a-phosphatidylcholine (#P-2772, Type XI-E, 100
mg mL™' in CHCL), gramicidin (#G-5002, 1080
ug mg ), NaCl (#S-7653), tripolyphosphate, pentaso-
dium salt hexahydrate (#T-5633).

Dysprosium(I1I) chloride hexahydrate (#20,317-3) was
purchased from Aldrich. K,HPO, (anhydrous),
KH,PO,, and LiCl were purchased from Fisher
Scientific. D,O was purchased from NMR Specialties,
PA. Diethyl ether and tetrahydrofuran were distilled
over sodium/benzophenone immediately prior to use.
All aqueous solutions were prepared with distilled,
deionized water from a Barnstead nanopure ultrapure
water system.

Sonications were performed with a Vibracell probe
sonicator (Sonics & Materials, CT). The evaporation of
organic solvents was performed with a rotavap attached
to a Gast vane pump, with variable pressure and a
pressure gauge. “Na NMR spectra were obtained on a
Varian Unity-500 (500 MHz) NMR spectrometer.

Vesicle preparation

Vesicles were formed using a variation of the reverse-
phase evaporation procedure.® Phosphatidylcholine
(0.21 mL, 28 umol) in chloroform was added via syringe
to a 50-mL round-bottom flask. The solvent was
removed in vacuo using a rotary evaporator. The flask
was then wrapped in aluminum foil and dried under
vacuum at 50 °C. After 4 h the flask was removed from
the vacuum and the lipid film was dissolved in dry,
freshly distilled diethyl ether (5 mL). The lipid/ether
mixture was combined with 1.5 mL of the internal
aqueous solution (100 mM LiCl, 0.64 mM K,HPO,, and
0.14 mM KH,PO,, pH 7.3) in a 16 x 100 mm test tube.
The test tube was cooled to 0 °C. An appropriate
volume of potential synthetic ion channel 1a in dry THF
(7.73 pmol mL™) was added to the two-phase system.
The resulting two-phase suspension was immediately
sonicated in an ice bath, using 1 s pulses for 2 min, at
50% power output level.

After vortexing the sample, it was poured into a 100-mL
round bottom flask. The flask was attached to a rotavap
and all of the organic phase was removed very slowly in

vacuo. The pressure was held at 460 mmHg (as read
from the vane pump gauge) for 10 min, without the
water bath. As the ether evaporated slowly, the solution
began to coat the inside walls of the flask. Then, the
pressure was slowly reduced to 260 mmHg and
evaporation continued for another 10 min. The pressure
was lowered further to 60 mmHg. The flask was then
immersed in the water bath at 40 °C. Spontaneous and
large bubbling ensued, and the pump pressure needed
to be controlled so as not to have the solution foam up
into the glass rotavap trap (in many cases, the
suspension bumped). After the bubbling stopped, the
pressure was kept at 60 mmHg for 15 min. This vesicle
preparation was stored at 4 °C until the NMR studies
were undertaken.

NMR measurements

All ®Na NMR spectra were recorded at a frequency of
132.218 MHz with d1 = 1.000 s. All 'Li NMR spectra
were recorded at 194.264 MHz with a d1 of 2.00 s. The
probe temperature was kept at a constant 25 °C
throughout the duration of each experiment, and the
samples were not spun. Samples were prepared in a 5-
mm NMR tube. The vesicle preparation (0.480 mL) was
combined with the shift reagent solution (0.520 mL.:
0.64 mM K,HPO,, 0.14 mM KH,PO,, 2.7 mM DyCl,,
10.8 mM Na;P,0,,, 18.76 mM NaCl, 43.44 mM LiCl
necessary to keep the overall ion concentration the
same on both sides of the membrane, and 10% D,O by
volume, pH 7.3) immediately prior to obtaining the first
spectrum. The tube was inverted twice before lowering
into the magnet, and before each spectrum was
recorded.

Typically, 240 transients were accumulated per spec-
trum at a probe temperature of 25 °C. (There was a
separation of 8 ppm between inside and outside Na*
NMR peaks.) A spectrum was taken approximately
every 2 h for the first 10 h and every 4 h for two days,
and intermittently after that.

In the determination of %Na;, the peaks correspond-
ing to Na/ and Naf, = were integrated using a Gaussian
Fit, a program available with the Varian Unity 500
NMR software. The (Na; ) was then divided by the
sum of (Na} )y and (Nal, ), providing a value for
the %Naf. Note that gramicidin was added to
equilibrate the Na* by eliminating the Na* gradient.
Each batch of vesicles may not be the same. This
equilibration, then defining the maximum %Na} as
100% is essentially a correction factor.
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