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ABSTRACT Atrtificially formed bilayer lipid membranes (BLMs) provide well-defined systems for functional analyses of various
membrane proteins, including ion channels. However, difficulties associated with the integration of membrane proteins into
BLMs limit the experimental efficiency and usefulness of such BLM reconstitution systems. Here, we report on the use of centri-
fugation to more efficiently reconstitute human ion channels in solvent-free BLMs. The method improves the probability of mem-
brane fusion. Membrane vesicles containing the human ether-a-go-go-related gene (RERG) channel, the human cardiac sodium
channel (Na,1.5), and the human GABA, receptor (GABAAR) channel were formed, and the functional reconstitution of the
channels into BLMs via vesicle fusion was investigated. lon channel currents were recorded in 67% of the BLMs that were centri-
fuged with membrane vesicles under appropriate centrifugal conditions (14-55 x g). The characteristic channel properties were
retained for hERG, Na, 1.5, and GABAAR channels after centrifugal incorporation into the BLMs. A comparison of the centrifugal
force with reported values for the fusion force revealed that a centrifugal enhancement in vesicle fusion was attained, not by
accelerating the fusion process but by accelerating the delivery of membrane vesicles to the surface of the BLMs, which led
to an increase in the number of membrane vesicles that were available for fusion. Our method for enhancing the probability
of vesicle fusion promises to dramatically increase the experimental efficiency of BLM reconstitution systems, leading to the real-

ization of a BLM-based, high-throughput platform for functional assays of various membrane proteins.

INTRODUCTION

The lipid bilayer, a basic constituent of the cell membrane,
is a major barrier against ion movement, and specific mem-
brane proteins permit ions to pass through it. Among these,
ion channels provide gated pores that allow ion permeation
following electrochemical gradients. Owing to their crucial
roles in regulating transmembrane signaling, ion channel
proteins are major targets for drug design (1,2). There is a
growing interest in the development of drug-screening plat-
forms for ion channels because a wide range of ion channels
have been identified not only as primary molecular targets in
drug actions but also as major targets in drug-induced side
effects (3,4). Recording ion-channel activities by measuring
ion currents is an efficient method for investigating the func-
tions of channels and screening for both beneficial and
adverse effects of drug candidates (3). Although the patch-
clamp method is considered to be the gold standard for eval-
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uating channel activities, the method also has limitations
in that the observed currents are dependent on the condi-
tion of the target cells (3). Therefore, the development of
an alternate method for recording ion channel activities,
complementing the patch-clamp method, would be highly
desirable (5).

Reconstitution of ion channel proteins in artificial free-
standing bilayer lipid membranes (BLMs) is another approach
for recording ion channel activities (5,6). The BLM reconsti-
tution system has the advantage that the researcher can control
the composition of the system, including the solution phase
and the lipid environment. However, two major problems
associated with BLM systems reduce experimental efficiency
and prevent them from being widely used, namely, membrane
instability and a low efficiency of ion channel incorporation
into BLMs.

The simplest way to improve the stability of BLMs is to
decrease the size of freestanding BLMs using nanofabri-
cated apertures (7-10); however, a reduced BLM area
makes it more difficult to incorporate ion channel proteins,
especially channels of pharmaceutical interest. To overcome
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this trade-off, we proposed a new, to our knowledge,
concept for BLM stabilization (11). We fabricated relatively
large apertures (several tens of micrometers in diameter),
the edges of which were smoothly tapered to the nanoscale.
BLMs that formed in the tapered aperture showed a toler-
ance to mechanical shock during repetitive solution ex-
changes, and had a lifetime in excess of 60 h when human
ether-a-go-go related gene (hERG) channels were incorpo-
rated (12). The tapered aperture edge reduces stress on the
bilayer at the point of contact with the edge, leading to
increased BLM stability. A similar enhancement in BLM
stability based on tapered apertures was also reported by
Eray et al. (13) and Kalsi et al. (14). The key feature of
this approach is that one can form mechanically stable
BLMs while maintaining a large membrane area of several
tens of micrometers.

One of the most critical steps in the formation of channel-
embedded stable BLMs is the integration of ion channels into
BLMs (5,15,16). Ion channel proteins of pharmaceutical in-
terest are generally extracted from tissues or cell lines that
overexpress the channels and are then reconstituted into lipid
vesicles to form proteoliposomes or membrane vesicles.
To incorporate the channels into BLMs, it is necessary to
fuse the proteoliposomes (membrane vesicles) with BLMs
(vesicle fusion) (Fig. 1 a). Since vesicle fusion between ves-
icles and BLMs is also regarded as a model system for biolog-
ical exocytosis, a ubiquitous secretion event in eukaryotic
cells (17), factors that affect the efficiency of vesicle fusion
have been intensively studied. For example, an osmotic salt
gradient across BLMs (18,19) and the presence of nystatin-
ergosterol complexes in proteoliposomes (20-22) are often
effective in promoting vesicle fusion. In another approach,
vesicles are first fused to a lipid monolayer at the air/water
or air/oil interface and the channel-containing lipid mono-
layer is then hybridized with another lipid monolayer
(23-25). These approaches have been utilized to incorporate
eukaryotic channels into BLMs formed in various microfab-
ricated devices (12,23-27). However, most of the BLMs con-
tained nonvolatile organic solvents, such as n-decane and
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n-hexadecane, which probably are not present in naturally
occurring cell membranes.

The use of a nonvolatile hydrocarbon solvent is a com-
mon approach not only to improve BLM stability but
also to promote channel integration (7-14,18-22,24-29).
Several researchers reported that the presence of nonvola-
tile organic solvent in BLMs appeared to promote channel
reconstitution (28,29). It was proposed that interactions
between vesicles and BLMs occur predominantly in re-
gions where a hydrocarbon solvent is present (28,30).
The presence of exogenous solvents in BLMs, however,
may alter the behavior and function of ion channels that
are embedded within them. Therefore, it would be desir-
able to develop an efficient method for incorporating ion
channels into solvent-free BLMs, which would have fewer
potential fusion sites compared with solvent-containing
BLMs.

In this study, we report on the centrifugal acceleration
of vesicle fusion with solvent-free and mechanically stable
BLMs. Our approach for increasing the efficiency of fusion
involved increasing the number of membrane vesicles deliv-
ered to the surface of BLMs by using centrifugal force. The
stable BLMs, when formed in the tapered apertures in micro-
fabricated silicon (Si) chips, tolerated the applied centrifugal
force. Functional reconstitution of human channels, such as
the hERG channel, the human cardiac sodium (Na, 1.5) chan-
nel, and the human GABA, receptor (GABA4R) channel,
was examined through vesicle fusion under centrifugation.
Ion currents of single or multiple channels and the efficiency
of channel incorporation were investigated.

MATERIALS AND METHODS

Cell lines and reagents

Chinese hamster ovary (CHO) cell lines expressing the hERG channels
(Kv11.1) were obtained from the Channelopathy Foundation (Basel,
Switzerland). Human embryonic kidney (HEK) 293 cell lines expressing
the human Na, 1.5 and human «162y2 GABAAR channels were obtained
from Anaxon AG (Berne, Switzerland). These cell lines were cultured in

FIGURE 1 (a) Schematic diagram of the se-
quence of steps for fusing a vesicle with a BLM.
(b) Schematic of membrane vesicles and a BLM
formed across a microaperture in an Si chip (not
drawn to scale). (¢) Photograph of the Teflon cham-
BLM ber used for channel incorporation using centrifuga-
- tion (left), and a strategy for enhancing reconstitution
by using centrifugal force to deliver membrane vesi-
cles to the BLM surface (right). Centrifugal force
was applied in the direction from the cis side to the
trans side. To see this figure in color, go online.
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a 37°C incubator with 5% CO, according to the manufacturer’s protocol.
CHO cell lines expressing hERG channels were maintained in HAM/F-12
medium supplemented with 10% fetal bovine serum (FBS), 1% peni-
cillin/streptomycin, and 100 ug/mL hygromycin B (GIBCO). HEK 293
cell lines expressing Na,1.5 and GABAAR channels were maintained in
Dulbecco’s modified Eagle’s medium/GlutaMAX medium supplemented
with 10% FBS, 1% penicillin/streptomycin under an antibiotic pressure
of 100 pg/mL zeocin (GIBCO) and 100 ug/mL geneticin (GIBCO),
respectively. Chloroform solutions of L-a-phosphatidylcholine (from
egg) and L-a-phosphatidylethanolamine (transphosphatidylated (egg))
were purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol
was obtained from Wako Pure Chemicals (Osaka, Japan) and recrystal-
lized three times from methanol. Tetrodotoxin (TTX) was purchased
from Wako Pure Chemicals. Picrotoxin was obtained from Sigma-Aldrich
(St. Louis, MO).

Protein isolation

The hERG channels were extracted from CHO cell lines as membrane
fractions according to the procedures described by Oshima et al. (12).
The GABA4R channels were isolated from HEK 293 cell lines in the
same manner, except that the final membrane pellets were resuspended in
140 mM NaCl, 5 mM KCl, 2 mM CaCl,, | mM MgCl,, 10 mM D-glucose,
10 mM HEPES (pH 7.4 with NaOH). The Na, 1.5 channels were also iso-
lated from HEK 293 cell lines in the same manner, except that the cells
from 100-mm plates were scraped off into a 3-mL solution of 200 mM
KCI, 33 mM KF, 10 mM EDTA, 50 mM HEPES (pH 7.4 with KOH)
plus protease inhibitors (100 uM phenylmethylsulfonyl fluoride, 1 ug/mL
pepstatin A, 1 ug/mL leupeptin), and the final membrane pellets were resus-
pended in 149.2 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 5.0 mM HEPES
(pH 7.3 with NaOH).

BLM formation and protein incorporation via
centrifugation

Microapertures (®: 18-55 um) with tapered edges were fabricated in
Si chips, and the surface of the chip was coated with a thermal oxide
and Teflon-AF (DuPont Fluoroproducts, Wilmington, DE) (Fig. S1 in
the Supporting Material) according to the procedure described by Osh-
ima et al. (31). Details of chip fabrication are given in Supporting Ma-
terials and Methods. The Si chip was silanized by treating it with 2%
(v/v) 3-cyanopropyldimethylchlorosilane (Gelest, Morrisville, PA) in
acetonitrile for 1-2 h at room temperature in a nitrogen-filled glove
box. Planar BLMs were formed across the microaperture by folding
up two lipid monolayers (Fig. 1 b) according to Oshima et al. (12),
except that the n-hexadecane coating around the aperture was omitted
to form solvent-free BLMs. The BLMs were formed in symmetric
recording solutions: 120 mM KCl, 10 mM HEPES (pH 7.2 with KOH)
for hERG channels; 149.2 mM NaCl, 4.7 mM KCI, 2.5 mM CaCl,,
5.0 mM HEPES (pH 7.3 with NaOH) for Na,l.5 channels; and
140 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 10 mM
D-glucose, 10 mM HEPES (pH 7.4 with NaOH) for GABAR channels.
Solvent-free BLMs with resistances of >10 GQ and >100 GQ were
formed in the Si chips with success probabilities of 85% and 75%,
respectively, from 134 trials.

A suspension (typically 100 uL) of membrane vesicles containing chan-
nel proteins was added to the cis solution after formation of the BLMs.
The water level of cis and trans compartments in a Teflon chamber was
adjusted to the top surface of the chamber by adding recording solutions
(a total of 1700 uL for both compartments). The Teflon chamber was
sealed with a lid and then spun using a Kubota centrifuge (model 3740)
(Fig. 1 ¢). For the purpose of comparison, incorporation of hERG channels
by stirring was also examined according to the procedures described by
Oshima et al. (12).

Centrifugal Incorporation of Channels

Current recordings

Current recordings were performed with an Axopatch 200B patch-clamp
amplifier (Molecular Devices, Sunnyvale, CA). Signals were filtered online
at 1-2 kHz with a low-pass Bessel filter, digitized at 10-20 kHz, and stored
online using a data acquisition system (Digidata 1440 and pCLAMP 10.2;
Molecular Devices). In the case of hERG channels, the currents were
filtered offline at a cutoff frequency of 0.7 kHz according to a literature
report (32). Applied potentials were defined with respect to the trans side
held at ground.

Atomic force microscopy

An Si chip without an aperture was silanized with 3-cyanopropyldimethyl-
chlorosilane and centrifuged with a suspension of membrane vesicles con-
taining hERG channels in the same manner as Si chips suspending BLMs
(Fig. 2 a). After the solutions in both compartments were discarded, the
Si chip was removed from the chamber and air dried. Tapping-mode atomic
force microscopy (AFM) images of the Si chip surface were obtained by
using Dimension Icon NanoScopeV (Veeco Instruments, Plainview, NY).
The AFM observation was performed in air.

RESULTS AND DISCUSSION

Use of centrifugal force to accelerate vesicle
fusion to incorporate ion channels into BLMs

Vesicle fusion between proteoliposomes (or membrane ves-
icles) and lipid bilayers is a critical step for channel incorpo-
ration into BLM reconstitution systems, as well as a model
for exocytosis in biological membranes. Several key inter-
mediate states have been identified for vesicle fusion: con-
tact, hemifusion, formation of a fusion pore, and complete
fusion (Fig. 1 a) (33,34). Chanturiya et al. (33) carefully
counted the number of respective intermediates during
fusion between liposome vesicles and freestanding BLMs.
They reported that only 16% of the vesicles reached the
hemifusion state, suggesting that most of the vesicles were
lost before reaching the BLMs. Although due to method-
ological limitations of their approach, it is still unclear
whether the contact or hemifusion state is more critical for
attaining complete fusion, the access of vesicles to BLMs
might be a key factor in accelerating the vesicle fusion.
We first investigated the issue of whether centrifugal
force could be used to improve the accessibility of mem-
brane vesicles to BLMs. Si chips without apertures were
centrifuged with a suspension of membrane vesicles con-
taining hERG channels in the same manner as Si chips sus-
pending BLMs (Fig. 2 a), and the surface topography of the
chips was then analyzed by AFM (Fig. 2, b—f). The hERG
channel is a voltage-gated potassium channel that is crucial
for repolarization during action potentials in the human
heart (35,36). This channel has attracted pharmaceutical
attention because a diverse group of drugs have been found
to adversely block hERG channels, resulting in potentially
fatal arrhythmias (35,36). When membrane vesicles were
centrifuged at 500 rpm (14 x g) for 10 min, vesicle precip-
itates were observed on the surface of the Si chips (Fig. 2 d).
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FIGURE 2 Centrifugal force as a driving force to improve the accessibility of membrane vesicles to BLMs. (@) Si chips with no apertures were centrifuged
in the presence and absence of membrane vesicles containing hERG channels. (b—f) The surface topography of the chips after centrifugation was analyzed by
AFM. Conditions for centrifugations: (») 1000 rpm for 10 min without membrane vesicles, (¢) 300 rpm for 30 min with membrane vesicles containing hERG
channels, and (d—f) 10 min centrifugation with membrane vesicles containing hERG channels at (d) 500 rpm, (e) 800 rpm, and (f) 1000 rpm. The middle area
(90 um x 90 um) of the Si chip was scanned. This area covers the region of the BLMs (®: 18-55 um) in the case of Si chips suspending BLMs. (g) Example
of single hERG channel currents recorded after centrifugation at 500 rpm for 10 min. The applied potential was —100 mV. () Example of multiple hERG
channel currents recorded after centrifugation at 500 rpm for 10 min. The applied potential was —100 mV. To see this figure in color, go online.

At higher centrifugal forces of 800 rpm (35 x g) and
1000 rpm (55 x g), larger amounts of precipitates were
observed (Fig. 2, e and f). Such precipitates were only
observed in cases where the Si chips were centrifuged
with membrane vesicles. Centrifugation at 1000 rpm
without membrane vesicles resulted in a flat topography
over the entire area scanned (Fig. 2 b). A lower centrifugal
force of 300 rpm (4.9 x g) was insufficient to deliver
membrane vesicles, and the amount of precipitate was negli-
gible, even when the centrifugation was prolonged for
30 min (Fig. 2 ¢). These results indicate that a centrifugal
force of >500 rpm is sufficient for delivering channel-con-
taining membrane vesicles to the surface of BLMs, leading
to an increase in the number of vesicles in contact with the
BLMs.
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We then examined the effect of centrifugation on the ef-
ficiency of fusion between membrane vesicles and BLMs
that were formed in the tapered microapertures. The
BLMs were centrifuged with membrane vesicles containing
hERG channels, and the probability of recording ion-
channel currents was investigated. Fig. 2 g shows example
traces of single-channel currents, which were recorded after
centrifugation at 500 rpm for 10 min. The observed single-
channel conductance (10 pS) was consistent with previously
reported values (11-12 pS in 120 mM KCI) obtained with a
BLM reconstitution system (12,37) and the patch-clamp
method (32). In some cases, multiple channels were incor-
porated into BLMs after the centrifugation, showing larger
bursting currents (Fig. 2 h) whose shape was similar to
that of previously reported hERG multichannel currents



(12). The probability of observing either single- or multi-
channel activities (incorporation probability) was 67%
(Fig. 3) under conditions in which vesicle fusion was
performed under centrifugation at 500-1000 rpm for 10—
20 min. The probability decreased to 20% with centrifuga-
tion at 300 rpm for 10-70 min, reflecting a decreased
driving force for delivering membrane vesicles to the sur-
face of BLMs. When vesicle fusion was performed by stir-
ring, the incorporation probability was much lower (5.8%),
even when the stirring was continued for an extended period
of time (several hours). These results indicate the potential
of using centrifugal force at > 500 rpm (> 14 X g) to accel-
erate fusion of membrane vesicles with BLMs.

Incorporation of human Na, 1.5 and GABAAR
channels into BLMs using centrifugation

To further explore the use of centrifugation to enhance
the fusion probability between membrane vesicles and
BLMs, we next examined the incorporation of other human
channels with different gating mechanisms, i.e., a voltage-
gated sodium channel (Na,1.5) and a ligand-gated channel
(GABAAR).

Na, 1.5 is the major voltage-gated sodium channel in
the heart and is essential for the initiation and propagation
of cardiac action potentials (38). Since blockade of this
channel by a drug can result in blockade of ventricular
conductance and potentially serious arrhythmias, this
channel is also an important target for drug safety screen-
ings (4). When membrane vesicles containing Na,l1.5
channels were centrifuged with the BLMs at 800-—
900 rpm for 5-10 min, both single- and multichannel
currents were frequently observed (Fig. 4). From single-
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FIGURE 3 Percentage of recording single- or multichannel currents for
hERG, Na,1.5, and GABA 4R channels under various conditions of chan-
nel incorporation. Numbers in parentheses indicate the relative centrifugal
force (x g). The rotation radius for the centrifugation was 49 mm. The rela-
tive centrifugal force in the case of stirring was calculated using a rotation
radius of 6 mm and a rotation number of 100 rpm. The size of the micro-
aperture was 45-55 um for the hERG channel, 18—40 um for the Na,1.5
channel, and 25-40 um for the GABAAR channel, respectively.
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channel traces, stepwise currents were observed with a
single-channel conductance of 20 pS. This conductance
level is similar to a previously reported value (17 pS
in 149.2 mM NaCl) for Na,l.5 channels expressed in
HEK 293 cells (39). The single-channel current showed
a linear relation to the applied potential, which is in agree-
ment with previously reported patch-clamp observations
for Na, 1.5 (39.,40). All channel activities were observed
using the same voltage protocol shown in Fig. 4 a
with a strong hyperpolarizing prestep, which is a typical
protocol for the Na,l1.5 channel in patch-clamp studies
(39,41). The addition of TTX, a specific blocker for Na
channels, to the trans side solution completely blocked
single- and multichannel activities. These channel proper-
ties confirmed the functional incorporation of the Na,1.5
channels into the BLMs with their extracellular sides
facing the trans side. The probability of observing either
single- or multichannel activities was 67% (Fig. 3)
under conditions in which vesicle fusion was performed
under centrifugation at 800-900 rpm (35-44 x g) for
5-10 min. Although the observed Na,l.5 single-channel
traces showed no significant signs of inactivation during
the recording period, the possibility that the inactivation
of macroscopic currents might have been hidden in the
large saturating transient current during the first ~90 ms
after the voltage step cannot be excluded. Possible macro-
scopic events, however, could not be resolved due to the
large transient current, which probably resulted from a
clamp delay caused by charging across the BLMs with a
high capacitance (usually 50-100 pF). Similar slow tran-
sients after the voltage steps have also been reported for
voltage-gated potassium channels reconstituted in BLM
systems (37,42).

To demonstrate that channel reconstitution based on
centrifugation is generally applicable to various ion channel
proteins, we examined the centrifugal incorporation of hu-
man GABAR, a ligand-gated anion channel that mediates
inhibitory neurotransmission in the central nervous system
(43). GABA AR has been identified not only as a major target
for designing anti-anxiety and anesthetic drugs (2,44) but
also as a recommended target for assessing potential side ef-
fects of drugs (4). Fig. 5 a shows examples of single-channel
recordings from BLMs after centrifugation with membrane
vesicles containing «182y2-type GABAAR at 800 rpm.
Stepwise currents were clearly observed with a single-chan-
nel conductance of 25 pS, which was close to a previously
reported value (25-27 pS) for a182v2 GABAAR expressed
in HEK 293 cells (45,46). The channel activities were only
observed in the presence of GABA (trans side) and were
completely blocked by the addition of picrotoxin (trans
side), a specific blocker for GABAsR (Fig. 5 b). These
channel properties confirmed the functional incorporation
of GABAAR into the BLMs. The probability of observing
either single- or multichannel activities was 67% (Fig. 3)
under conditions in which vesicle fusion was performed
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FIGURE 4 Examples of Na,1.5 channel currents
recorded after centrifugation at 800-900 rpm. (@)
Typical Na,l.5 single-channel currents obtained
using a voltage protocol with a 10 ms step to
—200 mV, followed by an 1800 ms step
to +200 mV. The large and slow transient current
observed in the raw current (top trace) was fitted
to the equation y=yo+A;exp{— (t—1t)/
71} + Az exp{ — (t — t0)/72}, where ¢ is a vari-
able, y is a function of ¢, 7, is a constant (0.19 s),
and yo, Ay, Ay, 1, T1, and 7, are fitting parameters.
Since the current at short times after the voltage
step to +200 mV was saturated at 200 pA,
(t — ty) was fitted so that the fitting started around
the point where the current became smaller than

2pAL_
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Current amplitude (pA)
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200 pA. This point (+ = 0.19 s) corresponds to
~90 ms after the step to 4 200 mV. The fitted cur-

z rent was subtracted from the raw current, yielding
, the current trace shown in the second trace. Seven

, representative currents obtained in the same

manner from the same membrane are shown. The
current was recorded after centrifugation at
800 rpm for 5 min. (b) Inhibition of Na, 1.5 channel
activities by TTX at the single-channel level (A)
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0 50
4pAL_____
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Anstte oy
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50 ms

T
100
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150 and the multichannel level (B). The currents were
recorded after centrifugation at 900 rpm for
5 min. The same voltage protocol shown in (a)

was used. TTX was added to the trans solution to

T
200

produce a concentration of 10 uM. (c) Single Na,1.5 channel currents recorded at an applied potential of +100, 480 and 460 mV after a 10-ms pulse
to -200 mV (top). Single-channel current-voltage relationship for Na, 1.5 (bottom). The error bar indicates the SEM (n=5). The current was recorded after

centrifugation at 800 rpm for 5 min.

via centrifugation at 800-1000 rpm (35-55 x g) for
5-15 min. Therefore, efficient channel incorporation into
BLMs was also achieved for GABAAR via vesicle fusion
under centrifugation.

In total, an incorporation probability of 67% (18 out of 27
BLMs) was obtained for the hERG, Na, 1.5, and GABAAR
channels when they were prepared under optimal centrifu-
gal conditions (500-1000 rpm (14-55 x g) for hERG
from CHO cells, 800900 rpm (35-44 x g) for Na,l.5
from HEK 293 cells, and 800-1000 rpm (35-55 x g) for
GABAR from HEK 293 cells). These results demonstrate
that centrifugation is useful for accelerating channel integra-
tion into BLMs. The optimum centrifugal range appeared to
be dependent on the type of channel and cells expressing the
channels, which probably reflects the difference in the lipid
compositions for respective membrane vesicles (Supporting
Materials and Methods). However, centrifugation at 800—
900 rpm (3544 x g) generally resulted in efficient incorpo-
ration (73%, 11 out of 15 BLMs). At 1000 rpm (55 x g) the
incorporation probability decreased to 45% (5 out of 11
BLMs), probably due to the increased percentage (36%)
of broken BLMs that were produced under a higher centrif-
ugal force. The probability of BLM rupture was higher in
the presence of membrane vesicles: 83% of BLMs (10 out
of 12 BLMs) survived centrifugation at 1000 rpm in the
absence of membrane vesicles. Owing to the tapered aper-
ture edges (Fig. S2), the BLMs that formed in the microa-
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pertures in the Si chips were sufficiently stable to tolerate
centrifugal forces up to 1000 rpm (55 x g).

Fusion force versus centrifugal force

Membrane fusion has attracted attention both as a critical
step in creating a BLM reconstitution system and as an
essential step in biological exocytosis. AFM measurements
of the fusion force between two lipid bilayers floated on
BLMs supported on glass surfaces indicate that applied
forces in the range of ~100-500 pN are needed to induce
fusion of two contacting lipid bilayers (47). When SNARE
proteins, which mediate fusion in eukaryotic cell mem-
branes, were present in the two lipid bilayers, the required
force decreased to 50-200 pN (48). To compare the magni-
tude of the centrifugal force utilized here with the reported
fusion force, we estimated the size and density of membrane
vesicles to calculate the centrifugal force (m (p — o) r?,
where m is the mass of the membrane vesicle; p and ¢ are
the densities of the membrane vesicle and recording solu-
tion, respectively; r is the radius of the centrifuge; and w
is the angular velocity). The distribution of vesicle diameter
varied among the different samples of membrane vesicles
and the diameter at the peak of the distribution histogram
ranged from 200 to 400 nm (Fig. S3). The densities of
the recording solution (¢) and membrane vesicle (p) were
experimentally estimated to be 1 g/cm’® and 2 g/cm’,
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FIGURE 5 Examples of GABAAR channel currents recorded after
centrifugation at 800-1000 rpm. (a) Typical single-channel currents at an
applied potential of —200 mV. GABA was added to the trans solution to
produce a concentration of 1 mM. The current was recorded after centrifu-
gation at 800 rpm for 10 min and 1000 rpm for 5 min. (b) Typical GABAAR
multichannel currents at an applied potential of +100 mV. GABA and
picrotoxin were added to the trans solution to give a concentration of
1 mM and 0.01 mM, respectively. The current was recorded after centrifu-
gation at 900 rpm for 10 min.

respectively (Supporting Materials and Methods). The cen-
trifugal force for membrane vesicles with a diameter of 200—
400 nm when the vesicles were spun at 1000 rpm with a
rotation radius (r) of 49 mm was calculated to be 2.2 X
107* — 1.7 x 1072 pN. The calculated centrifugal force
was ~4-5 orders of magnitude smaller than that required
for fusion between two lipid bilayers in contact with one
another (~100-500 pN). This small centrifugal force was
still sufficient to deliver the membrane vesicles to the sur-
face of the BLMs (Fig. 2). These results strongly suggest
that a centrifugal enhancement in vesicle fusion was at-
tained, not by accelerating the fusion process but by accel-
erating the delivery of membrane vesicles to dock at the
BLMs. It was previously reported that docking is a rate-

Centrifugal Incorporation of Channels

limiting step in vesicle-vesicle fusion (49) and that a slow
fusion rate could arise from insufficient docking (50). Our
approach also focused on the docking state. The centrifugal
force increased the number of membrane vesicles docking at
BLMs, leading to an enhanced incorporation of human ion
channels into the BLMs.

CONCLUSIONS

Here, we have reported on the efficient incorporation of hu-
man ion channels into solvent-free BLMs by using centrif-
ugal force to deliver membrane vesicles to the surface of
the BLMs. Centrifugal force, which is commonly used for
the purification of a variety of proteins, including ion chan-
nels, is highly compatible with ion channel proteins, and no
significant effect on channel activities by centrifugation is
expected. The centrifugation of BLMs with membrane ves-
icles containing human ion channels (hERG, human Na, 1.5,
and human GABA4R) resulted in efficient vesicle fusion,
and ion channel currents were recorded from 67% of the
BLMs examined. All of the hERG, Na,1.5, and GABA,R
channels exhibited their respective characteristic properties,
confirming that these channels were intact after centrifugal
incorporation was achieved. Owing to the robustness of the
BLMs that formed in tapered apertures, the centrifugal force
served to accelerate channel incorporation into solvent-free
BLMs, which are expected to have fewer potential fusion
sites compared with solvent-containing BLMs. The incorpo-
ration probability could be further enhanced by combining
the approach presented here with other methods that accel-
erate the fusion steps, such as those that employ osmotic salt
gradients and nystatin-ergosterol. The difficulty of inte-
grating ion channels into BLMs has been a major bottleneck
to the construction of membrane platforms for the functional
analysis of ion channels. The methodology reported here for
the efficient incorporation of channels into solvent-free
BLMs has the potential to serve as a new high-throughput
platform for recording human channel activities that would
be an alternative to the patch-clamp method.
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MATERIALS AND METHODS

Fabrication of microapertures.

Microapertures were fabricated in silicon (Si) chips, according to the procedures described in ref. 1
(Fig. S1). In brief, a FZ Si (100) wafer, one side of which was coated with a SizN,4 layer, was
thermally oxidized in dry oxygen, and then the SizN4 side was coated with SiO, by RF sputtering
method. The thermal oxide layer was photolithographically patterned, and anisotropically etched in
tetramethylammonium hydroxide. Then SiO, was sputtered onto the Si side to cover bare SizN4 and
Si surfaces formed during the anisotropic etching. After photolithographic patterning, circular holes
were formed in the SizN4 layer by isotropic etching in 85% phosphoric acid at 150 °C. The SiO,
layer beneath the holes was then removed by 5% hydrofluoric acid to form apertures. Next a SiO,
layer was grown on the surface of the Si chips containing apertures by wet thermal oxidation for 1 h.
A layer of SU8-3010 photoresist (MicroChem, Newton, MA) was spun onto a dummy wafer, and the
chip was placed on the SU8-3010 layer from the SisN4 side. A Teflon-AF1601 solution (DuPont
Fluoroproducts, Wilmington, DE) was then spun onto the chip and the solvent (FC-40) was allowed
to evaporate at 95 °C. Teflon-AF around the apertures was lifted off by soaking in hot Remover
1165. Finally, the chips were washed thoroughly with isopropanol, ethanol, acetonitrile, acetone and

chloroform.
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Fig. S1. Procedures for fabricating microapertures: (1) Thermal oxidation; (2) sputtering of
SiOy; (3) patterning of the thermal oxide layer; (4) anisotropic etching of Si; (5) RF
sputtering of SiO;; (6) patterning and isotropic etching of SizNy; (7) SiO, removal; (8) wet
thermal oxidation; (9) placing the Si chip on an SU8-3010 layer; (10) spin coating of
Teflon-AF; (11) lifting off the Teflon-AF layer around the aperture.

Analysis of size distribution and density of membrane vesicles.

Size distribution of membrane vesicles was obtained using qNano (lIzon Science, Oxford, United
Kingdom) according to standard operating procedures (2, 3). Briefly, a nanopore membrane (NP800)
was mounted onto the stretching pins of the gNano and stretched to a pin-to-pin width of 45 mm - 47
mm. Recording solution (120 mM KCI, 10 mM HEPES, pH 7.2 with KOH) was added to the both
cell chambers which contained an Ag/AgCl electrode each, below and above the nanopore membrane.
After removing air bubbles trapped in the nanopore, a voltage is applied across the membrane to
establish a baseline electrical current through the nanopore. The solution in the upper cell chamber
was then replaced with a solution containing standard particles of known size or membrane vesicles.
Vesicles (particles) translocating the nanopore was detected as transient current blockade. The size

and concentration of vesicles (particles) was obtained based on their relationship to the magnitude of



individual blockade currents and the rate of the blockade events, respectively. The density of

membrane vesicle (p) was estimated based on the following equation,
dmax dmax
P VyCq +o{1— ZVdcdj =
d d
where pand o are density (g/mL) of the recording solution and sample solution containing

membrane vesicles, respectively, and V4 and Cq4 are volume and concentration (particles/mL) of

vesicles with a diameter of d, respectively.

Analysis of lipid compositions in cell membranes by using thin-layer chromatography (TLC) .

Lipid compositions in cell membranes of Chinese hamster ovary (CHO) cell lines expressing the
hERG channels, Human Embryonic Kidney (HEK) 293 cell lines expressing the human Na,1.5 and
human o1B2y2 GABA receptor channels were analyzed with TLC. In brief, the cell lines stored in
liquid nitrogen were thawed and sonicated in phosphate buffered saline. Then the cell samples were
mixed well with chloroform and methanol. After addition of water and chloroform, chloroform layer
was collected and concentrated with nitrogen stream. TLC analysis was made using HPTLC plates of
silica gel 60 (Merck Millipore, Darmstadt, Germany) and a software JustTLC (Sweday, Sweden).
The weight % of each lipid component, i.e., phosphatidylcholine (PC), phosphatidylethanolamine
(PE) and cholesterol (Chol), thus analyzed was as follows: PC 43%, PE 25% and Chol 32% for CHO
cells expressing the hERG channels, PC 40%, PE 35% and Chol 25% for HEK 293 cells expressing
the GABA receptor channels, and PC 49%, PE 26% and Chol 25% for HEK 293 cells expressing
the Na,1.5 receptor channels. Interestingly, cells containing higher amounts of PE and Chol
compared with PC appeared to be robust against centrifugal forces and showed wider optimum

centrifugal ranges for the channel integration into bilayer lipid membranes (BLMs).



Fig. S2. Scanning electron microscopy (SEM) images of an aperture edge. (a) Overhead
view. Scale bar 2 um, tilt 66.8°.  (b) Cross-sectional view. Scale bar 300 nm.
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Fig. S3. Size distribution of membrane vesicles. Samples a-c were vesicles extracted
from different cultures of CHO cell lines expressing hERG channels. Each sample was
diluted 10-100 times with recording solution (120 mM KCI, 10 mM HEPES, pH 7.2 with
KOH) and size distribution was determined using gNANO.
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