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ABSTRACT: Inspired by the regulation of cellular activities found in the ion
channel proteins, here we developed membrane-embedded synthetic chiral
receptors 1 and 2 with different terminal structures, where receptor 1 has
hydrophobic triisopropylsilyl (TIPS) groups and receptor 2 has hydrophilic
hydroxy groups. The receptors have ligand-binding units that interact with
cationic amphiphiles such as 2-phenethylamine (PA). Conductance study

Ligand-Gated Channel Formation
and lon Transportation

revealed that the receptors hardly show ion transportation at the ligand-free state. After ligand binding involving a conformational
change, receptor 1 bearing TIPS termini displays a significant current enhancement due to ion transportation. The current
substantially diminishes upon addition of f-cyclodextrin (SCD) that scavenges the ligand from the receptor. Importantly, the
receptor again turns into the conductive state by the second addition of PA, and the activation/deactivation of the ion
transportation can be repeated. In contrast, receptor 2 bearing the hydroxy terminal groups hardly exhibits ion transportation,
suggesting the importance of terminal TIPS groups of 1 that likely anchor the receptor in the membrane.

B INTRODUCTION

Signal transduction through a cytoplasmic membrane is an
important function for regulation of vital activities," where the
membrane proteins play essential roles. One of the typical
mechanisms included in the signal transduction is a reversible
switch of ion transportation in response to input signals, such as
a ligamd,2 light,3 and mechanical force.* For example, cyclic
nucleotide-gated ion channels recognizes cyclic nucleotides as
ligands, which triggers opening of the channel for the cation
transportation.”*” Such sophisticated mechanisms realized by
the membrane proteins provides various hints for design of
dynamic synthetic organic devices. In fact, synthetic and
semisynthetic ion channels capable of responding to physical
stimuli such as light has been developed so far,> for possible
applications to regulation of cellular activities, photopharmacol-
ogy, and optogenetics. In contrast, in spite of being widespread
in nature, reversibly operative ligand-gated ion channels remain
mostly unexplored by synthetic molecules.® In this context,
Matile and co-workers have reported pioneering examples of
synthetic ion channels operative by a ligand-gating mechanism,
where a topological change of the supramolecular architecture
from the twisted to the barrel-stave forms is triggered by
intercalation of electron-rich aromatic ligands to open the
channel.” In these systems, additional reagents, which plug the
lumen of the channel, are able to shut the channel irreversibly.
Likewise, most subsequently reported ligand-responsive
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synthetic channels operate irreversibly, and undergo opening
or closing (blocking)8 gates by addition of ligands. To the best
of our knowledge, the only successful example of a synthetic
ion channel with reversible gating function was reported by a
metal coordination system, where an inorganic additive,
palladium(II), allows the channel formation by the coordina-
tion with the bidentate ligand embedded in the membrane,
while subsequent addition of a palladium(II)-chelating agent
dissociates the complex to deactivate the ion transportation.
In our previous studies on the multiblock amphiphilic
foldamers composed of repeating hydrophilic and aromatic
hydrophobic moieties,'® we have developed a tetrameric
molecule adopting a folded geometry in the membranes,
which assembles into a tetrameric supramolecular structure
acting as an ion channel. In the course of subsequent studies on
the stimuli responsive amphiphilic molecules, we have
developed 1 (Scheme 1), having an alternately aligned
hydrophobic and hydrophilic sequences consisting of a chiral
hydrophobic core bearing two diphenylacetylene (DPA) units,
and hydrophilic octaethylene glycol (OEG) chains connected
via phosphoric ester linkage. We found that 1 is able to be
embedded into a bilayer with a folded bent conformation,
where the two DPA and phosphoric ester units come close to
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Scheme 1. Synthetic Route of Receptors 1 and 2“
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“The red and blue parts in 1 and 2 denote the hydrophobic and hydrophilic units, respectively.

each other at the interface between the membrane and aqueous
media allowing them to bind with an aromatic amine.
Interestingly, 1 shows reversible gating of ion transportation
in response to the addition and removal of the ligand. In the
present article, we report the details of the properties of 1
including its reversible ligand-responsive ion transport across a
lipid membrane.

B RESULTS AND DISCUSSION

Synthesis of Receptors 1 and 2. Synthesis of 1 and 2 was
started from the construction of the hydrophobic part followed
by the conjugation of the hydrophilic OEG chains via
phosphoric ester linkage (Scheme 1). Williamson ether
synthesis between (25,55)-hexane-2,5-diol and 1-(bromometh-
yl)-4-iodobenzene using NaH in tetrahydrofuran (THF) gave 3
in 92% yield. 3 was coupled with 2-(4-ethynylphenyl)ethanol"!
catalyzed by Pd(PPh;), and Cul in NEt; and THF to afford 4
in 88% vyield. Then, 4 was converted into H-phosphonate
monoester $ by phosphitylation with van Boom’s reagent'” and
a catalytic amount of N,N-dimethyl-4-aminopyridine (DMAP)
in NEt(i-Pr), and THF, followed by a treatment with 1.0 M
triethylammonium bicarbonate (TEAB, pH 8.5) buffer. Finally,
5 was condensed with OEG bearing a triisopropylsilyl (TIPS)

group in the presence of pivaloyl chloride in pyridine, followed
by the treatment with TEAB (pH 8.5) to afford 1 as colorless
oil in 43% yield. In addition, deprotection of the TIPS groups
of 1 with tetra-n-butylammonium fluoride provided 2 as
colorless oil in 98% yield. The synthetic products were
unambiguously characterized by 'H, *C and *P nuclear
magnetic resonance (NMR) spectroscopy and matrix assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass
and electrospray ionization time-of-flight (ESI-TOF) mass
spectrometry.

Conformational Study of Receptors 1 and 2 in THF
and Water. Before investigating the properties of 1 and 2 in
the lipid membranes, we have carried out NMR and circular
dichroism (CD) spectroscopic studies of 1 and 2, focusing on
their conformations in solvents with different polarity. As
expected, the bolaamphiphiles 1 and 2 formed aggregates in
aqueous environment while they are soluble in organic solvents
like THF and CHCl,.

'"H NMR spectrum of 1 in THF-dg (5.0 mM) at 20 °C
showed sharp signals corresponding to the protons of DPA
rings at 7.33, 7.34, 7.47, and 7.50 ppm (Figure 1a). Addition of
D,0 (25% v/v) to the THF-dg solution of 1 induced upfield
shift of these signals (7.25, 7.28, 7.33, and 7.36 ppm, Figure
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Figure 1. "H NMR spectra of 1 (5.0 mM) in the mixtures of THF-dg/
D,0 = (a) 100/0, (b) 75/25, (c) 50/50, and (d) 0/100 (v/v) at 20
°C.

1b), and this trend was kept by further addition of D,O up to
50% (7.17, 7.21, 7.25, and 7.27 ppm, 5.0 mM, Figure lc).
These spectral changes induced by the solvent polarity
increment are likely due to the enhanced magnetic shielding
by aromatic groups, suggesting that DPA units assemble
together by intramolecular or intermolecular interactions. The
hydrodynamic radii of 1 at 20 °C in THF-dgy (Dhyg) and in
1:1 mixture of THF-dg and D,O (Dhryp_waer), evaluated by
diffusion-ordered NMR spectroscopy (DOSY), are almost
comparable with each other (Dhryp = 1.35 nm, Dhryp_waeer =
1.41 nm)." These values are consistent with the molecular size
of 1 calculated by a molecular modeling (1.40 nm),"* indicating
that 1 hardly aggregates under these conditions. Hence, these
NMR experiments represent that, while 1 adopts a rather
extended conformation in THF, addition of water induces a
bent conformation presumably due to hydration and also the
hydrophobic and aromatic interactions, where the two DPA
units are in close proximity, as schematically illustrated in
Scheme 2.

Thanks to the chirality of 1, the conformational change
around the DPA units could be visualized by CD spectroscopy.
As shown in Figure 2a (red line), 1 in THF (3.4 uM, 20 °C)
showed weak Cotton effect at wavelengths corresponding to
the absorption of the DPA units (260—320 nm). In a 90/10
mixture of THF/water (v/v), positive (285—-320 nm) and
relatively weak negative (260—285 nm) CD signals appeared,
and they were further intensified in the 50/50, 25/75 and 0/
100 mixtures. The CD spectra of 1 in water hardly showed
concentration dependence in the range of [1] = 0.034—3.4 uM,
below its critical aggregation concentration (see Supporting
Information, Figure S2a), suggesting that the CD signals are
mostly originated from the chiral geometry of the molecule

Scheme 2. Schematic Drawing of the Folding of 1 in
Response to the Solvent Polarity Increment
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Figure 2. CD spectra of (a) 1 and (b) 2 in THF/water mixtures (3.4
uM, THF /water = 0/100, 25/75, 50/50, 90/10, and 100/0 v/v) at 20
°C and those of DOPC-LUVs ([DOPC] = 0.18 mM) containing (c) 1
and (d) 2 ([1] = [2] = 0.020 mM) in water at 20 °C. The absorption
spectra corresponding to (a, b) and (c, d) are shown in the Supporting
Information, Figure S1 and Figure S9, respectively.

itself. Considering that the rigid chiral molecules bearing
chromophores in close proximity tend to show strong CD
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Figure 3. Structural formulas of 1, S-Doxyl, 12-Doxyl, and 16-Doxyl PCs to schematically show the positional relationships between the DPA units

and the doxyl groups.

signals,'®'” 1 likely adopts a relatively flexible conformation in

THEF, which changes into a more rigid geometry by addition of
water to form the bent conformation (Scheme 2). It should be
noted here that in D,0, 1 (5.0 mM) showed broadened 'H
NMR signals, suggesting self-assembly (Figure 1d). Indeed,
dynamic light scattering (DLS) measurement visualized 200 nm
size aggregates (see Supporting Information, Figure SS).

In analogy with 1, 2 showed enhancement of the negative
(260—290 nm) and positive (290—320 nm) CD-signal
intensities upon addition of water to THF (Figure 2b, red to
blue lines). The CD spectral profile of 2 in water was similar to
1, also suggesting that 2 adopts a bent conformation with the
two DPA units stacked in water, while adopting an extended
flexible conformation in THF. It is noteworthy again here that
concentration dependency was hardly observed in the CD
spectra of 2 in water in the concentration range of 0.034—3.4
UM (see Supporting Information, Figure S2b), indicating that
the CD signals also originate from the conformation of the
molecule, and not from the self-assembly.

Conformation of Receptors 1 and 2 in Bilayer
Membrane. 1 and 2 were introduced in a phospholipid
bilayer of giant unilamellar vesicles (GUVs), which can be
directly observed by optical microscopy. GUVs composed of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1 or 2
([DOPC] = 0.18 mM, [1] = [2] = 0.020 mM) were prepared
by the gentle hydration method,'® where phase-contrast
microscopy displayed the successful formation of GUVs in
water (see Supporting Information, Figure S6). These GUVs
could also be visualized under a fluorescence microscope
monitoring >420 nm-light with excitation of the DPA units of 1
and 2 (4, = 330—385 nm), which demonstrates successful
incorporation of 1 and 2 into the phospholipid bilayer. Since
the fluorescence was observed uniformly over the whole
membrane, 1 and 2 are likely dispersed in the bilayer without
lateral phase separation such as a raft formation.

The location and orientation of 1 and 2 in the bilayer were
studied by a fluorescence depth quenching method." Since the
efficiency of fluorescence quenching depends on the distance
between a spin probe and a fluorescent chromophore, this
method allows for the investigation of the geometry of the DPA
units in the lipid bilayer. Three spin-labeled phospholipids, 1-

palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine (5-
Doxyl PC), 1-palmitoyl-2-stearoyl-(12-doxyl)-sn-glycero-3-
phosphocholine (12-Doxyl PC), and 1-palmitoyl-2-stearoyl-
(16-doxyl)-sn-glycero-3-phosphocholine (16-Doxyl PC), bear-
ing a spin probe at different positions in the alkyl tails were
used for the present study (Figure 3). The molecular modeling
(Molecular Mechanics with an MMFF force field using
Spartan’10) showed that the spin probes of 5-, 12-, and 16-
Doxyl PCs locate at 1.2, 0.6, and 0.2 nm away from the center
of the DOPC bilayer, respectively. DOPC large unilamellar
vesicles including 1 or 2 (DOPC-1-LUVs, DOPC-2-LUVs)
with/without a Doxyl PC were prepared by freezing-and-
thawing followed by sonication. DLS analyses exhibited the
formation of LUVs with 275 and 154 nm mean diameter for
DOPC:1-LUV and DOPC-2-LUYV, respectively ([total phos-
phocholines] = 0.18 mM, [1] = [2] = 0.020 mM, see
Supporting Information, Figure S7). Incorporation of 10-mol %
16-Doxyl PC into DOPC-1-LUVs resulted in 46% decrease of
the fluorescence intensity of 1 at 340.0 nm (see Supporting
Information, Figure S8a). On the other hand, 10 mol % of S-
and 12-Doxyl PCs comparably quenched the fluorescence of 1
at 340.0 nm with higher efficiency than 16-Doxyl PC (58 and
56% decrease, respectively). Likewise, for DOPC-2-LUVs, §-
Doxyl and 12-Doxyl PCs comparably showed higher quenching
efficiency for the fluorescence at 369.0 nm (56 and 54%
decrease, respectively; see Supporting Information, Figure S8c)
than 16-doxyl PC (43%). Thus, the DPA units of 1 and 2 likely
locate inside the lipid bilayer at the depth between 5- and 12-
position of the dodecyl group, and mostly in parallel with the
alkyl chains of DOPC (Figure 3).

CD spectra of DOPC-1-LUVs suspension in water ([DOPC]
=0.18 mM, [1] = 0.020 mM, Figure 2c) exhibited fairly similar
spectrum to that of 1 in water (Figure 2a, blue line). DOPC-2-
LUVs also showed an analogous CD pattern ([DOPC] = 0.18
mM, [2] = 0.020 mM, Figure 2d) to 2 alone in water (Figure
2b, blue line). Hence, it is suggested that 1 and 2 embedded in
the DOPC bilayer adopt a bent conformation with an
intramolecular stacking of the DPA units. It is known that
self-assembly of aromatic units is encoura%ed in a nonpolar
paraffinic solvent by z—rx interaction.”’®”" Since the lipid
segment in the bilayer is filled with alkyl chains, the 7—7
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stacking between the DPA units of the receptors is likely
favorable. Thus, it is considered that the bent conformations of
1 and 2 are stabilized by the 7— stacking as well as hydration
at the phosphoric ester groups and the OEG chains.
Considering the length of the hydrophobic parts of 1., and
2gene (1.54 nm), 1 and 2 adopting bent conformations are likely
fit in the DOPC monolayer in the bilayer membrane (see
Supporting Information, Figure S10a). This is supported by the
fluorescence depth quenching experiments described above,
which suggests that the DPA units are located between the 5-
and 12 positions of DOPC alkyl chain. To further investigate
the detailed conformations of 1 and 2 in the bilayer, especially
focusing on the location of the terminal groups of 1 (TIPS
groups) and 2 (OH groups), the areas per molecule (A) of 1
and 2 were evaluated in the Langmuir—Blodgett (LB)
monolayer of DOPC. The surface pressure was measured in
both monolayers ([1]/[DOPC] = [2]/[DOPC] = 1/9) from
the gas and liquid-expanded (G-LE) phase to the collapsed
state, via the liquid-expanded (LE) and liquid-condensed (LC)
phases (Figure 4). The linear extrapolation of the LC phase

2 b) 50
Collapsed
4 = 40 P
£ E
g o 30
2 3
g 2
2 @ 20
a a
g 10
H £
@ 0 ] : - (72 SR . > i
00 05 10 15 20 00 05 10 15 20

Area (nm2 molecule-1) Area (nm2 molecule-1)

Figure 4. Isotherms of Langmuir—Blodgett monolayers composed of
the mixture of DOPC and (a) 1 or (b) 2 ([1]/[DOPC] = [2]/
[DOPC] = 1/9) compressed at 23.3 mm* s™* at 20 °C. G-LE, LE, and
LC denote the coexistence of gas and liquid-expanded phases, liquid-
expanded phase, and liquid-condensed phase, respectively. The broken
lines are guides for linear extrapolation of the LC phase transition line
to the surface pressure 7 = 0.

transition lines to surface pressure 7 = 0 mN m™" gives the
average areas of mixtures of DOPC (90-mol %) with 1 and 2
(10-mol %) at 7 = 0 mN m™ to be 0.72 and 0.67 nm?
respectively.”” On the basis of these values and the reported A
value of DOPC (0.691 nm?),**> A values of 1 and 2 in DOPC
monolayer were evaluated to be A;popcy = 1.0 nm’ and
Ayporc) = 043 nm?, respectively. Here, Ayorc) are close to
the calculated sectional area of the hydrophobic unit
(SHydmphobiC = 0.441 nm? see Supporting Information, Figure
S10b), suggesting that 2 adopts a bent conformation in the
DOPC monolayer with the terminal OH groups in the aqueous
phase as shown in Figure Sb. Importantly, the larger value of A,
than A, suggests that the two TIPS groups of 1 are embedded
inside the membrane. Indeed, the sum of the calculated
sectional areas of 2Spp, and two TIPS groups is 1.11 nm?
which is close to A;popc). Thus, it is strongly likely that 1 and
2 in the DOPC monolayer adopt “M-shape” and “V-shape”
conformations, respectively (Figure S).

Guest-Binding Capability of Receptors 1 and 2 in
Bilayer Membrane. f-Adrenergic receptor is a membrane
protein belonging to a class of G protein-coupled receptors,
which recognizes aromatic amines. It has been proposed that
the receptor interacts with the guest mainly through the

a)l b) 2
"M-shape" "V-shape"

Figure S. Schematic drawing of the conformations of (a) 1 and (b) 2
adopting “M-shape” and “V-shape” conformations in a DOPC bilayer
(gray), respectively. The terminal TIPS and hydroxy groups of 1 and 2
are represented in space-filling models, where yellow, light blue, red,
and white spheres denote silicon, carbon, oxygen, and hydrogen atoms,
respectively. Orange plates denote the DPA units, which are connected
with the 2,5-bisoxyhexane linker represented as an orange tube.

electrostatic interaction between the anionic carboxylate groups
at the guest recognition site and the cationic ammonium group
of the guest with an assistance of 7—7 interaction between the
aromatic groups.”* This mechanism gave us an idea that the
anionic phosphodiester groups and aromatic DPA units of 1
and 2 could provide an interaction site for amines bearing
aromatic groups, such as phenethylamine (PA).>®

Upon addition of PA into DOPC-1-LUVs suspension in
water ([DOPC] = 0.18 mM, [1] = 0.020 mM, 20 °C), CD
spectra showed a negative-to-positive signal transition at 260—
285 nm, together with slight decrease of the positive CD signal
at 290—31S nm (Figure 6a). The sharp positive Cotton effect
observed at 309 nm shifted to 311 nm with an isodichroic point
at 312 nm, where the CD spectral change reached a plateau at
[PA]/[1] > 1000. In the absorption spectroscopy (see,
Supporting Information, Figure S9a), the absorption bands
corresponding to the DPA unit (287 and 305 nm) displayed
red-shift (289 and 307 nm, respectively). Similarly, the
intensities of the negative (260—285 nm) and positive (290—
31S nm) CD signals of DOPC-2-LUVs suspension in water
([DOPC] = 0.18 mM, [2] = 0.020 mM, 20 °C) decreased with
an isodichroic point at 315 nm by addition of PA, together with
red-shift of the CD signal from 309 to 311 nm, where the
spectral change leveled off at [PA]/[2] > 1000 (Figure 6b).
Absorption bands corresponding to the DPA units of 2 showed
red-shift during this CD spectral change (288—290 nm and
307—309 nm, see Supporting Information, Figure S9b), in
analogous to 1. Thus, both 1 and 2 likely interact with PA in
the DOPC bilayer, accompanied by the conformational changes
around the DPA unit. It should be noted here that the CD
signal intensity of 2-PA in the bilayer was considerably smaller
than that of 1-PA (Figure 6a,b, blue lines), suggesting a smaller
twistin§ angle between the two DPA units in 2-PA than in 1-
PA 162

It is noteworthy here that, the fluorescence spectrum of
DOPC-1-LUVs displayed the peak at 340 nm (see Supporting
Information, Figure S12a, red line), and upon titration of PA up
to [PA]/[1] = 100, a monotonic slight decrease of the
fluorescence intensity was observed with almost unchanged
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Figure 6. CD spectral changes of DOPC-LUVs ([DOPC] = 0.18
mM) containing (a) 1 and (b) 2 ([1] = [2] = 0.020 mM) in water at
20 °C upon titration with phenethylamine (PA) at [PA]/[1] = [PA]/
[2] = 0.0, 1.0, 10, 100, and 1000. The corresponding absorption
spectra are shown in Supporting Information, Figure S9. Curve fitting
analyses of the CD signal changes of (c) DOPC-1-LUV and (d)
DOPC-2-LUV ([DOPC] = 0.18 mM, [1] = [2] = 0.020 mM, 309.4
and 309.2 nm, respectively) as a function of PA concentration ([PA] =
0.0, 0.020, 0.20, 2.0, and 20 mM), where the absolute values of the CD
signal changes were plotted. Inset: Job plots for stoichiometry
determination of the complexation of membrane-embedded (c) 1
and (d) 2 with PA on the basis of the CD signal intensities (309.4 and
309.2 nm, respectively).

spectral profile. At [PA]/[1] = 300, the fluorescence intensity
around 370 nm increased (see Supporting Information, Figure
S12a, yellow line), and the highest peak shifted to 373 nm at
[PA]/[1] > 500. Here, the spectral changes of CD and
fluorescence spectra did not occur synchronously with respect
to the concentration of PA (see Supporting Information, Figure
S12b). As described above, the CD study of 1 in the solution of
THF and water indicated that CD signals of 1 are mostly
originated from the chiral geometry of the molecule itself.
Meanwhile, it is reported that self-assembled DPA shows
fluorescence around 380 nm.”” Hence, it is likely that the CD
and fluorescence spectral changes are due to a conformational
change followed by intermolecular assembly of 1 encouraged by
addition of PA.

The dissociation constants Ky between PA and the receptors
embedded in the DOPC bilayer were evaluated by curve fitting
analyses of the CD signal changes and Biacore surface plasmon
resonance (SPR) assay. The CD signal intensity (in absolute
value format) of DOPC-1 (309.4 nm) and DOPC-2 (309.2
nm) as a function of PA concentration are shown in Figure
6¢,d, together with Job plots shown as insets. For precise
evaluation of the receptors’ concentrations engaging in the
complexation with PA, DOPC-1-LUV and DOPC-2-LUV for
these plots were prepared by hydration of a mixture of DOPC
and 1 or 2 in aqueous solutions of PA ([PA] = 0.0, 0.020, 0.20,
2.0, and 20 mM). This procedure allows PA to be incorporated
in both outer and inner layers of the LUVs and interact with 1
and 2. Job plots of 1 and 2 with PA showed the maxima at the
molar fractions of 0.5, suggesting 1:1 complexation between the

receptors and PA at the bilayer. Curve fitting analyses of the
plots in Figure 6c,d gave the dissociation constants K4(1-PA) =
443 uM and K4(2-PA) = S77 uM, respectively, for the 1:1
complexation. The dissociation constant between 1 and PA was
further investigated by SPR (Figure 7a) using the Biacore
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Figure 7. (a) A Biacore surface plasmon resonance (SPR) sensorgram
displaying the binding response between 1 and PA in the function of
time, where the subtracted SPR responses between the sample and
reference cells were plotted. Bilayers composed of a mixture of DOPC
and 1 ([1]/[DOPC] = 1/9) and DOPC alone were immobilized onto
Biacore Sensor Chip L1 for the sample and reference cells,
respectively, which was treated with PA in HEPES buffer ([PA] =
625, 12.5, 25.0, 50.0, 100, 200, and 400 1M, 20 mM HEPES, 50 mM
KCl, 2.0 mM MgCl, pH 7.5) at 20 °C. (b) A plot of the SPR
responses in the function of the concentration of PA.

system. By the curve fitting analysis of the plot between the
SPR response and the PA concentration, K4 between 1 and PA
at the bilayer was evaluated to be K4(1-PA) = 370 uM (Figure
7b), which is in good agreement with the K value evaluated on
the basis of the CD measurement.

lon Transportation Activities of Receptors 1 and 2 in
Bilayer Membrane in Response to Guest-Docking. A
mixture of DOPC and 1 or 2 ([DOPC] = 12.7 mM, [1] = [2]
=10 nM) in n-decane was painted on an orifice with a diameter
of 150 pm, which provides a planar DOPC bilayer containing 1
or 2 uniformly in the both sides. The orifice was sandwiched by
two chambers (upper cis and lower trans chambers) containing
HEPES buffer (20 mM HEPES, 50 mM KCl, 2.0 mM MgCl,,
pH 7.5, 030 mL each). The currents were recorded as a
function of time at 20 °C. DOPC bilayer containing 1 hardly
showed current at the applied voltage of +80 mV (Figure 8a),
and addition of PA (0.20 uM) into the upper chamber hardly
affects the current profile (Figure 8b, 1 + PAY). However,
interestingly, subsequent addition of PA (0.20 uM) into the
lower chamber triggered a significant increase in the current
flow.”® In the conductance profile, pulsed currents with average
flows of 4.9 pA and 10.8 pA were observed, likely
corresponding to singly and doubly formed ion channels,
respectively (Figure 8c, 1 + PAV*").* The average frequency of
the single channel was 22 s™'. The relationship between the
inner diameter d and the conductance g of an ion channel (61
pS) is known to be described by the Hille equation,*

1 Ip P

. mdny 2

where | and p are the length of the channel (3.5 nm) and
resistivity of the recording solution (2.35 £ m), respectively. By
solving the equation including the Sansom correction factor,’
d was estimated to be 0.87 nm. Considering the size of the
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Figure 8. Conductance recordings at the applied voltage of +80 mV of a DOPC bilayer membrane containing 1 (10 nM) in HEPES buffer (20 mM
HEPES, 50 mM KCl, 2.0 mM MgCl,, pH 7.5) (a) before and (b) after the addition of PA (0.20 M) into the upper chamber (cis) (c) followed by
the addition into the lower chamber (trans) at 20 °C. (d) Subsequently, SCD (5.0 mM) was further added into the upper and (e) lower chambers
([total PA] = S0 nM), (f) followed by the second addition of PA (0.20 M) into the both chambers. Enlarged views are inserted in (c) and (f) as
insets. Schematic drawing of the ligand-response of 1 is shown on the right side. Red, yellow and gray parts denote the hydrophobic unit of 1, PA,

and DOPC, respectively.

single molecule of 1, this value suggests the formation of
supramolecular channel.

It is known that f-cyclodextrin (fCD) interacts with PA in
aqueous media with the dissociation constant Ky = 41.0 mM.>*
In fact, by adding SCD (5.0 mM) into the upper chamber to
drive the equilibrium of 1 to the unbound state, the frequency

15590

of the current flows significantly reduced to be 2.3 s (Figure
8d, 1 + PAYL + CDY), and current flow was hardly observed
after further addition of SCD (5.0 mM) into the lower chamber
(Figure 8e, 1 + PAY" + CDY")** It is of importance that the
current flow was again enhanced by adding more quantity of
PA (0.20 uM) into the both chambers to shift the equilibrium
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of 1 to the guest-bound state (Figure 8f, 1 + PAY*" + CD*" +
PAVSLGecond)) 34 Namely, it is clearly demonstrated that the
complexation of 1 with PA significantly enhances the ion
transportation activity for potassium, while SCD is able to
remove PA from 1 to deactivate the transportation reversibly.

The detachment of PA from 1 by fCD was supported by CD
spectroscopic analysis. As written above, 1 in DOPC bilayer
shows the maximum positive CD signal at 309 nm (Figures 6a
and 9, red lines), which shifts to 311 nm with a decrement of
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10.0 - 1 +PA +BCD
i
£
S 50
1
2
< 00 /\i’//\/
-5.0 -
T T T
260 280 300 320 340

Wavelength (nm)

Figure 9. A CD spectral change of DOPC-1-LUVs ([DOPC] = 0.18
mM, [1] = 0.020 mM) before (red) and after the addition of PA (2.0
mM, blue) followed by the addition of fCD (15 mM, orange).

the intensity upon complexation with PA (Figures 6a and 9,
blue lines). Here, addition of SCD to the mixture of 1 and PA
resulted in opposite spectral change, where the positive CD
signal showed blue-shift with an enhancement of the intensity
(Figure 9, orange line), suggesting the backward conforma-
tional change of 1 to adopt the uncomplexed geometry.

The ion transportation by 1-PA was also investigated with
vesicles, by monitoring a fluorescence change using a pH
sensitive probe. DOPC-1-LUVs encapsulating 8-hydroxypyr-
ene-1,3,6-trisulfonate (HPTS) and PA in the internal aqueous
phase (DOPC-1-LUVs > HPTS-PA; [DOPC] = 0.18 mM, [1]
= 0.010 mM, [HPTS] = 30 uM, [PA],iee = 20 mM) were
prepared in 20 mM HEPES (pH 7.1, containing SO mM KCl)
buffer. HPTS emits 510 nm fluorescence upon excitation with
450 nm light at pH higher than S, and the fluorescence
intensity increases upon enhancement of pH.> In the absence
of PA outside the LUV, DOPC-1-LUVs D HPTS-PA showed
little increment of the fluorescence intensity (Figure 10a, blue
line) after the addition of KOH to increase the pH by 0.8. In
contrast, in the presence of PA outside the LUV ([PA] uiqe =
20 mM), DOPC-1-LUVs D HPTS-PA display elevation of the
fluorescence intensity (Figure 10a, red line), indicating
enhancement of pH due to the transportation of potassium
ions. The dependency of the cation transportation rate on the
concentration of 1 was nonlinear (Figure 10b), where the curve
fitting analysis by Hill equation®® afforded the Hill coefficient n
= 3.1 (R* = 0.995). Namely, the number of 1-PA molecules
constructing the ion channel is likely multiple of three.
Considering the molecular size of 1-PA and the pore size
(0.87 nm) evaluated by the Hille equation, it is most likely that
two half channels of trimeric assembly of 1-PA complex stack
with each other to form the subnm size supramolecular channel
(Figure 8, schematic models).

In sharp contrast to 1, 2 hardly showed ion transportation
capability in either presence or absence of PA. A planar DOPC
bilayer containing 2 (10 nM) scarcely exhibited conductance at
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Figure 10. (a) Changes in fluorescence intensity of HPTS (30 #M) in
DOPC-1-LUVs D HPTS-PA ([DOPC] = 0.18 mM, [1] = 0.010 mM,
[PA];nige = 20 mM) in 20 mM HEPES buffer containing 50 mM KCl
(pH 7.1) at 20 °C (excitation at 460 nm, emission at 510 nm) in the
presence (red) or absence (blue) of 20 mM PA outside the vesicles as
a function of time after the addition of an KOH at 0 s followed by the
addition of 1.0 wt % triton X-100 at 100 s. ApH = 0.8 (7.1 to 7.9). (b)
Concentration dependency of the relative 510 nm fluorescence
intensity of HPTS in DOPC-1-LUVs D HPTS-PA in the presence of
PA outside the vesicles at 30 s after the addition of KOH in 20 mM
HEPES buffer containing 50 mM KCl at 20 °C. Fitted curve calculated
by the Hill equation is drawn as a dashed line.

+80 mV (see Supporting Information, Figure S14a). Although
2 interacts with PA as indicated by the CD spectroscopic study
(Figure 4b), the addition of PA into the upper and lower
chambers hardly induced the enhancement of the current flows
(see Supporting Information, Figure S14b,c). As described
above, the conformational studies of 1 and 2 in a DOPC
membrane by CD and LB techniques indicated that 1 and 2
adopt “M-shape” and “V-shape” folded conformations,
respectively. Namely, the two TIPS groups of 1 are embedded
in the hydrophobic alkyl layer of DOPC bilayer, and possibly
play roles like anchors in the membrane, which is likely
advantageous to the formation of channels.”” Although the
complete mechanism of the ion-channel formation of 1-PA is
not fully clarified yet, charge screening and conformational
change of 1 induced by the complexation with PA likely fosters
the half-channel formation by ionic and van der Waals
interactions, thereby allowing formation of the ion channel by
assembly of the half-channels with van der Waals interaction. In
addition, CD studies suggested that the two DPA units of 1
adopt more twisted geometry than 2, both before and after the
complexation with PA, which is possibly due to the bulkiness of
the hydrophobic TIPS groups. Such structural differences
between 1 and 2 are considered to result in the contrasting
response of the ion transportation induced by the ligand-

binding.

B CONCLUSIONS

Inspired by the ligand-gated membrane proteins that switch the
ion transportation capability reversibly by ligand-triggered
conformational changes, we developed membrane-embedded
amphiphilic chiral receptors bearing a ligand-binding site close
to the membrane surface. Hydrophobic interactions and
electrostatic affinity likely assist binding of the receptors with
an amphiphilic ligand PA. Conductance study of the TIPS-
bound receptor 1 displayed repeatable enhancement and
reduction of the current-flow intensities in response to the
ligand association and dissociation, respectively. Thus, rever-
sible ligand-gated ion transportation at the bilayer is
demonstrated. By spectroscopic analyses, it was suggested
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that the supramolecular channels are formed upon addition of
PA via multistep mechanism. Biological systems make use of
various amphiphilic ligands such as epinephrine, acetylcholine,
and amino acids. We believe that the present study,
demonstrating the reversible ligand-gated ion transportation
regulated by association/dissociation of an amphiphilic ligand,
possibly leads to the development of synthetic ion channels
controllable by natural as well as synthetic ligands. Such
synthetic supramolecular devices would be operative in a living
organism as a mimic of membrane-protein receptors and
applicable for a pharmaceutical use.

B EXPERIMENTAL SECTION

General Methods. 'H, *C, and *'P NMR spectra were recorded
on 400 MHz FT NMR Bruker BioSpin AVANCE III 400 spectrometer
or 500 MHz FT NMR Bruker BioSpin AVANCE III 500, where the
chemical shifts were determined with respect to tetramethylsilane
(TMS) or a residual nondeuterated solvent as an internal standard or
H;PO, as an external standard. Matrix-assisted laser desorption/
ionization time-of-flight mass (MALDI-TOF MS) spectrometry was
performed in a reflector positive mode with a-cyano-4-hydroxycin-
namic acid (CHCA) as a matrix on Bruker autoflex speed, and
electrospray ionization time-of-flight (ESI-TOF) MS spectra were
recorded on Bruker micrOTOF-Q II-S1. UV—vis spectra were
recorded on a V-530 UV—vis spectrophotometer (JASCO, Tokyo,
Japan). Fluorescence spectra were recorded on an FP-6500
spectrophotometer (JASCO, Tokyo, Japan). Dynamic light scattering
(DLS) was performed with a fiber-optical dynamic light-scattering
spectrophotometer FDLS-3000 (Otsuka Electronics, Tokyo, Japan)
and analyzed with CONTIN algorithm. Fluorescent and phase-
contrast microscopy were performed with BX-51 microscope
(Olympus, Tokyo, Japan), where U-MWU2 mirror unit (Excitation
Filter: 330—385 nm, Emission Filter: 420 nm, Dichroic Mirror: 400
nm) was used for fluorescence observation and Olympus UPLFLN
100XO2PH (magnification: X100) was attached as the objective lens.
Surface tension was measured with Kyowa Interface Science Drop
Master DM 300 and analyzed by ds/de method of a pendant drop.
Transmission electron micrography was conducted by Hitachi H-7650
(accelerating voltage: 80 kV).

Reagents. 2-Chloro-4H-1,3,2-benzodioxaphosphorin-4-one, N,N-
dimethyl-4-aminopyridine (DMAP), 8-Hydroxypyrene-1,3,6-trisul-
fonic acid (HPTS), I,, NaH, NEt(i-Pr),, (2S,55)-2,5-hexanediol, 4-
iodobenzyl bromide, Pd(PPh,),, 2-phenethylamine hydrochloride
(PA), and pivaloyl chloride were purchased from Tokyo Chemical
Industry. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmi-
toyl-2-stearoyl (S-doxyl)-sn-glycero-3-phosphocholine (S-Doxyl), 1-
palmitoyl-2-stearoyl (12-doxyl)-sn-glycero-3-phosphocholine (12-
Doxyl) and 1-palmitoyl-2-stearoyl (16-doxyl)-sn-glycero-3-phospho-
choline (16-Doxyl) were purchased from Avanti Polar Lipids
(Alabaster, AL). 1.0 M tetra-n-butylammonium fluoride in THF, dry
triethylamine (NEt;), and 1.0 M triethylammonium bicarbonate
(TEAB, pH 8.5) buffer were purchased from Sigma-Aldrich (St. Louis,
MO). Sodium thiosulfate and anhydrous Na,SO, were purchased from
Nacalai Tesque (Kyoto, Japan). Dry pyridine was purchased from
Wako Pure Chemical Industries (Osaka, Japan). These commercial
reagents were used without further purification. Anhydrous tetrahy-
drofuran (THF) and hexane were purchased from Kanto Chemical
(Tokyo, Japan) and passed through sequential two drying columns on
a Glass-Contour system just prior to use. Deionized water (filtered
through a 0.22 ym membrane filter, >18.2 MQ cm) was purified in a
Milli-Q_system of Millipore. Silica gel column chromatography was
carried out with Silica Gel 60 (spherical, neutral, particle size: 63-210
um) purchased from Kanto Chemical or Chromatorex-Diol silica
(MB100—75/200, spherical, neutral, particle size: 110 ym) purchased
from Fuji Silysia Chemical (Aichi, Japan). Thin layer chromatography
(TLC) was carried out with 60 F254 purchased from Merck
(Darmstadt, Germany) or Diol TLC purchased from Fuji Silysia

Chemical. Visualization of the developed chromatogram was
performed by UV absorbance or I,.

Synthesis of 3. To a dry THF (60 mL) suspension of NaH
(washed twice with dry hexanes to remove mineral oil; 610 mg, 15.3
mmol) was added (25,55)-2,5-hexanediol (486 mg, 4.11 mmol) at 0
°C under Ar, and the resulting mixture was stirred for 1 h at 0 °C. To
the reaction mixture was added 4-iodobenzyl bromide (2.56 g, 8.62
mmol), and the resulting mixture was stirred over 1.5 days at 20 °C.
Then, the reaction mixture was cooled to 0 °C followed by addition of
water (100 mL), and the resulting mixture was extracted with CH,Cl,
(100 mL, three times). The collected organic extract was washed with
brine (50 mL), dried over anhydrous Na,SO,, and filtered off from
insoluble substances. The filtrate was evaporated to dryness under
reduced pressure at 30 °C, and the residue was chromatographed on
silica gel (Silica Gel 60) with CHCI, to allow isolation of 3 (2.09 g,
3.79 mmol) as white solid in 92% yield. TLC Ry (Merck 60 F254,
EtOAc/hexanes =1/4 v/v) 0.70. 'H NMR (500 MHz, CDCl,
containing 0.03% TMS, 22 °C) § 7.68 (d, ] = 8.5 Hz, 4H), 7.10 (d,
J = 8.0 Hz, 4H), 4.52 (d, ] = 12 Hz, 2H), 4.39 (d, ] = 12 Hz, 2H), 3.50
(sext, J = 5.5 Hz, 2H), 1.72—1.68 (m, 2H), 1.54—1.50 (m, 2H), 1.21
(d, ] = 6.0 Hz, 6H) ppm. *C NMR (125 MHz, CDCl; containing
0.03% TMS, 22 °C) & 138.85, 137.39, 129.47, 92.75, 74.89, 69.56,
3220, 19.58 ppm. ESI-TOF MS (MeOH, positive mode) m/z
calculated for C,gH,I,0, 550.9944 [M + H]*, C,H,,,NaO,
572.9763 [M + Nal*; found 551.0181, 573.0006.

Synthesis of 4. To a dry THF (7.5 mL) and dry NEt; (7.5 mL)
solution of 3 (610 mg, 1.11 mmol) and 2-(4-ethynylphenyl)ethanol
(347 mg, 2.37 mmol) was added Pd(PPh,), (31 mg, 0.027 mmol) and
Cul (20 mg, 0.11 mmol) at 0 °C under Ar. After being stirred for 13 h
at 40 °C, the reaction mixture was evaporated to dryness under
reduced pressure at 20 °C. To the residual yellow solid was added
EtOAc (10 mL), and the resulting suspension was filtered off from
insoluble substances. The orange filtrate was evaporated to dryness
under reduced pressure at 30 °C, and the residue was chromato-
graphed on silica gel (Silica Gel 60) with a gradient from CHCl; to
CHCl;/MeOH (20/1 v/v) to allow isolation of 4 (574 mg, 0.979
mmol) as white solid in 88% yield. TLC Ry (Merck 60 F254, CHCl,)
0.0, (Merck 60 F254, CHCl,/MeOH = 20/1) 0.35. 'H NMR (400
MHz, CDCl, containing 0.03% TMS, 22 °C) 8 7.52 (d, J = 8.4 Hz,
4H), 7.46 (d,] = 8.4 Hz, 4H), 7.33 (d, ] = 8.4 Hz, 4H), 7.22 (d, ] = 8.4
Hz, 4H), 4.58 (d, ] = 12 Hz, 2H), 446 (d, ] = 12 Hz, 2H), 3.84 (t, ] =
6.4 Hz, 4H), 3.52 (sext, ] = 5.6 Hz, 2H), 2.87 (t, ] = 6.4 Hz, 4H), 1.87
(s, 2H), 1.79—1.65 (m, 2H), 1.61—1.48 (m, 2H), 1.23 (d, ] = 6.4 Hz,
6H) ppm. *C NMR (100 MHz, CDCI; containing 0.03% TMS, 22
°C) 6 139.3, 139.0, 131.8, 131.6, 129.1, 127.5, 122.3, 121.4, 89.2, 74.9,
69.9, 63.4, 53.5, 39.1, 32.2, 19.6 ppm. ESI-TOF MS (MeOH, positive
mode) m/z calculated for C,yH,NaO, 609.2981 [M + Nal*; found
609.3196.

Synthesis of 5. To a dry THF (5.0 mL) solution of 4 (42 mg,
0.072 mmol) and DMAP (2.0 mg, 0.016 mmol) was added dry NEt(i-
Pr), (60 uL) at 0 °C under Ar, where 4 and DMAP were dried by
azeotropic dehydration from toluene at 35 °C just prior to use. Then,
the resulting mixture was stirred for 5 min at 0 °C. To the resulting
mixture was added 2-chloro-4H-1,3,2-benzodioxaphosphorin-4-one
(47 mg, 0.23 mmol) promptly, and the reaction mixture was stirred
for 3 h at 20 °C, where the formation of an intermediate phosphate
was detected by *'P NMR (CDCl,;, 23 °C, 124.33 ppm). Then, to the
reaction mixture was added 1.0 M triethylammonium bicarbonate
(TEAB, pH 8.5) buffer (2 mL) at 0 °C. After the resulting mixture was
stirred vigorously, the supernatant organic layer was collected and
dried with anhydrous Na,SO,. Then, the resulting mixture was filtered
off from insoluble substances. The filtrate was evaporated to dryness
under reduced pressure at 30 °C, and the residual yellowish oil (87
mg) was chromatographed on silica gel (Chromatorex Diol silica) with
a gradient of CHCl;/MeOH (97/3 t0 95/5 v/v) to allow isolation of §
as a NEt; salt (56 mg, 0.061 mmol) as colorless viscous oil in 85%
yield. TLC R; (Diol TLC, CHClL;/MeOH = 90/10 v/v) 0.55. 'H NMR
(400 MHz, CDCl; containing 0.03% TMS, 23 °C) § 7.50 (d, ] = 8.4
Hz, 4H), 7.45 (d, ] = 8.0 Hz, 4H), 7.32 (d, ] = 8.4 Hz, 4H), 7.25 (d, ]
= 8.4 Hz, 4H), 4.58 (d, J = 12 Hz, 2H), 445 (d, ] = 12 Hz, 2H), 4.12
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(d, J = 6.8 Hz, 4H), 3.51 (m, 2H), 2.99 (m, 4H; q, ] = 7.2 Hz, 12H,
NEt,), 1.79—1.65 (m, 2H), 1.60—1.47 (m, 2H), 1.28 (t, ] = 7.2 Hz,
18H, NEt;), 1.21 (d, ] = 6.0 Hz, 6H) ppm. *C NMR (100 MHz,
CDCl; containing 0.03% TMS, 23 °C) 6 139.3, 139.3, 131.5, 13L.5,
129.2, 127.5, 122.4, 121.0, 89.2, 89.0, 74.9, 69.9, 63.9, 45.3, 37.3, 32.2,
19.6, 8.5 ppm. *'P NMR (162 MHz, CDCl; containing 0.03% TMS,
6% H;PO, in D,0 as an external standard in a glass capillary, 23 °C) §
4.46 ppm. ESI-TOF MS (MeOH, positive mode) m/z calculated for
CisHeNOGP, 8163794 [M + NEt, + H]*, Co,H,N,O4P, 917.4999
[M + 2NEt; + H]*; found 816.3825 and 917.5030.

Synthesis of 1. To a dry pyridine (1.5 mL) solution of § (47 mg,
0.051 mmol) and octaethylene glycol monotriisopropylsilyl ether (88
mg, 0.17 mmol), both of which were dried by azeotropic dehydration
from toluene at 35 °C just prior to use, was added pivaloyl chloride
(30 uL, 0.18 mmol) at 0 °C under Ar. After the reaction mixture was
stirred for 10 min at 0 °C, to the yellowish resulting suspension with
white precipitates was added a mixture of I, (110 mg, 0.43 mmol),
water (0.4 mL), and pyridine (3.0 mL) dropwise to afford red
suspension. After the resulting mixture was stirred for 40 min at 20 °C,
to the reaction mixture was added sat. sodium thiosulfate aq. (1 mL) at
0 °C, and the resulting mixture turned into colorless. To the resulting
mixture were added TEAB buffer (pH 8.5), brine (3.0 mL), and THF
(3 mL), and the resulting mixture was stirred vigorously. Then, the
supernatant organic layer was collected, and dried with anhydrous
Na,SO,. The resulting mixture was filtered off from insoluble
substances, and the filtrate was evaporated to dryness under reduced
pressure at 40 °C. The residual white solid (403 mg) was
chromatographed on silica gel (Chromatorex-Diol silica) with a
gradient from CHCI; to CHCl;/MeOH (95/5 v/v) to allow isolation
of 1 as a NEt; salt (43 mg, 0.022 mmol) as colorless viscous oil in 43%
yield. TLC Ry (Diol TLC, CHCL,/MeOH = 90/10 v/v) 0.60. "H NMR
(400 MHz, CDClI; containing 0.03% TMS, 23 °C) & 7.49 (d, ] = 8.0
Hz, 4H), 7.43 (d, ] = 8.4 Hz, 4H), 7.31 (d, ] = 8.4 Hz, 4H), 7.25 (d, ]
= 8.0 Hz, 4H), 4.57 (d, ] = 12.4 Hz, 2H), 445 (d, ] = 12.4 Hz, 2H),
4.13 (sext., ] = 6.8 Hz, 4H), 3.97 (q, ] = 6.0 Hz, 4H), 3.94 (t, ] = 5.6
Hz, 4H), 3.64—3.62 (m, 46H), 3.59 (t, 4H), 3.53—3.50 (m, 2H), 3.05
(g, J = 72 Hz, 12H, NEt;), 2.97 (t, J = 5.6 Hz, 4H), 1.75—1.65 (m,
2H), 1.60—1.46 (m, 2H), 1.30 (t, ] = 7.2 Hz, 18H, NEt,;), 1.21 (d, ] =
6.0 Hz, 6H), 1.07 (m, 42H) ppm. *C NMR (100 MHz, CDCl,
containing 0.03% TMS, 23 °C) 6 139.3, 131.5, 131.44, 129.2, 127.5,
122.3, 74.9, 72.7, 70.8=70.5, 62.9, 45.7, 32.3, 19.6, 17.8, 11.9, 8.6 ppm.
3P NMR (162 MHz, CDCl; containing 0.03% TMS, 6% H,PO, in
D,0 as an external standard in a glass capillary, 23 °C) § 0.10 ppm.
MALDI-TOF MS (CHCA, reflector, positive mode) m/z calculated
for CooH,45054P,Si,Na [M + Na]* 1785.917; found 1785.742. ESI-
TOF MS (MeOH, positive mode) m/z calculated for
CooH,4sNaO,P,Si, 17859170 [M + Na]*, CyrH,76N,NaO,P,Si,
1988.1579 [M + 2NEt; + Na]*; found 1785.8696, 1988.9640.

Synthesis of 2. To a dry THF (8.0 mL) solution of 1 (80 mg,
0.041 mmol) was added 1.0 M tetra-n-butylammonium fluoride in
THF (0.1 mL) at 0 °C under Ar. After the resulting mixture was
stirred for 2 h at 0 °C, to the reaction mixture was added 1.0 M TEAB
buffer (2 mL) at 0 °C. After being stirred vigorously, the supernatant
organic layer was collected and dried over anhydrous Na,SO,. Then,
the resulting mixture was filtered off from insoluble substances. The
filtrate was evaporated to dryness under reduced pressure at 30 °C,
and the residual colorless oil was chromatographed on silica gel
(Chromatorex Diol silica) with CHCL,/MeOH/NEt; (95/4/1 v/v/v)
to allow isolation of 2 as a NEt; salt (59 mg, 0.040 mmol) as colorless
viscous oil in 98% yield. TLC Ry (Diol TLC, CHCly/MeOH = 95/5 v/
v) 0.51. "H NMR (400 MHz, CDCl, containing 0.03% TMS, 23 °C) §
7.50 (d, J = 8.0 Hz, 4H), 7.44 (d, ] = 8.4 Hz, 4H), 7.31 (d, ] = 8.4 Hz,
4H), 7.26 (d, ] = 8.0 Hz, 4H), 4.57 (d, J = 12.4 Hz, 2H), 445 (d,] =
12.4 Hz, 2H), 4.14 (sext,, ] = 6.8 Hz, 4H), 3.98 (q, ] = 6.0 Hz), 3.95 (t,
] = 5.6 Hz, 4H), 3.64—3.62 (m, 46H), 3.59 (t, 4H), 3.53—3.50 (m,
2H), 3.10 (br, 2H) 3.06 (q, J = 7.2 Hz, 12H, NEt;), 2.97 (t, ] = 5.6 Hz,
4H), 1.75—1.65 (m, 2H), 1.60—1.46 (m, 2H), 1.30 (t, ] = 7.2 Hz, 18H,
NEt;), 1.21 (d, J = 6.0 Hz, 6H) ppm. *C NMR (100 MHz, CDCl,
containing 0.03% TMS, 23 °C) & 139.5, 131.7, 131.46, 129.3, 127.6,
122.3,74.9, 72.8, 70.9—70.4, 62.9, 45.8, 32.3, 11.9, 8.7 ppm. *'P NMR

(162 MHz, CDCl; containing 0.03% TMS, 6% H;PO, in D,O as an
external standard in a glass capillary, 23 °C) § 0.11 ppm. MALDI-TOF
MS (CHCA, reflector, positive mode) m/z calculated for
CryH,0eNaO,P, [M + Na]* 1471.636; found 1471.594.

Giant Unilamellar Vesicles Preparation. A typical procedure is
as follows: A CHCl;/MeOH (2/1 v/v) solution of DOPC (2.0 mM,
18 uL) and a CHCI, solution of 1 or 2 (2.0 mM, 2.0 uL) were mixed
in a glass test tube, and the resulting mixture was gently dried under Ar
flow to produce thin lipid film. The film was subsequently dried under
a vacuum over 3 h and hydrated overnight with water (200 uL) at 37
°C. The final total lipids concentration was 0.20 mM.

Large Unilamellar Vesicles Preparation. A typical procedure to
prepare DOPC-LUVs containing 1 in the bilayer (DOPC-1-LUVs) is
as follows: A CHCl,/MeOH (2/1 v/v) solution of DOPC (2.0 mM,
180 uL) and a CHCI, solution of 1 (2.0 mM, 20 uL) were mixed in a
glass test tube, and the resulting mixture was gently dried under Ar
flow to produce thin lipid film. The film was subsequently dried under
a vacuum over 3 h and hydrated with water (2.0 mL) followed by
freezing and thawing (five times) and 30 min sonication. Sonication
was carried out under Ar at 0—5 °C using an ultrasound bath (USK-
4R, 160 W).

A typical procedure to prepare DOPC-1-LUVs encapsulating HPTS
inside the vesicles (DOPC-1-LUVs D HPTS) is as follows: A CHCI,
solution of DOPC (2.0 mM, 180 uL) and a CHCI, solution of 1 (2.0
mM, 20 uL) were mixed in a glass test tube, and the resulting mixture
was gently dried under Ar flow to produce a thin lipid film. The film
was subsequently dried under a vacuum over 3 h and hydrated with 20
mM HEPES buffer containing S0 mM KCl (pH 7.1, 2.0 mL), 30 uM
HPTS and 20 mM PA followed by freezing and thawing (five times)
and 30 min sonication. The sonication was carried out under Ar at 0—
S °C using an ultrasound bath (USK-4R, 160 W). The obtained
suspension was dialyzed at 4 °C in 20 mM HEPES buffer containing
S0 mM KCl (pH 7.1, 1.0 L, twice) using Spectra/Por Dialysis
Membrane (MWCO 3500, Spectrum Laboratories, Los Angeles, CA).

Fluorescence Depth Quenching. A CHCl;/MeOH (2/1 v/v)
solution of phosphocholines ([total phosphocholines] = 2.0 mM, 180
uL) and a CHCI, solution of 1 or 2 ([1] = [2] = 2.0 mM, 20 uL) were
mixed in a glass test tube, and the resulting mixture was gently dried
under Ar flow to produce a thin lipid film. The film was subsequently
dried under a vacuum over 3 h and hydrated with water (2.0 mL)
followed by freezing and thawing (five times) and 30 min sonication.
Sonication was carried out under Ar at 0—5 °C using an ultrasound
bath (USK-4R, 160 W). The phosphocholines used as the membrane
constituents were DOPC alone, a mixture of 90-mol % DOPC and 10-
mol % S-, 12- or 16-Doxyl PC. To study the effect of guest binding, PA
was added to the vesicle suspension in water ([PA] = 20 mM).

Binding Assay by Surface Plasmon Resonance. The
interaction between PA and 1 embedded in DOPC bilayer was
analyzed by surface plasmon resonance (SPR) with Biacore T200 (GE
Healthcare, Buckinghamshire, UK). DOPC-1-LUVs ([DOPC] + [1] =
10 mM, [1]/[DOPC] = 1/9) and DOPC-LUVs ([DOPC] = 10 mM)
as a reference were prepared in HEPES buffer (20 mM HEPES, S0
mM KCl, 2.0 mM MgCl, pH 7.5) by evaporation of CHC, solution
of the lipids in a glass flask, followed by vacuuming over 2 h and
addition of the HEPES buffer. After vortex agitation and freezing and
thawing, the resulting mixture was extruded through 50 nm membrane
filter by LiposoFast Basic (Avestin, Ottawa, Canada). The LUVs
suspensions were diluted to [lipids] = 0.20 mM by adding the HEPES
buffer just prior to the immobilization onto the surface of a Sensor
Chip L1 (GE Healthcare, Buckinghamshire, UK). The whole flow path
in the instrument was washed on the basis of the manual (Desorb
once, Sanitize once, and Prime three times). As a prior treatment, the
sensor chip was treated with 40 mM n-octylglucoside (OG), which was
then treated with 0.20 mM LUVs for immobilization onto the surface
of the sensor chip, followed by the treatment with 50 mM NaOH for
homogenization of the immobilized membrane. The sufficient
immobilization of the lipids onto the surface of the sensor chip was
confirmed by the adsorption amount of bovine serum albumin (BSA,
100 mg L") to be smaller than 100 RU. All the processes were
performed at 25 °C. The sensorgram was corrected for unspecific
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binding and bulk refractive index effects by subtracting the signal from
a reference flow cell. BlAevaluation software (GE Healthcare,
Buckinghamshire, UK) was used for the analysis, where the kinetic
parameters were calculated by a global fitting analysis with the
assumption of the 1:1 Langmuir binding model. Dissociation constant
K4 was determined from the ratio of the resultant kinetic parameters,

koff
k

on

Ky =

where k., and kg are the association and dissociation rate constants,
respectively, calculated from the sensorgram.

Conductance Measurement. Ion channel current recordings of 1
and 2 were conducted as follows: Planar lipid bilayer was prepared by
the reported procedure.®® A mixture of DOPC (12.7 mM) and 1 or 2
(10 nM) in n-decane was painted on an orifice (d = 150 um), which
was sandwiched by two chambers containing HEPES buffer (upper
chamber: trans, lower chamber: cis, 20 mM HEPES, 50 mM KClI, 2.0
mM MgCl,, pH 7.5, 0.30 mL each). Current was measured with a
CEZ2400 amplifier (Nihon Kohden, Tokyo, Japan) and stored on a
computer using a Power Lab (AD instruments, Nagoya, Japan) at 40
kHz sampling rate. Recordings were filtered at 1 kHz. To monitor the
channel current, membrane voltage was applied at 80 mV. All the
current recordings were performed at 20 °C.

Fluorescence Measurement for lon Transportation Study.
To a DOPC-1-LUVs D HPTS suspension ([DOPC] = 0.18 mM, [1]
= 0.020 mM, [HPTS] = 30 4uM) in 20 mM HEPES buffer containing
50 mM KCl (1.99 mL, pH 7.1) was added an aqueous solution of
KOH (0.6 M, 10 L, ApH = 0.8) by a syringe in the dark at 20 °C.
Fluorescence intensity of HPTS at S10 nm upon excitation with 460
nm-light was monitored as a function of time until the addition of 1.0
wt % Triton X-100 (40 uL) at 100 s. Relative fluorescence intensity of
HPTS entrapped in DOPC-1-LUVs in response to the pH
enhancement was evaluated by the equation of

I= L =1,
Ilyzed - IO

where I, I, and .4 represent the fluorescence intensities before
addition of KOH, at ¢ seconds after addition of KOH, and after lysis by
the addition of 1.0 wt % Triton X-100, respectively.

Langmuir—Blodgett Monolayer Analysis. The surface pres-
sure—area isotherm measurements and the Langmuir—Blodgett films
deposition were performed with an automated Langmuir trough with a
Wilhelmy type film balance HBM-AP (Kyowa Interface Science,
Saitama, Japan). A CHCl; solution of 1, 2, DOPC-1 mixture, or
DOPC-2 mixture ([1] = [2] = [DOPC] + [1] = [DOPC] + [2] = 1.0
mM, [1]/[DOPC] = [2]/[DOPC] = 1/9) was gently spread onto the
surface of water. After still standing over 30 min at 20 °C to allow
evaporation of CHCI;, surface pressure change was monitored by
moving a Teflon-coated barrier with a rate of 10 mm min™" at a
constant temperature to be 20 °C.

Hydrodynamic Diameter Analysis by DOSY and Stokes—
Einstein Equation. From the diffusion constant D measured by
DOSY, hydrodynamic radius Ry, was calculated by Stokes—Einstein
equation:

kT
B 67nRy,

where kg, T and # represent Boltzmann constant, absolute temperature
and viscosity, respectively. Reported viscosity values of the mixture of
THF and water were used for the analysis.>
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