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1. Introduction
1.1 Preface
In this thesis the deployment of a methodological combination of two single molecule
techniques, the planar bilayer technique and fluorescence fluctuation spectroscopy, is
presented. The newly devised electro-optical setup will serve as a sophisticated model
system for electrical excitable biological membranes. The expectation on a combined
electro-optical setup is to be able to correlate the function of membrane channels (electrical
activity) with its structural properties (fluorescence assays).
The thesis is grouped into four chapters: A general introduction, providing the biological
and methodological background, is followed by two studies on the application of the electrooptical setup in the field of membrane biophysics. In the first study the electrical and
diffusion properties of planar bilayer membranes made of simple and ternary lipid mixtures
are characterized. Additionally, the influence of temperature dependent lipid phase
separation on the electrical activity of the ion channel gramicidin A is studied. The second
study addresses the conformational changes of the pore-forming toxin Colicin A during
membrane binding and ion channel formation. Finally, the potentials and the limitation of
the presented setup are discussed.
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1.2 Biological membranes
Every living cell is separated from its dissipating environment by at least one membrane
(plasma membrane) which selectively controls the exchange of material. Additionally,
eukaryotic cells contain systems of internal membranes which form specialized
compartments within the cytoplasm. Besides the obvious role of a lipid membrane as a
permeability barrier, a variety of other vitally important processes occur in and at
membranes, to name a few: signaling and sensing, energy conversion and electrical action
potential propagation. To constitute this variety of functions each membrane type is a
composite of a dedicated ensemble of lipids, sugars and proteins [1, 2].

FIGURE 1.1 Cartoon of a eukaryotic cell showing the various compartments, which are set up by different
types of membranes. The lower panel shows a magnification of the plasma membrane. The lipid bilayer is
shown in red/gold. Membrane proteins and glycosylations are shown in gray. For clarity membrane associated
and cytosolic proteins are omitted.

Understanding the mechanisms of membrane organization and the regulation of membrane
functions is an important part in the field of molecular biology. The first generally accepted
model for cell membranes, the fluid mosaic model, was proposed by Singer and Nicolson in
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1972 [3]. In this model the cell membrane is described as a fluid bilayer of lipids in which
the hydrophobic integral membrane proteins are freely diffusing.
In the last three decades, with its technical improvements, the simple view of the bilayer as a
passive carrier for proteins has been gradually expanded by a more interactive relation
between the lipid composition of the bilayer and the function of proteins [2, 4-6]. The free
diffusion of membrane constituents, as suggested by the fluid mosaic model, seems to be
restricted / regulated by different processes. As 15 % – 30 % of cell membrane surface area
is estimated to be occupied by proteins, one can expect that the properties of the bilayer will
be greatly influenced by its protein content [7]. In fact the high protein density itself restricts
the fluidity of the bilayer and leads to molecular crowding effects [8, 9]. Additionally, many
membrane proteins are organized in oligomeric complexes or even super-complexes of
multiple different oligomeric proteins, which often interact with protein components on both
sides of the membrane (e.g. cytoskeleton). Thus, the position of these proteinaceous sites is
virtually anchored in the membrane [10, 11].
The heterogeneous distribution of proteins in the bilayer was suggested to be related to the
local lipid environment [12]. This theory was based mainly on two findings. Firstly, a
certain fraction of membrane proteins can be purified together with a sphingolipids and
cholesterol enriched lipid phase (DRMs). Secondly, sphingolipids, saturated phospholipids
and cholesterol were shown to phase separate into lipid domains in an unsaturated lipid
model membrane environment [12, 13]. In many studies on cell membranes indications have
been found that proteins and lipids are indeed organized into nano-meter sized domains
[14-16]. Lipid phase separation is thought to influence the sorting of specific proteins to
specialized patches in the membrane [17-19].
Generally, as more details are revealed by higher resolution and more advanced techniques,
the simplified view of biological membrane has to be gradually extended. The various forces
affecting the functional organization of biological membranes are still topic of current
research. New methods are required for a comprehensive understanding of the structure
function relationship of biological membranes.
1.3 Membrane model systems
Since the complexity of the biological membrane content renders an in vivo analysis of
single functional aspects very difficult, model systems have been used to reconstitute
specific components of a biological membrane in vitro. To give a short overview, the
benefits and drawbacks of the most popular membrane model systems will be briefly
discussed.
The simplest and most widely used model system is the liposome (also referred to as
unilamellar vesicles) (Fig. 1.2A). According to the size of the liposomes three classes are
distinguished: small unilamellar vesicles (< 100 nm SUV), large unilamellar vesicles
( ≈ 200 nm LUV ) and giant unilamellar vesicles ( > 1 µm GUV ).SUVs and LUVs are
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suited for ensemble spectroscopy, while GUVs can be imaged by microscopy techniques.
The reason for the popularity of using SUVs and LUVs as model systems is that they are
easy to produce and membrane proteins can be functionally incorporated by detergent
reconstitution methods [20]. In contrast the preparation of GUVs is technically more
challenging and in most cases requires a dehydration step of lipids which makes
reconstitution of proteins more complicated. The most efficient technique to produce GUVs
is electro-formation [21, 22]. GUVs have been extensively employed in the field of lipid
phase separation, because most parts of the membrane are free standing and lipid domains
can be imaged by confocal microscopy [23, 24].
Immobilized membranes which are deposited e.g. by vesicle fusion on a solid support [25]
are referred to as supported lipid bilayers (SLB) (Fig. 1.2B). Generally, SLBs are rather
stable and can be studied with high resolution, surface sensitive methods such as total
internal reflection microscopy (TIRFM) or atomic force microscopy (AFM) [26, 27]. Since
one leaflet of SLBs directly interacts with the supporting material, only one side of the
membrane is accessible to modifications during an experiment. Furthermore, unspecific
interactions between the support material and membrane components may cause artifacts.
To minimize surface interactions a layer of polymer tethers can be placed between the
support and the membrane [28].

FIGURE 1.2 Model membrane systems: (A) Unilamellar vesicles with reconstituted membrane proteins.
(B) Supported lipid bilayer on a tethered polymer support with reconstituted membrane proteins.
(C) Phospholipid bilayer nano-disc shaped by scaffolding proteins. The nano-disc contains one reconstituted
membrane protein.

As an alternative to SUVs lipid nano-discs have been established. The bilayer nano-discs
were derived from high-density lipoprotein particles which are involved in cholesterol and
fatty acids homeostasis in the blood cycle [29]. The nano-discs are shaped by the protein apo
A-1 which acts as a scaffold surrounding a number of lipids. Purified and lipid reconstituted
apo A-1 nano-discs were shown to have a mono-disperse size distribution (Ø ≈ 10 nm),
which is an advantage in many structural analysis techniques. Also, the planarity of the disc
may be an advantage compared to liposomes, because both side of the disc are accessible
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during an experiment. Membrane proteins can be added to nano-disc by detergent
reconstitutions methods comparable to liposomes. However, the restricted small size of
nano-discs may hamper reconstitution of large protein complexes.

1.4 The planar lipid bilayer technique
The electrophysiological properties of a lipid membrane can be studied with the planar
bilayer technique, also referred to as black lipid membranes (BLM) [30, 31]. This membrane
model system will be introduced in more detail, because it is a precursor of the finally
presented electro-optical bilayer technique.
In a typical BLM setup two aqueous compartments are separated by a free standing, vertical,
planar lipid bilayer. Via electrodes in both compartments the membrane is voltage clamped
such that its electrical properties can be monitored (Fig. 1.3).

FIGURE 1.3 BLM setup. (A) Scheme of a bilayer chamber with the planar lipid membrane separating the Cis
and Trans compartment. The bilayer is formed form a hydrocarbon solvent mixture. The transition of the 5 nm
thick bilayer to the 25 µm thick PTFE-sheet is formed by a torus containing the hydrocarbon solvent. An
incorporated ion channel can be studied by voltage clamp recordings using Ag/AgCl electrodes (black). (B)
Electrical circuit diagram of the bilayer setup. The lipid membrane has the electrical characteristics of a
capacitor (CM ≈ 1 µF/cm2) and a resistor (RM ≈ 1 · 108 Ω·cm2) in parallel connection. The resistance of the
remaining setup (RS , buffer solutions and the electrodes) is negligible. If an ion conducting protein channel is
incorporated in the bilayer, RM will drop according to the conductance value of the open ion-channel. (C)
Current trace of a single ion channel. Channel openings are visible as current jumps. The corresponding
conductance states can be extracted by a statistical analysis of single gating events (Ohms law).
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The signal to noise ratio of a BLM setup allows for detection of single ion channel gating
events (Fig. 1.3C) [32]. The electrophysiological analysis of single ion channels can be used
to determine the ion conductance states, the ion selectivity, the dwell time of gating and the
voltage dependent open probability under precisely controlled conditions [33].
The BLM method was introduced by Mueller et al. 1962 [31]. Mueller’s first technique to
prepare the artificial membrane is referred to as ‘painting technique’, because a lipid/solvent
solution is painted over a small aperture (see Fig. 1.4A). A major critique point of the
painting BLM technique was the use of the hydrocarbon solvent, which is not present in
biological membranes.

FIGURE 1.4 BLM formation techniques. (A) 1. According to the painting technique a lipid (black)/solvent
(red) mixture is spread across a hydrophobic aperture (Ø ≈ 100 µm). 2. Thinning out of the bulk solvent results
in the spontaneous formation of a bilayer. (B) 1. Using the monolayer folding technique the aperture is
pretreated with a hydrocarbon solvent (red). Lipid monolayers (black) are spread on the water/air interface
using a volatile solvent. 2. After solvent evaporation the water levels in the Cis and Trans compartment are
simultaneously lowered and raised. 3. A bilayer is formed from the two contacting monolayers.

Therefore, Montal and Mueller developed a second bilayer formation method which is based
on lipid monolayer folding [34] (Fig. 1.4B). Since most of the solvent is evaporated before
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the bilayer is formed, the resulting bilayer was assumed to be solvent free. However, also
with the monolayer folding technique the aperture has to be pretreated with a hydrocarbon
solvent, to form a transition region (torus) between the bilayer and the aperture material
[35].
Incorporation of purified ion channel proteins into the planar lipid bilayer was first
demonstrated by Bean et al. [36]. Generally, the incorporation method depends on the
properties of the respective ion channel. The easiest incorporation method is to add the
protein to the lipid/hydrocarbon mixture before preparing the actual bilayer. Unfortunately,
this method works only for small peptides or very robust proteins. Most proteins will lose its
activity during this process. The second approach is to add detergent solubilized protein
directly in front of the prepared bilayer [37]. Some of the protein may spontaneously
incorporate into the bilayer before it denatures in the aqueous solution. However, the use of
detergents in combination with the lipid bilayer is dangerous, because the planar bilayer can
easily rupture. The most gentle method to incorporate a protein into the bilayer, is to fuse a
proteo-liposome with the planar bilayer [38, 39]. The fusion can be facilitated by an osmotic
gradient between this Cis and Trans side of the bilayer.
When a liposome, which contains an open ion channel, binds to the bilayer, water will flow
into the liposome along the osmotic gradient. The liposome will swell until it ruptures and
spontaneously fuses with the bilayer (Fig. 1.5).

FIGURE 1.5 Proteo-liposome fusion to a BLM. After a proteo-liposome attaches to the bilayer through
electrostatic interactions, which can be facilitated by Ca2+, the liposome starts to swell, due to water influx
from the Trans compartment. If an open ion channel (red) is present in the liposome, swelling will proceed,
because the ion concentration in the liposome will be in balance with the Cis compartment. Finally, the
liposome ruptures and spontaneously fuses with bilayer.

The main drawbacks of the planar bilayer technique may be the stability of the bilayer itself,
solvent partition effects and the susceptibility to protein impurities originating from the lipid
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preparation and/or the protein purification. Additionally, the quantitative incorporation of
none channel proteins in a BLM is not easy.
1.5 Electro-optical studies on lipid bilayers
In this thesis the BLM technique is combined with fluorescence fluctuation spectroscopy.
The vision of a combined electro-optical method is to correlate fluorescence- with electrical
signals from single proteins, which may ultimately result in new insights into structure
function relations of ion-, metabolite- and protein-conducting channels. The idea of a
combined electro-optical measurement technique is not new. In pioneering studies the planar
bilayer technique has been combined with fluorescence microscopy / spectroscopy using
different methodical approaches. Already in the 1970s, the first diffusion measurements on
fluorescent lipid analogues were performed using fluorescence correlation spectroscopy
(FCS) combined with BLMs [40]. Also during this time, the mechanism of ion channel
formation of the peptide gramicidin was elucidated by a combination of ensemble
fluorimetry and electrophysiology [41]. The experimental effort to build an electro-optical
setup was enormous at that time, mainly because the optical components such as detectors
and cameras were not sensitive enough to study single molecule signals. During the 1990s
high sensitive photon multipliers and avalanche photodiodes were developed which allowed
for single molecule detection. Yet, it took another 10 years until the first opto-electrical
setup which was sensitive for single molecules both electrically and optically was presented
in 2000 [42]. Ide et al used a single molecule tracking setup combined with BLMs which
were oriented horizontally to perform diffusion measurement on electrically active single
ion channels. However, in this study no correlation between optical and electrical signals
was achieved. In 2003, Borisenko et al conducted simultaneous optical and electrical
recording of single gramicidin channels in horizontal lipid bilayers (HLBs) [43]. They were
able to show that single current gating events (open or closure of a channel) correlated with
FRET signals which indicated that gramicidin monomers assembled into dimers to form an
active channel. Until now, other successful examples of combined electro-optical studies are
rare [44, 45].
1.6 The electro-optical bilayer setup
To perform electro-optical measurements, we developed a horizontal planar bilayer chip,
which is a modification of the traditional (vertical) bilayer setup shown in Fig. 1.6 and is
based on the works of Ide et al. and Borisenko et al. [42, 43]. To achieve optical access to
the bilayer by a high numerical aperture objective, a PTFE-foil is sandwiched between a
cover slide and the chip-body (Fig. 1.6). The detailed construction plans of the horizontal
bilayer chip can be found in the appendix (6.1). Using this construction a freestanding planar
bilayer can be prepared 100 µm above a cover slide by the painting technique [31]. In
contrast to previously presented setups, both compartments (Cis / Trans) of the chip are
perfusable during a measurement session.
8
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FIGURE 1.6 Scheme of the horizontal lipid bilayer setup. At the bottom the basic optical components of the
laser scanning microscope with a single photon counting detection unit are shown: The excitation laser beam is
focused through the objective to a diffraction limited spot. The scanning unit is omitted for clarity. The
fluorescence emission can be split according to polarization or wavelength and is detected independently on
two detectors. The horizontal bilayer chip is mounted on the LSM. The confocal detection volume can be
positioned in the Cis/Trans compartments or directly in the HLB. The electrophysiological measurement
equipment is denoted by the electrodes. Above the bilayer chip a magnification of the PTFE-foil with the
Ø ≈ 100 µm aperture containing the HLB is depicted. At the top a molecular representation of the bilayer is
shown. The bilayer contains liquid ordered domains which are segregated from the liquid disordered phase. A
fluorescent ion channel is present (gramicidin A) which can be detected electrically and optically at the same
time.

9

Introduction

Electrical access to the bilayer is obtained by Ag/AgCl electrodes which are connected to
standard electrophysiological equipment. A small faraday cage is used to shield the bilayer
and electrodes from undesirable electrical noise. The time resolution of the electrical
equipment combined with the horizontal bilayer chip is 100 µs with noise amplitude (rms)
of 10 pA, which is sufficient to resolve gating events of single ion channels reconstituted in
the HLB. The circuit diagram of the electrical components of the bilayer setup is equivalent
to vertical setup shown in Fig. 1.3B.
For simultaneous optical recordings a modified Insight Cell 3D microscope (Evotech
Technologies) is used. Two pulsed laser diodes (470 nm and 635 nm) are used as excitation
sources. The combined laser beams are focused to a refraction limited spot through a 40x
water immersion objective (NA = 1.15). 3D scanning of the confocal spot is achieved by
tilting the laser beam in XY direction and moving the objective in Z-direction. Both moving
directions are piezo controlled, which offers nano-meter precise positioning.
The actual fluorescence fluctuation measurement is based on the diffusion or transport of
fluorescent molecules through the confocal volume. As a fluorescent dye passes the
excitation volume it is excited and emits photons. The collected fluorescence emission can
be split up onto two single photon counting detectors according to polarization or
wavelength of the emission light. The amplified photon signals are recorded by a
combination of a PHR800 router (PicoQuant) and a PicoHarp 300 real-time processor
(PicoQuant) connected to a personal computer. The optical setup allows recording
fluorescence lifetime histograms with a time resolution of 16 ps and photon fluctuations
traces with 100 ns time resolution.
The fluorescence signals from single molecules passing the excitation volume may be used
to determine lateral diffusion (see 1.7.1) and rotational (see 1.7.2) diffusion constants and
the fluorescence lifetime (see 1.7.2). Additionally, complex formation of binding partners
can be studies using the two color setup.

1.7 Fluorescence fluctuation spectroscopy (FFS)
FFS is a collective term for a number of techniques which are based on evaluating
fluorescence signals from single molecules passing a small excitation volume [46]. With the
development of modern confocal microscopy and single photon counting detectors it
became possible to resolve the fluorescence emission of single molecules in solution and
membranes. Typically, a laser is focused to a diffraction limited spot, which spatially
confines the excitation for fluorescent molecules. If the concentration of fluorescent
molecules is small, single molecule transients through the excitation volume will be visible
as photon bursts in the recorded fluorescence emission time-trace. These fluorescent
fluctuations contain information about molecular properties, which can be extracted by
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applying different evaluation methods. In contrast to fluorescence ensemble measurements,
different molecular species may be resolved with FFS, which would be averaged out by
ensemble spectroscopy. The most popular FFS technique is fluorescence correlation
spectroscopy (FCS) which is used to determine lateral diffusion properties and the
concentration of fluorescent molecules. The rotational diffusion and the fluorescence
lifetime of fluorescent molecules can be determined by confocal time resolved anisotropy
(cTRA) measurements. The molecular brightness of fluorescent molecules may be
determined with fluorescence distribution analysis (FIDA) or photon counting histograms
(PCH) [47, 48]. Each of these techniques may be used to study molecular binding or other
biological relevant interactions directly in vivo in living cells or in vitro using model
systems.
1.7.1 Fluorescence correlation spectroscopy (FCS)
In this work the photon data recorded by FFS will be mainly evaluated by FCS. FCS is a
statistical analysis of the mean time a fluorescent particle resides in the confocal volume
(τD = diffusion time) and the mean number of particles in the confocal volume (N) [49-51].

FIGURE 1.7 Fluorescence correlation spectroscopy. The principal of FCS is shown using a 2D diffusion
simulation. Fluorescently labeled particles perform a random walk in a simulation box of 2 µm (left). The laser
excitation is shown in red. When a particle crosses the excitation volume it will emit photons with a certain
probability. Repeating photon bursts result in a photon fluctuation trace (top). The whole photon trace is autocorrelated and the correlation curve is fitted to a 2D diffusion model (right). The fit yields the mean number of
particles in the confocal volume (N) and the mean transition time of the particles (τD). A detailed description of
the simulation can be found in [52].

To extract this information the recorded photon trace is auto-correlated and the correlation
data are fitted to a 3D or in case of membrane diffusion to a 2D diffusion model (Fig. 1.7).
Since the correlation amplitude is inverse proportional to the number of fluorescent particles
in the excitation volume, the correlation signal approaches zero as the particle number (N)
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increases. On the other hand a very low concentration will result in an insufficient number
molecule transitions in an acceptable measurement time to be statistically evaluable.
Practically a concentration range between 1–50 particles in the excitation volume yields
reliable results.
One critical parameter in FCS analysis is the size of the confocal volume. Traditionally this
parameter has to be determined by a calibration measurement with a standard fluorescent
dye. Unfortunately, the shape and the size of the confocal volume are prone to a number of
optical aberrations which can bias the resulting FCS analysis [53]. Therefore, the optical
setup has to be calibrated at least once per day to keep the FCS results comparable. Recent
methodic advancements in the FCS-field have overcome this limitation [54]. The confocal
volume can be determined during the diffusion measurement itself either by moving the
confocal volume during the measurement (Scanning FCS) [55], by using two spatially
separated confocal volumes (Two-focus FCS) [56] or by performing multiple FCS
measurements with different confocal sizes (Z-Scan FCS, STED-FCS) [15, 57, 58].
In this work we applied Z-Scan FCS to estimate the minimal waist size of the confocal
volume (w0) while determining the lateral diffusion constant simultaneously. Additionally,
Z-Scan FCS offers the advantage that the diffusion law (free versus hindered diffusion) can
be determined [58]. The principal of Z-Scan FCS is depicted in Fig. 1.8. As the confocal
volume is incrementally moved through a lipid bilayer the size of the excitation area will
change according to the con/divergent laser beam profile (Fig. 1.8A). From the stack of
correlation curves the mean diffusion time and the mean number of particles are extracted
for each axial position. The resulting relation between diffusion time and Z-position is fitted
to the Z-Scan model which yields at the same time the minimal waist size of the confocal
volume as well as the diffusion constant (Fig. 1.8B). The mode of diffusion can be estimated
by plotting the diffusion time (τD) versus the probed area (Nobs/Nmin) (Fig. 1.8C).
1.7.2 Confocal fluorescence lifetime analysis (cFLA) and time resolved anisotropy
(cTRA)
One characteristic parameter of a fluorescent probe is the lifetime of its first excited state.
Since the fluorescent lifetime is dependent on a number of intra- and inter-molecular
processes, lifetime measurements may be employed to probe changes in the rate constants of
the depopulating processes of the excited state [60]. For example the lifetime of an
appropriate fluorescent dye may be used to explore the hydrophobicity of its local
environment or to sense a fluorescence acceptor molecule in the near vicinity [61].
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FIGURE 1.8 Z-Scan FCS. (A): A stack of correlation curves is measured at different axial positions. (B) The
divergence of the laser beam leads to an increase in the particle number N (+) and diffusion time tD (o) with
distance Z from the membrane [57]. Fitting it with an appropriate model results in an estimate of the size of the
laser focus and provides internal calibration. (C) The relation of diffusion time versus area (Nobs/Nmin) is linear
with an interception at the origin if the diffusion is free. The slope of the line is w02/4*Dlat [Gudmand2009].
(D) Z-scan equations for both modes of evaluation. Graphs in (A) and (B) were taken from [54] and (C) was
taken from [59].

The fluorescence lifetimes of commonly used dyes range between 0.1-10 ns. In practice
pulsed laser sources in combination with a precise photon arrival detection system are used
to excite fluorescent dyes with a short pulse and measure the time it takes until a photon is
emitted (Fig. 1.9). A fluorescence decay histogram is calculated from the photon arrival
events. In the simplest case the lifetime can be determined by fitting the decay histogram to
a first order exponential decay model (Fig. 1.9B).
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FIGURE 1.9 The principle of time-correlated single photon counting. (A) Laser pulses with a repetition rate of
40 MHz excite fluorescent dyes. The time between an excitation pulse and an arriving photon is measured
using APDs and PicoQuant detection electronics. (B) The arrival times are histogramed. An exponential decay
fit yields the fluorescent lifetime

FIGURE 1.10 The principle of time resolves anisotropy. (A) The dipole of a fluorescent dye is depicted. If the
dye is excited with linear polarized (black arrow) light (blue) in the dipole orientation axis, the emission light
(green) will have the same polarization orientation as the excitation light provided the dye is not rotating
during absorption and emission. If the dye is rotating the polarization axis of the emission light will be tilted.
(B) The fluorescence emission is split up according to the polarization axis (parallel and perpendicular to the
excitation), such that two decay histograms can be recorded one for the parallel and one for the perpendicular
polarized emission. The difference in the decay histogram is due to rotational motion of the dye during its
fluorescent lifetime.

The fast rotational diffusion of fluorescent molecules can be determined using time resolved
anisotropy (cTRA), which is based on the detection of polarized fluorescence emission [60]
(Fig. 1.10). Since the anisotropy decay is determined during the lifetime of the respective
fluorescent probe, the rotational diffusion has to be on the same time scale as the fluorescent
lifetime. If rotation is much faster the probe will seem isotropic, if the rotation is much
slower the probe will seem to be stationary. In the field of membrane biophysics the
anisotropy of fluorescent lipid analogues is used to determine the order of the acyl chains in
a lipid bilayer [60]. However, also binding reactions can be followed using cTRA [39].
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1.8 Objectives of this thesis
The aim of this project is to combine the planar bilayer technique with fluorescence
fluctuation spectroscopy. At first the implementation of an electro-optical setup comprises
the construction of a horizontal planar bilayer chip which is well suited for optical
measurements on an inverted microscope equipped with high numerical aperture objectives.
BLMs have been long used as a model system for electrophysiological measurements, but
rarely for optical measurements. Due to the special preparation of BLMs using hydrocarbon
solvents, the question arises whether the biophysical properties of BLMs are the same as of
solvent free model membrane systems. Therefore, I started with a characterization of the
horizontal bilayer setup by determining the membrane dynamics of HLBs, which are easily
accessible by FFS, and compare the properties to other model systems like GUVs and SLBs.
The basic characterization of the physical properties of HLBs involves the determination of
lateral and rotational diffusion coefficients of fluorescent lipid analogues, the dynamic
viscosity of the bilayer and its electrical capacitance and resistance.
Going one step further HLBs were prepared which mimic the outer leaflet of eukaryotic
plasma membranes. In reference to the phase diagrams derived from measurements on
GUVs and SLBs large scale lipid phase separation was induced by a temperature control of
the HLB. As a unique property of the HLB-setup the electrical activity of ion channels can
be determined simultaneously to the fluorescence measurements. Therefore, the setup was
applied to resolve the influence of lipid phase separation on the electrical properties of a
model ion channel. In a simple test case study it was demonstrated that the electrical activity
of gramicidin A is significantly altered during liquid phase separation, due to a lateral
sorting of gramicidin A according to its affinity for the lipid domains.
In a second study the conformational changes of the pore-forming toxin Colicin A (ColA)
were determined during membrane binding and subsequent ion channel formation. ColA is a
well characterized water soluble protein which is known to insert in lipid bilayers in a pH
and voltage dependent manner. The conformational changes that occur during membrane
binding of ColA have been characterized by FRET and ESR experiments [3, 18]. However,
since the open channel conformation of ColA depends on a correctly oriented membrane
potential of over 60 mV, the open channel structure has not been accessible using liposome
reconstitution of ColA. The electro-optical setup was used to induce channel opening of
ColA by application of trans-membrane potentials and measure corresponding fluorescence
signals from specific site labeling of ColA at same time.
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2. Characterization of horizontal lipid bilayers as a model
system to study lipid phase separation
2.1 Abstract
Artificial lipid membranes are widely used as a model system to study single ion channel
activity with electrophysiological techniques. In this study, the properties of the artificial
bilayer system were characterized with respect to its dynamics of lipid phase separation
using single molecule fluorescence fluctuation and electrophysiological techniques. The
rotational motions of fluorescently labeled lipids were determined on the nanosecond time
scale 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 between Dlat = 10 – 25 µm2/s and
rotational diffusion coefficients of Drot = 2.8 × 107 s-1 – 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 ~ 8-fold lower compared to the Ld
phase while 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 FCS
measurements at different focal diameter indicated a heterogeneous microenvironment in the
Lo phase. Finally, the potential of the opto-electro setup to study the influence of lipid
domains on the electrophysiological properties of ion channels was tested. It was 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
electrically active gA dimers increased, due to the increased surface density of gA in the Ld
phase.

2.2 Introduction
The lipid composition of biological membranes, its spatial organization and its temporal
dynamics become more and more acknowledged to be fundamental for function and
regulation of integral- and membrane-associated proteins [16, 2]. Data obtained by various
labs with different techniques provide growing evidence that cell membranes are organized
in separated, spatially confined and dynamic domains [3-15]. Many details of these domains
such as their molecular characteristics or their size distribution, which is somewhere below
the resolution limit of conventional light microscopy, remain to be clarified. Two
fundamental determinants for the origin of membrane compartmentalization have been
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found. At first the lateral mobility in a cell membrane seems to be bounded by protein/lipid
interactions with the cytoskeleton meshwork. Secondly, phase separation of lipid
components and cholesterol into liquid ordered (Lo) and 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 interesting
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 photo-bleaching, fluorescence resonance energy transfer,
single particle tracking and fluorescence correlation spectroscopy (FCS) have been
deployed. In this context FCS [49, 23] and its recent advancements [7, 15, 56, 25] have been
proven to be a particularly valuable tool. Using FCS, the concentration and the lateral
diffusion of single dye labeled (lipid and proteins) probes can be evaluated with high
statistical accuracy. Additionally, free versus hindered diffusion can be discriminated at the
nanometer scale [7, 15]. Another fluorescence method which is sensitive to dynamics of
lipid-probes is time resolved anisotropy (TRA) [26, 27]. However, in contrast to FCS, which
detects lateral movements in the micro to millisecond range, TRA is used to measure
rotational dynamics occurring during the fluorescence lifetime of the probe. The rotational
correlation times and respectively the limiting anisotropy of lipid probes revealed by TRA
report the short range interactions within the very local environment of 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 [33]. Yet, most model systems,
which are used to study lipid phase separation processes lack a controlled accession of this
important parameter of a lipid membrane. In this study, electrically addressable, horizontal
planar bilayers separating two water bulk phases, are used in combination with a
polarization sensitive FCS setup. The setup permits electrical recordings simultaneous to the
evaluation of the lateral (FCS) and rotational diffusion (TRA) of fluorescently labeled
probes. BLMs have been traditionally employed in electrophysiology to record single
channel currents of purified reconstituted membrane proteins [31-33], but they have also
been used in combination with fluorescence microscopy and FCS [40-43]. However, to our
knowledge, only in one study BLMs were used 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 transition 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
opto-electrical setup permits the application of membrane potentials and measurement of the
according membrane currents.
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Here, the HLBs are characterized with respect to temperature dependent dynamics of lipid
motion and domain formation at the single molecule level. As a test case for electro-optical
measurements labeled gramicidin A (gA), a simple and well characterized peptide ion
channel [43, 38] was used. Our results indicate that lipid diffusion and phase separation is
partially dependent on the preparation (solvent) of the bilayer. However, the basic
characteristics of coexisting Lo and Ld domains are the same as for other model systems.
Heterogeneity in anisotropy and FCS measurements at different focal diameter indicate the
existence of domains in the Lo phase smaller than the resolution limit of the microscope.
When a ternary BLM containing gA is cooled below the Tm, gA is excluded from the Lo
domains and simultaneously the number of open channels increases. The increased
electrophysiological activity can be mainly attributed to an increased concentration of the
peptide in the Ld and to a lesser extend to a decreased bilayer thickness in the Ld phase
which stabilizes the ion conducting dimer conformation.

2.3 Material and methods
2.3.1 Chemicals
2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Avanti Polar Lipids
(Alabaster, AL). Distereoyl-sn-glycero-3-phosphocoline (DSPC), cholesterol (CO), ndecane, 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, 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
Atto647N 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 [15]. While DPPE647 is labeled at the head group, 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 molar ratio of lipids /
labeled lipids was adjusted to 50,000 : 1.
2.3.2 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 µm thin PTFE sheet with a round
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~100 µm small aperture is sandwiched between a coverslide and the chamber body using
double side adhesive film (Fig. 2.1A).

FIGURE 2.1 Setup of the horizontal bilayer chamber. (A) Schematic view of the setup. The chamber contains
two compartments (Cis and Trans) which are separated by a thin PTFE film. The film is perforated by a
100 µm hole which is the only connection between the Trans and Cis compartment. When a lipid solution is
painted over the hole a bilayer forms spontaneously. The distance from the bilayer to the coverslide is 100 µm.
Thus membrane is accessible by a high numerical aperture water objective. Electrodes 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 µl. (C) Side-cut of a 3D 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.

The lower adhesive film contains a laser edged channel structure to connect the Trans
compartments (Fig. 2.1B). The exclusive connection between the Cis and Trans
compartment is the aperture in the PTFE sheet. After assembly of the chamber and filling
with 100 mM KCl, 10 mM Mops/Tris pH 7 buffer the bilayer was “painted” over the
aperture using a 90° bended Hamilton syringe (Bonaduz, Switzerland). Bilayer formation
was monitored optically and electrically. The distance between the coverslide and the planar
bilayer is 100 µm which allows optical access by high numerical aperture water objectives
required for fluorescence fluctuation analysis (Fig. 2.1A). For electrical measurements
silver/silver chloride electrodes embedded in agarose were connected to the Cis and Trans
compartments. Electrical recordings were made using a CV-5-1GU headstage 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).
After each measurement session the coverslide with the adhesives was removed and the
chamber body was cleaned in ethanol before re-usage. For preparation of pure Ld bilayers
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DOPC was used as the only lipid component. Ternary mixtures of DOPC/DSPC/Cholesterol
in a molar ratio of 2-1/1/1 were used for phase separation studies, according to the phase
diagram in [20].
2.3.3 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 40x water immersion objective (UApo340 40x,
NA 1.15, Olympus, Tokyo, Japan) and avalanche photo diode detectors (SPCM-AQR-13FC, Perkin Elmer Optoelectronics, Fremont, CA). Fluorescence excitation was performed
with linear polarized light and the laser power was adjusted to 5- 20 µW. 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 interactive 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. Fluorescence images were
obtained by scanning the sample by a rotating beam-scanner along the lateral XY and by an
objective lens positioning system along the axial Z-direction. After bilayer preparation an
XZ-scan was performed and the confocal spot was positioned a few hundred nanometers
underneath the membrane. For a Z-scan, the focus was moved 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).

2.3.4 Time resolved anisotropy (TRA)
Rotational diffusion times were evaluated by globally fitting the parallel I|| and
perpendicular I┴fluorescence decay according to the following model [39]:

where G accounts for the different detection sensitivities in the two detection channels, IRF||
(t) and IRF┴(t) are the time-resolved instrument response functions of the microscope, τFL
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and α are the characteristic decay time (fluorescence lifetime) and amplitude of the
fluorescence lifetime component, respectively, RINF is the residual anisotropy (for t → ∞),
and Φ and β are the characteristic decay time (rotational correlation time) and the initial
anisotropy, respectively. The value of G = 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 cover slip interface. RINF was zero in all of our fits. Depolarization due to the
focusing optics has not been corrected for in this model. The quality of the fit was judged by
Χ2 (1-1.5) and the residuals. The rotational diffusion coefficient was calculated according to
Drot = 1 / (6 Φ)
2.3.5 Fluorescence correlation spectroscopy (FCS)
The translational diffusion time τD was evaluated using cross-correlation between the
parallel and perpendicular polarized photon traces. The correlation curves were fitted by a
two dimensional diffusion model including a triplet term [40].

N is the mean number of particles in the confocal volume. T is the average fraction of
molecules which are in the triplet state and τT the triplet correlation time, which depends on
the sum of the population and depopulation rates of the triplet system. τD = w02 / (4Dlat) is
the average molecular diffusion time through the Gaussian-assumed focal intensity profile
and 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 of Dlat = 407 µm2/s [41]. A good
estimate of the lateral lipid membrane mobility Dlat was obtained from the shortest diffusion
time τD 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 [57]. The diffusion
times τD(Δz) determined from correlation data recorded at different Z-position Δz of the
focus relative to the BLM were fitted to

where λ is the excitation wavelength and n the refractive index of the buffer.
As a control the waist size of the confocal volume was determined by scanning single gold
beads with diameter of Ø = 40 nm (Fig. 2.2). Since the beads are much smaller than the
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waist size of the laser focus the resulting image corresponds to the effective point spread
function of the microscope. The fitted w0 = 320 nm compares well with the w0 = 330 nm
determined by Z-Scan FCS.

FIGURE 2.2 Determination of the minimal waist size of the laser focus. (A) LSM-image of a 10 nm
Quantum-Dot excited with λ = 470 nm and detected at λ >645 nm . (B) 2D gauss fit of the point spread
function resulting in an estimate of w0 ≈ 280 nm for the 470 nm laser focus.

2.3.6 Steady state anisotropy
The steady state anisotropy r was calculated from the average signal count rates I|| and I┴ in
the parallel and perpendicular detection channel, respectively, and from the G-factor defined
in equations (1) and (2).

Either scanning anisotropy images were calculated pixel-wise using equation 5 with the
software ImageJ (http://rsbweb.nih.gov/ij/), or the steady state anisotropy r was determined
on a single-molecule level [43]. For this, photon traces recorded for a very diluted sample
(far less than one fluorescent molecule per laser spot) were binned with 1 ms resolution,
fluorescence bursts due to single-molecule transits selected by introducing a threshold to
distinguish the photon burst from background, and the single-molecule steady state
anisotropy calculated from all the photons selected from a single burst using the software
SymphoTime from PicoQuant.
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2.3.7 Temperature Control
The temperature in the horizontal bilayer chamber was adjusted by two water cooled peltier
elements (41 W each) which were controlled by a temperature sensor feedback. The actual
temperature directly at the bilayer was checked by a filament temperature sensor. The peltier
elements were connected to the top of the bilayer chamber by a copper interface protruding
inside the PEEK body to accelerate heat exchange. A temperature range between 15°C and
45°C was settable with this equipment.

FIGURE 2.3 Setup of the temperature control. A copper interface protruding into the bilayer chip facilitates
the heat exchange. The detachable top part, including peltier elements and water circulation, was used to adjust
the temperature in measurement compartments.

2.3.8 Bilayer viscosity determination
From the size dependence of the lateral diffusion coefficient the membrane viscosity can be
estimated using the Saffman-Delbrück approximation [44],

and the Petrov-Schwille approximation [45],

with
. The lateral diffusion coefficient Dlat is dependent on the surface viscosity
η, the membrane thickness h, the viscosity of the surrounding aqueous medium µw and the
radius of the diffusing particle a. γ is the Euler constant.
2.3.9 Lo domain tracking
Horizontal planar bilayers made of 2:1:1 (DOPC/DSOC/CO) containing DPPE-Atto532
were prepared as described above. Domains were imaged on an Olympus IX81 using
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mercury lamp excitation and camera detection (F-View). The frame rate was adjusted to
1 s-1. The domain trajectories were tracked using the Matlab routine Poly-Particle-Tracker
[46]. Size dependent diffusion coefficients were evaluated from the trajectories using linear
fits of the time dependent mean square displacement of the domains.
2.3.10 Gramicidin A labeling and electrophysiological activity
C-terminal labeling of gA with Atto637-NHS (Atto-Tec, Siegen, Germany) was conducted
as described in [43]. Briefly, a primary amino group was added to the peptide by coupling
ethylenediamine to the hydroxyl group of the C-terminal end. In a second reaction the NHSester 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 from 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 of unmodified
gA and gA-637 were ≈ 18 pS in a DOPC bilayer suspended in 1M NaCl.
The dimerization constant of gA-637 was determined according to [41]:

With Go as the total surface density of gA in the bilayer and G2 as the dimer surface density.
Since only the dimeric peptides form an active channel, G2 was determined electrically by
using the mean single channel conductance 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 determined 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.
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2.4 Results
2.4.1 Effect of hydrocarbon solvents on lipid mobility in horizontal bilayers
Three different solvents with increasing chain length (decane, hexadecane and squalene)
were used for BLM preparation to study the influence of hydrocarbon solvents on the
mobilities of lipid molecules in the free standing horizontal bilayer membrane. The bilayers
were prepared with the painting technique [31] from DOPC dissolved in the respective
solvent.

FIGURE 2.4 Influence of hydrocarbon solvents on the lateral diffusion of lipids in pure DOPC bilayers at
23°C. FCS results are shown for bilayers prepared with the indicated solvents. The diffusion coefficients of the
probe DPPE647 were Dlat = 25 ± 2 µm2/s, 16 ± 2 µm2/s and 9 ± 1 µm2/s in bilayers prepared with decane,
hexadecane and squalene, respectively.

In this way, the bilayer formed only a single, liquid disordered (Ld) phase. The mobilities
were investigated by the fluorescent lipid analog DPPE647, a phosphoglycero-lipid labeled
with the organic dye Atto647N, which was incorporated into the bilayer at a very low
concentration resulting in 1-10 fluorescent molecules in the confocal volume. After a bilayer
had formed, which was observed by capacitance increase and torus formation, the system
was allowed to equilibrate for 10 minutes before the first measurements were performed.
Two different techniques were applied to determine the lipid mobility of the DOPC bilayer:
fluorescence correlation spectroscopy (FCS) for the lateral and time resolved anisotropy
(TRA) for the rotational diffusion of the lipid probe. Representative results of the FCS
measurements for the bilayers in the different solvents are depicted in Fig. 2.4. The lateral
mobility of the lipids in the bilayer was significantly reduced when longer hydrocarbon
solvents compared to n-decane were used. The translational diffusion time through the laser
focus increased and consequently the lateral diffusion coefficient decreased from τD = 1.1
ms and Dlat = 25 µm2/s (decane) over τD = 1.5 ms and Dlat = 16 µm2/s (hexadecane) to τD =
2.8 ms and Dlat = 9 µm2/s (squalene), respectively. The lipid diffusion coefficient
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determined in the presence of squalene is comparable to values of Dlat = 4 – 7 µm2/s as
reported for solvent free Ld membranes [25, 29, 49, 50]. The rotational mobility determined
by TRA also increased significantly when the short alkanes were used with rotational
correlation times and diffusion coefficients of Φ = 14.9 ns and Drot = 1.1 × 107 s-1
(squalene), Φ = 12.4 ns and Drot = 1.3 × 107 s-1 (hexadecane), and Φ = 6.4 ns and
Drot = 2.6 × 107 s-1 (decane), respectively. Decane was chosen as the solvent in the following
experiments, because the stability and lifetime of the bilayers were significantly higher
compared to membranes prepared with longer hydrocarbon solvents.
2.4.2 Phase separation
Horizontal bilayers made of DOPC/DSPC/CO (2:1:1) exhibited large scale phase separation
into Ld and Lo domains at room temperature (Fig. 2.5A). Segregated domains had circular
shape and were highly dynamic, i.e., they showed fusion to larger also circular domains.
This is in agreement with the phase behavior of ternary lipid bilayers reported in [37] and
indicates that both phases were in a fluid like state. Domain formation was visualized by
fluorescence emission of Atto647N-lipids: phosphoethanolamine (DPPE647),
sphingomyelin (SM647) and ceramide (CER647). All of the labeled lipids showed a similar
partitioning pattern (Fig. 2.5A). The bright regions were identified to be the Ld phase by colocalization of fluorescently (Bodipy) 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 γ = 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 into the Ld phase. The partitioning coefficient was γ ≈ 0.1 for CER647,
SM647 and DPPE647 (table 2.1). However, this 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 photo stable, but bulky fluophore [51, 52]. Nevertheless,
these fluorescent sphingo-lipid analogs (SM647, CER647) have been found to form
transient molecular complexes in the plasma membrane of living cells independent of the
dye position or even the nature of the head group [15].
2.4.3 Lateral mobility of lipid probes in Lo and Ld phase
Next, the mobility of lipids in the Ld and Lo phases was compared. For an exact
determination of the diffusion coefficients, Z-scan FCS was applied [57]. The focus was
moved incrementally in Z-direction through the bilayer plane. The correlation data and the
corresponding diffusion times τD(Δz) were determined (equation 2.3) for the different Zpositions Δz. The dependence of τD on Δz allowed for an exact determination of the lateral
diffusion coefficients (equation 2.4). First, the lateral mobility of DPPE647, SM647 and
CER647 in DOPC was measured in pure Ld phase bilayers at 23°C. All probes had
comparable mobilities between Dlat ≈ 20 – 24 µm2/s (table 2.1). Upon addition of 20 mol %
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cholesterol to the DOPC bilayer lateral mobilities of the probes 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. 2.5A) the recorded photon traces were
used to differentiate between mobilities in bright (Ld) and dark (Lo) domains (Fig. 2.5B).
Because the lateral diffusion in the Ld domains (Dlat ≈ 18 – 25 µm2/s, table 2.1) was similar
to that determined for the pure DOPC Ld phase bilayers, it can be concluded that the
additional, saturated lipid DSPC mostly partitioned in the Lo phase at 23°C. In contrast, lipid
diffusion in the Lo domains was 7 to 12-fold slower (Dlat ≈ 2 – 3 µm2/s) (Fig. 2.5C, table
2.1).
2.4.4 Rotational diffusion in the Ld and Lo phase
The same photon traces that were the basis of the FCS analysis were utilized for the time
resolved anisotropy (TRA) analysis. The time resolved fluorescence decays recorded for
parallel and perpendicular polarization (Fig. 2.5D) were analyzed (equations 1 and, 2) to
obtain the rotational diffusion coefficient Drot and the fluorescence lifetime τFL 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 ≈ 2.4 × 107 s-1 for all three lipids (table 2.2). 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 [53]. Under phase separating conditions lipid
rotation occurred with Drot ≈ 1.4 × 107 s-1 in the Ld phase and between Drot ≈ 1.0 × 107 s-1 to
0.8 × 107 s-1 in the Lo phase (table 2.2). The decreased rotational mobility in the Lo domains
is in line with the characteristic 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 pure Ld bilayers indicates that also the Ld phase changes its micro viscosity. However,
this change does not significantly affect the lateral diffusion constant (see above). Since the
addition of 30 mol % cholesterol to a pure Ld bilayer does not change rotational motion
(data not shown) of the lipid probes, it can be concluded that residual amounts DSPC are
present in the Ld phase under phase separating conditions.
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Probe

Lo µm2/s

Ld µm2/s

Φ / ns

τFL

Ld

Lo

c (Lo)/c (Ld)

β

Φ / ns

β

CO-BDY

3.6 ± 0.1

25.6 ± 2.9

0.26 ± 0.08

Probe

DPPE647

2.0 ± 0.4

24.3 ± 2.4

0.10 ± 0.01

DPPE647

16.5 ± 1.3 0.15 12.1 ± 0.2 0.15 4.1

SM647

2.7 ± 0.5

18.4 ± 2.1

0.11 ± 0.07

SM647

20.3 ± 2.3 0.11 13.2 ± 2.0 0.14 4.1

CER647

3.2 ± 0.5

18.9 ± 3.9

0.07 ± 0.04

CER647

21.5 ± 1.3 0.12

9.2 ± 0.2

/ ns

0.12 4.0

FIGURE 2.5 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. The Ld phase appears brighter than the Lo phase. (B) Fluctuating photon count time trace
binned at 1 ms resolution from a single point measurement in the membrane plane. Count rates from the Ld
phase are larger than from the Lo phase. 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.
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 in the
Ld (green) and Lo (red) which results from the fits are shown for comparison. The anisotropy decays slower in
the Lo, indicating a lowered rotational mobility. The resulting lateral and rotational diffusion coefficients are
listed in tables 1 (left) and 2(right).
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2.4.5 Dipole-orientation of Atto647N-Lipids
The anisotropy decay of a membrane probe is strongly influenced by the position and the
orientation of the dipole with respect to the acyl chains of lipids [60]. The Atto647N dye
was either attached to the head group (DPPE647) or replacing the acyl chain (SM647,
CER647) of the lipid, see supplement in [15]. For both positions the anisotropy and
fluorescence decay in the bilayer were similar (table 2.2). The dipoles of the Atto647Nprobes were found to be aligned parallel to the membrane plane at the hydrophilic /
hydrophobic interface between the lipid head groups and the acyl chains. This orientation
was determined by anisotropy imaging of giant unilamellar vesicles (GUVs) containing the
respective probes (Fig. 2.6). The fluorescence intensity was significantly increased at
membrane positions that were oriented parallel to the polarized excitation light.

FIGURE 2.6 Dipole-orientation of Atto647N-Lipids. (A) The equatorial plane of a GUV made of DOPC
containing DPPE-647N is depicted. The excitation polarization vector is shown in orange. The emission was
split according to parallel and perpendicular polarized light onto two detectors. The intensity distribution on
the GUV equator clearly indicates that the Attto647N dipole is oriented parallel to the membrane plane. (B) 2D
cartoon of a bilayer of PC-lipids containing one DPPE-647 molecule. The dipole-orientation is shown with a
red arrow.

While a parallel dipole orientation to the membrane is favorable for excitation of the dye in
the horizontal bilayer setup, the sensitivity for lipid order is reduced due to the position and
the rotation axes. Consequently, the observed rotational motion of the probe was not notably
restricted as found for hydrophobic probes which intercalate parallel to the lipid acyl chains
[60]. Further, the fluorescence lifetime of the fluorescent label did not change between
phases, indicating no phase dependence of molecular parameters (such as inter-molecular
quenching) other than of mobility.
The phase partitioning data of the Atto647N lipid analogues show that all labeled lipids are
greatly excluded from the liquid ordered phase. This phenomenon has also been reported for
the majority of other fluorescent lipid analogues [51]. Interestingly, lipid analogues which
are able to partition into the ordered phases seem to adopt a perpendicular dipole orientation
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to membrane plane (see [51] Fig. 7). In Fig. 2.6B a possible consequence of the parallel
membrane orientation of the Atto647N dipole is depicted. The fluorescent dye may cause (in
some way) a steric mismatch between neighboring lipids which will introduce some disorder
in the membrane acyl chains. Hence, the Atto647N lipid analogues will be excluded
(“squeezed out”) from ordered regions due to their energetically unfavorable conformation.
2.4.6 Steady state anisotropy
To visualize the steady state anisotropy in the bilayer anisotropy images were calculated
pixel by pixel from the signal intensity in the parallel and perpendicular detection channel
(equation 2.5). Fig. 2.7 shows the intensity and the anisotropy image of a DOPC/DSPC/CO
mixture at 23°C. As before (Fig. 2.5A), the partitioning of the probe is evident in the
intensity image (Fig. 2.7A), where the dark domains correspond to the Lo phase. The
anisotropy image (Fig. 2.7B) depicts slightly larger anisotropy values in the Lo phase, which
is in line with a decreased rotational diffusion coefficient. However, in contrast to the Ld
phase, where the values are narrow distributed around 0.1, a wide range of anisotropy values
is observed for the Lo phase, ranging from ~0.1 to 0.3-0.4, with the higher values indicating
very slow rotational motion.
To get further insight into this strong heterogeneity, steady state anisotropy values were
reordered on a single-molecule level. For determination of the steady state anisotropy from
single molecules, the laser spot was positioned on different positions in the Ld and Lo phases
of the bilayer and photon traces were recorded 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. 2.7C) were used to
calculate the steady state anisotropy (equation 2.5). Selection of more than 2000 single
molecule fluorescence bursts resulted in a histogram of anisotropy values for the Ld and Lo
phase (Fig. 2.7D).The distribution of anisotropy values of the Lo phase peaks at much higher
values ( ≈ 0.16) and is much broader than the distribution of values for the Ld phase
( ≈ 0.1), tailing off to very high values > 0.3, confirming the heterogeneity in anisotropy
as previously observed using anisotropy imaging. It seems that the Lo phase itself contains a
sub-population where 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 analogue. Thus, the resolution of our time-resolved
anisotropy data was not good enough to reliably determine very slow rotational components.
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FIGURE 2.7 Steady state anisotropy and FCS diffusion laws in DOPC/DSPC/CO (2:1:1) bilayers, probe
DPPE647. (A) Intensity image of a bilayer with Lo (dark) and Ld (bright) domains. (B) Pixel by pixel calculated
anisotropy from parallel and perpendicular images. The anisotropy was larger 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 perpendicular detection channel and application of equation 5. (D) Single
molecule anisotropy histograms calculated from as described in (C) in the Ld and Lo phase of the membrane,
with peaks at around 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 as well as indicating a heterogeneous
lipid environment in the Lo phase.

2.4.7 FCS diffusion laws in lipid domains and temperature dependence
Since large scale phase separation of lipids is found only at temperatures which are
significantly below physiological temperatures of cell membranes [16], lipid diffusion was
compared at temperatures which are above (37°C) and below (23°C) the transition between
phase separation (Lo ↔ Ld) and an apparently homogenous Ld membrane. In Fig. 2.8A the
temperature dependent mixing of the Ld phase (green) and the Lo phase (red) is depicted. At
temperatures above 35°C the lipid mixing seemed to be homogenous. Obviously, phase
separation degraded above 35°C. To determine the diffusion constants and the mode of
diffusion at different temperatures Z-Scan FCS was applied.
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The diffusion time data obtained at multiple Z-positions was used to determine the principal
mechanism of diffusion at 23°C where lipids largely phase separate and at 37°C where the
ternary mixture seems to be homogeneous [7, 8, 58]. Provided the diffusion of the probe is
not hindered by membrane heterogeneities smaller than the optical resolution, the relation
between diffusion time and focus area is expected to be linear with a slope of four times the
diffusion coefficient (free diffusion). During a Z-scan, the membrane area probed by the
laser focus increases as the focus is moved out of the plane of the bilayer. The size of the
focal area was determined relative to minimal waist radius w0 and the particle number Nmin
at the minimum waist: Afocus = w02 × N / Nmin [59] (the particle numbers N were determined
from the inverse of the correlation function’s amplitude N = 1 / G(0)). This relation is valid
as long as the surface density of lipid probes is independent from the probed area which we
can assume is true for a homogenous membrane and also for domains on the order much
smaller and much larger than the confocal spot. From the slope of fits (Fig. 2.8E) the lateral
diffusion coefficient was determined to be Dlat ≈ 4 µm2/s in the Lo phase and Dlat ≈ 25 µm2/s
in the Ld phase at 23°C, which confirms the previous measurements. At 37°C the lateral
diffusion constant was Dlat ≈ 32 µm2/s which follows from the increased mobility at higher
temperatures. Most importantly, the results show that the diffusion data in the Ld phase at
23°C and at 37°C can be well fitted with a linear regression intersecting at the origin which
is an indication for free diffusion. In contrast to this, a positive intersection is observed when
the diffusion data of the Lo phase at 23°C is linearly fitted (Fig. 2.8E). By FCS simulations
on lipid/protein diffusion in membranes, it was shown that a positive intersection is an
indication for hindered diffusion due to partitioning into nano-domains [7, 8].
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FIGURE 2.8 Temperature dependent diffusion of the lipid probe SM647 in DOPC/DSPC/CO (1:1:1) bilayers.
(A) The separated Ld and Lo phases started to mix with increasing temperatures to a homogeneous membrane
at ≈ 35°C (colors as in fig. 4A). (B-D) Lateral diffusion coefficients Dlat and the beam waist w0 of the laser
determined with Z-scan FCS in the Ld and Lo phase at 23°C and 37°C, showing an increase in mobility with
increasing temperature [57]. At 23°C two diffusion constants are found, representing the Ld and Lo,
respectively. At 37°C a single diffusion constant was sufficient to fit the FCS data. (E) Diffusion laws in the Lo
and Ld phase at 23°C and 37°C [7]. The dependence of diffusion time vs. area (N/Nmin) is linear intersecting at
the origin if the diffusion is free which is the case in the Ld phase at 23°C and at 37°C [59]. In the Lo phase at
23°C the intersection is clearly positive which indicates hindered diffusion due to, for example, solid ordered
nano-domains.

2.4.8 Hydrodynamic viscosity of planar bilayers in the Ld phase
The hydrodynamic viscosity of a membrane is a measure of how strongly lipids (and
proteins) in the bilayer interact. The most widely used hydrodynamic model in biophysics,
describing the relation between membrane inclusion radius, lateral diffusion coefficient and
membrane viscosity, is the Saffman-Delbrück-Approximation (SD) [44]. Unfortunately, the
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SD model has a limited applicable range of inclusion sizes (small proteins) to predict correct
results.

FIGURE 2.9 Hydrodynamic viscosity of HLBs. (A) Movies of Lo (bright) domains diffusing in the Ld bilayer
(dark) were recorded with 1s time resolution using epi-fluorescence excitation and a fluoview camera. The
diffusion trajectories were evaluated with the program poly-particle-tracker[46]. (B) Mean square
displacement over time of a single Lo domain. A linear fit (x2 = 4Dt) results in the lateral diffusion constant D
of the specific domain. (C) Double log plot of the diffusion coefficients against the membrane inclusion radius.
Diffusion of single lipids r ≈ 0.8 nm (left data point) and the trimeric beta-barrel protein PorB r ≈ 4 nm was
determined by FCS. The tracking results of Lo domains are on the order of r = 1-8 µm. A fit of the data with
the Petrov-Schwille-Approximation yields the surface viscosity and the bulk viscosity of the bilayer in the Ld
phase. Buffer viscosity was taken as 1 mPa*s.

Additionally, Gambin et al. challenged the validity of SD approximation even for membrane
proteins and found that a heuristic Einstein-Stokes model (ES) fitted their diffusion data best
[57]. An exact numeric solution of the hydrodynamic viscosity problem, developed by
Hughes, Pailthorpe and White (HPW), is applicable to arbitrary inclusions sizes. However,
an easy application of this model is impeded by its great computational effort. Recently, an
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analytical approximation of the HPW model was proposed by Petrov and Schwille (PS) to
reduce the computational effort [45].
To determine the viscosity of the HLBs the size dependent lateral diffusion coefficients of
Lo domains with radii between 1-8 µm were measured using a particle tracking technique.
Additionally, diffusion data of lipids and one membrane-protein (PorB) obtained by FCS
were used. The results are shown in Fig. 2.9. Unfortunately, the range of inclusion sizes
between 5 nm and 1 µm could not be probed, because it was not feasible to include
appropriate molecules in the bilayer in that specific size range. The data were fitted using
the SD, the ES and the PS approximations Fig. 2.9C. As expected the SD approximation
fitted the data only to inclusion radii smaller than ≈ 10 nm, before the model approached an
asymptotic barrier. The ES model did not result in a reasonable fit, while the PS
approximation fitted the data nicely over complete size range. The fitted surface viscosity
(PS) of the bilayer in the Ld phase at 23°C was η = 66 ± 20 pPa·s·m. With a bilayer
thickness (DOPC) of h ≈ 4 nm [58] we yield a membrane viscosity of µ = 16.5 ± 5 mPa·s.
Values reported for solvent free pure lipid bilayers range between 60.8 mPa·s [59]. Thus,
our planar bilayers prepared with n-decane are ≈ 4-fold more fluid compared to solvent free
membranes.
2.4.9 Electrical resistance of binary and ternary lipid mixtures
In a number of studies ion channel like activity has been observed in pure phospholipid
bilayers when the temperature of the membrane was near the Tm of the used lipid [60, 61].
Accordingly, the permeability of liposomes was found to be increased at the Tm[62, 63].
This phenomenon is suggested to be the result of the increased area fluctuations near the Tm
which lead to formation of transient lipid pores [61]. The opto-electrical setup was applied
to test whether such current fluctuations also occur at the transition between coexisting Ld
and Lo domains and a homogeneous Ld membrane. Therefore, electrophysiological
recordings were performed in parallel to the optical measurements in a temperature range of
15°C to 45°C with the binary mixture DPPC/DOPC (3:1) (Fig. 2.10A) and the ternary lipid
mixture DOPC/DSPC/CO (1:1:1). The bilayer was painted at 55°C. After equilibration the
temperature was lowered to 15°C with 1°C/min. A holding potential of 100 mV was applied
to probe the membrane resistance and current fluctuations. The mean current was calculated
for every °C/min. As a control the phase transition temperature of the binary lipid mixture
was determined by measuring the vertical polarized fluorescence intensity of cholesterolBODIPY in liposomes. The phase transition of the binary mixture falls between 41°C-30°C
(fig. 8A red trace). Discrete current fluctuations similar to ion channel gating events
occurred in the same temperature range as lipids started to phase separate (Fig. 2.10A). In
many cases the bilayer ruptured at the 36°C during the temperature scan, which is an
additional indication for instabilities in the membrane structure during phase separation.
When a ternary mixture containing cholesterol was studied no current fluctuation within the
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experimental error were observed. This was also true when Lo domains started to segregate
from the Ld phase at ~35°C. The specific resistance of the ternary membrane decreased
linearly from 5 × 107 Ωcm2 at 20°C to 3.5 × 107 Ωcm2 at 40°C (Fig. 2.10B). It can be
concluded that the bilayer becomes electrical unstable (leaky) at the main phase transition
(Ld↔So), whereas the membrane remains electrically sealed at the transition from the Lo to
the Ld phase.

FIGURE 2.10 Conductance of BLMs at the phase transition (A) Current fluctuations in the phase transition
range (blue) of the binary mixture DPPC/DOPC (3:1). The mean currents of one minute intervals with an
applied HP of 100 mV were plotted versus temperature. The phase transition of the binary mixture was probed
by polarized fluorescence measurement of cholesterol-BODIPY in liposomes (red trace). (B) Specific
resistance of the ternary mixture DOPC/DSPC/CO (2:1:1) in a temperature range of 20°C to 40°C. The
resistance was linearly dependent on the temperature. No current fluctuations were observed in the probed
temperature range.

2.4.10 Partitioning and electrical activity of gramicidin A in lipid domains
The short antibiotic peptide gA is one of the best characterized ion channels to date [38, 64].
It is able to form a 2.8nm long trans-membrane beta helix with an aqueous pore diameter of
0.4nm. This cation conducting conformation was found to be the result of an N- to Nterminal dimerization of two gA monomers [41]. The structure of the trans-membrane gA
dimer itself seems to be unaffected by the lipid composition of the membrane [65, 66].
However, the dimerization constant is dependent on the hydrophobic thickness and the lipid
composition of the bilayer as well as the membrane potential [41, 64, 67].
Here a functional, C-terminal, Atto637-labeled derivate of gA was used to study the effect
of liquid-liquid phase separation 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 (1/50000).
The bilayer was prepared at 39°C to ensure a homogeneous mixing of lipid species (Fig.
2.11A). The gA concentration in the membrane was determined by FCS (fig. 9C), and the
active dimer concentration was determined by electrical conductance measurements (Fig.
2.11B).
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FIGURE 2.11 Phase partitioning and electrical activity of gramicidin A. (A) Lipid phase separation in a
DOPC/DSPC/CO (1:1:1) membrane (Ø = 100 µm) containing gA-637 was induced by cooling the bilayer from
39°C to 23°C. gA-637 was largely excluded from the Lo domains (dark). (B) Simultaneously the electrical
activity of gA-637 was monitored via conductance measurements of the bilayer. The number of open gA
channels increased 3.3 fold as the lipids phase separated. (C) FCS measurement at 39°C and 23°C revealed
that the surface density in the Ld phase at 23°C was 2.2 fold increased compared to the homogenous membrane
at 39°C. The dimerization constant determined from the number of open channel and the total number of gA637 (FCS) changed during phase separation from K39°C = 3.3 × 1011 cm2/mol to K23°C = 4.1 × 1011 cm2/mol. (D)
Scheme of gA monomers forming an active dimer in the Ld phase. The peptide is energetically excluded from
the thicker and ordered, cholesterol enriched Lo phase. The thinner membrane in the Ld phase results in a
higher dimerization constant of gA. However, the increased electrical activity of gA in the Ld phase can be
mainly attributed to the increased surface density due to exclusion from the Lo domains.

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. 2.11A). Simultaneously, 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. Interestingly, the dimerization constant K (equation 2.6), did not change
significantly between 39°C and 23°C with values of 3.3 × 1011 cm2/mol (39°C) and 4.1 ×
1011 cm2/mol (23°C). Thus, the increased electrical 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 raised back 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
regulated by phase partitioning in lipid domains.
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2.5 Discussion
The aim of this study was to characterize the diffusion and electrical properties of horizontal
black lipid bilayers containing biological relevant ternary lipid mixtures and compare the
results with other established membrane model systems. Additionally, the potential of the
setup to relate electrical activity of ion channels to partitioning behavior in lipid domains
was explored using the ion channel gA.
In contrast to supported bilayers or GUVs, for any black lipid membrane preparation the use
of a hydrocarbon solvent is essential, because the actual bilayer is thinned out from a 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 the influence of three different solvents on lipid diffusion was
determined. The 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 it can be
concluded that shorter alkanes (< C16) 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 bilayers. In other studies on BLMs, solvent
partitioning was also found to increase the bilayer thickness, probably by intercalation of the
solvent molecules between the inner and outer leaflet [40, 68, 69]. However, during the
measurements on phase separation in ternary HLBs, domain formation always extended
through both leaflets of the membrane regardless of the solvent used (Fig. 2.5A). 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 to the established phase diagrams which were derived using
GUVs [18-21]. Moreover, the basic characteristics of liquid-liquid domain formation 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 Ld domains. A ~8-fold decrease
in lateral diffusion (Ld/Lo) was found. Similar differences between lateral diffusion in Lo and
Ld domains of 3- to 20-fold have been reported for other model membranes [12, 25, 49].
A detailed analysis of lipid anisotropy, which reports the very local environment of the
probe, and of the lateral diffusion on various length scales revealed that the anisotropy is
homogeneous and lateral diffusion is free in the Ld phase. Interestingly, both the anisotropy
values as well as the lateral diffusion law indicate a heterogeneous lipid distribution in the
Lo phase at 23°C. The origin of the heterogeneities is not clear, but 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 nano-domains in the Lo phase
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may be elaborated by combining FCS (or TRA) and stimulated emission depletion (STED)
nanoscopy [70] a microscopy approach featuring a spatial resolution far below that of
conventional microscopy, i.e., in the range of the nano-domains’ sizes [15, 71].
To explore the full potential of the horizontal bilayer technique the influence of lipid phase
partitioning on the electrophysiological activity of the ion channel gA was studied. It was
found that the monomeric as well as the dimeric gA were largely excluded from the Lo
phase. The sorting of the peptide to the Ld phase resulted in an increased
electrophysiological activity 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. [72] who found indications for lipid
domain partitioning effects of gA and alamethicin: Near the transition temperature of SMPC
bilayers the electrical activity of the peptides was significantly higher. 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 the present study we could directly
relate the sorting of gA, due to phase partitioning, to its electrophysiological activity. The
results show that the presented setup 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 which are thought to be regulated by lipid domains [64,
73].
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3. Membrane binding and channel formation of Colicin A
studied with an electro-optical approach
3.1 Abstract
Colicin A (ColA) is a water soluble protein that is toxic for sensitive E. coli cells. Its toxic
action is to short-circuit the electro-chemical potential of the plasma membrane by forming
a voltage dependent ion channel. An important feature of ColA is the transition from a water
soluble conformation to an integral membrane protein. This transition seems to be a general
step in the formation of the active ion-conduction conformation of pore-forming toxins.
Here the membrane binding and subsequent channel opening of ColA is studied using
horizontal artificial bilayers and liposomes. It was found that acidic pH dramatically
enhances membrane binding, while at neutral pH binding is negligible. An applied
membrane potential does not affect the binding to artificial bilayers. However, a transmembrane potential of > 60 mV is required to activate the open channel confirmation of
ColA. Using the environment sensitive fluorescent probe NBD the membrane immersion of
multiple helices of ColA was determined. All tested sites resided at the membrane water
interface which is compatible with the penknife model of the membrane bound
conformation of ColA. The ion permeability of the open state, probed by electrophysiology,
was low with a single channel conductance of Λ ≈ 20 pS. The bulky dye calcein was
released from liposomes incubated with ColA. No evidence for oligomerization during
channel formation was found, when FRET pairs of ColA monomers were studied with
fluorescence lifetime and fluorescence cross correlation analysis.

3.2 Introduction
Pore-forming toxins are secreted by many pathological bacteria as a weapon against host
cells or against competing bacteria [1, 2]. The mechanism of action generally involves the
secretion of the monomeric toxin in a water soluble conformation. Upon contact of the toxin
with the target cell-membrane a conformational change is triggered which induces
membrane insertion and in most cases an oligomerization process. Examples of poreforming toxins are colicins, diphtheria toxin, tetanus toxin, equinatoxin and aerolysin.
Colicins are a plasmid-encoded class of bacteriocines which are secreted by various E. coli
strains under environmental stress conditions and are directed against other E .coli strains [1,
3]. Over 30 different types of colicins have been identified. The toxic action of colicins is
either nuclease activity in the cytosol or ion-channel formation in the plasma membrane of
the target E. coli cells. The crystal structures of the water-soluble conformation revealed that
all pore-forming colicins are arranged in three domains [4, 5] (Fig. 3.1). The domains were
named according to their specific function: the receptor binding domain, the translocation
domain and the channel-forming domain. The first two domains are responsible for the
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binding to and the translocation of the protein through the outer membrane into the
periplasm of the target E. coli cells [3, 6]. At the plasma membrane the pore-forming
domain inserts into the bilayer and forms a voltage-dependent ion channel which short
circuits the vital electro-chemical gradient of the target cell [7, 8]. The crystal structure of
the pore-forming domain of ColA obtained in an aqueous environment, shows a ten-helix
bundle containing a central hydrophobic helical hairpin [4] (Fig. 3.1). The structural
similarities between colicins and also other pore forming toxins suggest that a conserved
mechanism of pore-formation is at work. Although the procedure of pore formation is far
from being understood some steps of the mechanism have been established.

FIGURE 3.1 Ribbon representations of (A) Colicin Ia [5, 9], and (B) the pore-forming domain of Colicin
A [4], derived from X-ray diffraction analysis of 3-D crystals. (A) The complete structure of Colicin is
arranged in three domains: the translocation domain (green) the receptor binding domain (red) and the
channel-forming domain (blue). (B) The water-soluble conformation of the pore-forming domain of
ColA is a ten helix bundle with central hydrophobic hairpin (orange).

The binding of the pore-forming domain to the bilayer is promoted by electro static
interactions between negatively charged lipids and positively charged amino acids of the
protein [10, 11]. Additionally, acidic pH has been found to enhance membrane binding and
insertion in vitro [12, 13]. As an intermediate step during acidic membrane binding ColA
was found to form a molten globule state in vitro [14-16]. For the membrane bound
conformation of ColA two models have been proposed. The umbrella model suggests that
during binding the hydrophobic hairpin of the pore-forming domain is inserted into the
bilayer core, while the aliphatic helices lie at the membrane water interface [17, 18].
According to the penknife model all ten helices of ColA remain at the bilayer water
interface with helices one and two hinged away from the rest of the protein [19, 20].
For the transition from the membrane bound state to the ion conduction conformation a
trans-membrane potential of more than + 60 mV on the ColA side is required [7, 8]. Until
now, the conformation of the ion conduction channel has not been resolved. However, it has
been shown by electrophysiological experiments that a substantial amount (helices 2-5) of
the 10 helices of the pore-forming domain is translocated to the Trans side of the bilayer

54

Material and Methods

upon opening of the channel [21, 22]. Some contradicting properties of the open channel
have greatly complicated the establishment of an appropriate structural model: The ion
conductivity of the open conformation is very low, but large ions and even proteins can be
translocated by ColA [23, 24]. Additionally, the ColA channel seems to be not very
selective for mono-valent anions or cations, but has remarkably high proton selectivity [25].
Both properties, conductivity and selectivity, indicate on the one hand a very narrow pore
(low conductance and high proton selectivity) one the other hand the low selectivity for
other ions and the translocation of large ions and proteins argues in favor of a channel with a
diameter of at least 1 nm. Actually, it has been shown that even whole proteins with a size of
2.5 nm can be translocated through a bilayer by ColA [22]. To make the picture even more
complicated most studies point to a monomeric pore, but from structural considerations the
amount of protein in monomeric channel seems to be too low to constitute a large
translocation pore.
In this study an electro-optical approach is used to characterize the membrane binding of
ColA and the subsequent channel opening upon application of a trans-membrane potential.
The electro-optical setup is comprised of a horizontal lipid bilayer chip, which is a modified
version of the planar lipid bilayer technique, and a confocal laser scanning microscope
equipped with single photon detection unit. This setup allows for single channel
conductance- (voltage clamp), diffusion- (FCS), environment- (fluorescence lifetime) and
oligomerization- (FRET) measurements, simultaneously. Accessing these parameters
simultaneously is promising in the context of ColA, because to study the open channel
conformation a controllable and stable membrane potential is required which was lacking in
previous studies on colicins.

3.3 Material and Methods

3.3.1 Chemicals
E. coli polar lipid extract was purchased from Avanti Polar Lipids (Alabaster,AL). N-decane
and Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) were purchased from Sigma
Aldrich (Munich, Germany). N,N-dimethyl-N-(iodoacetyl)-N-(7-nitrobenz-2-oxa-1,3diazol-4-yl) ethylenediame (NBD amide) was purchased from Molecular Probes (Eugene,
OR). The organic dyes Atto488-maleimide and Atto647N-maleimide were purchased from
Atto-Tec, Siegen, Germany. 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 n-decane to a final concentration of 50 mg/ml.
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3.3.2 Mutagenesis, preparation and purification of ColA
ColA mutagenesis, expression and purification were conducted in the group of Prof.
Steinhoff (University Osnabrueck, Department of Physics) by Dr. Pulagam V. L.
Padmavathi. The plasmid pLR1, which encodes the wild-type ColA, was used as template to
replace different residues within the ColA sequence with a cystein. To introduce Cys codons
into E. coli ColA open reading frame site directed mutagenesis was performed using the
Quick-Change method from Stratagene (La Jolla, CA). Plasmid DNA was purified using the
HiSpeed Plasmid Purification kit from Qiagen (Hilden, Germany). E.coli K-12 C600
mutants were grown in LB medium (Luria-Bertani medium: 10 g /l peptone, 5 g/l yeast
extract, 10 g/l NaCl) until an OD600 of 0.7, and expression was induced by mitomycin C
(300 ng/l). After 4 hours of expression at 37 °C, cells were harvested by centrifugation, the
supernatant was collected and the proteins were precipitated with ammonium sulphate (243
g/l) at 4 °C. After 1 hour, the suspension was centrifuged and the pellet was dissolved in 10
mM sodium phosphate buffer (pH 6.8) containing 1 mM EDTA. The solution was then
dialyzed overnight against 10 l of 10 mM sodium phosphate buffer, pH 6.8 (+1 mM EDTA),
to remove the remaining ammonium sulphate and centrifuged at 15 000 rpm for 45 minutes.

FIGURE 3.2 Labeling sites of ColA: Single cystein mutations were introduced at positions 33 (helix 2), 62
(helix 3), 115 (helix 6) and 166 (loop between helix 8 and 9). The fluorescent dye NBD (400 Da) was
covalently bound to the cystein residues.

The supernatant was applied to a Hitrap SP HP (GE Healthcare, Sweden) column using an
FPLC system (Pharmacia). The protein that bound to the column was eluted by a 0–400 mM
NaCl gradient. The purity of collected fractions was assessed to be > 90% based on SDS
56

Material and Methods

PAGE electrophoresis. The biological activity of the ColA mutants was assayed by their
effect on wild type E. coli cells. All double mutants exhibited full biological activity, i.e.
being lethal for the wild type cells.
3.3.3 Fluorescence labeling of single cysteine ColA mutants
ColA-NBD was synthesized by allowing reduced, single cysteine ColA (5mg/ml) to react
with IANBD amide (20-fold molar excess over ColA) in aqueous solution adjusted to pH
7.3 for 12h (see protocol for thiol-reactive probes at molecular probes). ColA-488 and
ColA-647N were produced using the reactive maleimide group of the dyes Atto488 and
Atto647N. A 20-fold molar excess of dye was incubated with reduced (2mM TCEP) ColA
in phosphate buffer adjusted to pH 6.8 for 12h. The products ColA-X were purified from
non-reacted dyes by size exclusion chromatography using NAP-5 columns (GE-Healthcare).
The degree of labeling (DOL) was determined by absorption spectroscopy. The protein
concentration was estimated from A280 (corrected by the dye absorption at 280 nm) with a
calculated ε of XXX (Expasy ProtParam). The dye concentration was estimated using the
absorption at the respective dye absorption maximum. The resulted DOLs varied between
0.6 and 0.9.
3.3.4 Horizontal lipid bilayers and electrophysiology
The horizontal bilayer chip is made of Polytetrafluoroethylene (PTFE) with drilled holes for
Cis and Trans compartments and electrode access. A 25 µm thin PTFE sheet with a round
≈ 100 µm small aperture is sandwiched between a coverslide and the chamber body using
double side adhesive film. The lower adhesive film contains a laser edged channel structure
to connect the Trans compartments. The exclusive connection between the Cis and Trans
compartment is the aperture in the PTFE sheet. After assembly of the chamber and filling
with 1 M KCl, 10 mM Mops/Tris pH 7 or pH 4 buffer the bilayer was “painted” over the
aperture using a 90° bended Hamilton syringe (Bonaduz, Switzerland). Bilayer formation
was monitored optically and electrically. The distance between the coverslide and the planar
bilayer is 100 µm which allows optical access by high numerical aperture water objectives
required for fluorescence fluctuation analysis. For electrical measurements silver/silver
chloride electrodes embedded in agarose were connected to the Cis and Trans
compartments. Electrical recordings were made using a CV-5-1GU headstage 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).
After each measurement session the coverslide with the adhesives was removed and the
chamber body was cleaned in ethanol before re-usage.
3.3.5 Confocal microscopy setup
Confocal imaging and fluorescence fluctuation recordings were performed on a modified
Insight Cell 3D microscope from Evotec technologies (Hamburg, Germany, now Perkin
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Elmer), equipped with a 470 nm and a 635 nm pulsed diode laser (80 ps pulse width,
PicoQuant, Berlin, Germany), a 40x water immersion objective (UApo340 40x, NA 1.15,
Olympus, Tokyo, Japan) and avalanche photo diode detectors (SPCM-AQR-13-FC, Perkin
Elmer Optoelectronics, Fremont, CA). The laser powers were adjusted to 5 - 20 µW. The
emission light was split according to the wavelength and detected on two channels. 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 repetition rate of the laser was set to 40 MHz and the resolution of the PicoHarp 300 to
16 ps. Fluorescence images were obtained by scanning the sample by a rotating beamscanner along the lateral XY and by an objective lens positioning system along the axial Zdirection.
3.3.6 Fluorescence correlation spectroscopy (FCS)
The translational diffusion time τD was evaluated using auto-correlation the respective
photon traces. The correlation curves were fitted by a three (solution) or two dimensional
(membrane) diffusion model including a triplet term [40].

N is the mean number of particles in the confocal volume. T is the fraction of molecules
which are in the triplet state and τT the triplet correlation time. τD = w02 / (4Dlat) is the
average molecular diffusion time through the Gaussian-assumed focal intensity profile and
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 of Dlat = 407 µm2/s [41].
3.3.7 Fluorescence cross-correlation spectroscopy (FCCS)
FCCS is used among other things to study binding reactions of molecules which are labeled
with appropriate fluorescent dyes. The main read out parameter of FCCS is the
concentration of the bound complex in comparison to the free binding partners. Here, we use
a two color setup with overlapping foci of 470 nm and 635 nm. The fluorescence signals
from the two potential binding partners (ColA-488 and ColA-647) were recorded
independently on two detectors. Each photon trace was auto-correlated and additionally the
two detectors were cross-correlated. The three correlation-curves were fitted according to:
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The auto-correlation and cross-correlation function of the red and green channel are Gred ,
Ggreen and K with c as the average concentration, which is related to the average number of
molecules in the confocal volume by N = c · V, Diff is the diffusion term of the 2D diffusion
model shown in equation 1 and V is volume of the confocal spot.
3.3.8 Confocal fluorescence lifetime measurements
The confocal fluorescence lifetime was determined from the same photon traces used for
FCS evaluation. The repetition rate of the pulsed lasers excitation was set to 40 MHz. Using
the PicoHarp300 equipment and the software SymphoTime (PicoQuant) fluorescence decay
histograms were recorded with a bin width of 16 ps. The instrument response function (IRF)
of the respective laser / detector combination was recorded using reflected laser light at the
cover slide interface. The fluorescence lifetime was determined by fitting the fluorescence
decay histograms to a reconvolution model including the IRF using the software
SymphoTime.
3.3.9 Steady state fluorescence measurements
Steady state fluorescence measurements were performed with a Jasco FP 6500 fluorimeter
(Jasco, Gross-Umstadt, Germany). The excitation and emission slits were set to a width of
5 nm. NBD was excited at 470 nm. Calcein was excited at 490 nm. Atto488 and Atto637N
were excited at 480 nm and 620 nm, respectively. Samples were continuously stirred in a
Hellma quartz-suprasil cell (QS 10 mm) (Hellma GmbH & Co. Kg, Müllheim, Germany).
3.3.10 Calcein efflux from liposomes incubated with ColA
A 100 mM calcein solution was prepared either in 100 mM KCl, 100mM MOPS/TRIS pH 7
or in 100 mM KCl, 100mM acetat pH 4. 15 mg of e.coli polar lipids extract was prepared by
evaporating the solvent chloroform under vacuum. The dried lipids were dissolved in 1 ml
of the 100 mM calcein solution and were then sonicated for 5 min on ice. The resulting
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LUVs had a mean diameter of Ø ≈ 200 nm which was determined with dynamic light
scattering (data not shown). The free calcein was removed from the liposomes with the
trapped calcein by size exclusion chromatography using NAP5 columns (GE-Healthcare).
The actual calcein efflux measurements were conducted according to table 1. The
fluorescence emission of calcein was monitored at 515 nm to detect calcein release from
liposomes after ColA addition. As long as the calcein concentration inside the liposomes is
≈ 100 mM the fluorescence is the largely quenched. When calcein is released from the
liposomes the fluorescence will increase, due to the now un-quenched emission of calcein.
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3.4 Results
3.4.1 Membrane binding of ColA is pH dependent
After the translocation of ColA across the outer membrane of the E. coli target cell, the
pore-forming domain has to be inserted into the plasma membrane. The first step in poreformation is binding of ColA to the plasma membrane. The in vitro binding of ColA to
membranes made of natural E. coli lipids was studied using horizontal lipid bilayers as well
as large uni-lammellar vesicles. ColA was labeled either with the fluorescent dye NBD to
probe a change in hydrophobicity upon membrane binding or with Atto488 to measure the
diffusion properties in aqueous solution and at the bilayer.
In Fig. 3.3 a typical horizontal bilayer binding experiment is depicted. After preparation of
the HLB from 50 mg/ml E. coli lipids dissolved in n-decane, the membrane was imaged by
scanning the X-Z plane. Since no fluorescent label was present, the bilayer itself is not
visible on the image (Fig. 3.3A). Only the auto-fluorescence of the PTFE foil and the lipid
torus are observable. After a stable bilayer was formed, ColA-488 was added to the Trans
compartment of the bilayer chip in a concentration of ≈ 10 nM. On the scanned image the
fluorescence of ColA-488 is clearly visible on the Trans side of the bilayer. The bilayer is
indirectly visible, since it acts as a barrier to the Cis side for ColA-488.The system was then
allowed to equilibrate for 5 minutes. Afterwards, the bilayer was scanned again to detect
binding of ColA-488 at the bilayer. The binding to bilayer was studied at pH 7 (Fig. 3.3A)
and pH 4 (Fig. 3.3B), respectively. The ionic strength was chosen to be high (1 M KCl),
mainly because the electrical signal of single ColA-488 channels would be too small to be
resolved by the setup under physiological salt conditions. Additionally, the high ionic
strength also prevents unspecific electro-static binding of ColA-488 to the bilayer. The
results show, that at neutral pH no significant accumulation of ColA-488 at the bilayer was
detectably (Fig. 3.3A). The intensity directly at the membrane was the same as in the Trans
solution after 5 min incubation time. In contrast to this, under acidic pH conditions binding
to the bilayer was observable directly after addition of ColA-488 (Fig. 3.3B). After 5 min
incubation time the concentration of ColA-488 in the Trans compartment was decreased due
to significant accumulation of ColA-488 at the bilayer. Additionally, the bright spots in the
Trans solution indicate that the protein tended to aggregate at low pH (Fig. 3.3B).
It is known that ColA relies on a trans-membrane potential to form an active ion-channel in
artificial bilayers. Therefore, it was tested whether an applied membrane potential already
affects membrane binding of ColA. When a holding potential of + 100 mV (positive on the
ColA side of the bilayer) was applied during incubation of ColA-488 no significant increase
of binding was detectable compared to a membrane without a potential (data not shown). It
can be concluded that an applied membrane potential does not affect membrane binding of
ColA.
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FIGURE 3.3 pH dependent binding of ColA to lipid membranes. (A) Horizontal lipid bilayers were
prepared in 1M KCl pH 7 buffer. The actual bilayer appeared black in the X-Z image because no
fluorescent label was present in the membrane. After addition of 10 nM fluorescently labeled ColA-488 to
the Trans compartment, the lipid bilayer was indirectly visibly as the barrier between Cis and Trans. After
5 minutes incubation, membrane binding of ColA-488 was negligible at pH 7. (B) When the pH of the
buffer was lowered to 4 the same amount of ColA-488 added to the Trans side resulted in a distinct
membrane staining. After 5 minutes incubation the concentration of ColA488 was drastically increased at
the bilayer, showing an efficient membrane binding of ColA at pH 4.

The same pH dependent membrane binding of ColA seen on horizontal bilayers was
observed when ColA-NBD was incubated with LUVs prepared from E. coli lipids. The
NBD emission intensity as well as the emission wavelength are strongly dependent on the
dielectric constant of local environment of the probe [61]. The more hydrophobic the
environment is the higher is the emission intensity and the maximum emission wavelength
is blue-shifted. This property of NBD was used to probe the change in hydrophobicity upon
membrane binding of ColA-NBD. Freshly sonicated vesicles (Ø ≈ 200 nm) were incubated
with ColA-NBD in a 500 µl cuvette in 0.2 M NaCl pH 7. The fluorescence emission of
ColA-NBD was observed at 514nm after excitation at 480 nm. In Fig. 3.4 a typical time
course of the fluorescence intensity of ColA-NBD upon incubation with liposomes is
depicted. After addition of ColA-NBD to the liposome solution at pH 7 the fluorescence
raised to a stable low intensity plateau, indicating that NBD was mostly exposed to an
aqueous environment. With the addition of acetat the proton concentration of the buffer was
raised to pH 4.
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FIGURE 3.4 The environment sensitive fluorescent probe NBD was used to study pH dependent binding
of ColA-NBD to liposomes. 0.1mg/ml liposomes were incubated in 200 mM NaCl pH 7 buffer. After the
addition of 50 nM ColA-NBD, fluorescence at 518 nm increased to a low level corresponding to ColANBD exposed to water. When the bulk pH in the cuvette was lowered to 4 by addition of acetat, NBD
fluorescence increased 5 fold which indicates that ColA-NBD subsequently bound to the surface of the
liposomes.

Immediately the fluorescence intensity of ColA-NBD increased, due to a more hydrophobic
environment of NBD, which is an indication for binding of ColA-NBD to the liposomes.
ColA-NBD emission in the absence of liposome stayed constant after acidification of the
buffer (data not shown). The binding curve of ColA-NBD to E. coli liposomes resembled a
simple saturation curve with a half saturation time of ≈ 5 s under the applied conditions. The
results confirm that membrane binding of ColA is strongly dependent on the proton
concentration of the membrane surrounding aqueous solution.
3.4.2 Electrophysiological properties of single ColA channels
To characterize the electrophysiological single channel properties of ColA, the protein was
added to the Cis side of a freshly prepared bilayer made of E. coli lipids. The concentration
of ColA which was sufficient to result in single channel activities was dependent on the
proton concentration of the applied buffer, which follows from the increased binding at pH 4
as seen in Fig. 3.3 and Fig. 3.4. For the analysis of the single channel conductance of ColA a
trans-membrane potential of 80 mV to 100 mV was applied to induce the open channel
conformation. In Fig. 3.5A a typical current trace of a single channel at pH 7 is depicted.
The conformational changes between the open and closed channel are visible as current
steps (gating events) in the current trace. The mean single channel conductance was
calculated from over 500 individual gating events according to Ohms law (Fig. 3.5B). The
resulting conductance histograms show peak values of Λ = 18 pS at pH 7 and Λ = 8 pS at
pH 4, respectively. Interestingly, the mean single channel conductance at pH 4 was
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significantly lower ( 2 fold) compared to pH 7, which could be an indication for a reduced
pore diameter and / or a change in the electrical charge in the lumen of the pore due to
protonation of amino acid residues at pH 4.

FIGURE 3.5 Electrophysiological characteristics of ColA in lipid bilayers. (A) Single channel gating of
ColA at 80 mV in 1 M KCl pH 7 indicated one distinct open state. (B) The conductance histogram derived
from more than 500 gating events shows a narrow distribution with a mean conductance of 18 pS at pH 7
and 8 pS at pH 4. (D) A positive holding potential on the side of ColA addition was essential for channel
opening. The current increased linearly at +80 mV due to subsequent channel openings. After the direction
of the electrical field was reversed to - 80mV, ColA channels closed again with a fast and a slow time
constant. (B) Open probability of ColA at different holding potentials. The open channel confirmation was
populated at potentials > 60 mV. Efficient opening was found at HP > 90 mV

The dependence of channel formation on the electrical field applied on the bilayer was
tested using multiple channel experiments. ColA was added to the Cis side of bilayer in an
increased concentration compared to single molecule experiments to allow multiple channel
incorporations. A trans-membrane potential of 80 mV was applied for 15 s, which resulted
in a linear increase of current due to steady opening of ColA channels (Fig. 3.5C). When the
direction of the applied potential was abruptly inverted, the number of open channels
decreased with two velocity constants to zero. The majority of open channels closed as
quickly as the channels opened at + 80mV. A second less abundant fraction closed with
significantly slower time constant. The results show that ColA channel opening is strictly
dependent on the right orientation of a trans-membrane potential. Channel opening is
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reversible by inverting the membrane potential. To open ColA channels the potential has to
oriented such that is positive on the side of ColA binding, as it is the case in vivo, where
ColA binds from the periplasmic side to the plasma membrane in E. coli.
The strength of membrane potential which is necessary to induce the open channel
conformation was determined by open probability experiments. After addition of ColA to
the bilayer a certain membrane potential was applied for two minutes. For every potential
the mean ColA current was calculated and the resulting U/I plot was normalized (Fig. 3.5D).
It is obvious that channel opening requires at least a potential of +60 mV. However, efficient
opening of ColA channels occurs at potentials of > 90 mV in planar lipid bilayers. For
comparison the membrane potential of the E. coli plasma membrane ranges between
+85 mV at pH 5 and +145 mV at pH 8 (positive on the periplasmic side of the membrane)
[29]. Hence, the membrane potential values for efficient channel incorporation (+ 90 mV)
determined in vitro would be sufficient for channel incorporation in the E. coli plasma
membrane (≈ + 120 mV) in vivo, as well.
3.4.3 Oligomerization measurements of ColA
To study oligomerization a FRET pair of ColA monomers was prepared by labeling single
cystein mutants with a donor dye (ColA-488) and an acceptor dye (ColA-647).
As a first approach we applied steady state FRET measurements using soluble and liposome
reconstituted mixtures of ColA-488 and ColA-647.

FIGURE 3.6 Steady state FRET measurements of the FRET-pair ColA-488 and ColA-647. 200nM donor
and acceptor were incubated with ≈ 0.2 mg/ml LUVs in pH 4 buffer for 3 hours. To detect FRET the donor
was excited at 488 nm and the donor as well as the acceptor emission was recorded. No acceptor
fluorescence was observable when the donor was excited. However, direct excitation of the acceptor
resulted in distinct donor emission. Thus no significant energy transfer between ColA-488 and ColA-647
was found under the applied conditions.

The Förster-distance of the applied FRET pair was 5 nm which should be sufficient to detect
oligomerization regardless in which positions the monomers (Ø = 3.3nm) would be
arranged. A 1:1 mixture of ColA-488 + ColA-647 was studied in a concentration range from
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5 nM to 500 nM in aqueous solution as well as in the presence of liposomes under neutral
and acidic pH conditions.
No significant FRET from ColA-488 to ColA-647 was detectable under any of the applied
conditions. Typical emission spectra are depicted in Fig. 3.6. The excitation of the donor in
the presence of the acceptor resulted in donor fluorescence exclusively. Only after direct
excitation at 620 nm the acceptor fluorescence became visible. Overnight incubation of the
FRET preparations and an increased acceptor concentration produced the same negative
FRET results.
As a second approach confocal fluorescence lifetime measurements were applied with the
same ColA FRET pairs described above, but this time using the horizontal lipid bilayer
setup. The fluorescence lifetime of a donor dye is dependent on the energy transfer
efficiency from the donor to the acceptor dye according to: EFRET = 1 - ( τDA/τD). In practice
the determination of the donor lifetime is the most reliable readout to detect FRET, because
the fluorescence lifetime can be measured independently from concentration effects with
high precision. After horizontal bilayer preparation a 1:1 nano-molar concentration of
ColA-488 and Col-647 was added to the Trans compartment of the bilayer-chip (Fig. 3.7A).
The laser focus was placed in the Trans solution and the donor lifetime was determined.
ColA was then allowed to bind to the bilayer for five minutes. Finally, the excess protein
was washed out by perfusion of the Trans compartment. The laser focus was placed directly
on the bilayer containing the bound ColA and the donor lifetime was determined again (Fig.
3.7A). As a control the lifetime of donor was determined in absence of the acceptor under
the same conditions. Besides the lifetime information also the FCS-data were evaluated to
estimate the binding of ColA to the bilayer (Fig. 3.7B). The lateral diffusion time of the
donor ColA-488 was 0.2 ms in the Trans solution. After accumulation of ColA-488 at the
bilayer the diffusion time decreased significantly to 2.2 ms, which indicates stable binding
of the toxin to the bilayer. For comparison, the lateral diffusion time of a fluorescently
labeled lipid in the horizontal bilayer under the same conditions was determined to be
≈ 1 ms. The fluorescence lifetime of the donor ColA-488 in solution was 3.6 ns. The
lifetime of ColA-488 did not change significantly after the protein was bound to the bilayer.
Most importantly the lifetime of the donor did not change when the acceptor ColA-647 was
present in a 1:1 molar ratio. Since no evidence for FRET under the applied conditions was
found, it can be concluded that ColA did not oligomerize after binding to the bilayer.
Application of a trans-membrane potential of 100 mV resulted in channel openings of ColA.
However, the donor lifetime stayed constant, also under these conditions.
For the improbable case that no FRET occurred even though oligomerization took place,
which could be due to unfavorable dipole orientations of the donor and acceptor,
fluorescence cross correlation spectroscopy was applied to determine whether ColA-488 and
ColA-647 diffused as a bound complex.
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FIGURE 3.7 Oligomerization measurements of ColA in HLBs (A) ColA-488 was added to Trans in a
concentration of < 1 nM (position 1) to ensure a low surface density in the bilayer (position 2) after
perfusion of Trans. (B) FCS measurements at position 1 and 2 indicate a reduction of diffusive mobility of
ColA-488 upon membrane binding from 0.1ms in solution to 2.5 ms at the bilayer. The reduced mobility
indicates a constant binding of ColA-488 to lipid molecules of the bilayer. (C) The fluorescence lifetime of
the donor (ColA-488) bound to the bilayer was 3.6ns. When the acceptor was present in a 1:1 molar ratio
the lifetime of the donor did not change significantly. (D) Cross-correlation between the donor (green) and
acceptor (red)signals showed no correlation amplitude (blue trace) which indicates that the donor and
acceptor molecules diffused independently from each other.

The same conditions as described in Fig. 3.7A were used except that the ColA-488 and
ColA-647 were excited simultaneously using overlapping confocal laser spots with 470 nm
and 635 nm wavelength. The emitted photons were recorded independently on two
detectors, and the resulting photon traces were cross-correlated to determine the amount of
oligomerized ColA-488 and ColA-647. The results show that the diffusion times of ColA488 and ColA-647 at the bilayer indicating constant binding of both binding partners (Fig.
3.7D). However, the cross-correlation amplitude was zero, which implies that no binding
between ColA-488 and ColA-647 occurred under the applied conditions.
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3.4.4 ColA induces calcein efflux from liposomes at acidic pH
A fluorescence assay based on self-quenching was used to probe the translocation of the
bulky dye calcein through ColA pores formed in liposomes. Liposomes containing a self
quenching concentration ≈ 100 mM of calcein were prepared by sonication and subsequent
size exclusion purification. The proton concentration inside the liposomes was either
adjusted to pH 7 or to pH 4. The calcein liposomes were added to an excess volume (1:200)
of buffer adjusted to pH 7 or pH 4, to start the experiment. Using this preparation four pH
configurations were produced, which were permutation of inside and outside pH of 4 and 7
(see Fig. 3.8B legend). After 200 s equilibration time, ColA was added to the liposome
solution (Fig. 3.8B). For two of the four pH configurations a rapid increase of fluorescence
emission was detected upon addition of ColA, indicating calcein release from the liposomes.

FIGURE 3.8 Calcein release from liposome incubated with ColA. (A) A schematic representation of the
experimental design is depicted. Calcein is trapped in a self-quenching concentration of > 80 mM inside
LUVs. When calcein can permeate through open ColA channels the fluorescence emission will increase.
(B) Time course measurements of liposome trapped calcein using four different pH configurations. ColA
was added to the cuvette after 200 s, respectively. In case of pH 4 in the outside solution the fluorescence
increased rapidly after ColA addition, which indicates that calcein was released from the liposomes (red and
black trace). In case of pH 7 in the outside solution no increase was observed (green and blue trace). All
calcein was released from the liposomes after 800 s by addition of detergent.

In both cases the proton concentration of the outside solution was adjusted to pH 4. When
the proton concentration outside the liposomes was lowered to pH 7 no calcein release was
detected after addition of ColA. The results are surprising in two ways. In the first place,
ColA should not be able to produce open ion channels in liposomes without an applied
membrane potential at all. Secondly, if the calcein-efflux is due to pore-formation of ColA
the open diameter of channel has to exceed 1 nm.
3.4.5 The membrane bound state of ColA
To determine conformational changes of ColA during membrane binding and channel
opening the environmental sensitive fluorescence probe NBD was used. NDB was
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covalently bound cystein residues, which were introduced at specific sites of ColA to probe
the membrane immersion depth of the respective region (see Fig. 3.2).
Calibration of the NBD fluorescence lifetime dependence on the dielectric constant of its
environment was achieved by determining the lifetime in six different environments (Fig.
3.9A+B). The lifetime of NBD rose non-linearly from 0.5 ns in water to 7.3 ns in n-decane,
with the most drastic increase towards lower dielectric constants.
Binding of ColA-NBD to the horizontal bilayer was determined by laser scanning the X-Z
plane of the bilayer as depicted in Fig. 3.3. After perfusion of excess protein the laser focus
was positioned on the membrane and the fluorescence lifetime of NBD was determined.
Subsequently a trans-membrane potential of 100 mV was applied to induce the open channel
conformation of ColA. Channel opening was detected by monitoring the membrane
conductance (Fig. 3.9C). After channel opening the NBD lifetime was determined again to
detect a possible membrane insertion of a specific labeling site. For comparison, the lifetime
of all ColA-NBD mutants was determined in aqueous solution without membranes. The
lifetime results show that, after membrane binding of ColA, all probed labeling sites were
exposed to a more hydrophobic environment compared to the conformation in aqueous
solution (Fig. 3.9D). Comparison with the calibration curve of the NBD lifetime dependence
on hydrophobicity (Fig. 3.9B) indicates that all probed labeling sites were located at the
membrane water interface. Mutant 115 which is located at helix 6 seemed to be most deeply
immersed in the membrane. Surprisingly, mutant 166, which is located at the loop between
the hydrophobic helices 8 and 9 and which was shown (by ESR spectroscopy) to be insert in
the bilayer [18], was exposed to a hydrophilic environment in the HLB binding
experiments. To induce the open channel conformation of ColA a membrane potential of
100 mV was applied. The number of open ColA channels first increased slowly, but with
proceeding time the opening rate increased (Fig. 3.9C). The lifetime of ColA-NBD mutants
was determined 10 min and 20 min after the membrane potential was applied. No significant
differences between the lifetime, determined at zero potential and 10-20 min after
application of 100 mV were detected (Fig. 3.9D).
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FIGURE 3.9 Fluorescence lifetime of ColA-NBD mutants. (A) Calibration of the environment sensitive
probe NBD. The dielectric constant was step-wise changed from ε = 80 (water) to ε = 2 (n-decane). The
fluorescence lifetime of NBD is clearly dependent on the polarity of the surrounding medium. (B) The
dependence of the NBD lifetime on the dielectric constant of the medium is depicted. The lifetime increases
from 0.7 ns in water to 7 ns in the apolar solvent n-decane, which corresponds to the environment in the
middle of the bilayer. (C) ColA-NBD mutants were added to the Trans compartment (pH 4) of the HLBchamber as described in Fig 2. After membrane binding the excess of ColA-NBD was wash out. A
membrane potential of 100 mV was applied to open ColA channels. After 15 min ≈ 1000 ColA channels
had opened. (D) The lifetime of ColA-mutants was

A comparison between the total concentration of membrane bound ColA and the number of
open channels showed that less than 1% of the total ColA population switch to the open
channel conformation after incubation at 100 mV for 20 min. Hence, an analysis of the open
channel conformation using FFS was not feasible under the applied conditions.
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3.5 Discussion
Despite the long history of Colicin research some crucial aspects of the pore-formation
process are still not understood. The main difficulty in obtaining structural information
seems to be that the open channel conformation requires not only membrane binding /
reconstitution of ColA but also a correctly oriented trans-membrane potential. In this study a
combined electro-optical approach was sued to characterize the membrane binding and
channel-formation of ColA. As the horizontal bilayer set-up allows accessing electrical and
optical parameters simultaneously, an analysis of the open-channel conformation was
aspired.
3.5.1 pH dependence of membrane binding
The membrane binding of ColA was found to be strongly dependent on an acidic proton
concentration of the buffer. The acidic pH mediated binding of pore-forming Colicins to
membranes has been reported before [12, 14, 30]. Positively charged residues of the protein
interact with negatively charged lipid head groups of the bilayer. Additionally, at acidic pH
glutamate residues in the pore-forming domain will be protonated, which results in a
favorable conformation of the amphipatic helices for binding to the bilayer [12]. Some
experimental data indicate that the pore-forming domain of ColA forms a molten globule at
acidic pH [14]. In this conformation the tertiary structure of the protein is opened or
completely lost, while the secondary structure is retained. Hence, the molten globule with
the central hydrophobic hairpin exposed would increase the affinity of ColA for membranes.
Interestingly, to our knowledge, all studies on the pH dependence of Colicin membrane
binding have been done in vitro. The question arises how Colicins bind to the plasma
membrane of E. coli cells in vivo when the proton concentration in the periplasm is not
necessarily acidic. Since the pH in the periplasm is essentially the same as in the extra
cellular space, the data obtained in vitro would imply that pore-forming Colicins would be
lethal to E. coli cells only under acidic conditions of the outside medium. In vivo Colicins
are expressed as a response to environmental stress conditions to eliminate competing
E. coli cells. One stress factor under conditions, where competition is relevant, is the
acidification of the outside medium due to the mixed acid fermentation metabolism of
E. coli in the absence of oxygen. This scenario would be in line with pH dependence of
pore-formation measured in vitro. However, a closer look at the membrane potential of the
E. coli plasma membrane under different pH conditions may suggest also another
mechanism: At acidic pH the plasma-membrane potential of E .coli drops significantly from
140 mV at pH 8 to ≈ 60 mV at pH 4 [29]. Since the membrane potential is the driving force
for channel formation, we would have two limiting factors, which are opposing each other.
The membrane binding is increased at low pH while the channel-formation is increased at
high pH, due to the high membrane potential. Thus, the channel-formation rate at neutral pH
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may be limited by weak membrane binding of Colicins but is facilitated by the high
membrane potential, whereas at acidic pH the situation is reversed. Additionally, the ion
conductance of the open channel is 2-fold reduced at acidic pH compared to neutral pH (Fig.
3.5), which would require 2-times more open channels at pH 4 to result in the same solute
efflux from the cytosol compared to pH 7. To address this consideration a detailed study of
Colicin binding and toxicity in living E. coli cell would be required.
3.5.2 Electrophysiological properties of the ColA-channel
Channel openings of ColA could be observed under neutral and acidic pH when a transmembrane potential of > + 60 mV was applied on the ColA side. The channel conductance
at neutral pH was 18 pS in 1 M KCl, which agrees well with what has been reported before
[8]. The ion conductance of the ColA channel is low compared to other narrow sized ionchannels. For example, the well known potassium channel KcsA with a pore diameter of
≈ 0.2 - 0.6 nm [31, 32], which allows only for single file motion of potassium ions, has a
≈ 5-fold higher conductance value under the same conditions [33]. The ion conductance of
ColA is comparable to the simple pore-forming peptide gramicidin A, which has a pore
diameter of 0.15 nm [34]. ColA channels have been found to exhibit high proton selectivity
over other mono-valent ions, which is a feature that has been observed only in the narrowest
known pores [25].
Surprisingly, the lumen of Colicin pores, determined by polymer accession experiments, has
been estimated to be quite large (Ø = 1 nm). Moreover, the pore forming domain has been
shown to translocate major parts of the upstream Colicin polypeptide across the bilayer.
Even artificially attached proteins of up to a size of 2.6 nm have been found to be
translocated across the membrane [21, 22, 38]. Additionally, the ColA-channel has been
shown to be permeable for large ions [21, 22], which contradicts the low ion-conductance
values, if we assume a conventional pore-formation mechanism. In this study indications for
permeation of a large molecule (Calcein, Ø = 1 nm) through ColA-pores were found, which
will be discussed below. A pore-formation model, which could reconcile the opposing
properties of the channel, implies that lipid molecules are involved in constituting the active
channel [36, 37]. The properties of a partly lipidic pore could be a flexible pore-size, and at
the same time a low ion conductance due to relatively hydrophobic pore interior.
3.5.3 ColA induced Calcein efflux from liposomes
The low ion conductance values of the active ColA pore determined by electrophysiological
measurements imply a small diameter of the pore. Using a fluorescence assay based on
quenching of the dye Calcein, it was found that Calcein release from liposomes was induced
by addition of ColA to liposome solution under acidic buffer conditions. Under neutral pH
conditions no Calcein release was detected. Interpretation of the results is not straight
forward, since content release from liposomes can be induced by pore-formation and / or by
protein induced liposome fusion. Since the liposome solution became turbid after addition of
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ColA at acidic pH, it can be concluded that ColA induced liposome aggregation / fusion. In
one other study ColA has been shown to induce liposome fusion [12], as well. In this study
liposome fusion required also acidic pH conditions. Interestingly, the non-pore-forming
domains of ColA were found to be important to induce membrane fusion. Whether the
calcein efflux in the presented experiments is exclusively caused by liposome leakage due to
the fusion process or translocation of calcein through open ColA channels is involved, as
well, remains open.
The finding of ColA induced membrane fusion may be artificial, because the ColA toxin
will not come in contact with liposomes under in vivo conditions. However, the results could
be interpreted in favor of the mentioned lipidic pore model, because the perturbation of the
lipid bilayer structure, which is one basic step in membrane fusion, could be important in
pore-formation of ColA at plasma membrane in vivo, as well.
3.5.4 ColA is a monomer in aqueous solution as well as in a membrane environment
It is known that most pore-forming toxins oligomerize in the target membrane to form an
active ion channel [2, 39]. In case of ColA contradictory results have been published. Some
studies indicate that ColA is secreted as a monomeric protein which is able to form an ion
channel without oligomerization in vitro [40]. However, in a recent cryo-electron
microscopy study oligomeric rings of membrane reconstituted Col-Ia were detected [41, 42].
Here three approaches were applied to determine the oligomeric state of ColA after binding
to the bilayer. Steady state FRET of liposome reconstituted ColA and lifetime FRET of
ColA bound to horizontal lipid bilayers indicated that ColA remains monomeric after
binding to the bilayer. Additionally, fluorescence cross-correlation spectroscopy of the
FRET pair reconstituted in HLBs resulted in independent diffusion of the monomers. It can
be concluded that the majority of the ColA population is monomeric after membrane
binding at pH 4. However, it cannot be excluded that a small fraction of the membrane
bound ColA population oligomerizes, because the small signal from the oligomers would be
superimposed by the large monomer signal.
The main difference between the conditions for membrane reconstitution of ColA in the
present study and the oligomeric rings of Col-Ia observed in [42] is the protein to lipid ratio.
Obviously, at very high protein content of Col-Ia stable oligomers form in the membrane.
Whether this oligomeric structures represent the natively active conformation of the toxin
remains to be shown.
3.5.5 The membrane bound conformation of ColA
The fluorescence lifetime of NBD was used to probe the membrane immersion depth of four
specific labeling sites in the pore-forming domain of ColA. So far two conformations have
been reported for the membrane bound ColA. In the penknife conformation all helices of the
pore-forming domain are located at the membrane water interface. In the umbrella model the
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hydrophobic helices 8 and 9 are inserted in the bilayer while the rest stays at the membrane
water interface (Fig. 3.10).
The presented results indicate that, after membrane binding, all tested sites were exposed to
an environment which was moderately hydrophobic. It can be concluded that all tested
regions were oriented at the membrane water interface. This conformation would be in line
with the penknife model (Fig. 3.10B) [19, 20]. The essential difference between the penknife
model and the umbrella model is the orientation of the hydrophobic helices 8 and 9. In the
umbrella model the hydrophobic hairpin is inserted in the bilayer while it stays at the
membrane interface in the penknife model. In the present measurements residue 166, which
is located at the loop between H8+9, showed the most hydrophilic exposition. However, in
other studies residue 166 has been found to be inserted in the bilayer core [17, 18]. The
difference in the results could be caused by several factors: (1) The polarity of the NBD dye
may impede the insertion of the hydrophobic hairpin in the bilayer. However, NBD has been
used in many other studies to probe membrane insertion. (2) The hairpin insertion may be
facilitated in SUVs by the curvature stress of the lipids in liposomes, whereas in our case the
insertion in a planar bilayer may be energetically more costly. (3) Since the NBD label is
located at the loop in the hydrophobic hairpin, there is a chance that is exposed to the
aqueous buffer on the Trans-side of the bilayer (Fig. 3.10A). This conformation would be in
line with the umbrella model. However, additional measurement would be required to
determine a Trans exposition of residue 166. For example a membrane impermeable
fluorescence quencher could be used to determine the side of exposition of residue 166.

FIGURE 3.10 Conformation of the pore-forming domain of ColA. (A) In the umbrella helices 8+9 (orange)
are inserted in the bilayer. All other helices are oriented at the membrane water interface. Residue 166 could
be exposed to the bilayer core or to the Trans side of membrane. (B) In the penknife model all helices are
oriented at the membrane interface.
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3.5.6 The open channel conformation of ColA
The open channel conformation was induced by applying a trans-membrane potential of
100 mV after membrane binding of ColA. Channel activity was observed electrically. The
membrane immersion of all tested residues did not significantly change after application of a
membrane potential. This could mean that none of the tested sites is involved in the
conformational changes during channel opening. However, this possibility seems unlikely
because rather severe conformation changes are expected to produce an open channel from
the membrane bound conformation. The most obvious reason why no changes in the
membrane immersion depth were detected by lifetime measurements is that even after
20 min of constant application of a membrane potential (100 mV) less than 1 % of the total
membrane bound ColA converted to the open channel conformation. Hence, in the lifetime
determination the signal from the membrane bound conformation greatly outweighed the
changes in lifetime due to channel opening. Unfortunately, the fraction of closed to open
channels could not be changed. Application of higher membrane potentials (> 100 mV) led
to membrane rupture after a few hundred channels openings. Since no significant
differences between the electrical activity of wild type ColA and the NBD-labeled mutants
were found, it can be concluded that the partition coefficient between the closed and open
channel conformation under the applied conditions was not influenced by the mutations or
by the fluorescent dye. Thus, with this unfavorable partition coefficient it is impossible to
study the open channel conformation using ensemble techniques. Even application of single
molecule techniques will be extremely challenging. Other labeling approaches would be
required to sort out fluorescence signals from the open channel configuration compared to
high background of closed channel configurations. For example, intra molecular FRET may
be useful, if the FRET signal was significantly increased during channel opening.
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4. Conclusion
In this thesis electrical addressable, horizontal lipid bilayers were combined with
fluorescence fluctuation spectroscopy. The basic characterization of lipid dynamics in HLBs
indicated that the bilayer properties are comparable to other model membrane systems like
GUVs and SLBs. It was found that lateral and rotational diffusion of fluorescent lipid probes
are slightly increased in the HLB setup compared to solvent free model membranes. This is
most probably due to residual hydrocarbon solvent remaining in the bilayer. The stability
and electrical properties of HLBs are essentially the same of conventional BLMs.
Using ternary lipid mixtures mimicking the plasma membrane of eukaryotic cells, large
scale lipid phase separation could be conveniently induced in a temperature controlled
manner in HLBs. The diffusion properties of the lipid phases were found to be in accordance
to the published results for GUVs and SLBs. The electrical properties of the HLB during
lipid phase separation indicated that the bilayer remains electrically sealed during liquidliquid phase separation. However, unspecific membrane leaks were found to be induced by
liquid-solid phase separation. Since the seal of biological membranes needs to be tightly
regulated, the electrically instabilities during liquid-solid phase separation found in HLBs
argue against a comparable mechanism in biological membranes. Probably the cholesterol
content in eukaryotic membranes inhibits the formation of the solid ordered phase.
To demonstrate the capabilities of the HLB-setup to correlate optical with electrical signals,
the effects of liquid phase separation on the electrical activity of the ion channel forming
peptide gramicidin A (gA) was studied. It was found that gA was excluded from the Lo
domains in the bilayer during phase separation. As a consequence, the concentration of gA
was enhanced in the remaining Ld phase. Since channel formation of gA is a dimerization
process of gA monomers that depends on the concentration of gA monomers, the number of
open channels increased as the lipids phase separated. The results show that the general
concept of lipid domain mediated sorting and function regulation of ion channel proteins can
be studied with the presented setup.
In a second study the electro-optical setup was used to characterize membrane binding and
channel formation of Colicin A (ColA), which is a toxin secreted by E. coli. ColA is an
interesting target for an electro-optical study, because the protein depends on a transmembrane potential of more than 60 mV to produce open ion channels in a lipid membrane.
While ColA has been studied for more than 30 years, the mechanism of channel formation
remains unknown. It was aimed to follow membrane insertion of specific sites of ColA
during channel opening. While the pH-dependent membrane binding and voltage dependent
single channel opening could be determined, the vast majority of the ColA population
resided in the membrane bound conformation when a membrane potential was applied. Even
though a fraction of the ColA population converted in the open channel conformation, the
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associated fluorescence signal could not be distinguished from the high membrane bound
signal. Therefore the structural rearrangements during channel opening could not be
resolved.
In conclusion the combination of HLBs with FFS has proven to be a versatile tool to study
processes that occur at electrically excitable membranes. To summarize the advantages of
the presented setup it can be claimed that:
1. Bilayer preparation is reproducible and easily accomplished by the painting
technique.
2. Since the bilayer is planar and free standing it is ideally suited for imaging and
optical measurement without producing surface artefacts.
3. The diffusion properties of fluorescent molecules can be determined in short time
with high statistical accuracy by FFS in the aqueous compartments as well as
directly in the bilayer.
4. At the same time the electrical properties of the bilayer can be precisely controlled
and membrane currents can be determined with single molecule resolution.
5. Both compartments can be perfused during a measurement to change the buffer
conditions. Hence both sides of the bilayer are accessible during an experiment.

4.1 Limitations of HLBs in combination with FFS
Besides the introduced advantages, the presented combination of HLBs with FFS bears
some technical limitations:
4.1.1 The size relation problem
Generally it is not feasible to study the same (freely diffusion) single molecule both
optically and electrically simultaneously with the presented setup. This follows from using a
confocal detection volume, which is about five orders of magnitude smaller than the area of
the planar bilayer. Consequently, a single electrically active ion channel has a vanishing
small probability to diffuse across a stationary excitation volume. Beam scanning may be
used to image the single molecule, but it is much too slow to yield photon data of a single
molecule in reasonable time resolution, which would be sufficient for correlation of
electrical and optical signals. This limitation can be overcome by using wide field
excitation, as has been demonstrated by other approaches [42-43].
In principle, an electro-optical correlation of a single ion channel could be achieved with the
presented setup, if the fluorescent ion channel was immobilized in the bilayer. A scan would
determine the position of the molecule. For the actual measurement the excitation volume
would be placed directly at the stationary molecule [4-7]. The fast time resolution of the
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single photon counting detectors would be more than sufficient for correlation of the
electrical function of an ion channel with optical properties of the fluorescent probe.
Unfortunately, to our knowledge no applicable method exists which can be used to
completely immobilize a protein in a BLM [8]. Additionally, even if immobilization was
feasible, the short photo stability of conventional fluorescent dyes would greatly restrict the
measurement time.
Another approach for confocal electro-optical correlation of a single ion channel would be
to miniaturize the planar bilayer to a size which is on the order of the confocal volume or
even smaller. Currently, 25µm thick PTFE films with an aperture size of Ø = 150µm are
used. The aspect ratio of thickness and diameter is 1:6 (thickness / diameter). If the bilayer is
prepared from a lipid solvent solution by the painting technique, a high aspect ratio is
advantageous, because smaller aspect ratios < 1:2 prevent the formation of the bilayer (the
complete aperture is filled by the torus). Therefore, if it was desired to prepare a planar
bilayer by the painting technique on an aperture of Ø = 1 µm the thickness of the film
should not exceed 0.5 µm. Unfortunately, the effort to produce and handle such thin films
(containing one small aperture) would demand a specialized material science expertise.
Recent successful examples of producing small sized planar bilayer show that a
miniaturization to nano-meter sized bilayer is possible. So called nano-BLMs can be formed
on functionalized porous alumina with pore sizes of 50 – 400 nm [9]. However, since porous
alumina films are arrays of numerous nano-pores opto-electrical correlation cannot be
achieved using this material. A promising method to produce small sized planar bilayers is
to use SLBs on glass-slides covering ≈ 1 µm sized apertures [10, 11]. GUVs containing
reconstituted ion channels could be used to cover the apertures by spontaneous rupture on
the glass-slide producing planar membranes.
4.1.2 Incorporation of functional ion channels into HLBs
To be able to apply FFS the concentration range of diffusing fluophores has to be in the
range of 1-50 molecules per confocal volume. In a 2D planar bilayer (Ø ≈ 100µm) one
fluophore per excitation volume (w0 = 330 nm) is achieved if a total number of ≈ 25000
fluophores is present in the bilayer. Hence for an electro-optical study using FFS a large
number of fluorescent ion channels have to be incorporated in the bilayer. In case of selfincorporating pore-forming toxins this number can be easily reached. However, more
complex ion channels require proteo-liposome reconstitution and subsequent membrane
fusion to be incorporated in the bilayer. Unfortunately, liposome fusion to the planar bilayer
is a spontaneous event. Fusion can be induced by osmotical swelling [38], but usually the
bilayer ruptures when liposomes fuse en masse with the planar membrane. Facilitating
liposome fusion to the planar bilayer using peptides which have been shown to mediate
liposome-liposome fusion [13, 14] did not succeed (data not shown). In other BLM studies
proteo-liposomes containing the respective ion channel are spread to a monolayer at the air
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water interface. From two monolayers (Cis and Trans) a BLM is folded which contains the
ion channel proteins [15, 16]. Unfortunately, the monolayer folding technique is not
applicable to the HLB setup, because the required air water interface cannot be produced on
both sides of the aperture.
Even if one succeeds to incorporate a sufficient number of ion channel proteins in the
bilayer to use FFS, the problem may be that a large fraction of proteins is not in an open
conformation or is just not active, as has been observed in the presented Colicin A study.
Hence, the quality of the protein preparation (purification, labeling, and reconstitution) has
to meet the requirements of a homogenously active population of proteins [61]. In practice
the protein preparation is the most laborious and unpredictable step in course of a BLM
experiment.
In general the optical addressable horizontal bilayers would be well suited to study non ion
channel membrane protein such as receptors, as well. Unfortunately, the insertion of non
channel proteins in BLMs is even more complicated than ion channels, because the osmotic
liposome fusion technique relies on open ion channels in the liposomes. New methods are
required to overcome the problem of functional and quantitative protein incorporation in
BLMs.
4.1.3 Detection of non electrolyte transport through the bilayer
Besides the direct study of electro-optical conformational changes of ion-channels, it would
be of great interest to follow the binding and transport of non-electrolyte cargos through
metabolite and protein conducting channels.
The electrical detection of macro-molecule transport through a single channel is based on
transient ion current blocking events during channel passage of the macro-molecule. A
stochastic analysis of the blocking events can be used to characterize the transport time and
binding constants of the substrate [18, 19]. In some cases even a certain molecule type can
be sensed [20]. Unfortunately the electrical blocking signals do not always correspond to
molecule transport. Blocking can also be produced be transient binding to the pore. Thus
interpretation of stochastic electrical current traces is difficult especially when transport of
large macro-molecules wants to be studied. An electro-optical correlation of macromolecule transport could overcome this limitation. Using the presented confocal setup the
concentration of fluorescently labeled transport substrates can be determined down to picomolar concentrations. Thus, if a transport substrate is added to the Cis side of a bilayer
containing one channel, it may be detected on the Trans side with FFS when the
concentration reaches the pico-molar range. The main parameters which affect the
concentration increase in the Trans compartment during transport are the conductance of the
respective pore for the cargo [mol/s] and the volume of the Trans compartment. For
clearness the transport time of a 20 amino acid long peptide which should be transported
through a beta barrel pore until the concentration threshold in Trans is reached can be
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estimated. It is assumed that the conductance value of the channel for the peptide is ≈ 100
peptides/s [21]. The Trans compartment has a total volume of 200 µl. Using this parameters,
it would take 4 years to reach a concentration of 100 pM of the peptide in Trans
compartment, if only a single channel was present in the bilayer. If the Trans compartment
volume was reduced to 1 nl, the transport would take only 10 min before the detection
threshold of 100 pM is reached. Examples of nano-sized bilayer-enclosed compartments
exist [22, 23], however in none of these studies an electrode was incorporated in the Trans
compartment for electrical measurements.
Immobilization of an ion channel (discussed above) would be advantageous for transport
studies, as well. If the confocal volume was positioned just beneath the channel, the
transport of fluorescent cargo could be detected in real time. However, as has been already
remarked total immobilization of proteins in BLMs has not been feasible so far.
4.1.4 Lifetime of HLBs
The main reason why BLMs have not been used in screening assays or other automated
measurement systems is the instability of the bilayer. A vertical free standing planar bilayer
(Ø ≈ 100µm), which is protected from mechanical stress (vibration dumping), has a mean
lifetime of some hours. For some unknown reason the free standing horizontal bilayers are
even more prone to rupture. Its lifetime is about half that of the vertical bilayers. Concepts to
increase the stability of the bilayer include embedment of the membrane in a hydro-gel [2,
24-26], polymerization of specific lipids or miniaturization of the bilayer [27, 28]. Using the
mentioned techniques the lifetime of BLMs can be prolonged to weeks.

4.2 Outlook
So far the presented studies using the electro-optical setup were of model character.
Considering the presented limitations of HLBs in combination with FFS possible
applications to biological relevant targets are discussed.
4.2.1 Lipid domain partitioning of KV-channels
The ternary lipid bilayer including liquid phase separation, which were presented in the first
part of this thesis, may be readily used to study the function of (potential) lipid raft
associated ion channels. For example, a major class of such ion channels are voltage gated
potassium channels (KV) which are involved in membrane excitability [29]. From
biochemical experiments (detergent resistant membranes) it is deduced that KV-channels are
associated with lipid rafts [73]. However, direct observations of KV raft association do not
exist and the functional role of a possible raft association is unknown. Functional
reconstitution of KV-channels in BLMs has been demonstrated [31]. Additionally, a variety
of single site mutations for specific fluorescence labeling are already available [32, 33]. In
analogy to the gramicidin A partitioning experiments, fluorescent KV-channels may be
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incorporated in ternary HLBs at 37°C. When the temperature is lowered to 24°C lipids
phase separate and KV-channels will redistribute according to its affinity for lipid domains.
Simultaneously, the effect on the electrical activity of the channels can be determined.
Additionally, membrane cholesterol can be depleted by cyclodextrin or cholesterol oxidase
to disrupt lipid phase separation during an electrical measurement [34]. In general domain
partitioning experiments can be conducted with any electrically active membrane protein,
which is thought to be involved in lipid raft association, to determine the influence of the
lipid environment on the function of the respective protein. However, one has to be careful
interpreting the results, because recent studies have indicated that lipid phase separation in
cell membranes and ternary lipid bilayers may not be directly comparable [35, 36]. Probably
the simple ternary lipid mixtures have to be modified by additional lipids and proteins to
resemble the plasma membrane of eukaryotic cells more closely.

4.2.2 Calmodulin binding to Sec61
In conventional BLM experiments the effect of compounds and binding partners on ion
channels is studied by a change in the electrical activity. However, the actual binding site
and structural changes of the ion channel during binding cannot be determined. For
example, in our lab it was found that the channel opening of Sec61, the protein translocase
of the endoplasmic reticulum, is regulated by calcium dependent calmodulin binding
(unpublished data [38]). A potential binding site for calmodulin is a conserved IQ motiv in
the alpha subunit of Sec61. Using the opto-electrical setup the binding site and the impact of
binding on the electrical activity could be determined at the same time. Therefore, Sec61
could be specifically labeled with a donor dye at positions near the IQ motif as well as far
away from the motiv. If calmodulin was labeled with an acceptor dye (ideally nonfluorescent, since calmodulin has to be present in excess) the binding could be detected by
quenching of the donor fluorescence. By mapping the distance of the donor acceptor pairs of
different Sec61 mutants the binding site of calmodulin to Sec61 could be precisely
determined.
4.2.3 Single particle tracking
Since it is hardly possible to study the electrical signal of a single ion channel and its
fluorescent signal simultaneously using FFS (see limitations), wide field laser illumination
in combination with a sensitive EM-CCD-camera will be used to image the whole area of
the HLB at once with millisecond time resolution. Except for the fluorescence lifetime and
the fast rotational diffusion all parameters which can be determined using FFS are also
accessible using SPT (lateral and slow rotational diffusion constants, particle brightness,
FRET, etc.). Thus a fast and statistical accurate characterization of an electro-optical
experiment could be done using FFS and accordingly a detailed one to one correlation of
electrical and optical signals may be approached using the SPT setup.
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5. Summary
The main results of the presented thesis are:
•

A horizontal bilayer chip was constructed, which is suitable for simultaneous
electrical and optical recordings using high numerical aperture objectives. The
design of the chip allows changing the buffer solutions in the Cis and Trans
compartments during a measurement. Furthermore a temperature control allows
setting a temperature in the range of 5-45°C at the bilayer.

•

The horizontal bilayer dynamics were characterized using fluorescent fluctuation
techniques. Lipid diffusion constants (lateral and rotational) were found to be
comparable to other membrane model membrane systems, with slightly higher
values due to solvent partitioning in the horizontal bilayers.
o Lipid temperature dependent lipid phase separation was studied using
ternary lipid mixtures mimicking the plasma membrane of eukaryotic cells.
The lipid dynamics in liquid ordered were found to be decreased compared
to the liquid disordered phase.
o The horizontal bilayers were electrically sealed during liquid-liquid phase
separation of lipids. However, during liquid-solid phase separation transient
current fluctuations were observed

•

The partitioning of a simple ion channel (gramicidin A) in the lipid domains was
found to influence its electrical activity. Gramicidin A (gA) was largely excluded
from the liquid ordered phase resulting in an increased surface density of gA in the
disordered phase. With the sorting of gA to the disordered phase the number of open
gA ion channels (dimers) increased, because the dimerization constant is simply
dependent on the surface density of gA monomers.

•

The membrane binding and channel formation of the channel forming toxin
Colicin A (ColA) was studied with the electro-optical setup. The binding of the
water soluble protein to the bilayer was increased at acidic pH. Ion channel
formation of ColA was induced by an application of trans-membrane potential of
more than 60 mV on the side of ColA addition. The single channel conductance in
1M KCl was 20pS.
o The structural changes during membrane binding and channel opening were
studied using site specific labeling of different ColA mutants. During
membrane binding ColA was found to stay monomeric. All tested labeling
sites resided at the bilayer water interface. The fraction of open channel of
the total membrane bound ColA population was very low when an
appropriate membrane potential was applied for several minutes.
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Unfortunately, the open channel conformation could not be analyzed,
because the signal of the membrane bound ColA corrupted the
measurements.
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6. Appendix
6.1 Construction plans of the horizontal bilayer chip
6.1.1 Component assembly
Explosion View:

(1) PTFE Chip
(2) adhesive Film
(3) PTFE Foil
(4) adhesive Film
(5) Cover Slide

(6) Chip Carrier

Top View:

Trans

Cis
Electrode
Access
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6.1.2 PTFE Chamber
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Construction plans of the horizontal bilayer chip

6.1.3 Upper adhesive tape
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6.1.4 PTFE foil
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Construction plans of the horizontal bilayer chip

6.1.5 Lower adhesive film

97

Appendix

6.1.6 Temperature control
Explosion View:

Temperature
Sensor

41 W Peltier
Elements

Copper
enclosed Chip

Assembled View:

Top View:
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6.4 Abbreviations
AFM
BLM
CER
cFLA
CO
ColA
cTRA
DNA
DOL
DOPC
DPPE
DSPC
EDTA
ESR
FCCS
FCS

100

Atomic force microscopy
Black lipid membrane
Ceramide
Confocal fluorescence lifetime analysis
Cholesterol
Colicin A
Confocal time-resolved anisotropy
Deoxyribonucleic acid
Degree of labeling
Dioleoyl-sn-glycero-3-phosphocholine
1,2-dihexdecanoyl-sn-glycero-3-phosphatidyl-ethanolamine
Distereoyl-sn-glycero-3-phosphocoline
Ethylenediaminetetraacetic acid
Electron spin resonance
Fluorescence cross-correlation spectroscopy
Fluorescence correlation spectroscopy

Abbreviations

FFS
FIDA
FPLC
gA
GUV
HeNe
HLB
IRF
KV
Ld
Lo
LSM
LUV
MOPS
NA
NBD
NHS
OD
PAGE
PCH
PEEK
PS
PTFE
RMS
SD
SDS
SLB
SM
smFRET
SMPC
So
STED
SUV
TCEP
TIRFM
Tm
Tris

Fluorescence fluctuation spectroscopy
Fluorescence intensity distribution analysis
Fast protein liquid chromatography
Gramicidin A
Giant uni-lamellar vesicle
Helium-Neon
Horizontal lipid bilayers
Instrument response function
Voltage gated potassium channels
Liquid disordered
Liquid ordered
Laser scanning microscope
Large uni-lamellar vesicle
3-(N-Morpholino)-propansulfonic-acid
Numeric aperture
4-chloro-7-nitrobenz-2-oxa-1,3-diazole
N-hydroxysuccinimide
Optical density
Polyacrylamide gel electrophoresis
Photon counting histogram
polyetheretherketon
Petrov-Schwille
Polytetrafluorethylene
Root mean square
Saffman-Delbrueck
Sodium dodecyl sulfate
Supported lipid bilayer
Sphingomyelin
Single molecule fluorescence resonance energy transfer
1-stearoyl-2-myristoyl-sn-glycero-3-phosphocholine
Solid ordered
Stimulated emission depletion
Small uni-lamellar vesicle
Tris(2-carboxyethyl)phosphine hydrochloride
Total internal reflection microscopy
Melting temperature
Tris(hydroxymethyl)amino-methan
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6.5 Software
2D Image Editing

Image JA 1.43o
Coral DrawX3
MATLAB R2008a

3D Modeling (artistic)

Blender 2.49b

3D Modeling (Proteins)

VMD 1.8.6

Data Evaluation

OriginPro 8 (OriginLab Corporation)
MATLAB R2008a

FFS Acquisition/Analysis SymphoTime (PicoQuant)
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