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Characterization of Horizontal Lipid Bilayers as a Model System
to Study Lipid Phase Separation
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ABSTRACT Artificial lipid membranes are widely used as a model system to study single ion channel activity using electro-
physiological techniques. In this study, we characterize the properties of the artificial bilayer system with respect to its dynamics
of lipid phase separation using single-molecule fluorescence fluctuation and electrophysiological techniques. We determined the
rotational motions of fluorescently labeled lipids on the nanosecond timescale using confocal time-resolved anisotropy to probe
the microscopic viscosity of the membrane. Simultaneously, long-range mobility was investigated by the lateral diffusion of the
lipids using fluorescence correlation spectroscopy. Depending on the solvent used for membrane preparation, lateral diffusion
coefficients in the range Dlat ¼ 10–25 mm2/s and rotational diffusion coefficients ranging from Drot ¼ 2.8 � 1.4 � 107 s�1 were
measured in pure liquid-disordered (Ld) membranes. In ternary mixtures containing saturated and unsaturated phospholipids
and cholesterol, liquid-ordered (Lo) domains segregated from the Ld phase at 23�C. The lateral mobility of lipids in Lo domains
was around eightfold lower compared to those in the Ld phase, whereas the rotational mobility decreased by a factor of 1.5. Burst-
integrated steady-state anisotropy histograms, as well as anisotropy imaging, were used to visualize the rotational mobility of lipid
probes in phase-separated bilayers. These experiments and fluorescence correlation spectroscopy measurements at different
focal diameters indicated a heterogeneous microenvironment in the Lo phase. Finally, we demonstrate the potential of the opto-
electro setup to study the influence of lipid domains on the electrophysiological properties of ion channels. We found that the
electrophysiological activity of gramicidin A (gA), a well-characterized ion-channel-forming peptide, was related to lipid-domain
partitioning. During liquid-liquid phase separation, gA was largely excluded from Lo domains. Simultaneously, the number of elec-
trically active gA dimers increased due to the increased surface density of gA in the Ld phase.
INTRODUCTION
The lipid composition of biological membranes, along with

its spatial organization and temporal dynamics, are acknowl-

edged increasingly to be fundamental to the function and

regulation of integral and membrane-associated proteins

(1,2). Data obtained by various labs using different tech-

niques provide growing evidence that cell membranes are

organized in separated, spatially confined, and dynamic

domains (3–11). Many details of these domains, such as their

molecular characteristics and their size distribution, which is

somewhere below the resolution limit of conventional light

microscopy, remain to be clarified. Two fundamental deter-

minants for the origin of membrane compartmentalization

have been found. First, the lateral mobility in a cell

membrane seems to be bounded by protein/lipid interactions

with the cytoskeleton meshwork. Second, phase separation

of lipid components and cholesterol into liquid-ordered

(Lo) and liquid-disordered (Ld) domains may cause sorting

of membrane components according to their affinity for

different lipid phases.

The nature of lipid phase separation has been studied in

detail using model membranes like giant unilamellar vesicles

and supported lipid bilayers (12–17). The biologically inter-
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esting regimes where Lo and Ld phases coexist have been

mapped in phase diagrams (13,18–21). To study the

dynamics of lipids and proteins in coexisting Lo and Ld

phases, techniques such as fluorescence recovery after pho-

tobleaching, fluorescence resonance energy transfer, single-

particle tracking, and fluorescence correlation spectroscopy

(FCS) have been employed. In this context, FCS (22,23)

and its recent advancements (7,11,24,25) have been proven

to be a particularly valuable tool. Using FCS, the concentra-

tion and lateral diffusion of single dye-labeled (lipid and

proteins) probes can be evaluated with high statistical accu-

racy. In addition, free versus hindered diffusion can be

discriminated at the nanometer scale (7,11). Another fluores-

cence method that is sensitive to the dynamics of lipid probes

is time-resolved anisotropy (TRA) (26,27). However, in

contrast to FCS, which detects lateral movements in the

microsecond-to-millisecond range, TRA is used to measure

rotational dynamics occurring during the fluorescence life-

time of the probe. The rotational correlation times and the

limiting anisotropy of lipid probes revealed by TRA report

the short-range interactions within the very local environ-

ment of the studied probe, which can be related to the order

of the acyl chains of lipids (28,29).

One key function of a biological membrane is its electrical

excitability, which is the basis of signaling, as well as

energy-conserving, processes in cells (30). However, most

of the model systems used to study lipid phase separation
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processes lack a controlled accession of this important

parameter of a lipid membrane. In this study, we used

electrically addressable, horizontal planar bilayers separating

two water bulk phases, also referred to as black lipid

membranes (BLMs), in combination with a polarization-

sensitive FCS setup. The setup permits electrical recordings

simultaneous with evaluation of the lateral (FCS) and rota-

tional diffusion (TRA) of fluorescently labeled probes.

BLMs have been employed traditionally in electrophysi-

ology to record single-channel currents of purified reconsti-

tuted membrane proteins (31–33), but they have also been

used in combination with fluorescence microscopy and

FCS (34–36). However, to our knowledge, BLMs have

been used in only one study as a model system to analyze

lipid phase separation. Samsonov et al. showed qualitatively

that large-scale Lo and Ld domains coexist in BLMs when

ternary lipid compositions are cooled below the phase transi-

tion temperature (Tm) (37). The BLMs bear some advantages

over other model systems, such as supported lipid bilayers.

First, the lipid phase separation is not disturbed by any

surface interaction. Second, this system allows for an easy

exchange of the surrounding solution. Finally, the optoelec-

trical setup permits the application of membrane potentials

and measurement of the according membrane currents.

Here, we characterize horizontal BLMs with respect to

temperature-dependent dynamics of lipid motion and

domain formation at the single-molecule level. As a test

case for electrooptical measurements, we use fluorescently

labeled gramicidin A (gA), a simple and well-characterized

peptide ion channel (36,38).
MATERIALS AND METHODS

Chemicals

2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from

Avanti Polar Lipids (Alabaster, AL). Distereoyl-sn-glycero-3-phosphocoline

(DSPC), cholesterol (CO), n-decane, n-hexane, squalene, and gramicidin

A were purchased from Sigma Aldrich (Munich, Germany). Cholesteryl-

BODIPY FL C12 (CO-BDY) was purchased from Molecular Probes (Eugene,
A B

C

OR). The organic dye Atto647N (fluorescence excitation and emission

maxima of 645 and 670 nm, respectively; Atto-Tec, Siegen, Germany)-

labeled phosphoethanolamine lipid Atto647N-1,2-dihexdecanoyl-sn-

glycero-3-phosphatidyl-ethanolamine (DPPE647), the Atto647N-labeled

sphingomyelin lipid Atto647N-sphingomyelin (SM647), and the At-

to647N-labeled Atto647N-ceramide (CER647) were prepared by Atto-Tec

and were previously applied in live-cell studies. The structures of Atto647N

and the labeled lipids are depicted in the supplement of Eggeling et al. (11).

Although DPPE647 is labeled at the headgroup, i.e., in the water phase,

SM647 and CER647 are labeled at the water-lipid interface by replacing

the native long acyl chain with a short acyl chain carrying the dye.

Lipids were stored in methanol/chloroform (1:1) under nitrogen at

�20�C. For bilayer preparation, lipids were mixed accordingly, dried under

vacuum, and dissolved in hydrocarbons to a final concentration of 50 mg/ml.

To yield an appropriate label concentration in the bilayer for fluorescence

fluctuation analysis, the lipids/labeled lipids molar ratio was adjusted to

50,000:1.
Horizontal lipid bilayers

The horizontal bilayer chip is made of polytetrafluoroethylene (PTFE)

with drilled holes for cis and trans compartments and electrode access.

A 25-mm thin PTFE sheet with a round ~100-mm small aperture is sand-

wiched between a coverslide and the chamber body using double-sided

adhesive film (Fig. 1 A). The lower adhesive film contains a laser-edged

channel structure to connect the trans compartments (Fig. 1 B). The

exclusive connection between the cis and trans compartment is the aper-

ture in the PTFE sheet. The bilayer was painted over the aperture using

a 90� bent Hamilton syringe (Bonaduz, Switzerland). Bilayer formation

was monitored optically and electrically. The distance between the cover-

slide and the planar bilayer is 100 mm, which allows optical access by

high-numerical-aperture water objectives required for fluorescence fluctu-

ation analysis (Fig. 1 A). For electrical measurements, silver/silver chlo-

ride electrodes embedded in agarose were connected to the cis and trans

compartments. Electrical recordings were made using a CV-5-1GU head-

stage connected to a GeneClamp 500B amplifier from Axon Instruments

(Sunnyvale, CA). Data were digitalized with a Digidata 1322A and

monitored with the software Clampex 9 (Axon Instruments, Union City,

CA). After each measurement session, the coverslide with the adhesives

was removed and the chamber body was cleaned in ethanol before reuse.

Disposable chips are meanwhile commercially available (Ionovation

GmbH, Osnabrück, Germany).

For preparation of pure Ld bilayers, DOPC was used as the only lipid

component. Ternary mixtures of DOPC/DSPC/CO in a molar ratio of

2-1:1:1 were used for phase separation studies, according to the phase

diagram in Feigenson (20).
FIGURE 1 Setup of the horizontal bilayer

chamber. (A) Schematic view of the setup. The

chamber contains two compartments (cis and trans)

separated by a thin PTFE film. The film is perfo-

rated by a 100-mm hole, which is the only connec-

tion between the trans and cis compartments. When

a lipid solution is painted over the hole, a bilayer

forms spontaneously. The membrane is accessible

by a high-numerical-aperture water objective. Elec-

trodes in cis and trans allow electrophysiological

recordings of the bilayer. (B) Bottom view of the

chamber. The cis and trans compartments have

a buffer volume of 100 ml. (C) Side-cut of a

three-dimensional reconstruction (LSM YZ-stack)

of the bilayer. The membrane spans the aperture

in the PTFE film. The interface of the film and

the bilayer is bridged by the torus, which contains

the bulk solvent and lipids.
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Confocal microscopy

Confocal imaging and fluorescence fluctuation recordings were performed

on an Insight Cell 3D microscope from Evotec technologies (Hamburg,

Germany, now Perkin Elmer), equipped with a 543-nm continuous-wave

HeNe and a 635-nm pulsed diode laser (~80-ps pulse width; PicoQuant,

Berlin, Germany), a 40� water immersion objective (UApo340 40�, NA

1.15, Olympus, Tokyo, Japan), and avalanche photodiode detectors

(SPCM-AQR-13-FC; Perkin Elmer Optoelectronics, Fremont, CA). Fluo-

rescence excitation was performed with linear polarized light, and the laser

power was adjusted to 5–20 mW. The emission light was split according to

polarization and detected on two channels, each equipped with a detector.

The signal from each detector was split up on the correlator and the imaging

unit of the Insight and on a PHR 800 router in combination with a PicoHarp

300 counting module (PicoQuant). The PicoHarp 300 allowed for an inter-

active analysis such as the recording of raw photon traces and online FCS

and lifetime analysis. The repetition rate of the laser was set to 40 MHz

and the resolution of the PicoHarp 300 to 16 ps.

For z-scan measurements, the focus was moved in the Z-direction in

100-nm steps through the membrane and 20-s photon traces were recorded

at each position. If the count rate was stable over the measurement period,

the traces were analyzed to determine rotational (TRA) and lateral (FCS)

diffusion times using the software SymphoTime and FluoFit (PicoQuant).
Time-resolved anisotropy

Rotational diffusion times were evaluated by globally fitting the parallel, Ik,

and perpendicular, It, fluorescence decay according to the Eggeling et al.

model (39):

IkðtÞ ¼ G

Z t

�N

IRFkðt 0Þ
1

3
ae�

t�t 0
tFL

h
1þ 2

�
RINF þ be

t�t 0
f
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dt 0;

(1)
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t�t 0
f
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dt 0;

(2)

where G accounts for the different detection sensitivities in the two detection

channels, IRFk(t) and IRFt(t) are the time-resolved instrument response

functions of the microscope, tFL and a are the characteristic decay time

(fluorescence lifetime) and amplitude, respectively, of the fluorescence life-

time component, RINF is the residual anisotropy (for t / N), and F and

b are the characteristic decay time (rotational correlation time) and the initial

anisotropy, respectively. The value of G ¼ 0.95 was determined by tail-

matching the parallel and vertically polarized decays of a fast-rotating dye

(Atto647N in aqueous buffer). The instrument response function (IRF) of

the microscope was recorded using reflected laser light at the coverslip inter-

face. RINF was zero in all of our fits. Depolarization due to the focusing

optics has not been corrected for in this model. The goodness of fit was

judged by c2 (1–1.5) and the residuals. The rotational diffusion coefficient

was calculated according to Drot ¼ 1/(6F).
Fluorescence correlation spectroscopy

The translational diffusion time, tD, was evaluated using cross-correlation

between the parallel and perpendicular polarized photon traces. The correla-

tion curves were fitted by a two-dimensional diffusion model including

a triplet term (40):

GðtÞ ¼ 1

N

1�
1 þ t=tD

�
�

1 þ T

1� T
e
�t
tT

�
; (3)
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where N is the mean number of particles in the confocal volume. T is the

average fraction of molecules that are in the triplet state, and tT the triplet

correlation time, which depends on the sum of the population and depopu-

lation rates of the triplet system. tD ¼ w0
2/(4Dlat) is the average molecular

diffusion time through the Gaussian-assumed focal intensity profile and is

characterized by the lateral diffusion coefficients, Dlat, and the focal radius,

w0 (defined as the radius at which the Gaussian-assumed focal intensity

profile has dropped to 1/e2 of its maximum value). w0 was estimated from

FCS measurements on the dye Atto655-maleimid in aqueous buffer with

the known diffusion coefficient Dlat ¼ 407 mm2/s (41). A good estimate

of the lateral lipid membrane mobility, Dlat was obtained from the shortest

diffusion time, tD, determined for the correlation curves recorded from

a z-scan over the bilayer.

More exact values of Dlat and w0 were determined by using z-scan FCS

(42). The diffusion times tD(Dz) determined from correlation data recorded

at different z-positions, Dz, of the focus relative to the BLM were fitted to

tD ¼
w2

0

4Dlat

�
1 þ l2DZ2

p2n2w4
0

�
; (4)

where l is the excitation wavelength and n the refractive index of the buffer.

Steady-state anisotropy

The steady-state anisotropy, r, was calculated from the average signal count

rates, Ik, and It, in the parallel and perpendicular detection channels, respec-

tively, and from the G-factor defined in Eqs. 1 and 2.

r ¼ Ik � GIt

Ik þ 2GIt

: (5)

Scanning anisotropy images were calculated pixelwise using Eq. 5 with

the software ImageJ (http://rsbweb.nih.gov/ij/), or the steady-state anisot-

ropy, r, was determined at the single-molecule level (43). To achieve this,

photon traces recorded for a very diluted sample (far less than one fluorescent

molecule per laser spot) were binned at 1-ms resolution, fluorescence bursts

due to single-molecule transits were selected by introducing a threshold to

distinguish the photon burst from background, and the single-molecule

steady-state anisotropy was calculated from all the photons selected from

a single burst using the software SymphoTime from PicoQuant.
Gramicidin A labeling and electrophysiological
activity

C-terminal labeling of gA with Atto637-NHS (Atto-Tec, Siegen, Germany)

was conducted as described in Borisenko et al. (36). Briefly, a primary

amino group was added to the peptide by coupling ethylenediamine to the

hydroxyl group of the C-terminus. In a second reaction, the NHS-ester group

of Atto637 reacted with the primary amine to result in the product gA-637.

The labeled peptide was purified from excess dye by dilution with water and

subsequent centrifugation. The hydrophobic peptide was recovered in the

pellet. This procedure was repeated until no free dye was detectable in the

supernatant. Finally, the pellet was dissolved in methanol and the solution

was stored at �20�C. The degree of labeling determined by spectroscopy

(A280 and A637) was 0.5. The mean single-channel conductance values for

unmodified gA and gA-637 were ~18 pS in a DOPC bilayer suspended in

1 M NaCl.

The dimerization constant of gA-637 was determined according to (44)

K ¼ G2

4G2
2 � 4G2 � G0 þ G2

0

; (6)

where Go is the total surface density of gA in the bilayer and G2 is the dimer

surface density. Since only the dimeric peptides form an active channel, G2

was determined electrically by using the mean single-channel conductance

http://rsbweb.nih.gov/ij/
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FIGURE 2 Lateral and rotational mobility in DOPC/DSPC/CO (2:1:1) bilayers at 23�C. (A) Intensity image of a phase-separated membrane (xy plane).

A look-up table was used to emphasize the partitioning of the probe DPPE647 (green, Ld; red, Lo). (B) Fluctuating photon-count time trace binned at

1-ms resolution from a single point measurement in the membrane plane. Due to the fluid nature of the system, both phases crossed the confocal volume,

revealed by the jump in count rate at ~5.5 s. (C) FCS data obtained from fluctuations in the Ld and Lo phases. The correlation curve is shifted to longer times

for Lo, indicating the decrease in mobility. (D) Fluorescence intensity decay for parallel and perpendicular polarized emission after pulsed excitation of

DPPE647 in the Ld phase. The fits yield the lifetime and the rotational correlation time of the probe. The anisotropy decay is slower in the Lo phase, indicating

a lowered rotational mobility. The resulting lateral and rotational diffusion coefficients are listed in Tables 1 and 2.
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to calculate the number of open channels from the total current amplitude.

G2 was divided by the total surface area of the bilayer, which was deter-

mined from laser scanning images. Go was determined by FCS. The surface

density of the fluorescent gA was directly calculated from the number of

particles and the waist radius of the confocal spot. Go was corrected by

the degree of labeling.
TABLE 1 Lateral diffusion coefficients and partitioning of lipid

probes in the Lo and Ld phases

Probe Lo (mm2/s) Ld (mm2/s) c (Lo)/c (Ld)

CO-BDY 3.6 5 0.1 25.6 5 2.9 0.26 5 0.08

DPPE647 2.0 5 0.4 24.3 5 2.4 0.10 5 0.01

SM647 2.7 5 0.5 18.4 5 2.1 0.11 5 0.07

CER647 3.2 5 0.5 18.9 5 3.9 0.07 5 0.04
RESULTS

Phase separation

Horizontal bilayers made of DOPC/DSPC/CO (2:1:1) ex-

hibited large-scale phase separation into Ld and Lo domains

at room temperature (Fig. 2 A). Segregated domains had

a circular shape and were highly dynamic, i.e., they showed

fusion to larger, also circular, domains (see Movie S1 in the

Supporting Material). This is in agreement with the phase

behavior of ternary lipid bilayers reported elsewhere (37)

and indicates that both phases were in a fluidlike state.

Domain formation was visualized by fluorescence emission

of Atto647N-lipids phosphoethanolamine (DPPE647), sphin-

gomyelin (SM647), and ceramide (CER647). All of the

labeled lipids showed a similar partitioning pattern (Fig. 2 A).

The bright regions were identified as the Ld phase by co-

localization of fluorescently labeled cholesterol (CO-BDY),

which has been shown to preferentially partition into the Ld

phase (25). CO-BDY had a partitioning coefficient at 23�C
(Lo/Ld) of g ¼ 0.26 which is similar to the distribution of

this probe in solvent-free bilayers (25). In contrast to native

SM and CER, the Atto647N-labeled lipids partitioned

predominantly in the Ld phase. The partitioning coefficient

was g z 0.1 for CER647, SM647, and DPPE647 (Table 1).

However, this effect has been observed for the majority of
other lipid-dye combinations as well. The native partitioning

of lipids has been found to be disturbed after labeling with

a photostable, but bulky fluorophore (45,46). Nevertheless,

these fluorescent sphingolipid analogs (SM647, CER647)

have been found to form transient molecular complexes in

the plasma membranes of living cells independent of the

dye position or even the nature of the headgroup (11).

Lateral mobility of lipid probes in the Lo

and Ld phases

Next, we compare the mobility of lipids in the Ld and Lo

phases. For an exact determination of the diffusion coeffi-

cients, we applied z-scan FCS (42). The focus was moved

incrementally in the z-direction through the bilayer plane.

The correlation data and the corresponding diffusion times,

tD(Dz), were determined (Eq. 3) for the different z-positions,

Dz. The dependence of tD on Dz allowed for an exact determi-

nation of the lateral diffusion coefficients (Eq. 4). First, we

checked the lateral mobility of DPPE647, SM647, and

CER647 in DOPC, i.e., in pure Ld-phase bilayers at 23�C.

All probes had comparable mobilities in the range Dlat z
20–24 mm2/s (Table 1). Upon addition of 20 mol % choles-

terol to the DOPC bilayer, lateral mobilities of the probes
Biophysical Journal 98(12) 2886–2894



TABLE 2 Rotational correlation time (F), initial anisotropy (b),

and fluorescence lifetime (tFL) of lipid probes in the Lo and Ld

phases

Probe

Lo Ld

tFL (ns)F (ns) b F (ns) b

DPPE647 16.5 5 1.3 0.15 12.1 5 0.2 0.15 4.1

SM647 20.3 5 2.3 0.11 13.2 5 2.0 0.14 4.1

CER647 21.5 5 1.3 0.12 9.2 5 0.2 0.12 4.0
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FIGURE 3 Steady-state anisotropy and FCS diffusion laws in

DOPC/DSPC/CO (2:1:1) bilayers, for probe DPPE647. (A) Intensity image

of a bilayer with Lo (dark) and Ld (bright) domains. (B) Pixel-by-pixel calcu-

lated anisotropy from parallel and perpendicular images. The anisotropy was

higher and more heterogeneous in the Lo domains. (C) Section of a photon

trace recorded by a point measurement in the Lo phase (1-ms binning).

Single-molecule transits are visible as photon bursts. For each transit, the

anisotropy was calculated by burst integration of the parallel and perpendic-

ular detection channels and application of Eq. 5. (D) Single-molecule anisot-

ropy histograms in the Ld and Lo phases of the membrane, with peaks at ~0.1

and 0.16, respectively. The distribution in the Lo phase is shifted to higher

anisotropy values and is much broader, confirming the lowered rotational

mobility and indicating a heterogeneous lipid environment in the Lo phase.

2890 Honigmann et al.
did not change significantly (data not shown). In other studies,

lipid diffusion in the Ld phase was found to be slightly

decreased upon addition of 20 mol % cholesterol (13). In

case of domain formation in the ternary lipid mixtures

(DOPC/DSPC/CO, 2:1:1) (Fig. 2 A), the recorded photon

traces were used to differentiate between mobility in bright

(Ld) and dark (Lo) domains (Fig. 2 B). Because the lateral

diffusion in the Ld domains (Dlat z 18–25 mm2/s) (Table 1)

was similar to that determined for the pure DOPC Ld-phase

bilayers, we can conclude that the additional saturated lipid

DSPC mostly partitioned in the Lo phase at 23�C. In contrast,

diffusion in the Lo domains was 7- to 12-fold slower (Dlat z
2–3 mm2/s) (Fig. 2 C and Table 1).

Rotational diffusion in the Ld and Lo phases

We utilized the same photon traces that were the basis of the

FCS analysis for the TRA analysis. The time-resolved fluores-

cence decays recorded for parallel and perpendicular

polarization (Fig. 2 D) were analyzed (Eqs. 1 and 2) to obtain

the rotational diffusion coefficient, Drot, and the fluorescence

lifetime, tFL, of the fluorescent lipid analogs CER647,

SM647, and DPPE647 in both phases. A single anisotropic

decay component and a single fluorescence lifetime were

sufficient to yield statistically reliable fits. In pure DOPC

(Ld) membranes, the rotational diffusion coefficient was

Drot z 2.4� 107 s�1 for all three lipids (Table 2). This value

is in the same range as rotational diffusion coefficients of

comparable lipid probes in an Ld membrane measured with

single-molecule anisotropy imaging (47). Under phase-sepa-

rating conditions, lipid rotation occurred at Drot z 1.4� 107

s�1 in the Ld phase and between Drot z 1.0 � 107 s�1 and

Drot z 0.8� 107 s�1 in the Lo phase (Table 2). The decreased

rotational mobility in the Lo domains is in line with the char-

acteristic higher lipid order and a condensed packing in the

Lo phase. The reduced rotational motion in the Ld phase under

phase-separating conditions compared to that for pure Ld bila-

yers indicates also that the Ld phase changes its microviscos-

ity. However, this change does not significantly affect the

lateral diffusion constant (see above). Since addition of

20 mol % cholesterol to a pure Ld bilayer does not change

the rotational motion (data not shown) of the lipid probes,

we have to conclude that residual amounts of DSPC are

present in the Ld phase under phase-separating conditions.

Steady-state anisotropy

To visualize the steady-state anisotropy in the bilayer, we

calculated anisotropy images pixel by pixel from the signal

intensity in the parallel and perpendicular detection chan-

nels (Eq. 5). Fig. 3 shows the intensity and the anisotropy

image of a DOPC/DSPC/CO mixture at 23�C. As before

(Fig. 2 A), the partitioning of the probe is evident in the

intensity image (Fig. 3 A), where the dark domains corre-

spond to the Lo phase. The anisotropy image (Fig. 3 B)

depicts slightly larger anisotropy values in the Lo phase,
Biophysical Journal 98(12) 2886–2894
which is in line with a decreased rotational diffusion coef-

ficient. However, in contrast to the Ld phase, where the

values are narrowly distributed around 0.1, a wide range

of anisotropy values becomes obvious for the Lo phase,

ranging from ~0.1 to 0.3–0.4, with the higher values indi-

cating very slow rotational motion. To get further insight

into this strong inhomogeneity, we recorded steady-state

anisotropy values at the single-molecule level.

To determine the steady-state anisotropy from single

molecules, we positioned the laser spot on different positions

in the Ld and Lo phases of the bilayer and recorded photon

traces over time. The concentration of DPPE647 was

reduced such that less than one fluorescent molecule was

present per laser spot per time. The fluorescence bursts

indicating single-molecule transits (Fig. 3 C) were used
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to calculate the steady-state anisotropy (Eq. 5). Selection

of >2000 single-molecule fluorescence bursts resulted in

a histogram of anisotropy values for the Ld and Lo phase

(Fig. 3 D). The distribution of anisotropy values of the Lo

phase peaks at much higher values (r z 0.16) and is much

broader than the distribution of values of the Ld phase

(r z 0.1), tailing off to very high values r > 0.3, confirming

the heterogeneity in anisotropy previously observed using

anisotropy imaging. It seems that the Lo phase itself contains

a subpopulation in which lipid rotation is significantly

reduced. Unfortunately, the ability to resolve additional,

very slow rotational components in the Lo phase is limited

by the fluorescence lifetime (4 ns) of the lipid analog.

Thus, the resolution of our time-resolved anisotropy data

was not good enough to reliably determine very slow rota-

tional components.
Partitioning and electrophysiological activity
of gramicidin A in lipid domains

The short antibiotic peptide gA is one of the best character-

ized ion channels to date (38,48). It is able to form a 2.8-nm-

long transmembrane b-helix with an aqueous pore diameter

of 0.4 nm. This cation-conducting conformation was found
B

D

A

FIGURE 4 Phase partitioning and electrical activity of gramicidin A. (A) Lipi

containing gA-637 was induced by cooling the bilayer from 39�C to 23�C. gA

recording of the electrical activity of gA-637 monitored via conductance measu

as the lipids phase-separated. (C) FCS measurements at 39�C and 23�C reveal

compared to the homogenous membrane at 39�C. The dimerization constant de

of gA-637 changed during phase separation from K39�C ¼ 3.3 � 1011 cm2/mol

active dimer in the Ld phase. The peptide is energetically excluded from the th

the Ld phase results in a higher dimerization constant of gA. However, the inc

the increased surface density due to exclusion from the Lo domains.
to be the result of an N- to N-terminal dimerization of two

gA monomers (44). The structure of the transmembrane

gA dimer itself seems to be unaffected by the lipid composi-

tion of the membrane (49,50). However, the dimerization

constant is dependent on the hydrophobic thickness and lipid

composition of the bilayer, as well as the membrane potential

(44,48,51).

Here, we used a functional, C-terminal, Atto637-labeled

derivate of gA to study the effect of liquid-liquid phase sepa-

ration on the activity and partitioning of gA. The peptide was

added directly to the lipid solution (DOPC/DSPC/CO, 1:1:1)

in a molar ratio of 1:10000. The bilayer was prepared at 39�C
to ensure a homogeneous mixing of lipid species (Fig. 4 A).

The gA concentration in the membrane was determined by

FCS (Fig. 4 C), and the active dimer concentration was deter-

mined by electrical conductance measurements (Fig. 4 B).

As the membrane was cooled to 23�C, large-scale Lo

domains segregated from the Ld phase. gA was found to

be largely excluded from the Lo domains (Fig. 4 A). Simul-

taneously, the number of electrically active dimers increased

3.3-fold as the lipids phase-separated. Accordingly, the

surface density of gA in the Ld phase, determined by FCS,

increased 2.2-fold at 23�C. It is interesting that the dimeriza-

tion constant, K (Eq. 6), did not change significantly between
C

d phase separation in a DOPC/DSPC/CO (1:1:1) membrane (Ø ¼ 100 mm)

-637 was largely excluded from the Lo domains (dark). (B) Simultaneous

rements of the bilayer. The number of open gA channels increased 3.3-fold

ed that the surface density in the Ld phase at 23�C was increased 2.2-fold

termined by FCS from the number of open channels and the total number

to K23�C ¼ 4.1 � 1011 cm2/mol. (D) Scheme of gA monomers forming an

icker and ordered cholesterol-enriched Lo phase. The thinner membrane in

reased electrical activity of gA in the Ld phase can be mainly attributed to

Biophysical Journal 98(12) 2886–2894
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39�C and 23�C, with values of 3.3 � 1011 cm2/mol at 39�C
and 4.1 � 1011 cm2/mol at 23�C. Thus, the increased electri-

cal activity at 23�C was mainly caused by the higher surface

density of gA due to exclusion from the Lo domains, and not

by a change of hydrophobic thickness of the membrane.

When the temperature was returned to 39�C, lipid domains

mixed again to a single phase. As expected, the number of

active gA dimers decreased again. The results show that

the electrophysiological activity of gA can be simply regu-

lated by phase partitioning in lipid domains.
DISCUSSION

The aim of this study was to characterize the diffusion and

electrical properties of horizontal black lipid bilayers con-

taining biological relevant ternary lipid mixtures and to

compare the results with other established membrane model

systems. In addition, the potential of the setup to relate the

electrical activity of ion channels to partitioning behavior

in lipid domains was explored using the ion channel gA.

In contrast to supported bilayers or giant unilamellar vesi-

cles, for any black lipid membrane preparation the use of

a hydrocarbon solvent is essential, because the actual bilayer

is thinned out from the bulk region of a solvent-lipid mixture

(Torus). This raises the problem that the solvent may also

partition inside the actual bilayer, which may cause changes

in the natural properties of the membrane. To address this,

we tested the influence of three different solvents on lipid

diffusion (Fig. S1 in the Supporting Material). Our results

show that the lateral and rotational diffusion constants

depend on the nature of the hydrocarbon solvents used for

bilayer preparation. Since the lateral and rotational mobility

increased with decreasing chain length of the solvents, we

can conclude that shorter alkanes (<16 carbon atoms)

partially reside in the bilayer membrane after equilibration

of the horizontal bilayer system. This causes a more fluid

membrane and a depressed Tm compared to solvent-free bila-

yers. In other studies on BLMs, solvent partitioning was also

found to increase the bilayer thickness, probably by interca-

lation of the solvent molecules between the inner and outer

leaflets (34,52,53). However, in our measurements on phase

separation in ternary lipid bilayers, domain formation always

extended through both leaflets of the membrane, regardless

of the solvent used (Fig. 2 A). Thus, the coupling between

the opposing leaflets is not affected by the presence of

decane, hexane, or squalene.

Apart from solvent-partitioning effects, large-scale

domain segregation in ternary horizontal bilayers occurred

in accordance with the established phase diagrams, which

were derived using giant unilamellar vesicles (18–21). More-

over, the basic characteristics of liquid-liquid domain forma-

tion can be reconstituted in horizontal bilayers: lateral and

rotational diffusion is significantly reduced, and the lipid

order is higher in the Lo domains compared to the Ld

domains. We found an approximately eightfold decrease in
Biophysical Journal 98(12) 2886–2894
lateral diffusion (Ld/Lo). Similar differences between lateral

diffusion in Lo and Ld domains of 3- to 20-fold have been

reported for other model membranes (12,25,54).

A detailed analysis of lipid anisotropy, which reports the

very local environment of the probe, and of the lateral diffu-

sion on various lengthscales revealed that the anisotropy is

homogeneous and lateral diffusion is free in the Ld phase.

It is of interest that both the anisotropy values and the lateral

diffusion law (Fig. S2) indicate a heterogeneous lipid

distribution in the Lo phase at 23�C. The origin of the hetero-

geneities is not clear, but they could be due to a nonideal

segregation of the lipid species such that nano-Ld domains

remain in the Lo phase. Another possibility may be the

formation of nano-So domains in regions of the Lo phase

where cholesterol content is low. Further details on potential

nanodomains in the Lo phase may be gathered by combining

FCS (or TRA) and stimulated emission depletion nanoscopy

(55), a microscopy approach featuring a spatial resolution far

below that of conventional microscopy, i.e., in the range of

the nanodomain sizes (11,56).

To explore the full potential of the horizontal bilayer tech-

nique, we studied the influence of lipid phase partitioning on

the electrophysiological activity of the ion channel gA. As

a control we used protein-free ternary lipid bilayers that

were cooled below the phase transition temperature

(Fig. S3). Our results show that ternary lipid bilayers remain

electrically sealed at the transition from the Lo to the Ld

phase, which is a requirement for electrophysiological

measurement of ion channels. The results from the gA exper-

iments show that the monomeric as well as the dimeric gA

are largely excluded from the Lo phase. The sorting of the

peptide to the Ld phase resulted in an increased electrophys-

iological activity, which was monitored by an increase in

detected membrane current. The activity of gA was found

to be simply modulated by the surface density in the lipid

domains. This is consistent with the results of Boheim

et al. (57), who found indications for lipid domain partition-

ing effects of gA and alamethicin: Near the transition temper-

ature of steroyl-myristoyl-phosphatidylcholine bilayers the

electrical activity of the peptides was significantly amplified.

However, in that study, the setup allowed only for electrical

recordings. Thus, the authors could only speculate about

domain-partitioning effects of the peptides. In this study,

we could directly relate the sorting of gA due to phase

partitioning to its electrophysiological activity. Our results

show that the setup presented here can be used to study

quantitatively the relation of ion channel function and lipid

phase separation in a defined system. The technique could

now be applied to more complex proteins that are thought

to be regulated by lipid domains (48,58).
SUPPORTING MATERIAL

Three figures and one movie are available at http://www.biophysj.org/

biophysj/supplemental/S0006-3495(10)00366-8.
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