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20 SUMMARY:
21  Here, we present a protocol for the formation of lipid bilayers using a contact bubble bilayer
22  method. A water bubble is blown into an organic solvent, whereby a monolayer is formed at the
23  water-oil interface. Two pipettes are manipulated to dock the bubbles to form a bilayer.
24
25  ABSTRACT:
26  Lipid bilayers provide a unique experimental platform for functional studies of ion channels,
27 allowing the examination of channel-membrane interactions under various membrane lipid
28  compositions. Among them, the droplet interface bilayer has gained popularity; however, the
29 large membrane size hinders the recording of low electrical background noise. We have
30 established a contact bubble bilayer (CBB) method that combines the benefits of planar lipid
31 Dbilayer and patch-clamp methods, such as the ability to vary the lipid composition and to
32  manipulate the bilayer mechanics, respectively. Using the setup for conventional patch-clamp
33  experiments, CBB-based experiments can be readily performed. In brief, an electrolyte solution
34  in a glass pipette is blown into an organic solvent phase (hexadecane), and the pipette pressure
35 is maintained to obtain a stable bubble size. The bubble is spontaneously lined with a lipid
36  monolayer (pure lipids or mixed lipids), which is provided from liposomes in the bubbles. Next,
37  the two monolayer-lined bubbles (~50 um in diameter) at the tip of the glass pipettes are docked
38  for bilayer formation. Introduction of channel-reconstituted liposomes into the bubble leads to
39 theincorporation of channels in the bilayer, allowing for single-channel current recording with a
40 signal-to-noise ratio comparable to that of patch-clamp recordings. CBBs with an asymmetric
41  lipid composition are readily formed. The CBB is renewed repeatedly by blowing out the previous
42  bubbles and forming new ones. Various chemical and physical perturbations (e.g., membrane
43  perfusion and bilayer tension) can be imposed on the CBBs. Herein, we present the basic
44  procedure for CBB formation.
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INTRODUCTION:

For ion channels, the cell membrane is not simply a supporting material but a partner for
generating the ion flux. Functionally, the membrane is an electrical insulator in which ion
channels are embedded, and all cell membranes are imparted with a resting membrane potential.
In previous studies, an arbitrary membrane potential was imposed from an external circuit by
which electrical current through the channels was measured. This quantitative evaluation of the
ion flux at different membrane potentials revealed the molecular properties of these channels,
such as their ion-selective permeation and gating functions®?. The membrane platform for
functional studies of ion channels is either the cell membrane or the lipid bilayer membrane.
Historically, single-channel electrical current recordings were first performed in lipid bilayers3#4,
and the relevant techniques were developed for cell membranes, such as the patch-clamp
method (Figure 1A)>®. Since then, these two techniques have evolved separately for different
purposes (Figure 1)78,

Membrane lipids and bilayer membranes are currently the focus of research for their roles in
supporting the structure and function of channel proteins. Therefore, the ready availability of
methods to vary the lipid composition in bilayers is in high demand. Lipid bilayer formation
methods such as the planar lipid bilayer (PLB)®1!, water-in-oil droplet bilayer'?, and droplet
interface bilayer (DIB)'31° techniques (Figure 1) are common choices, providing an opportunity
for examining the channel function under varying lipid compositions??. Although the DIB is
technically much easier to produce than the conventional PLB, the large size of the DIB has
created a disincentive for patch-clampers to apply it for studying single-channel current
recordings with usual-sized conductance (<100 pS).

To circumvent the background noise, the bilayer area must be minimized. This issue recalls the
repetitions of history in developing electrophysiological techniques for lipid bilayers (Figure 1).
In the early days, a small-sized bilayer (1-30 um in diameter) was formed at the tip of a pipette
(tip-dip method; Figure 1C)?1723, rather than using a free-standing bilayer (~100 pum in diameter)
on a hydrophobic septum in a chamber (Figure 1B). The tip-dip method allowed for electrical
measurements with much lower background noise?*. Our experiences with the PLB?> 26, tip-
dip?%23?7, and patch-clamp?®-3! methods led us to a novel idea of forming lipid bilayers by using
the principles of the water-in-oil bilayer. We have referred to this as the contact bubble bilayer
(CBB) method?32. In this method, rather than hanging the water droplets in an oil phase (Figure
1D), a water bubble is blown from a glass pipette (with tip diameter of approximately 30 um) into
the oil phase (Figure 1E and 2), where the bubble is maintained by applying a steady pressure. A
monolayer forms spontaneously at the water—oil interface at the surface of the bubble. Then,
two bubbles are docked through the manipulation of two glass pipettes, and the bilayer is formed
as the two monolayers approach each other, yielding an equilibrium bilayer area. The size of the
bubble is controlled by the intra-bubble pressure (holding pressure), and likewise the bilayer size.
An average diameter of 50 um is frequently used. Although the volume of the bubble is small
(<100 pl), it is connected to the larger volume of the pipette solution that is in the microliter
range, constituting the bulk electrolyte phase.
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There are many benefits to use the CBB method (Table 1). As a lipid bilayer formation technique,
membranes of various lipid compositions can be produced, and asymmetric membranes are
more readily formed3? than are those by the conventional folding method?®3. The bilayer can be
mechanically manipulated, unlike the conventional PLB that can only be bent with a hydrostatic
pressure difference343°, By changing the holding pressure, the bubbles either expand or shrink,
leading to increased or decreased membrane tension32. The bilayer is mechanically detachable
into monolayers, similar to the freeze-fracture technique3®3’ of membranes in morphological
studies, but with the CBB, a maneuver allows for repeated detach and attach cycles32. The small
volume of the electrolyte solution within the bubble allows efficient fusion of channel-
reconstituted liposomes into the bilayer, and the probability of getting channel recordings is
much higher than with the conventional PLB technique. The small bubble volume also allows
rapid perfusion (within ~20 ms) once another injection pipette is inserted into either of the
bubbles. Unlike the patch-clamp method, a broken CBB-based membrane is re-formed
immediately and repeatedly, and pipettes can be used several times a day. By integrating benefits
of the patch-clamp and PLB methods, the CBB provides a versatile platform to vary the
physicochemical conditions of the membrane, allowing for unprecedented studies of channel—
membrane interactions.

Before presenting a detailed protocol of the CBB formation process, the physicochemical
background of the bilayer formation is presented first, which will be helpful for patch-clampers
to resolve experimental difficulties relating to the membrane formation that are encountered.

CBB experiments impart lessons of surface chemistry science3®. The CBB is similar to a soap
bubble blown from a straw into the air, where likewise, a water bubble is blown into an organic
solvent. One will notice that a water bubble is hardly inflated when membrane lipids are not
included in either the water bubble or the organic solvent. In the absence of amphipathic lipids,
the surface tension at a water—oil interface is high, and the intra-bubble pressure for blowing a
bubble will be high. This is a realization of the Laplace equation (AP = 2 y/R, where AP is the intra-
bubble pressure, y is the surface tension, and R is the bubble radius). When the concentration of
lipids in either the organic phase or the electrolyte solution is high, the density of lipids in the
monolayer increases, as dictated by the Gibbs adsorption isotherm (—dy = I dwi, where T is the
surface excess of compound i, and p; is the chemical potential of component i)3%, leading to a
lower surface tension and ease of bubble formation. In the CBB, the bilayer can be observed from
a tangential angle (Figure 2), and the contact angle between the monolayer and bilayer is
measurable. This angle represents an equilibrium between the surface tensions of the monolayer
and bilayer (Young equation: yui = Ymo c0s(8), where yyi is the bilayer tension, ymo is the monolayer
tension, and O is the contact angle). The changes in the contact angle indicate changes in the
bilayer tension, given that the monolayer tension is evaluated from changes in the contact angle
as a function of the membrane potential (Young-Lippmann equation: ymo = Cm V?/4 (cos(8o) -
cos(Bv)), where Cr, is the membrane capacitance, V is the membrane potential, and 8o and 6, are
the contact angles at 0 and V mV, respectively)*®2. When two bubbles are close enough, they
approach each other spontaneously. This is due to the van der Waals force, and we can visually
observe this dynamic process in CBB formation.
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A CBB system consists of distinct phases: namely, a bulk oil phase, water bubbles coated with a
monolayer, and a contacting bilayer (Figure 3). These are reminiscent of the multiple phases
observed in a PLB, such as a solvent-containing torus around the bilayer phase and a thin organic
phase sandwiched by two monolayers**#. In the CBB, the monolayer phase is continuous with
the bilayer leaflet, and lipid molecules readily diffuse between the monolayer and the leaflet. The
monolayer phase covers most of the bubble surface, constituting the major phase that serves as
a lipid reservoir. Because the hydrophobic tail of lipids in the monolayer extends outward to the
bulk oil phase, the bilayer interior or the hydrophobic core opens to the bulk oil phase. Thus, a
hydrophobic substance injected into the oil phase close to the bilayer is able to readily access the
bilayer interior. This is the membrane perfusion technique we had developed recently*®, by which
the lipid composition in the bilayer is changed rapidly (within a second) during single-channel
current recordings. We found that the cholesterol content in the bilayer could be reversibly
controlled by switching the cholesterol perfusion on and off*>. In the event that the concentration
of the relevant substance in the monolayer and bilayer differs, the concentration gradient of the
relevant substance is immediately dissolved through diffusion, which is known as the Marangoni
effect?®*’. On the other hand, flip-flops across the monolayers are slow*3-C,

Using the CBB method, the bilayer is formed under versatile physicochemical conditions, such as
an electrolyte pH as low as 1 °%, a salt (K*, Na*, etc.) concentration up to 3 M, a membrane
potential as high as +400 mV, and a system temperature of up to 60 °C.

There are several options for formation of the CBB and incorporation of channel molecules
therein. For formation of the monolayer at the water—oil interface, lipids are added either in an
organic solvent (lipid-out method; Figure 4A, 4C) or in a bubble as liposomes (lipid-in method;
Figure 4B, 4D). Notably, the lipid-in method allows for the formation of asymmetric
membranes’>32. Channel molecules soluble in aqueous solution (e.g., channel-forming peptides)
are directly added into the bubble (Figure 4A, B)>>>3, whereas channel proteins are reconstituted
into liposomes, which are then added into the bubble (Figure 4C, D). Herein, the formation of
CBBs by the lipid-in method for either a channel peptide (polytheonamide B (pTB); Figure 4A) or
a protein (KcsA potassium channel, Figure 4C) is shown.

PROTOCOL:
1 Prepare Liposomes

1.1 Disperse phospholipids (e.g., 10 mg in powder) in chloroform at a desired concentration
(e.g., 10 mg/mL).

1.2 Evaporate chloroform.
1.2.1 Place the phospholipid solution in a round-bottom flask and set it on a rotary evaporator

(see Table of Materials) connected to a N2 gas cylinder. Rotate the flask under N> flow at room
temperature until a thin phospholipid film appears (after ~30 min).
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1.2.2 Place the open flask into a desiccator that is connected to a vacuum pump. Using the
vacuum pump, aspirate the inside of the desiccator for several hours to remove the chloroform
thoroughly.

1.3 Add an appropriate volume of an electrolyte solution to the flask and suspend the
phospholipid to obtain a 2 mg/mL phospholipid suspension.

1.4 Sonicate the suspension for several tens of seconds using a bath sonicator (see Table of
Materials) to obtain a multilayered vesicle (MLV) suspension.

1.5 For preparation of proteoliposomes that contain ion channel proteins, add a protein
solution (with the proteins solubilized using appropriate detergents; 2% volume is the maximum)
to the MLV suspension and sonicate for several seconds using the bath sonicator.

2 Prepare Large-Bore Glass Pipettes

2.1 Set a glass capillary to a pipette puller and fabricate micropipettes with a fine tapered tip
through two-step pulling.

2.2 Set the micropipette on a microforge and contact the tip of the micropipette to a platinum
filament at the tapered portion with a diameter of 30 to 50 um.

2.3 Heat the filament briefly (5 s) and immediately turn it off.

NOTE: This manipulation forms a crack at the heating point, whereby the tip of the micropipette
is cut off, leaving a wide bore with a diameter of 30 to 50 um.

3 Treat the Surface of Glass Slide with a Shallow Concave Well (Siliconization for a Water-
Repellent Finish)

3.1 Clean the surface of the glass slide with a shallow well with distilled water and ethanol.

3.2 Apply an appropriate volume (e.g., 100 uL) of a siliconizing reagent (water-repellent) onto
the hole slide glass.

33 Dry the reagent completely in the air.
3.4 Place the glass slide on the stage of an inverted microscope.
4 Form the CBB and Perform Electrophysiological Measurement

4.1 Add 100 pL of hexadecane into the shallow well of the siliconized hole slide glass.
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NOTE: For the lipid-out method, phospholipids are dispersed in hexadecane (20 mg/mL)
beforehand.

4.2 Fill the electrolyte solution up to half the length of the micropipette, using a tuberculin
syringe.

4.3 Set the micropipette onto the micropipette holder with a pressure port, allowing the
Ag/AgCl wire electrode to soak into the pipette electrolyte solution.

4.4 Connect one of the micropipette holders to the head stage of a patch-clamp amplifier and
the other one to the electrical ground.

4.5 Connect a microinjector to the pressure port of the micropipette holder.

4.6 Set the micropipette to an appropriate position above the stage of an inverted
microscope by manipulating the micromanipulator.

4.7 Adjust the electrode offset potential.

4.7.1 Place 1 pL of the same electrolyte solution used to fill the micropipette on the flat surface
around the shallow well of the hole slide glass, creating an electrolyte dome.

4.7.2 Soak the tip of both micropipettes into the electrolyte dome by manipulating the
micromanipulator.

4.7.3 Adjust the electrode offset potential of the patch-clamp amplifier.

4.7.4 Confirm the correct offset at the end of experiments by breaking the CBB via application
of a high membrane potential (electrical breakdown; using Zap on the amplifier), causing the two
bubbles to be fused into one (bubble fusion).

4.7.5 Correct the liquid junction potential** in the cases where asymmetric electrolyte
solutions are used, such that the calculated value is added to the applied membrane potential
for the true membrane potential.

NOTE: The liquid junction potential is calculated using the program JPCalc>>.

4.8 Draw the liposome solution from the tip.

NOTE: When water-soluble channels are examined using the lipid-out method, suctioning of the
liposome solution is not necessary.

4.8.1 Place 1 pL of liposome solution on the flat surface around the shallow well of the hole
slide glass (liposome-containing dome).
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4.8.2 Manipulate the micromanipulator and insert the tip of the micropipette into the
liposome-containing dome.

4.8.3 Aspirate the liposome-containing solution by lowering the pressure inside the
micropipette holder using the microinjector.

4.8.4 Repeat the procedure for the other pipette.

4.9 Manipulate the micromanipulator and dip the tip of the micropipette into the hexadecane
in the shallow well.

4,10 Blow a water bubble slowly by increasing the pressure until the bubble reaches the
desired size (e.g., 50 um in diameter) and maintain the same pressure thereafter.

4.11 Discard the bubbles by passing the tip through the oil-air interface if it is hard to keep the
size of the bubbles stable.

4.12 Repeat steps 4.8 to 4.9 until stable bubbles are formed.

4.13 Manipulate the bubbles to allow contact between them (Figure 5).

NOTE: Sometimes, the bubbles approach each other spontaneously to form the CBB. In other
cases, the bubbles are close but do not contact each other. In this case, push the bubbles each

other mechanically.

4.14 Fine-tune the pressure to maintain the bubble size, because the size may gradually
change even at the constant intra-bubble pressure.

4.15 Setthe membrane potential to the appropriate value using the patch-clamp amplifier and
wait for the channel current to emerge (Figure 6).

5 Measure Bilayer Capacitance

5.1 Measure the bilayer electrical capacitance (Ce) by applying a ramp potential.

NOTE: When the rate of the voltage change in the ramp command is 10 mV/10 ms (or 1 V/s)
followed by —10 mV/10 ms, the amplitude of the current jump upon changes in the slope

corresponds to the read of the membrane’s capacitance value (e.g., 100 pA = 100 pF).

5.2 Evaluate the bilayer area of two bubbles stacked one on the other and focus the
microscope at the bilayer level to view the edge of the bilayer (Figure 6).

NOTE: The bilayer shape is mostly circular, and the area is calculated from the radius.
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5.3 Calculate the specific membrane capacitance (Csp) by dividing the electrical capacitance
by the bilayer area (Csp = Cel/A).

5.4 Calculate the bilayer thickness (thickness of the hydrophobic core) using D¢ = (&r€0)/Csp
(where & and g0 represent the permittivity of the hydrophobic region of the bilayer and the
permittivity of a vacuum, respectively).

REPRESENTATIVE RESULTS:

A typical CBB had a diameter of 50 um (Figure 5, 6) and the specific membrane capacitance in
hexadecane was 0.65 uF/cm?. The bubble size was arbitrarily controlled by the intra-bubble
pressure. When small bubbles are necessary for low-noise recordings, the tip diameter should be
correspondingly small. For example, for a bubble size of 50 um in diameter, the tip diameter
should be 30 um.

Once the CBB had formed, the channel molecules either in agueous solution or in the liposome
were spontaneously inserted into the bilayer within a span of a few to dozens of minutes.
Insertion of the channels was confirmed by the stepwise increase of current amplitude (Figure 7)
under the applied membrane potential. The smaller membrane area (<1,000 um?) relative to that
in the conventional PLB and DIB systems substantially improved the electrical signal-to-noise
ratio.

Current recordings could be continued until the membrane was disrupted and the two bubbles
merged. New bubbles were blown and the CBB formed immediately and repeatedly. The pipette
could be used repeatedly within a day.

Duty cycle of attach and detach. A bilayer formed by the CBB method can be disintegrated into
two monolayers. Detach-attach of the CBB can be repeated by manipulating the two bubbles
(duty cycle of detach-attach). This process was monitored by the appearance of the channel
current of pTB, a peptide channel from a marine sponge, as it was readily inserted into the lipid
bilayer to form a monovalent cation-selective pore>?°®, The pTB channel current emerged
immediately after attaching the two monolayers, and the current became larger as the area of
contact increased (Figure 8). The amplitude of the current was synchronized with the detach-
attach manipulation of the CBB.

Single-channel measurements of the KcsA channel. The KcsA potassium channel is pH sensitive,
being activated by acidic intracellular pH>’. Thus, the electrolyte solution was set to be
asymmetric®®=C, In step 4.2 of CBB formation, the pipette solution of the left side was set at pH
4, whereas that of the right side was set at pH 7.5%°. In step 4.7.1, a proteoliposome suspension,
rather than liposome suspension, was placed onto the slide glass for aspiration into the left
pipette. Accordingly, the KcsA channel was oriented in the membrane with its cytoplasmic
domain facing the left bubble. Liposomes with the protein:lipid weight ratio of 1:2000 are
suitable for single-channel current recording, and those with a 1:10 ratio are for macroscopic
current recording.
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Asymmetric membrane. An asymmetric lipid bilayer can be formed using different liposome
suspensions for each bubble (lipid-in)*>32. The orientation of the KcsA channel in the membrane
was regulated by setting an asymmetric solution pH (pH 4in/pH 7out), leading to its cytoplasmic
side being toward the left side. Accordingly, the left side was assigned as “in,” whereas the right
side was assigned as “out.” To examine lipid dependence on the gating of the KcsA channel, four
types of CBB (including an asymmetric CBB) were used; namely, PGin/PGout, PGin/PCout, PCin/PGout,
and PCin/PCout (PG: phosphatidylglycerol) (Figure 9). The KcsA channel exhibited high open
probability (>90%) only in the PGin/PGout and PGin/PCout membranes. The KcsA channel requires
the existence of anionic phospholipids in the inner leaflet of the membrane for a high open
probability?®.

TABLES AND FIGURE LEGENDS:

Figure 1: Lipid bilayer and patch-clamp methods. Various methods have been developed for
forming the lipid bilayer. (A) Patch-clamp method. (B) Conventional planar lipid bilayer method,
which provides a free-standing, mostly vertical, bilayer on a small hole. (C) Tip-dip method. A
monolayer at the air—water interface is positioned on the tip of a glass electrode. Various
modifications have been developed. (D) Droplet interface bilayer method. (E) Contact bubble
bilayer method.

Figure 2: Contact bubble bilayer formation. As a bubble is blown into an oil phase, lipid
molecules transfer spontaneously to the water—oil interface. Different types of lipids as
liposomes are included in each bubble (lipid-in), and monolayers are formed exclusively by the
relevant lipids. Docking two monolayers generates an asymmetric bilayer membrane.

Figure 3: Distinct phases in the contact bubble bilayer, and the dynamics of lipids therein. Lipids
lining the bubble constitute a phase where they belong to either a monolayer or a bilayer. Flip-
flop of lipids across the bilayer is infrequent, and the asymmetric membrane is retained for a long
time.

Figure 4: Delivering lipids with the lipid-out or lipid-in method. Lipids are added either in an
organic solvent (lipid-out; A and C) or in aqueous solution as liposomes (lipid-in; B and D). In the
lipid-in method, an asymmetric membrane is formed. Channel-forming substances that are
soluble in aqueous solution (blue), such as peptides, are added into one of the bubbles and
spontaneously inserted into the bilayer. In the lipid-in method, a part of the channels is inserted
into liposomes, which are then fused to the bilayer. Channel proteins (red) are reconstituted into
liposomes in either the lipid-out or lipid-in method, which are then added into one of the bubbles
and spontaneously fused to the bilayer.

Figure 5: Formation and microscopic image of the contact bubble bilayer. The bilayer is
observed from a tangential direction.
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Figure 6: Observation of the bilayer for measuring the bilayer area. Two bubbles are stacked
one on the other through pipette manipulation, and the microscope is focused at the level of the
contact bubble bilayer.

Figure 7: Stepwise insertion of the KcsA channel into the contact bubble bilayer membrane.
The E71A mutant of the KcsA channel was used to show the immediate detection of the inserted
channels.

Figure 8: Detach-attach of monolayers and responses of channels. A peptide channel,
polytheonamide B, was added into one of the bubbles, which was then spontaneously
incorporated into the membrane. When detached, channels in the membrane withdrew but
were retained at the membrane leaflet of the channel-added side. Upon attachment, the
channels were inserted into the membrane.

Figure 9: Formation of an asymmetric membrane and channel activity dependent on the
composition of the leaflet. The KcsA channel is regulated by acidic lipids, such as PG, in the inner
leaflet of the membrane.

Table 1: Characteristics of various lipid bilayer membranes.

DISCUSSION:

The CBB method of lipid bilayer formation is based on the principle of a water-in-oil droplet lined
by a monolayer?. Technically, the procedures for forming CBBs are easy, especially for patch-
clamp researchers, who are proficient in manipulating glass micropipettes. The
electrophysiological setup for the patch clamp is readily used in the CBB when two pipette
manipulators with microinjectors are available. On the other hand, because the CBB is a
successor of the conventional PLB, for which a large amount of physicochemical knowledge has
been accumulated®®?, this background as well as knowledge of surface chemistry3® is helpful for
operating and manipulating CBBs. The CBB serves a versatile platform for studying channel—
membrane interplays. By using the CBB method, the bilayer can be modulated in terms of
chemical composition and physical manipulation. In the CBB, lipids lining the bubble can diffuse
freely across the border of the monolayer phase and leaflet of the bilayer, which enables various
experimental procedures. Various physical and chemical modifications to the bilayer are now
made possible, and we have developed other techniques such as the bilayer attach-detach and
the membrane perfusion methods*. We have extended CBBs for in vitro channel protein
synthesis, where channel synthesis was performed in the bubble, and newly synthesized channel
proteins were subjected to spontaneous transfer to the bilayer under application of a membrane
potential where nascent channel functions of the KcsA channel was traced from the time of
initiating the transcription/translation of KcsA DNA®2,

Among the steps of the protocol, maintaining the bubble size is critical. The bubbles may slowly
swell or shrink spontaneously because lipid transfer to the interface is slow and the monolayer
tension is prone to change. In particular, the first bubble inflated just after suction of the
liposome solution (steps 4.8.3 and 4.10) is hard to maintain because the monolayer tension is
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lowered by the liposomes accumulated at the tip of the pipette. Discarding the initial bubbles
and subsequent formation of the bubbles provide the stable CBB. Visual tracing of the bubble
size and fine tuning of the pressure are necessary.

There are experimental limitations to the CBB method. Although the CBB is designed for
electrophysiological measurements, the electrical resistance of the bilayer for certain lipid
compositions may not be high enough (e.g., 100 GQ) for single-channel recordings. For example,
dioleoyl phosphatidylcholine is frequently used for liposomes, but it forms electrically leaky CBBs
at 25 °C%3. CBBs cannot even be formed with lipid species whose phase transition temperature is
above the recording temperature. Indeed, CBB formation was difficult with dipalmitoyl
phosphatidylcholine at room temperature, but raising the temperature above Tm circumvented
the problem®*. In these experiments, the temperature was controlled by using a transparent heat
plate (see Table of Materials) beneath the slide glass®?. The phase transition temperature of the
frequently used lipid diphytanoyl phosphatidylcholine is below 0 °C 6, and CBBs are readily
formed3?4>°1 at a broad temperature range.

Phospholipids of the water—oil interface are provided from either the lipid-in or lipid-out method,
where the transfer rate is relatively slower in the lipid-out than in the lipid-in method®. In
addition, for reasons unknown, the electrical resistance of the bilayer membrane is relatively
smaller with the lipid-out method than with the lipid-in method.

In the protocol (step 4.8), a solution of liposomes and channel-reconstituted liposomes (1 pl) is
loaded from the tip of the pipette (steps 4.9 and 4.10), and the rest of the pipette contains the
previously filled electrolyte solution. This is merely for conserving materials, such as lipids and
channel molecules. Consequently, the liposomes diffuse gradually toward the upper pipette
solution, and after a while, the lipid concentration at the tip of the pipette becomes insufficient
to form lipid monolayers. In this case, fresh liposome solution should be aspirated from the tip
(step 4.8). This temporal concentration change can be circumvented when the whole pipette is
filled with the solution containing lipids and channel molecules, whereas liposomes gradually
settle down into the bubbles. In this case, bubbles are renewed.

Electrophysiologically, the CBB size is larger than that of the patch clamp, thus yielding a larger
membrane capacitance. However, the series resistance (the electrical resistance in a series of
membrane resistance) is much lower (~100 kQ) than that for the patch clamp (pipette resistance
> 1 MQ), which accelerates the speed of the voltage clamp and attenuates the background noise
and series resistance errors in the voltage-clamped membrane potentials®®-%8, The background
noise is a function of the membrane capacitance and the series resistance, where a low series
resistance complements a high membrane capacitance, resulting in low background noise®.

As a rule of lipid bilayer experiments, detergents should not be used to wash glassware. Even a
trace amount of detergent perturbs the integrity of the bilayer. Organic solvents such as
chloroform/methanol and ethanol should be used for such cleaning purposes instead.
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Overall, the CBB integrates the benefits of both the patch clamp (e.g., the mechanical
manipulation of the membrane) and the PLB (e.g., the ability to modify the lipid composition of
the membrane). Various types of channel-forming substances and channel proteins have been
studied>>%°71, The development of this method is opportune since increasingly more researchers
are focusing on channel-membrane interplay, and the CBB provides a versatile platform for
various experiments. Further experimental developments in the CBB method are expected.
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Success rate'

Immediate reformability”
Asymmetric membrane
Solution exchange

S/N ratio’

Membrane deformation
Mechanical manipulation
Membrane perfusion

Lipid compositions

"The success rate of forming stable lipid bilayer per trial.

*Formation of a new membrane quickly after break down of a membrane. Also,
membrane is formed repeatedly.

*The signal-to-noise (S/N) ratio represents the electrical background noise primary
generated from the membrane capacitance.

‘Concave or convex membrane can be formed by applying different inner pressure
between two bubbles.

°Only increasing the membrane tension.

®Phospholipids that can form giant unilamellar vesicles are applicable, but the giga-
seal may not be attained.
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Conventional PLB Liposome patch

high low
yes no
yes no
slow very fast
low high
no no
no yes’
no no
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very high very high

intermediate yes
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slow fast
low high
no yes4
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ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article: |Lipid Bilayer Experiments with Contact Bubble Bilayers

for Patch-Clampers

Author(s):

Masayuki Iwamoto and Shigetoshi Oiki

ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:
Standard Access

Item 2: Please select one of the following items:

D Open Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:
Shigetoshi Oiki
Department: Department of Molecular Physiology and Biophysics
Institution: University of Fukui, Faculty of Medical Sciences
Title: M.D., Ph.D.
Signature: VLO’% Date: September 26, 2018

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.


Oiki
スタンプ


Manuscript

Click here to access/download;Rebuttal
Letter;RevCommdJoVEdit.docx

Dear Editor,

We would like to thank the Editor for handling our manuscript and are grateful for the
constructive comments provided. We have responded to all points raised by the reviewers
and revised the manuscript accordingly. We have uploaded a pdf file in which all revised
sentences are highlighted.

Responses to Reviewer #1.:

Thank you very much for the constructive comments. We have added a statement regarding
the experimental condition, as far as possible. Also, we added suggestions on how to form a
stable lipid bilayer.

Minor Concerns:

Since lipids and lipid bilayers and their stability is significantly effected by the temperature, pH, salt
and buffer conditions, | will recommend authors to elaborate on the information regarding their
conditions in the paper. What are the limitations of forming successful and high efficiency contact
bubble bilayers in a variety of electrolytes (such as NaCl, KCI), and pH conditions. If the authors have
experience with modulating these conditions or having a condition, which performs the best for bilayer
stability, they should definitely include it in this manuscript. This will be highly useful for researchers
adapting this protocol in their labs.

The limitations of the CBB method have been added and are summarized in the Discussion
section.

Responses to Reviewer #2:

We appreciate the valuable comments on our manuscript. The awkward expressions were
corrected according to the suggestions of a native English speaker.

-The term "patch-clampers" is overly colloquial English for me. | would replace these words with a
different terminology in all places where the term appears.

We agree that the term “patch-clampers” is colloquial English, and we had discussed this
term with a native English speaker doing patch clamp experiments. The term is one that we
all understand. The alternative would be to refer to such people as “specialists in patch-clamp
recording techniques” or “users of patch-clamp recording techniques.” These phrases are
awkward and cumbersome. Also, there is no concise alternative. So generally speaking, we
would prefer to retain “patch-clamper.”

-In the abstract, the word "manipulability” is awkward. | would choose a different wording.

We have replaced “bilayer mechanical manipulability” with “to manipulate bilayer mechanics”
in the text.

-In the short abstract (and a few other places), there is a choice to be made between past tense and
present tense (“was blown" and "was formed" versus "is blown" and "is formed"). There are other
places where the past tense and present tense are mixed. Please try to be consistent.

We have unified the tenses in the text.

-In line 101 the word "impat" is incorrect. Perhaps "impart" was intended.

I+


http://www.editorialmanager.com/jove/download.aspx?id=903558&guid=c514392d-9e44-4afa-b65a-0f4de6ec0015&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=903558&guid=c514392d-9e44-4afa-b65a-0f4de6ec0015&scheme=1

This has been corrected.

-Insert "the" at the end of line 140 to give: "We found that the cholesterol content . . . "

We have inserted “the” at the indicated position.

-In line 141 change "switch" to "switching" and delete "of".

We have revised the phrase as suggested.

-In line 355, change "is" to "are" to agree with "procedures.” The remainder of the Discussion has
multiple places where there is awkward use of the English language. Please edit the entire manuscript
for minor improvements in the grammar and the flow of the language. Notably, in line 391, see "glass
wears" ?? There are other examples, too numerous, that need to be checked.

Thank you for this indication. The entire manuscript has been copy edited by a professional
English-language editor.

Responses to Reviewer #3:

Thank you very much for

1. Line 115: Please elaborate what you mean by changes in surface tension? Changes in the bilayer
tension or changes in the monolayer tension? Presumably both, but how do you sort this out?

Thank you for pointing out this important aspect. We have revised the relevant part as follows:

“The changes in the contact angle indicate changes in the bilayer tension, given that the
monolayer tension is evaluated from changes in the contact angle as a function of the
membrane potential (Young-Lippmann equation: ymo = Cy, V2/4 (cos(Bo) — cos(6v)), where
Cm is the membrane capacitance, V is the membrane potential, and 6o and 6, are the contact
angles at 0 and V mV, respectively).”

2. Line 119: At first reading, | did not understand what was meant by "multiple phases." Multiple
components is likely to be a better term.

We have revised the indicated part as follows:

“A CBB system consists of distinct phases; namely, a bulk oil phase, water bubbles coated
with a monolayer, and a contacting bilayer.”

3. Line 125: Is it necessary to introduce the Marangoni effect? It is likely to confuse, unless you make
use of this later in the presentation.

The "Marangoni effect” is a concept known among surface chemists and admittedly might be
unfamiliar to other readers. However, this phenomenon is an essential one that must be kept
in mind for the CBB experiment. In the revised version, we have explained the Marangoni
effect more clearly. Also, the reference #47 was replaced.

4. Lines 127 - 130: This needs to be clarified; the transition temperature for DOPC is close to -20 C,
which should allow for stable bilayers.



We have moved the indicated part to the Discussion, revised as follows:

“For example, dioleoylphosphatidylcholine is frequently used for liposomes, but it forms
electrically leaky CBBs at 25 °C%2. CBBs cannot even be formed with lipid species whose
phase transition temperature is above the recording temperature. Indeed, CBB formation
was difficult with dipalmitoylphosphatidylcholine at room temperature, but raising the
temperature above Tr, circumvented the problem®3.”

5. Line 183, and elsewhere: The term "hole slide glass™ is unknown to me, and I did not see it illustrated
in any of the figures.

We have illustrated the hole slide glass in the text: hole slide glass (slide glass with a shallow
concave well)

6. Line 193: This is in part redundant with what is stated on line 188.
7. Line 201: Again some redundancy.

We have revised the indicated parts.

8. Lines 213-214: Please change the tense to be present tense.

We have revised the sentence using the present tense.

9. Lines 226 - 231: This was unclear to me. Please revise.

We have moved the indicated part to the Discussion, revised as follows:

“In our protocol (step 4.8), a solution of liposomes and channel-reconstituted liposomes
(1 yL) is loaded from the tip of the pipette (steps 4.9 and 4.10), and the rest of the pipette
contains the previously filled electrolyte solution. This is merely for conserving materials,
such as lipids and channel molecules. Consequently, the liposomes diffuse gradually toward
the upper pipette solution, and after a while, the lipid concentration at the tip of the pipette
becomes insufficient to form lipid monolayers. In this case, fresh liposome solution should be
aspirated from the tip (step 4.8).”

10. Lines 234 - 235: This probably should moved to be right after lines 127 - 130.

We have moved the relevant part to the Discussion.

11. Lines 263 - 264: It is not clear to me what the authors refer to. It would be good to refer to Figure
5, which | assume shows what the authors have in mind.

We have added a new figure (Figure 7) to illustrate the indicated point.
12. Line 355: Please change "is" to "are."
This has been corrected.

13. Line 360: Suggest deleting "and unprecedented."”
14. Line 365: Same comment.

These have been deleted.

15. Table 1: It would be preferable if Rows 1 "Success Rate™ and 5 "S/N ration™ had numbers assigned



to "low," "high" and "very high."

In this table, we intended to show the rough characterization of and comparison between the
techniques. Each item was expressed qualitatively because they varied substantially in each
experiment and channels used.



Responses to the editorial comments:

We have made the corrections throughout the text according to the editor’'s comments.

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.

2. Please provide an email address for each author.

3. Please rephrase the Short Abstract to clearly describe the protocol and its applications in complete

sentences between 10-50 words: “Here, we present a protocol to ...”

This has been corrected (Lines 15-18).

4. Please rephrase the Introduction to include a clear statement of the overall goal of this method.
This has been corrected (Lines 95-98).

5. Please spell out each abbreviation the first time it is used.

This has been corrected.

6. JOVE cannot publish manuscripts containing commercial language. This includes trademark
symbols (™), registered symbols (®), and company names before an instrument or reagent. Please
remove all commercial language from your manuscript and use generic terms instead. All commercial
products should be sufficiently referenced in the Table of Materials and Reagents. You may use the
generic term followed by “(see table of materials)” to draw the readers’ attention to specific
commercial names. Examples of commercial sounding language in your manuscript are: Sigmacote,
Axopatch, etc.

This has been corrected.

7. Please adjust the numbering of the Protocol to follow the JOVE Instructions for Authors. For
example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from using
bullets, dashes, or indentations.

8. Please revise the protocol to contain only action items that direct the reader to do something (e.qg.,
“Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete
sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be”
throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a
“Note.” Please include all safety procedures and use of hoods, etc. However, notes should be used
sparingly and actions should be described in the imperative tense wherever possible.

This has been corrected (Lines 154-258).

9. Lines 147-154, 226-235, etc.: The Protocol should be made up almost entirely of discrete steps
without large paragraphs of text between sections. Please move the discussion about the protocol to
the Discussion.

This has been moved to Lines 389-392.

10. Please add more details to your protocol steps. There should be enough detail in each step to
supplement the actions seen in the video so that viewers can easily replicate the protocol. Please ensure
you answer the “how” question, i.e., how is the step performed? Alternatively, add references to
published material specifying how to perform the protocol action. See examples below:

Line 157: Listing an approximate volume to prepare would be helpful.



Line 160: What temperature is set during rotary evaporation and how long does it take to form a thin
phospholipid film?
Line 175: Please specify the settings of the pipette puller.

It is generally difficult to show the settings since the platinum heating sheet varies
substantially, and so too the settings.

Line 179: Heat for how long?
Line 185: What is considered to be an appropriate volume?

All the points, except for Line 175, were corrected.

11. Step 5 is difficult to follow. Please try to combine this specific protocol with previous steps. For
instance, indicate the modifications made for KcsA potassium channel in steps 2 and 7.

Step 1.5 was included in Lines 170-172.
12. Please include single-line spaces between all paragraphs, headings, steps, etc.
This has been corrected.

13. After you have made all the recommended changes to your protocol (listed above), please highlight
2.75 pages or less of the Protocol (including headings and spacing) that identifies the essential steps
of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of
the Protocol.

14. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted
part of the step includes at least one action that is written in imperative tense.

15. Please include all relevant details that are required to perform the step in the highlighting. For
example: If step 2.5 is highlighted for filming and the details of how to perform the step are given in
steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted.

This has been corrected.

16. Discussion: Please also discuss critical steps within the protocol.

We have added sentences for the critical steps (Lines 378-384)

17. For in-text references, the corresponding reference numbers should appear as superscripts after the
appropriate statement(s) in the text (before punctuation but after closed parenthesis). The references
should be numbered in order of appearance.

This has been corrected.

18. Please ensure that the references appear as the following: [Lastname, F.l., LastName, F.I.,
LastName, F.1. Article Title. Source. Volume (Issue), FirstPage — LastPage (YEAR).] For more than 6
authors, list only the first author then et al. See the example below:

Bedford, C.D., Harris, R.N., Howd, R.A., Goff, D.A., Koolpe, G.A. Quaternary salts of 2-
[(hydroxyimino)methyl]imidazole. Journal of Medicinal Chemistry. 32 (2), 493-503 (1998).

19. References: Please do not abbreviate journal titles.

This has been corrected.
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SHORT ABSTRACT: {L0-words—HHHarH—50-wordsexdatHn50 <«

ContactHerein, we present a protocol for the formation of I|p|d bllayers using a contact bubble
bilayer is-a-w

mpeﬁes—%ma—pa%eh—p%e%p—é&mete%g—pm-)—amethod A water bubble Wasis blown
from a patch pipette into an organic solvent, whereby a monolayer wasis formed at the water—
oil interface,subjected-. Two pipettes are manipulated to be-decked-dock the bubbles to form a
bilayer.

LONG ABSTRACT: {150-words-minimum,-300-words maximum)-250;

Lipid bilayerexperimentsbilayers provide a unique experimental platform for functional studies
of ion channels, allowing the examination of channel-—membrane interactions under various
membrane lipid compositions. Among them, water-in-oildropletbilayers,such-asthe-the
droplet interface bilayer {BiB}-havehas gained popularity; butahowever, the large membrane
size hinders the recerdingsrecording of low electrical background noise-thatthepateh-clarmpers
anticipate.. We have established thea contact bubble bilayer (CBB) method;-which that
combines the benefits of planar lipid bilayer and patch-clamp methods, such as the ability to
vary the lipid eempesitienscomposition and to manipulate the bilayer mechanical
rmanipulabilitymechanics, respectively. With-ar-experimental-Using the setup for conventional
patch-elampingclamp experiments, CBB-based experiments can be readily performed.
Eleetrolyteln brief, an electrolyte solution in a glass pipette wasis blown into an organic solvent
phase (hexadecane), and a-bubble-wasthe pipette pressure is maintained to obtain a stable
bubble size. The bubble is spontaneously Ilned with a lipid monolayer (pure I|p|ds or mlxed
I|p|ds g

in diameter) at the tip of the glass pipettes we;ededea#%bﬂwer—ﬁe#naﬂen—?he#eaﬁe#
p+pette—p¢essewe—was—ma+nta+neéare docked for a—stable—bubble—s«-ze—gy—applymg—a—h%h
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fused-bubble-and-forming-nrew-bubbles:bilayer formation. Introduction of channel-
reconstituted liposomes in-ainto the bubble ledleads to the incorporation of the-channels in the
bilayer, allowing for single-channel current recerdingsrecording with a signal-to-noise ratio
comparable to patch-clamprecordings-that of patch-clamp recordings. CBBs with an
asymmetric lipid composition are readily formed. The CBB is renewed repeatedly by blowing
out the previous bubbles and forming new ones. Various chemical and physical perturbations
can-be-applied-(e.g., membrane perfusion and bilayer tension) can be imposed on €BB-and
herethe CBBs. Herein, we present the basic procedure for CBB formation.

INTRODUCTION: {150 weords-minimum 1500 words-maximum)
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S For ion channels, the cell
membrane is not simply a supporting material but a partner for generating the ion flux.
Functionally, the membrane is an electrical insulator in which ion channels are embedded, and
all cell membranes are imparted with a resting membrane potential. In previous studies, an
arbitrary membrane potential was imposed from an external circuit by which electrical current
through the channels was measured. This quantitative evaluation of the ion flux at different
membrane potentials revealed the molecular properties of these channels, such as their ion-
selective permeation and gating functions® 2. The membrane platform for functional studies of
ion channels is either the cell membrane or lipid bilayer membrane. Historically, single-channel
electrical current recordings were first performed in lipid bilayers® 4, and the relevant
technigues were developed for cell membranes, such as the patch-clamp method (Figure 1A)>
5, Since then, these two techniques have evolved separately for different purposes (Figure 1)”'8.

Membrane lipids and bilayer membranes are currently the focus of research for their roles
in supporting the structure and function of channel proteins. Therefore, the ready availability of
methods to vary the lipid composition in bilayers is in high demand. Lipid bilayer formation
methods such as the planar lipid bilayer (PLB)®1!, water-in-oil droplet bilayer!?, and droplet
interface bilayer (DIB)'3-!° techniques (Figure 1) are common choices, providing an opportunity
for examining channel function under varying lipid compositions?°. Although the DIB is
technically much easier to produce than the conventional PLB, the large size of the DIB has
created a disincentive for patch-clampers to apply it for studying single-channel current
recordings with usual-sized conductance (<100 pS).

To circumvent the background noise, the bilayer area must be minimized. This issue recalls

", X - X R K X . R / £ 7vY—
the repetitions of history in developing electrophysiological techniques for lipid bilayers (Figure {§ﬁ}[§ ’
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1). In the early days, a small-sized bilayer (1-30 um in diameter) was formed at the tip of a

pipette (tip-dip method; Figure 1C)*1-23, rather than using a free-standing bilayer (~100 um in

diameter) on a hydrophobic septum in a chamber (Figure 1B). The tip-dip method allowed for

electrical measurements with much lower background noise?*. Our experiences with the PLB?>

26, tip-dip?* 2> %7, and patch-clamp

28-31

methods led us to a novel idea of forming lipid bilayers

by using the principles of the water-in-oil bilayer. We have referred to this as the contact

bubble bilayer (CBB) method?® 32, |n this method, rather than hanging the water droplets in an

oil phase (Figure 1D), a water bubble is blown from a glass pipette (with tip diameter of

approximately 30 um) into the oil phase (Figure 1E and 2), where the bubble is maintained by

applying a steady pressure. A monolayer forms spontaneously at the water—oil interface at the

surface of the bubble. Then, two bubbles are docked through the manipulation of two glass

pipettes, and the bilayer is formed as the two monolayers approach each other, yielding an

equilibrium bilayer area. The size of the bubble is controlled by the intra-bubble pressure

(holding pressure), and likewise the bilayer size. An average diameter of 50 um is frequently

used. Although the volume of the bubble is small (<100 pL), it is connected to the larger volume

of the pipette solution that is in the microliter range, constituting the bulk electrolyte phase.

There are many benefits to use the CBB method (Table 1). As a lipid bilayer formation

technique, membranes of various lipid compositions can be produced, and asymmetric

membranes are more readily formed3? than are those by the conventional folding method?3.

The bilayer can be mechanically manipulated, unlike the conventional PLB that can only be bent

with a hydrostatic pressure difference3 3%, By changing the holding pressure, the bubbles either

expand or shrink, leading to increased or decreased membrane tension32. The bilayer is

mechanically detachable into monolayers, similar to the freeze-fracture technique3® 37 of

membranes in morphological studies, but with the CBB, a maneuver allows for repeated detach

and attach cycles32. The small volume of the electrolyte solution within the bubble allows

efficient fusion of channel-reconstituted liposomes into the bilayer, and the probability of

getting channel recordings is much higher than with the conventional PLB technigue. The small

bubble volume also allows rapid perfusion (within ~20 ms) once another injection pipette is

inserted into either of the bubbles. Unlike the patch-clamp method, a broken CBB-based

membrane is re-formed immediately and repeatedly, and pipettes can be used several times a

day. By integrating benefits of the patch-clamp and PLB methods, the CBB provides a versatile

platform to vary the physicochemical conditions of the membrane, allowing for unprecedented

studies of channel-membrane interactions.

Before presenting a detailed protocol of the CBB formation process, the physicochemical

background of the bilayer formation #n-€BB-is presented first, which iswill be helpful for patch-
clampers to selve-issues-whenresolve experimental difficulties relating to membrane formation

that are encountered.

The Sense of surface chemistry in the CBB: CBB experiments impart lessons of surface

chemistry science38. The CBB is similar to a soap bubble blown from a straw into the air, where

likewise, a water bubble is blown into an organic solvent. One will notice that a water bubble is

hardly inflated when membrane lipids are not included in either the water bubble or the

organic solvent. In the absence of amphipathic lipids, the surface tension at a water—oil
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173 interface is high, and the intra-bubble pressure for blowing a bubble will be high. This is a

174 realization of the Laplace equation (AP = 2 y/R, where AP is the intra-bubble pressure, v is the
175 surface tension, and R is the bubble radius). When the concentration of lipids in either the

176  organic phase or the electrolyte solution is high, the density of lipids in the monolayer

(177 increases, as dictated by the Gibbs adsorption isotherm (—dy = Ii dui, where Ti is the surface
178  excess of compound i, and i is the chemical potential of component i)3°, leading to a lower
179  surface tension and ease of bubble formation. In the CBB, the bilayer can be observed from a
180 tangential angle (Figure 2), and the contact angle between the monolayer and bilayer is

181 measurable. This angle represents an equilibrium between the surface tensions of the

182  monolayer and bilayer (Young equation: ybi = Ymo c0s(8), where ybi is the bilayer tension, ymo is
183 the monolayer tension, and 6 is the contact angle). The changes in the contact angle indicate
184  changes in the bilayer tension, given that the monolayer tension is evaluated from changes in
185 the contact angle as a function of the membrane potential (Young-Lippmann equation: ymo = Cm
186  V2/4 (cos(Bo) - cos(Bv)), where Cm is the membrane capacitance, V is the membrane potential,
187 and B0 and By are the contact angles at 0 and V mV, respectively)**~2. When two bubbles are
188 close enough, they approach each other spontaneously. This is due to van der Waals force, and
189  we can visually observe this dynamic process in CBB formation.

190 A CBB system consists of distinct phases; namely, a bulk oil phase, water bubbles coated
191  with a monolayer, and a contacting bilayer (Figure 3). These are reminiscent of the multiple
192 phases observed in a PLB, such as a solvent-containing torus around the bilayer phase and a
193  thin organic phase sandwiched by two monolayers*?* 44, In the CBB, the monolayer phase is
194  continuous with the bilayer leaflet, and lipid molecules readily diffuse between the monolayer
195 and the leaflet. The monolayer phase covers most of the bubble surface, constituting the major
196  phase that serves as a lipid reservoir. Because the hydrophobic tail of lipids in the monolayer

197  extends outward, to the bulk oil phase, the bilayer interior or the hydrophobic core opens to the [%iﬁ@ﬁ: 7 4> b : Calibri

198  bulk oil phase. Thus, a hydrophobic substance injected into the oil phase close to the bilayer is
199 able to readily access the bilayer interior. This is the membrane perfusion technigue we had

P00  developed recently*®, by which the lipid composition in the bilayer is changed rapidly (within a
P01  second) during single-channel current recordings. We found that the cholesterol content in the
P02  bilayer could be reversibly controlled by switching the cholesterol perfusion on and off*°. In the
P03  event that the concentration of the relevant substance in the monolayer and bilayer differs, the
P04  concentration gradient of the relevant substance is immediately dissolved through diffusion,
P05  which is known as the Marangoni effect*® #’. On the other hand, flip-flops across the

P06  monolayers are slow*359,

P07 Using the CBB method, the bilayer is formed under versatile physicochemical conditions,
P08  such as an electrolyte pH as low as 1 °1, a salt (K*, Na*, etc.) concentration up to 3 M, a

P09  membrane potential as high as 400 mV, and a system temperature of up to 60 °C.

P10  There are several options for formation of the CBB and incorporation of channel molecules

P11  therein. For formation of the monolayer at the water—oil interface, lipids are added either in an
P12  organic solvent (lipid-out method; Figure 4A,C) or in a bubble as liposomes (lipid-in method;

213  Figure 4B,D). Notably, the lipid-in method allows for the formation of asymmetric ,,{gaﬁgﬁ; 5> b Calibn
P14  membranes'> 32, Channel molecules soluble in agueous solution (e.g., channel-forming ESEE
P15 peptides) Fhe-Sense-ofsurface-chemi in-the CBB: CBB experimentsimpatlesson { Y
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abse#pﬁmq—isetherm—(-dy;ﬁdﬁc;—ﬁ +the chemicalpotential

54} ata-broad-temperature range.

i i are directly added into the bubble
(Figure 4A,B)°* >3, whereas channel proteins are reconstituted into liposomes, which are then
added into the bubble (Figure 4C,D). Herein, the formation of CBBs by the lipid-in method for
either a channel peptide (polytheonamide B (pTB); Figure 4A) or a protein (KcsA potassium
channel, Figure 4C) is shown.
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a stidesl-can-be-directly

H1.1 Pheospholipidsinchloreform+-Disperse phospholipids (e.g., 10 mg in powder) in
chloroform at an-apprepriate-a desired concentration (e.g., 10 mg/mimL).

2}1.2 Chloreform-evaperation:-Evaporate chloroform
#1.2.1 Place the phospholipid solution in a round-bottom flask and set it on a rotary
evaporator (see table of materials) connected withto a N2 gas cylinder. Rotate the flask under
N2 flow at room temperature until a thin phospholipid film appears-_(after ~30 min).

#}1.2.2 Place the open flask ininto a desiccatorwhich that is connected to a vacuum pump.
AspirateUsing the vacuum pump, aspirate the inside of the desiccator usingthe-vacuum-pump
for several hours to remove the chloroform thoroughly.
3}1.3 PhesphelipidsuspensienSuspend the phospholipid: Add an appropriate volume of an
electrolyte solution to the flask and suspend the phospholipid to obtain a 2 mg/mimL
phospholipid suspension.
4)1.4 Sonicate the suspension for several tens of seconds using a bath sonicator (see table of
materials) to obtain a multilayered vesicle (MLVipeseme) suspension.
5}1.5 For preparation of proteoliposomes that contain ion channel proteins, add lessthan2%
velume-ofa protein solution (with the proteins are-solubilized using appropriate detergents; 2%
volume is the maximum) to the MLV lipeseme-suspension and sonicate for several seconds

using the bath sonicator.

22 Preparation-ef-Prepare large-bore glass pipettes
12.1 Set aglass capillary (see table of materials) to a pipette puller (see table of materials)
and fabricate £we-micropipettes with a fine tapered tip_through two-step pulling.
2)2.2 _Set the micropipette on a microforge (see table of materials) and contact the tip of the
micropipette to a platinum filament at the tapered portion with a diameter of 30 to 50 um.

(BRZE: 7 +> b : Calibi
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BOO 3)2.3 Heat the filament fera-mementbriefly (5 s) and immediately turn it off. This

B01  manipulation forms a crack at the heating point-and, whereby the tip of the micropipette is cut
B02  off, leaving a wide bore with a diameter of 30 to 50 um.

B03

B04 33  SurfacetreatmentTreat the surface of hole slide glass (slide glass with a shallow concave
B05  well; see table of materials; siliconization for a water-repellent finish)

BO6 3.1 Clean the surface of athe hole slide glass with distilled water and Et@Hethanol.

BO7  2)3.2  Apply an appropriate volume (e.g., 100 pL) of a siliconizing reagent (water-repellent;
B08  eg;Sigmacote}onte; see table of materials) onto the hole slide glass.

B09 33 Use-afterDry the reagent elﬂes-completely-

310 i
B11
B12
B13
314
B15 3.4  Placethe smeem%eeLhole slide glass on the stage of an inverted microscope (see tables
B16  of materials).

B17

318 4 Form the CBB and addperform electrophysiological measurement

B19 4.1 Add 100 piL of hexadecane into the heleshallow well of the siliconized hole slide glass.
B20  Note: For the lipid-out method, phospholipids are dispersed in hexadecane (20 mg/mL)

B21  beforehand.

B22  2)4.2  Fill the electrolyte solution up to half the length of the glass-pipettemicropipette, using a
B23  tuberculin syringe.

B24  3)4.3 Set the micropipette teonto the micropipette holder,which-is+meunted-en with a micre
B25 manipulater—and-pressure port (see table of materials), allowing the Ag/AgCl wire electrode
B26  (see table of materials) to soak the-Ag/AgChwireelectrode-into the pipette electrolyte solution.
B27 4}4.4 Connect one of the micropipette holders to the head stage of a patch-clamp amplifier
B28  and-aneother(see table of materials) and the other one to the electrical ground.

B29 5)4.5 Connect a miere-injectormicroinjector (see table of materials) to the pressure port of
B30 the micropipette holder.

B31 6)4.6 Setthe micropipette to an appropriate position above the stage of an inverted

B32  microscope by manipulating the micre-manipulater-micromanipulator (see tables of materials).
B33 4.7 SuetionAdjust the electrode offset potential.

B34 4.7.1 Place 1 ulL of the same electrolyte solution used to fill the micropipette on the flat

B35  surface around the shallow well of the hole slide glass, creating an electrolyte dome.

B36 4.7.2 Soakthe tip of both micropipettes into the electrolyte dome by manipulating the

B37  micromanipulator.

B38 4.7.3 Adjust the electrode offset potential of the patch-clamp amplifier.

B39 4.7.4 Confirm the correct offset at the end of experiments by breaking the CBB via application
B40  of a high membrane potential (electrical breakdown; using Zap on the amplifier), causing the

B41  two bubbles to be fused into one (bubble fusion).

[%i@éﬁ: 75—
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4.7.5 Correct the liquid junction potential®® in the case where asymmetric electrolyte
solutions are used, such that the calculated value is added to the applied membrane potential
for the true membrane potential.

Note: The liquid junction potential is calculated using the program JPCalc>®

#A4.8 Draw liposome solution from the tip

PlacetpldropletofNote: When water-soluble channels are examined using the lipid-out
method, suctioning of the liposome solution is not necessary.

1#4.8.1 Place 1 uL of liposome solution on the flat surface around the heleshallow well of the
hole slide glass (liposome-containing dome).

#4.8.2 Manipulate the micremanipulatermicromanipulator and insert the tip of the
micropipette into the drepletliposome-containing dome.

#1)4.8.3 Aspirate the drepletliposome-containing solution by lowering the pressure inside
the micropipette holder using the miere-injectermicroinjector.
M4.8.4 Repeat the procedure for the other pipette.

8}4.9 Manipulate the miere-manipulatermicromanipulator and dip the tip of the micropipette
into the hexadecane enin the heleshallow well.

9)4.10 ABlow a water bubble was-slowly blewn-by increasing the pressure until the bubble
reached-areaches the desired size (e.g., 50 um in diameter};) and maintain the same pressure
was-maintainedthereafter (maintaining pressure).

10)4.11 Hitis-hard-to-keep-thesize-of the-bubblesstablediscardDiscard the bubbles by
passing the tip through the oil-—air interface if it is hard to keep the size of the bubbles stable.
114.12 Repeat steps 4.8 to 4.9 until stable bubbles are formed.

4.13  ManipulatersareusedManipulate the bubbles to allow contact between bubbles:them
(Figure 5).

12}Note: Sometimes, the bubbles approach each other spontaneously appreach-to form the
CBB. In other cases, the bubbles are close but do not contact each other. In this case, push the
bubbles each other mechanically.

13)4.14 Fhe-bubble-size-should-be-maintained-by-finre-tuningFine-tune the pressure to

maintain the bubble size, because the size may gradually change even at the constant intra-

bubble pressure.
1434.15 Set the membrane potential to the appropriate value using the patch-clamp
amplifier and wait for the channel current to emerge- (Figure 6).
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ramp potential.
Note: When the rate of the voltage change in the ramp command is 10 mV/10 ms (or 1

Measurementof bilayer capacitance
45.1 FheMeasure the bilayer eleetricelectrical capacitance ismeasured(Cel) by applying a

V/see);s) followed by =10 mV/10 ms, the measured-current-amplitude of the current jump upon

changes in the slope corresponds to the jump-incurrentupon-the-application-oframppotentiak

read of the membrane’s capacitance value (e.g., 100 pA = 100 pF).

2}5.2  Fe-evaluateEvaluate the bilayer area; of two bubbles-are stacked rextte-eachone on the
other, and focus the microscope isfeeused-at the bilayer level—Fhe to view the edge of the

bilayer is~visuaty-discernible—(Figure 6).

Speeific-membrane-capacitance-ean-be-measured-from-the-eleetricNote: The bilayer shape is

mostly circular, and the area is calculated from the radius.

3)5.3 Calculate the specific membrane capacitance and-the bilayerarea-as(Csp=CelfA-TFhe
specificmembrane) by dividing the electrical capacitance in-hexadecane-is-0-65-pF/em?by the

bilayer area (Csp = Cel/A).

45.4 BilayerCalculate the bilayer thickness (thickness of the hydrophobic core) is-evaluated
as-using D¢ = (er€0)/Cspr- (Where &r and go represent the permittivity of the hydrophobic region of

the bilayer and the permittivity of a vacuum, respectively:).
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128
129
130
h31
h32 REPRESENTATIVE RESULTS:

133

U34  Atypical CBB hashad a diameter of 50 um (Fig-Figure 5,6) and the specific membrane

K35  capacitancein hexadecane was 0.65 p.F/cm2 The bubble size iswas arbltrarlly controlled by the the
K36  intra-bubble pressure.
n37 - When small bubbles are necessary
438  for Iow noise recordlngs the tip diameter should be correspondingly small. For example, for a
439  bubble size of 50 um in diameter, the tip diameter should be 30 um.

440 Once the CBB ishad formed, the channel molecules either in aqueous solution or in the

41  liposome arewere spontaneously inserted into the €BBbilayer within a span of a few minutes-to
h42  dozens of minutes. Insertion of the channels ean-bewas confirmed by athe stepwise increase of
43  current amplitude (Fig—6Figure 7) under the applied membrane potential. The smaller

444  membrane area (<-1000 um?) relative to that in the conventional PLB and DIB systemsystems
h45  substantially imprevesimproved the electrical signal-to-noise ratio.

na6 Current recordings eancould be continued until the membrane iswas disrupted and the two
U47  bubbles are-merged. New bubbles eanbewere blown and the CBB is-formed immediately and
K48  repeatedly. The pipette eancould be used repeatedly used,and-the-new-bubblesreadily-form
49  anetherEBBwithin a day.

150
U51
152
153
hb4
155
156
u57
158
159
160
M6l  Duty cycle of attach and detach:

62  Abilayer formed by the CBB method can be disintegrated into two monolayers. Detach-attach
63  of the CBB can be repeated by manipulating the two bubbles (duty cycle of detach-attach). This
W64  process was monitored by the appearance of the channel current of pTB, a peptide channel
65  from a marine sponge, as it was readily inserted into the lipid bilayer to form a monovalent

U66  cation-selective pore>* . The pTB channel current emerged immediately after attaching the
W67  two monolayers, and the current became larger as the area of contact increased (Figure 8). The
W68  amplitude of the current was synchronized with the detach-attach manipulation of the CBB.

h69
K70  Single-channel measurements of the KcsA channel:
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The KcsA potassium channel is pH sensitive, being activated by acidic intracellular pH>’. Thus,

the electrolyte solution was set to be asymmetric®®%°, In step 4.2 of CBB formation, the pipette

solution of the left side was set at pH 4, whereas that of the right side was set at pH 7.5%. In

step 4.7.1, a proteoliposome suspension, rather than liposome suspension, was placed onto the

slide glass for aspiration into the left pipette. Accordingly, the KcsA channel was oriented in the

membrane with its cytoplasmic domain facing the left bubble. Liposomes with the protein/lipid

weight ratio of 1/2000 are suitable for single-channel current recording, and those with a 1/10

ratio are for macroscopic current recording.

Asymmetric membrane: Asysametrie

An asymmetric lipid bilayer can be formed using different liposome suspensiensuspensions for
each bubble= (lipid-in)*> 32, The orientation of the KcsA channel in the membrane was regulated
by setting an asymmetric solution pH (pH 4in/pH 7out), leading to its cytoplasmic side being

toward the left side. Accordingly, the left side was assigned as “in,” whereas the right side was

assigned as “out.” To examine lipid- dependence on the gating of the KcsA channel, four types

of CBB (including an asymmetric CBB) were used,e-;; namely, PGin/PGout, PGin/PCout, PCin/PGout,

and PCin/PCout (Fig—8)—Here, the pH-ofthe two bubbles wasset asymmetricallyas
pHAintpHZ0u=PG: phosphatidylglycerol) (Figure 9). The KcsA channel exhibited high open

probability (>-90%) only in the PGin/PGout and PGin/PCout mrembranemembranes. The KcsA
channel requires the existence of anionic phospholipids in the inner leaflet of the membrane

for a high open probability4{26)-2°.

Tables and Figures:

Figure 1: Lipid bilayer and patch-clamp methods. Various methods have been developed for

forming the lipid bilayer. (A) Patch-clamp method. (B) Conventional planar lipid bilayer method,

which provides a free-standing, mostly vertical, bilayer on a small hole. (C) Tip-dip method. A

monolayer at the air—water interface is positioned on the tip of a glass electrode. Various

modifications have been developed. (D) Droplet interface bilayer method. (E) Contact bubble

bilayer method.

Figure 2: Contact bubble bilayer formation. As a bubble is blown into an oil phase, lipid
molecules transfer spontaneously to the water—oil interface. Different types of lipids as

liposomes are included in each bubble (lipid-in), and monolayers are formed exclusively by the

relevant lipids. Docking two monolayers generates an asymmetric bilayer membrane.

Figure 3: Distinct phases in the contact bubble bilayer, and the dynamics of lipids therein. Lipids
lining the bubble constitute a phase where they belong to either a monolayer or a bilayer. Flip-

flop of lipids across the bilayer is infrequent, and the asymmetric membrane is retained for a

long time.

Figure 4: Delivering lipids with the lipid-out or lipid-in method. Lipids are added either in an
organic solvent (lipid-out; A and C) or in aqueous solution as liposomes (lipid-in; B and D). In the
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lipid-in method, an asymmetric membrane is formed. Channel-forming substances that are
soluble in aqueous solution (blue), such as peptides, are added into one of the bubbles and
spontaneously inserted into the bilayer. In the lipid-in method, a part of the channels is inserted
into liposomes, which are then fused to the bilayer. Channel proteins (red) are reconstituted
into liposomes in either the lipid-out or lipid-in method, which are then added into one of the
bubbles and spontaneously fused to the bilayer.

Figure 5: Formation and microscopic image of the contact bubble bilayer. The bilayer is
observed from a tangential direction.

Figure 6: Observation of the bilayer for measuring the bilayer area. Two bubbles are stacked
one on the other through pipette manipulation, and the microscope is focused at the level of
the contact bubble bilayer.

Figure 7: Stepwise insertion of the KcsA channel into the contact bubble bilayer membrane. The
E71A mutant of the KcsA channel was used to show the immediate detection of the inserted
channels.

Figure 8: Detach-attach of monolayers and responses of channels. A peptide channel,
polytheonamide B, was added into one of the bubbles, which was then spontaneously
incorporated into the membrane. When detached, channels in the membrane withdrew but
were retained at the membrane leaflet of the channel-added side. Upon attachment, the
channels were inserted into the membrane.

Figure 9: Formation of an asymmetric membrane and channel activity dependent on the
composition of the leaflet. The KcsA channel is regulated by acidic lipids, such as PG, in the
inner leaflet of the membrane.

DISCUSSION: {3-6-paragraphs}

The CBB method of lipid bilayer formation is based on the principle of a water-in-oil droplet
lined by a monolayer?°. Technically, the procedures for forming CBBs are easy, especially for
patch-clamp researchers, who are proficient in manipulating glass micropipettes. The
electrophysiological setup for the patch clamp is readily used in the CBB when two pipette
manipulators with microinjectors are available. On the other hand, because the CBB is a
successor of the conventional PLB, for which a large amount of physicochemical knowledge has
been accumulated?® °%, this background as well as knowledge of surface chemistry38 is helpful
for operating and manipulating CBBs. The CBB serves a versatile platform for studying channel—
membrane interplays. By using the CBB method, the bilayer can be modulated in terms of
chemical composition and physical manipulation. In the CBB, lipids lining the bubble can diffuse
freely across the border of the monolayer phase and leaflet of the bilayer, which enables
various experimental procedures. Various physical and chemical modifications to the bilayer are

now made possible, and we have developed other technigues such as the bilayer attach-detach
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and the membrane perfusion methods*’. We have extended CBBs for in vitro channel protein
synthesis, where channel synthesis was performed in the bubble, and newly synthesized
channel proteins were subjected to spontaneous transfer to the bilayer under application of a
membrane potential where nascent channel functions of the KcsA channel was traced from the
time of initiating the transcription/translation of KcsA DNA®2,

Among the steps of the protocol, maintaining the bubble size is critical. The bubbles may
slowly swell or shrink spontaneously because lipid transfer to the interface is slow and the
monolayer tension is prone to change. In particular, the first bubble inflated just after suction
of the liposome solution (steps 4.8.3 and 4.10) is hard to maintain because the monolayer
tension is lowered by the liposomes accumulated at the tip of the pipette. Discarding the initial
bubbles and subsequent formation of the bubbles provide the stable CBB. Visual tracing of the
bubble size and fine tuning of the pressure are necessary.

There are experimental limitations to the CBB method. Although the CBB is designed for
electrophysiological measurements, the electrical resistance of the bilayer for certain lipid
compositions may not be high enough (e.g., 100 GQ) for single-channel recordings. For
example, dioleoylphosphatidylcholine is frequently used for liposomes, but it forms electrically
leaky CBBs at 25 °C®3. CBBs cannot even be formed with lipid species whose phase transition
temperature is above the recording temperature. Indeed, CBB formation was difficult with
dipalmitoylphosphatidylcholine at room temperature, but raising the temperature above Tm
circumvented the problem®. In these experiments, the temperature was controlled by using a
transparent heat plate (see table of materials) beneath the slide glass®2. The phase transition
temperature of the frequently used lipid diphytanoylphosphatidylcholine is below 0 °C >, and
CBBs are readily formed3% #> 5! at a broad temperature range.

Phospholipids of the water—oil interface are provided from either the lipid-in or lipid-out
method, where the transfer rate is relatively slower in the lipid-out than in the lipid-in
method®. In addition, for reasons unknown, the electrical resistance of the bilayer membrane
is relatively smaller with the lipid-out method than with the lipid-in method.

In our protocol (step 4.8), a solution of liposomes and channel-reconstituted liposomes - '[%iﬁ?i: ATV EBHIDIT

1.77 %

(1 pL) is loaded from the tip of the pipette (steps 4.9 and 4.10), and the rest of the pipette
contains the previously filled electrolyte solution. This is merely for conserving materials, such
as lipids and channel molecules. Consequently, the liposomes diffuse gradually toward the
upper pipette solution, and after a while, the lipid concentration at the tip of the pipette
becomes insufficient to form lipid monolayers. In this case, fresh liposome solution should be
aspirated from the tip (step 4.8). This temporal concentration change can be circumvented
when the whole pipette is filled with the solution containing lipids and channel molecules,

whereas liposomes gradually settle down into the bubbles. In this case, bubbles are renewed. [%iﬁ@ﬁ: 7 4> b : Calibri
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TroublesheetingElectrophysiologically, the CBB size is larger than that of the patch clamp,

thus yielding a larger membrane capacitance. However, the series resistance (the electrical

resistance in a series of membrane resistance) is much lower (~100 kQ) than that for the patch

clamp (pipette resistance > 1 MQ), which accelerates the speed of the voltage clamp and

attenuates the background noise and series resistance errors in the voltage-clamped

membrane potentials®®%8. The background noise is a function of the membrane capacitance

and the series resistance, where a low series resistance complements a high membrane

capacitance, resulting in low background noise®.

Overall, the CBB integrates the benefits of both the patch clamp (e.g., the mechanical

manipulation of the membrane) and the PLB (e.g., the ability to modify the lipid composition of

the membrane). Various types of channel-forming substances and channel proteins have been

studied®% %71, The development of this method is opportune since increasingly more

researchers are focusing on channel-membrane interplay, and the CBB provides a versatile

platform for various experiments. Further experimental developments in the CBB method are

expected.
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Troubleshooting: As a general rule of lipid bilayer experiments, detergents should not be used
n-the-washing-ofglass-wearsto wash glassware. Even a trace amount of detergent perturbs the
integrity of the bilayer. Organic solvents such as chloroform/methanol and ethanol should be
used for such cleaning purposes_instead.
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