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ABSTRACT: A multiblock amphiphilic molecule 1, with a
tetrameric alternating sequence of hydrophilic and hydrophobic
units, adopts a folded structure in a liposomal membrane like a
multipass transmembrane protein, and is able to transport alkali
metal cations through the membrane. Hill’s analysis and conductance
measurements, analyzed by the Hille equation, revealed that the
tetrameric assembly of 1 forms a 0.53 nm channel allowing for
permeation of cations. Since neither 3, bearing flexible hydrophobic
units and forming no stacked structures in the membrane, nor 2, a
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monomeric version of 1, is able to transport cations, the folded
conformation of 1 in the membrane is likely essential for realizing its function. Thus, function and hierarchically formed higher-
order structures of 1, is strongly correlated with each other like proteins and other biological macromolecules.

B INTRODUCTION

Membrane transport of solutes such as ions and small
molecules is an important cell function to maintain viability.'
Channel proteins play major roles in this activity to regulate
metabolism, signal transduction, osmolyte homeostasis, and
waste removal. The transport activities as well as the unique
structures of channel proteins have caught the interests of
chemists and have compelled them to develop numerous
synthetic channels,” allowing permeation of protons,* ions,*~”
and small organic molecules® ' through a lipid bilayer
membrane. Likewise, construction of channels by a fully
synthetic approach allows for exploring the mechanisms of
channel proteins'" and furnishing lipid and cellular membranes
with artificial functions."

Typical architectures of the synthetic channels can be
classified into two models, namely, toroidal>>®'* and barrel-
stave models.*®® Crown ethers, >8P 11a cyclodextrins,*®
cyclic peptides,”™™® and aromatic macrocycles®™ have been
used in the former models as cyclic components for stacking,
while rigid rod-shaped molecules have been applied to
construct the barrel-stave channels. These are mostly supra-
molecular architectures, where controlled assembly of such
preorganized molecules or molecular components enables
construction of nano- or subnano-sized channels. In contrast
to such design strategy of the artificial channels, nature makes
use of folding linear molecules as a means to construct channels
in order to realize membrane transportation functions. Namely,
while the channel proteins are intrinsically made of a linear
peptide chain, they develop the building blocks that intra-
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molecularly assemble with each other in appropriate geometries
for constructing the channels, through folding the peptide chain
into secondary structures such as a-helices and fS-sheets."

Recently, we have developed multiblock linear amphiphiles
such as 1 and 2 (Figure 1) composed of alternatingly arranged
hydrophilic and hydrophobic units. These molecules are
designed to mimic the structural feature of multipass
transmembrane (MTM) proteins, and actually, 1 adopts a
folded conformation'* in a liposomal membrane like MTM
proteins through the intramolecular n—7x stacking of the
hydrophobic aromatic units.'”> Here we report that the
multiblock amphiphile 1, folded in the membrane, is capable
of transporting ions via the channel formation through self-
assembly. The hierarchically constructed supramolecular
assembly, formed after folding of the linear molecule 1,
corresponds to the quaternary structure of protein and is
essential for realization of the ion permeation.

B RESULTS AND DISCUSSION

Location and Orientation of the Multiblock Amphi-
philes 1 and 2 in Phospholipid Bilayers. In our previous
study, we reported a series of multiblock amphiphiles, such as 1
and 2 (Figure 1), composed of alternatingly arranged
hydrophilic and hydrophobic units with different numbers of
the repeating units."”> These molecules bear fluorescent 1,4-
bis(4-phenylethynyl)benzene (BPEB)'® moieties as the hydro-

Received: August 28, 2012
Published: November 12, 2012

dx.doi.org/10.1021/ja308342g | J. Am. Chem. Soc. 2012, 134, 1978819794


pubs.acs.org/JACS

Journal of the American Chemical Society

Ho\_(ﬂ,\vo\/-\o/\vowﬂo_{rﬂ\: o (, Y= ()0 OmpoOag

o - i ( B
o — B 4

u\/-\ohvo\/\oﬁvo—(\___;%({__j\,%@%—ox/\omuwoa,o

qr’\
KO

e - > — { Y = {:_},DMO\/\G"VO-_/\O
= =/ ¢ o
)4
MNeny — = P Q oK
HD,——’\\,N\/\DAVOMDMQ—({_)—E—{ F=A ) Ourmg o Omg O

My = .
A\ p— pa—
Hﬁf_&\’“\'ﬁ o g Oy, =l =

g0 g Oug
— o~ > S N

L EP PN PN A = W )
: =

WeN -

U\/\Qﬁvowoﬂvﬂﬂf’_x 3

(+]
KO )

UL N N

S

—~ Mty =W,
-y = B
H g Omg 0 )

Figure 1. Multiblock amphiphilic molecules 1, 2, and 3 with an
alternatingly arranged hydrophobic (red) and hydrophilic (blue) units.

phobic units that are connected with hydrophilic tetraethylene
glycol (TEG) and benzoate groups. Phase-contrast and
fluorescent optical microscope studies revealed that 1 and 2
locate at the bilayer membrane of giant unilamellar vesicles
(GUVs) formed with 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC)."” On the basis of the fluorescence profile at the
various concentrations as well as the absorption spectroscopic
analyses, it is most likely that 1 adopts a folded conformation in
the liposomal membrane, like multipass transmembrane
(MTM) proteins, by forming intramolecular H-stacking of
the hydrophobic units. At relatively high concentrations, 1
showed a propensity to form an intermolecular assembly. In
contrast, compound 2, a monomeric version of 1, forms
intermolecular self-assembly in a membrane according to the
increase of its concentration."

At first, the location and orientation of 1 and 2 in a liposomal
membrane were studied by a fluorescence depth quenching
method.'® We used the following three spin-labeled phospho-
lipids: 1-palmitoyl-2-stearoyl-(S-doxyl)-sn-glycero-3-phospho-
choline (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), bearing spin probes at different positions in the alkyl
tails. GUVs of DOPC including 1, 2, and these spin-labeled
phospholipids have been prepared according to the reported
procedure.”® Since efficiency of fluorescence quenching
depends on the distance between the spin probe and a
chromophore, the location and orientation of the BPEB units of
1 and 2 could be investigated by using these spin-labeled
phospholipids."® Actually, incorporation of $-doxyl PC into
DOPC GUVs including 1 (GUVsel) resulted in a 31%
decrease of the fluorescence intensity of 1 (Figure 2a; [DOPC]
+ [doxyl PC] = [total PC] = 0.20 mM, [DOPC]/[doxyl PC] =
90/10, [1]/[total PC] = 0.00050, 20 mM HEPES, 50 mM KCl,
pH 7.1, 20 °C). On the other hand, 12- and 16-doxyl PCs
comparably quenched the fluorescence of 1 (44% and 43%,
respectively) with efficiency higher than that of S-doxyl PC
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Figure 2. Fluorescence spectra of GUVs containing 1 at the ratio of
[1]/[total PC] = (a) 0.00050 and (b) 0.10 and 2 at the ratio of [2]/
[total PC] = (c) 0.00050 and (d) 0.10 with excitation at 315 nm
([total PC] = 0.20 mM, 20 mM HEPES, 50 mM KCl, pH 7.1, 20 °C).
As membrane constituents, DOPC (blue line) and DOPC containing
10 mol % of 5-doxyl PC (sky blue line), 12-doxyl PC (green line), or
16-doxyl PC (red line) were used.

(Figure 2a). This trend was preserved upon increasing the
concentration of 1, encouraging intermolecular self-assembly
(Figure 2b). Likewise, 12-doxyl PC and 16-doxyl PC showed
quenching efficiency higher than that of 5-doxyl PC for
GUVse2 (c and d of Figure 2). Thus, it is likely that the BPEB
units of 1 and 2 locate not on the surface but preferentially in
the middle of the lipid bilayer with mostly parallel orientation
with DOPC molecules.

Optical Microscopy of Giant Unilamellar Vesicles
under Osmotic Pressure. As a function of multiblock
molecule 1 folded in a membrane, we have focused on ion
permeation ability, since many MTM proteins have such
functions in relation to signal transduction and active transport.
Giant vesicles allow us to observe such transportation events by
optical microscopy, where the osmotic pressure gradient
induces deformation of liposomes with membrane fluctua-
tion.”® Upon addition of NaCl to a suspension of DOPC GUVs
in 0.20 M sucrose aq at 20 °C, GUVs immediately displayed
membrane fluctuation ([NaCl] = 2.5 mM, [DOPC] = 0.10
mM, 020 M sucrose; video 002.qt in the Supporting
Information). This indicates that the liposomal membrane
was kept under exposure to osmotic pressure due to the
difference in the concentration of NaCl between the inside and
outside of a GUV. In other words, a DOPC membrane is
impermeable to the ions.”’ DOPC GUVs involving 2 in the
membrane (GUVe2, [DOPC] = 0.10 mM, [2]/[DOPC] =
0.10) showed similar responses to the addition of NaCl
([NaCl] = 2.5 mM, 0.20 M sucrose ag, 20 °C; Figure 3a, video
003.qt in the Supporting Information). In sharp contrast,
GUVel ([DOPC] = 0.10 mM, [1]/[DOPC] = 0.025) stayed
without fluctuation under identical conditions ([NaCl] = 2.5
mM, 0.20 M sucrose aq, 20 °C; Figure 3b, video 004.qt in the
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Figure 3. Phase contrast micrographs of DOPC GUVs ([DOPC] =
0.10 mM) containing (a) 2 ([2]/[DOPC] = 0.10) and (b) 1 ([1]/
[DOPC] = 0.025) in 0.20 M sucrose aqueous solution under exposure
to osmotic pressure (2.5 mM NaCl). The observations began within 5
s after the addition of NaCl. The micrographs were taken at 0.3, 2.2,
2.6,6.2,9.5, and 11.4 s after initiation of the observation. The contrast
of each image is adjusted for clarification. The scale bars represent 10
pum. See also videos 002.qt—004.qt in the Supporting Information.

Supporting Information) for longer than 1 h. It should be noted
that the fluctuation is not suppressed by altered membrane
stiffness caused by incorporation of 2. The bending elastic
modulus, B,*> of GUVse2 was Bgyyses = 3.4 X 1072 J, which is
smaller than that of DOPC GUVs (Bgyy, = 9.0 X 107 J),
indicating that the liposomal membrane of GUVse2 is rather
more flexible than that without 2.2 Thus, the observed ion
permeation event is likely due to 1 adopting the MTM-like
folded conformation in the membrane similar to that of an ion
channel of a membrane protein.

lon Transport Activities of the Multiblock Amphi-
philes Investigated by Conductivity Measurements. In
order to investigate the ion transport activity of 1, a mixture of
DOPC (12.7 mM) and 1 or 2 in n-decane was painted on an
orifice (d = 150 um), which was sandwiched by two chambers
containing HEPES buffer (20 mM HEPES, 50 mM KCl, pH
7.5, 0.30 mL each), where currents were recorded as a function
of time at 20 °C. The planar DOPC bilayer membrane
including 1 (10 nM) exhibited continuous currents of 15.6 +
0.6 pA in response to the applied voltage of +50 mV, displaying
the existence of ion flow (Figure Sla in the Supporting

Information). It is important to note that upon decrease in the
concentration of 1 down to 1.0 pM, the current became
discontinuous with the mean lifetime of each current signal, 7 =
2.6 ms (Figure 4). Generally, ion transport by a flip—flop
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Figure 4. (a) Three independent conductance recordings of a DOPC
liposomal membrane containing 1 (1.0 pM) at the applied voltage of
+80 mV in HEPES buffer (20 mM, containing 50 mM KCl, pH 7.5) at
20 °C. (b) Enlarged views of the conductance recordings at the time
periods denoted by arrows in (a).

. . . . 24,2
mechanism takes place in a time scale of minutes to hours.****

Therefore, the discontinuous current-flowing profile on the
millisecond time scale dynamics strongly suggests that ions are
transported not by a flip—flop mechanism but by permeation
through a channel constructed by a dynamic assembly of
multiple molecules of 1 embedded in the membrane.
Interestingly, the observed currents were 5.6 + 0.5 pA or
nearly twice as large as the value at the applied voltage of +80
mV (104 = 09 pA). Taking into consideration the low
concentration of 1°° in the membrane, the former value is likely
to correspond to one ion channel, while the latter corresponds
to two channels that happened to be opened simultaneously.
The current flow through the single channel revealed a linear
correlation with the applied voltage (Figure S). The inclination
of this ohmic I-V profile allows evaluation of the conductance
of the transporter as g = 70 pS.

lon Transport Activities of the Multiblock Amphi-
philes Investigated by Fluorescence Measurements. The
ion transportation activity of 1 was further investigated using
DOPC large unilamellar vesicles (LUVs, [DOPC] = 0.10 mM)

dx.doi.org/10.1021/ja308342g | J. Am. Chem. Soc. 2012, 134, 19788—19794
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Figure S. Single channel I-V profile of a planar DOPC bilayer
membrane ([DOPC] = 12.7 mM) containing 1 (1.0 pM) in HEPES
buffer (20 mM, containing SO0 mM KCl, pH 7.5) at 20 °C.

loaded with 8-hydroxypyrene-1,3,6-trisulfonate (HPTS, 30
uM). HPTS emits 510-nm fluorescence upon excitation with
450-nm light at pH higher than 5, and the fluorescence
intensity increases upon enhancement of pH.”” Successful
preparation of the LUVs including 1 and 2 was confirmed by
dynamic light-scattering (DLS) measurements showing the
presence of 100-nm size particles for each sample (Figure 6).
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Figure 6. DLS profiles of DOPC-LUV ([DOPC] = 40 yM) containing
(a) 1 (0.48 uM) and (b) 2 (1.9 uM) in 20 mM HEPES containing S0
mM KCI (pH 7.1) at 25 °C.

To the suspension of HPTS-loaded LUVs with embedded 1
(LUVse1DHPTS, [1]/[DOPC] = 0.012) in 20 mM HEPES
buffer containing 50 mM KCl at pH 7.1, was added an aqueous
solution of NaOH at 20 °C (ApH = 0.8). Immediately,
fluorescence intensity at 510 nm was significantly enhanced,
indicating that Na*" permeates into LUVse1DHPTS (Figure 7a)
to allow for the increase of pH inside the LUVs. Interestingly,
addition of LiOH caused a faster increase in fluorescence
intensity, while the addition of larger cations resulted in a
slower increase compared with addition of NaOH. Provided
that the cation permeation can be regarded as a first-order
reaction, the relative rate constants are evaluated as follows:
kna/ky; = 0.57, ki/ky; = 0.29, kgy/ky; = 0.11 and k¢y/kp; = 0.043.
This trend fits well with Eisenman sequence XL** The
Eisenman theory of ion permeability accounts for a balance
of dehydration energy of a cation and cation binding energy in
a transporter. Sequence XI indicates that the cation selectivity
of 1 is mainly determined by the binding energy between the
cation and 1, suggesting that the BPEB units of 1 allow for
cation—7 interaction, which is likely the major driving force for
the permeation of these ions.””

The concentration dependency of the cation transportation
rate of 1 was nonlinear as shown in Figure 7d. Curve fitting
analysis based on the Hill equation® gave a Hill coefficient of n
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Figure 7. Changes in fluorescence intensity of HPTS entrapped in
LUVs containing (a) 1 ([1]/[DOPC] = 0.012), (b) 2 ([2]/[DOPC]
= 0.048), and (c) 3 ([3]/[DOPC] = 0.012) in 20 mM HEPES
containing 50 mM KCl (pH 7.1) at 20 °C (excitation at 460 nm,
emission at 510 nm) as a function of time after the addition of an alkali
metal hydroxide (LiOH, NaOH, KOH, RbOH, or CsOH) at 0 s
followed by 1% triton X-100 at 100 s. ApH = 0.8 (7.1 to 7.9). (d)
Concentration dependency of the relative 510-nm fluorescence
intensity of HPTS entrapped in LUVs containing 1 at 3.0 s after the
addition of NaOH in 20 mM HEPES at 20 °C. Data are means
(#standard deviations for (a) at every 16 s for clarity) of three
independent experiments.

= 3.8 + 0.1, indicating that the working channel is a tetramer
(or, less likely, an octamer) of 1.

lon Transport Activities of 2 and 3. On the basis of the
fluorescence depth quenching study, the BPEB unit of 2, a
monomeric version of 1, is thought likely to locate at the
middle of the liposomal membrane with a vertical orientation
like that of 1. However, in sharp contrast to 1, the DOPC
bilayer membrane containing 2 (10 nM or 1.0 pM) exhibited
no current flow (b and c of Figure S1 in the Supporting
Information). In consistency, addition of alkali hydroxides to
LUVse2DHPTS ([2]/[DOPC] = 0.048) hardly caused
enhancement of the fluorescence from HPTS (Figure 7b),
even when the concentration of the BPEB units embedded in
the membrane was the same as that of LUVse1DHPTS in
Figure 7a. Since this concentration is high enough to induce
self-assembly of 2," it is thought that ion permeation could not
be realized merely by intermolecular stacking of BPEB units in
the membrane. It should also be noted that 3, obtained by
hydrogenation of the ethynyl groups of 1 (Figure 1), also
exhibited no ion transportation activity (Figure 7c,
LUVse3DHPTS, [3]/[DOPC] 0.012). From all these
results, intramolecular H-aggregation of the BPEB units of 1
to form a panel-like folded structure in the liposomal
membrane is likely essential for developing ion permeation
activity.

Investigation of the Channel Size by the Hille
Equation. As written above, Hill analysis of Figure 7d suggests
that the working channel is a tetrameric assembly of 1.
Furthermore, the discontinuous conductivity observed under
the dilute conditions (Figure 4) indicates that the channel has a
dynamic feature undergoing opening/closing motions. Taking

dx.doi.org/10.1021/ja308342g | J. Am. Chem. Soc. 2012, 134, 19788—19794
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into account the folded conformation of 1 in a liposomal
membrane to give a plate-like architecture, together with the
above-mentioned experimental results, we reconsidered a
plausible model of the channel formation by 1 as illustrated
in Figure 8. This model represents the self-assembly of four

T=14nm
1 —_—
- +_ -
Closed State Open State

(No lon Permeation) (lon Permeation)

Figure 8. Plausible model of the supramolecular channel of 1 (blue
rectangles) embedded in a liposomal membrane (gray area).
Tetrameric assembly of 1 undergoes opening (left to right) and
closing (right to left) of an ion channel in a liposomal membrane by
thermal fluctuation. On the basis of the molecular mechanics
calculation, the thickness, T, of 1 adopting folded conformation is
estimated to be 1.4 nm. The Hille equation, assuming a rhombic pore,
derives the width, W, between the facing molecules to be 0.53 nm.

molecules of 1 to form a rhombic channel, where the geometry
of the molecules changes between the closed and the open
states. In this model, the shape of the pore is assumed to be
rhombic. Accordingly, we evaluated the pore size using the
Hille equation,”*' taking into account the rhombic cross
section of the channel made by 1, as follows.

The Hille equation"*" predicts the maximum conductance g
for a pore with a specific size, which consists of two terms, the
standard expression for the resistance of a body of length L and
uniform cross-sectional area S, and the access resistance at the
two mouths of the pore,®* as shown in eq 1,

1 pL
R
g S C C (1)

where p, €, and C are the resistivity and the permittivity of the
solution and the capacitance, respectively. The cross section of
the channel in our model is rhombic, and the corresponding
capacitance can be estimated as below,*

C = c;e(4n8)"/? = 3.289¢8"/> )

where ¢ is the shape factor of a rhombic disk and approximated
to be 0.928. Here S can be represented as below,

S=TW (3)

where T and W are the thickness of 1 adopting the folded
conformation and the width between the facing molecules in
the rhombic channel, respectively (Figure 8). By solving the eqs
1 and 2 with the experimentally obtained values and known
parameters (g = 70 pS, p = 2.35 Q m, L = 3.5 nm) including the
Sansom’s correction factor,"”! § is estimated to be 0.76 nm>.
Here, on the basis of the molecular mechanics calculation of 1,
T is estimated to be 1.4 nm. Hence, eq 3 gives the value of W as
0.53 nm (Figure 8). Interestingly, the value of this width is very
close to that of the diameter (0.54 nm) of the ion channel
reported by Kim and co-workers,” demonstrating the cation
selectivity following the Eisenman sequence, XI. They suggest
that the interaction between cations and the 7 system of their
channel plays an important role in the ion transport.

B CONCLUSION

A multiblock amphiphilic molecule 1 having alternating
sequence of hydrophilic and hydrophobic units, adopts a
multipass transmembrane-like structure in a liposomal mem-
brane and assembles to form a nanopore to allow for
permeation of ions through the membrane. This function is
specific for a molecule, which is able to adopt a panel-like
folded structure through intramolecular 7—n stacks of the
hydrophobic moieties. Thus, it is clearly demonstrated that the
hierarchical construction of higher-order structures is essential
for operating such protein-like functions. The present results
should be an important step toward a rational design of
programmable and functional molecular organisms beyond a
molecule.

B EXPERIMENTAL SECTION

Methods. 'H nuclear magnetic resonance (NMR) spectra were
recorded on a Fourier-transform NMR JNM-LA400 spectrometer
(400 MHz, JEOL, Tokyo, Japan) or a Fourier-transform NMR
AVANCE 1III 500 (500 MHz, Bruker BioSpin, Rheinstetten,
Germany), where the chemical shifts were determined with respect
to tetramethylsilane (TMS) or a residual nondeuterated solvent as an
internal standard. Matrix-assisted laser desorption/ionization time-of-
flight mass (MALDI-TOF MS) spectrometry was performed in
reflector mode with gentisic acid (GA) as a matrix on a REFLEX III
spectrometer (Bruker Daltonics, Bremen, Germany). 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 the CONTIN algorithm. Phase contrast microscopy
was performed with a BX-51 microscope (Olympus, Tokyo, Japan)
using Olympus Immersion Oil Type F, where Olympus UPLFLN
100XO2PH (magnification: 100X) was attached as the objective lens.

Reagents. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-
palmitoyl-2-stearoyl (S-doxyl)-sn-glycero-3-phosphocholine (S-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) were purchased from Avanti Polar
Lipids (Alabaster, AL). 8-Hydroxypyrene-1,3,6-trisulfonic acid
(HPTS) was purchased from Tokyo Chemical Industry (Tokyo,
Japan). Sucrose, LiOH, NaOH, KOH, CsOH, Pd/C (10% Pd), and
Triton X-100 were purchased from Nacalai Tesque (Kyoto, Japan).
RbOH was purchased from Strem Chemicals (Newburyport, MA).
These commercial reagents were used without further purification.
Deionized water (filtered through a 0.22 ym membrane filter, >18.2
MQ cm) was purified in a Milli-Q_system of Millipore.

Synthesis of 3. To a THF (80 mL) suspension of 1 (30 mg, 9.47
umol) in an autoclave was added Pd/C (3.0 mg, 2.82 ymol of Pd) and
H, (0.80 MPa), and the resulting mixture was heated to S0 °C. After
being stirred for 20 h, the mixture was filtrated through Celite and
evaporated to allow isolation of 3 in 82% yield (25 mg, 7.81 umol) as
off-white solids. "H NMR (400 MHz, CDCl; containing 0.03% TMS,
22 °C): § 7.79 (s, 2H), 7.46—7.36 (m, 16H), 7.18 (s, 6H), 7.09—7.06
(m, 16H), 6.90—6.88 (m, 16H), 6.69 (s, 3H), 5.38—5.30 (m, SH), 4.12
(s, 32H), 3.88—3.61 (m, 124H) ppm; MALDI-TOF MS (gentisic acid,
positive mode): m/z: calculated for C,;,0H,,sN¢O,6: 3242.53; found:
3242.63 [M + 2Na — H]".

Giant Unilamellar Vesicles Preparation. A typical procedure is
as follows. A CHCl;/MeOH (2/1, v/v) solution of DOPC (2.0 mM,
20 pL) and a THF solution of 1 or 2 (24 uM, 1: 43 uL or 2: 171 uL)
were mixed in a glass tube, and the resulting mixture was gently dried
under N, flow to produce a thin lipid film. The film was subsequently
dried under vacuum for 3 h and hydrated overnight with sucrose aq
(0.20 M, 200 uL) at 37 °C. The final DOPC concentration was 0.20
mM.

dx.doi.org/10.1021/ja308342g | J. Am. Chem. Soc. 2012, 134, 19788—19794
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Large Unilamellar Vesicles Preparation. A typical procedure to
prepare LUVse1—3DHPTS is as follows. A CHCl; solution of DOPC
(2.0 mM, 120 uL) and a THF solution of 1—3 (24 M, 1 and 3: 120
uL or 2: 480 yL) were mixed in a glass tube, and the resulting mixture
was evaporated at 25 °C under reduced pressure to produce a thin
lipid film. The film was subsequently dried overnight under vacuum,
hydrated with HEPES buffer (20 mM, containing 50 mM KCl, pH 7.1,
24 mL) containing 30 uM HPTS, followed by freezing and thawing
(five times), and then sonication for 30 min. Sonication was carried
out under N, at 0—S °C using an ultrasound bath (USK-4R, 160 W).
The obtained suspension was dialyzed at 4 °C using Spectra/Por
Dialysis Membrane (MWCO 3500).

Fluorescence Depth Quenching. A CHCl,/MeOH (2/1, v/v)
solution of phospholipids (DOPC alone or a mixture of DOPC (90
mol %) and S-, 12-, or 16-doxyl PC (10 mol %); [total PC] = 2.0 mM,
40 uL) and a THF solution of 1 or 2 (24 uM, [1 or 2]/[total PC] =
0.00050: 1.7 uL or [1 or 2]/[total PC] = 0.10: 334 uL) were mixed in
a glass tube, and the resulting mixture was gently dried under N, flow
to produce a thin lipid film. The film was subsequently dried under
vacuum for 3 h and hydrated overnight with HEPES buffer (20 mM,
containing S0 mM KCl, pH 7.1, 040 mL) at 37 °C. The final
phospholipid concentration was 0.20 mM.

Observation of Giant Unilamellar Vesicle Deformation by
Osmotic Pressure Gradient. To a 0.20 M sucrose aqueous
suspension of DOPC GUV ([DOPC] = 0.20 mM, 5.0 xL) containing
1 ([1]/[DOPC] = 0.025) or 2 ([2]/[DOPC] = 0.10) was added a
mixture of 5.0 mM NaCl and 0.20 M sucrose aq (5.0 uL). The
resulting mixture ([DOPC] = 0.10 mM, [NaCl] = 2.5 mM, [sucrose]
=0.20 M) was put into a cylinder hollow (i.d. 6 mm, 0.2 mm thick) in
a silicon film placed on a glass slide. Soon after the addition of a
mixture of 5.0 mM NaCl and 0.20 M sucrose aq, the sample was
covered by a cover glass, and phase contrast microscopic observation
was started within S s. Recording of the images was conducted by a
WAT-120N+ CCD camera (Watec, Yamagata, Japan) and an RD-
R100 DVD recorder (Toshiba, Tokyo, Japan). All the processes were
carried out at 20 °C.

Evaluation of Bending Elastic Moduli by Micropipet
Aspiration. To estimate the bending elastic moduli of GUVs, we
adopted a micropipet aspiration technique.'”*** GUVs were prepared
in sucrose aq (0.20 M). An aliquot of the liposome suspension (10 yL)
was then mixed with glucose aq (0.20 M, 290 uL) to enhance the
image contrast of GUVs under an inverted differential interference
contrast (DIC) microscopic observation due to the difference in the
refractive indices of the internal and external solutions of the GUVs. A
single GUV with a diameter of 20—50 um was aspirated into a
CustomTip type 1 glass micropipet (i.d.: 10 ym, Eppendorf, Hamburg,
Germany) using an MN-151 micromanipulator (Narishige, Tokyo,
Japan) and a CellTram Vario microinjector (Eppendorf, Hamburg,
Germany) set on a TE2000 inverted DIC microscope (Nikon, Tokyo,
Japan). Micropipet aspiration was used to pressurize the GUV and
stretch the bilayer to rupture. The external aspiration pressure was
increased until the GUV was deformed to a tight shape that was
recorded using a CCD camera. The pipet and the vesicle diameters,
the aspiration length, and the applied aspiration pressure values were
recorded to calculate the bending elastic moduli as described in the
Supporting Information.

Conductance Measurement. Ion channel current recordings of 1
and 2 were conducted as follows. A planar lipid bilayer was prepared
by the reported procedure.** A mixture of DOPC (12.7 mM) and 1 or
2 (10 nM or 1.0 pM) in n-decane was painted on an orifice (d = 150
um), which was sandwiched by two chambers containing HEPES
buffer (20 mM HEPES, 50 mM KCl, 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 a 40 kHz sampling rate. Recordings were filtered at
1 kHz. To monitor the channel current, membrane voltage was applied
at 50, 70, and 80 mV. All the current recordings were performed at 20
°C. The single channel I-V profile was obtained by plotting the single
channel current I as a function of membrane potential V. According to
Ohm’s law, the pore conductance g was evaluated to be 70 pS.

Fluorescence Measurement. To a HEPES buffer (1.99 mL, 20
mM, containing 50 mM KCl, pH 7.1) suspension of LUVsel—
3DHPTS ([DOPC] = 0.10 mM, [HPTS] = 30 uM, [1]/[DOPC] =
[3]/[DOPC] = 0.012, [2]/[DOPC] = 0.048) was added an aqueous
solution of an alkali hydroxide (0.6 M, 10 uL, ApH = 0.8) by a syringe
in the dark at 20 °C. Fluorescence intensity of HPTS at 510 nm
(excitation at 460 nm) was monitored as a function of time until
addition of 1.2% Triton X-100 (40 uL) at 100 s. Relative fluorescence
intensity of HPTS entrapped in LUVs in response to the pH
enhancement was evaluated by the equation of I = (I, — I,)/ (Ilyzed -
Iy), where I, I, and Ij,.q represent the fluorescence intensities before
addition of an alkali hydroxide, at ¢ seconds after addition of an alkali
hydroxide, and after lysis by the addition of 1% Triton X-100,
respectively.

B ASSOCIATED CONTENT
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Conductance recordings, time course fluorescence measure-
ments, calculation of bending elastic moduli, and videos of
phase contrast microscopic observations of DOPC GUVs
containing 1 ([1]/[DOPC] = 0.025) and 2 ([2]/[DOPC] =
0.10) in 0.20 M sucrose aqueous solution under exposure to
osmotic pressure (2.5 mM NaCl). This material is available free
of charge via the Internet at http://pubs.acs.org.
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