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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—mea—pa%eh—pMe%p—é&mete;%Q—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;e—deelead—fepbﬂwer—ﬁe#naﬂen—'FheFeaﬁeF
p&e&ep#essewe—was—mmtameéare docked for a—stab#e—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

{§ﬁ§§: 7 4> I : Times New Roman, 12 pt

/




7

5

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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