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Abstract

Lipid rafts are nanoscale entities in the membranes of eukaryotic cells which provide a
mechanism for the functional membrane segregation vital for several cellular processes.
This lateral segregation of specific lipid and protein components provides the facilitative
platforms for a variety of signaling and trafficking events at the plasma membrane and
in the Golgi. Rafts are distinguished from the surrounding membranes by their physical
properties and composition - they are relatively tightly packed and enriched in saturated
lipids, sterols, and lipid-anchored proteins. Although the existence of rafts has been
conclusively confirmed by several independent techniques, questions concerning various
aspects of membrane heterogeneity are still to be addressed. Typical experiments investi-
gating raft composition have been designed to evaluate the affinity of a given component
for raft domains. In such experiments, the results are usually interpreted in a Boolean
fashion, i.e., the component is either a raft molecule, or not. However, this binary point
of view overlooks potential complexity that may underlie the nature of membrane het-
erogeneity.

In this work, we systematically investigated the nature of functional cellular mem-
brane heterogeneity. We started by characterizing the model membranes and fluorescent
lipid analogs widely used in research into membrane domains. After extensively evalu-
ating the potentials/limits of these approaches and the artifacts that must be avoided
or alternatively could be exploited, we applied these tools to understand whether the
cell membrane has multiple kinds of raft domains with distinct compositions and phys-
ical properties, rather than only one. We found that cell membranes have the potential
to form various kinds of functional domains having different physicochemical proper-
ties, compositions, and functional outputs. Therefore, we propose continuously variable
lipid packing as the principle of the functional membrane lateral heterogeneity. Accord-
ing to this principle, the membrane is not composed of a single variety of raft domain
with strictly defined properties coexisting alongside a specific and uniform non-raft en-
vironment; rather it is composed of entities having continuously variable lipid packing.
Finally, we show that this spectrum of membrane packing modulates the orientation
of membrane lipid receptors, which ultimately influences their specific bioactivity. Our
results showing continuously variable lipid packing and its ability to fine-tune the ac-
tivity of membrane molecules comprise a novel model for the structure and function of
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eukaryotic membranes.
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Introduction and Outline

The cellular plasma membrane has long been pictured as two parallel layers of solely lipid
components which creates a passive barrier between the inner cell and the outside. How-
ever, this idea has been replaced after the proteins has been found as important elements
of the plasma membrane. Moreover, this picture was revolutionized by the introduction
of heterogeneity in the membrane, the raft hypothesis. According to this concept, there
are nanodomains in the cell membrane enriched in saturated lipids, cholesterol and cer-
tain proteins such as GPI-anchor proteins. Although the raft concept is largely accepted
among the scientific community, there are still several questions to be answered and con-
tradicting data to be unraveled concerning the nature of rafts (composition, dynamics,
size etc.). The main issue in raft research is to apply the right tools (which include the
techniques (microscopy, spectroscopy etc.), molecular probes and model membrane sys-
tems) for certain kind of questions. Each tool has certain advantages and disadvantages.
They produce their own facts and artifacts.

This thesis work presents a systematic way to investigate the physicochemical nature
of cellular membrane heterogeneity. It consists of three parts.

Part I constitutes the theoretical basis. The first chapter in this part will start with a
general introduction to the question of membrane heterogeneity. The history, evolution
and open questions will be addressed. This part is followed, in the second chapter, by the
introduction to the fluorescent techniques to investigate the membrane heterogeneity. In
this chapter, we will focus on the most widely used techniques for membrane research
which also have been extensively used in this thesis. In the next chapter we will discuss
the fluorescent probes to study membrane heterogeneity. Finally, in the last chapter of
this part, widely used model membrane systems will be discussed and compared.

Part II which will focus on the investigations and the applications of plasma membrane
models starts with a detailed chapter about Giant Plasma Membrane Vesicles (GPMVs)
which constitutes an intermediate model membrane system between fully synthetic mem-
branes and living cell membrane. Despite being shortly mentioned in Part I, we dedicate
this chapter to GPMVs as they constitute a vital part of this thesis not least because
the characterization of GPMVs resulted in very key questions of this thesis. In the next
chapter, we will show the potential applications of Giant Unilamellar Vesicles (GUVs)
and GPMVs as models to investigate the cell membrane penetration of amphiphilic quan-
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tum dots which is vital for drug delivery applications. In the following chapter, we will
present a study where we applied GPMVs to investigate membrane protein partitioning
in rafts. Raft dependent regulation of LRP6 and Lypd6 proteins which take important
part in Wnt signaling will be presented in this chapter. In the last chapter, we present
the application of GUVs to figure out the membrane ordering regulation mechanism in
prokaryotes.
After a thorough theoretical basis presented in Part I and extensive characterization

of model membranes and probes along with several applications presented in Part II, in
Part III, we will present our current view of membrane heterogeneity. The first chapter
in this part will be focused on mainly the fluorescent lipid analog partitioning in GUVs
and GPMVs. Moreover, a comparison between model membrane partitioning and the
diffusion of the fluorescent lipid analogs in cell membrane will be presented. Observing,
in this chapter, that the heterogeneity in the living cell membrane is beyond the phase
separation in model membranes will take us to the last chapter where we discuss how we
believe the heterogeneity of the cell membrane is (See Figure 1 to check the thesis at a
glance).
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Figure 1. Thesis at a glance.
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Part I.

Theoretical Background
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1
Introduction to Membrane Heterogeneity

Since the introduction of the cell membrane concept [1, 2], the "Fluid Mosaic" model
[3] has the most dramatic impact on the modern understanding of the cellular plasma
membrane. It described the membrane as a homogeneous lipid environment with em-
bedded proteins, which appeared to be remarkably accurate. The first major correction
to the concept of a homogeneous fluid mosaic followed upon the discovery of detergent
resistant membranes (DRMs), which required a model explaining a heterogeneous lipid
structure of the plasma membrane [4]. The heterogeneous distribution of lipids in the
apical, compared to the basolateral, plasma membrane in polarized epithelia was ob-
served, strengthening the concept of heterogeneous membrane structure [5]. Although
detergent resistant proteins were also observed in early 1990s [6], it was 1997 when the
raft concept was introduced, proposing functional lipid-induced domains [7]. According
to this concept, the membrane has small dynamic domains which are composed of tightly
packed saturated lipids and enriched with cholesterol. Although there has been a notable
opposition to the concept in the beginning, it diffused into the cell biology, biophysics
and physical chemistry fields extremely fast (Figure 1.1). There has been around 1200
scientific articles on average per year related to "lipid rafts" published for the last 8 years.

Figure 1.1. Number of articles published between 1998-2010 related to lipid rafts (data collected
from ISI Web of Knowledge)
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1 Introduction to Membrane Heterogeneity

Having such an multidisciplinary impact, several tools were used to confirm and pin-
point the molecular details behind this phenomenon. Phase separation, for instance, was
extensively investigated in synthetic membrane systems as models for lipid raft medi-
ated membrane heterogeneity [8, 9]. Besides model membranes and detergent resistance
assays, various microscopy and spectroscopy techniques were employed to address the
key questions concerning this concept [10]. The diffusion characteristics of raft molecules
in the cell membrane, interactions of different raft molecules, role of intracellular struc-
tures such as cytoskeleton and extracellular structures on raft formation/structure were
among the questions intensively pursued. Although the questions remained the same,
the answers usually were quite different when different methods/techniques were applied.
This situation created vivid discussions about various different aspects of rafts such as
mobility [11, 12], composition [13, 14] or size [13, 15, 16]. However, there was usually
a pre-acceptance of a single kind of "raft" and a single kind of "non-raft". Therefore,
all the techniques and the methods were set to give binary results when applied to this
particular question (e.g., molecules are either in raft or in non-raft domains) (Figure
1.2). Collecting all the results obtained by using different techniques under the "raft" or
"non-raft" umbrella created the confusion as there were many contradicting data. While
there was such an effort to address the questions mentioned above, there has been a
few reports questioning the validity of the "binary" pre-acceptance about the nature of
membrane heterogeneity [17, 18] which is going to be the key question of this thesis.

Figure 1.2. Binary interpretation of the results obtained by common techniques and methods.
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2
Fluorescence Techniques to Study Membrane Heterogeneity

To elucidate cellular processes in their native dynamic environment has been one of the
main issues in cell biology over the past decades. The lack of appropriate techniques has
long been the main limiting step for the research on dynamic systems, because it was
impossible to acquire real time information with the well-known biochemical techniques.
The key challenge in dynamically observing biological systems is to combine the ability
to resolve moderate to very low concentrations of molecules -because they are simply
limited in living cells- on relevant timescales. Relevant timescales in cell biology can be
minutes and hours, on a systemic level of cell metabolism, down to the micro- and even
nanoseconds regime in which molecular and intramolecular rearrangements take place.
With respect to lipidic systems, relevant dynamics range from the local movements of
lipids by diffusion to the mechanical transformations of whole membranes, spanning sev-
eral orders of magnitude in time to be covered. Like for other cellular processes, also the
investigation of lipids and membranes in general benefited greatly from the introduction
of fluorescence microscopy and spectroscopy to biology. After the 60s, great technolog-
ical inventions based on the phenomenon of fluorescence were made, such as confocal
microscopy, fluorescence recovery after photobleaching (FRAP), fluorescence correlation
spectroscopy (FCS), Förstner resonance energy transfer (FRET), total internal reflection
fluorescence (TIRF), and two-photon microscopy, that revolutionized not only imaging,
but also yielded access to dynamics on previously inaccessible timescales. Another very
big step was certainly taken after the introduction of fluorescent proteins, which again
accelerated the use of these techniques in living cells and organisms. Nowadays, the tech-
nical advancements of fluorescence-based methods allow us to explore systems as small as
single molecules with temporal resolution down to the nanoseconds regime. Lately, even
the resolution limit of optical microscopy, for a long time being one of the fundamental
barriers in elucidating cellular processes, has been overcome by smart applications of the
phenomenon of fluorescence.

This chapter aims at giving a short overview on mainly fluorescence-based methods
that have in recent years propelled lipid and membrane research to fully new levels.
We will give a short introduction to the fluorescence technology extensively used in this
thesis, referring to the techniques that allow addressing membrane heterogeneity.

17



2 Fluorescence Techniques to Study Membrane Heterogeneity

2.1. The Fluorescence

The attempt to visualize the "living units" has progressed remarkably after Hooke’s Mi-
crographia. Starting from a simple light source, a mechanical stage and up to three glass
lenses, microscopy nowadays culminated in so-called super-resolution techniques with
particle localization accuracies down to the nanometer range. Certainly, the involvement
of the phenomenon of fluorescence is one of the biggest steps in this long journey.
Fluorescence is such a ubiquitous phenomenon that it is impossible to speculate about

its first systematic observation. The first reported documentation of fluorescence is
thought to be Nicolas Monardes’ observation of wood extract. In 1845, John Herschel
observed the fluorescent property of quinine sulphate which is believed to be the on-
set of modern fluorescence spectroscopy. After many more observations by several light
philosophers in the nineteenth century, it was Stokes who actually termed this phe-
nomenon "fluorescence" in 1838. The first application in biology was probably in 1914
Stanislav von Provazek who used fluorescence as a cell stain. August Koehler and Oscar
Heimstaedt were reportedly the first scientists who performed fluorescence microscopy
in early 1900’s. Today, a century later, fluorescence imaging and microscopy is one of
the most powerful tools in the visualization and dynamic analysis of living structures,
especially following the discovery of fluorescent proteins as cloneable markers, and the
invention and widespread use of confocal microscopy. Minsky, its inventor, patented
the idea of confocal microscopy already in the 1950s, and about 20 years later, the first
commercial confocal microscopes appeared. Since then, many researchers and optical en-
gineers step by step improved the technical realization [19–23]. The rapid developments
in laser and detector technology, along with the onset of fiber optics certainly helped in
the rapid dissemination of confocal microscopy into cell biology laboratories around the
world [24].
When light interacts with matter, many photophysical phenomena may occur. Some

molecules absorb light at a particular wavelength, while others predominantly scatter the
light. Upon absorption, the molecules undergo vibrational relaxation on timescales be-
tween 10−14 and 10−12 s, and then return to ground state, either by emitting a photon at
a longer wavelength after 10−9 to 10−7 ns, which is called fluorescence, or nonradiatively.
Less probably, the molecules can jump to the quantum-mechanically forbidden triplet
state or molecules transfer their energy to other molecules, by quenching or resonant
energy transfer. After the molecules undergo the triplet state, they return to the ground
state either by emitting light in longer time ranges than fluorescence or nonradiatively.
In the following sections, we will discuss, one by one, the most powerful fluorescence

techniques to study membrane heterogeneity which were used in several parts of the
work.
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2.2 Confocal microscopy

Figure 2.1. Jablonski diagram.

2.2. Confocal microscopy

Confocal microscopy may easily be the most widely applied imaging technique in cell and
molecular biology field, since it allows live cell imaging with high spatial and temporal
resolution, as well as optical sectioning and 3D reconstruction of images. To start with the
techniques for cell dynamics, confocal microscopy should therefore be briefly mentioned
since it forms the basis (and often, the gold standard) for most of the other techniques.

The confocal concept evolved as an alternative to wide field microscopy. For wide field
microscopy, the so-called Koehler illumination guarantees a homogeneous illumination of
the whole sample, which is then detected by area detectors. In contrast to this, confocal
illumination occurs only at a resolution-limited point, which can then be sequentially
scanned in three dimensions throughout the sample. As a technical difference, coherent
light sources (lasers) are usually employed in confocal microscopy, while incoherent lamps
are still mostly used in wide field microscopy. However, the basic difference between wide
field and confocal is a so-called pinhole aperture which eliminates the out-of-focus light
in the image plane, being the main source of background in wide field. The minimal size
of the confocal illumination volume, and therefore the resolution that can be reached
in confocal microscopy is usually determined by the so-called Rayleigh criterion. Here,
resolution of the wide field is defined as the shortest distance d between two optically
separable points;

d= 0.61×λ
NA

(2.1)
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2 Fluorescence Techniques to Study Membrane Heterogeneity

where λ is the wavelength and NA the numerical aperture of the objective. When the
advantage of selective detection (pinhole) and selective illumination (diffraction limited
spot by coherent light source) are applied, the resolution reaches a better point;

d= 0.4×λ
NA

(2.2)

Taking above equation into consideration, the theoretical resolution of a confocal sys-
tem with an NA of 1.4, at a wavelength of 500 nm should be around 160 nm. However,
all theoretical calculations consider a perfect optical system and a pinhole of a laser
spot size (i.e., Airy disc size). Yet, there are many aberrations caused by imperfect
optics such as spherical aberrations, chromatic aberrations, astigmatism, comma etc.
Moreover, pinhole size can never be as small as laser spot size. The biggest problem
in confocal microscopy is, however, the large discrepancy between lateral (xy) and axial
resolution, resulting in image stacks that are usually quite blurred in z dimension.

Axial resolution is given by;

d= 1.4×λ×n
NA2 (2.3)

where n is the refractive index of the medium. The axial resolution is usually 3-5 times
worse than lateral resolution.
The limitation in axial resolution is a minor problem for pure membrane systems with

little to no contribution of fluorescence light coming from the solution above and below
the membrane. Thus, confocal microscopy has been particularly useful on supported
membranes or Giant Unilamellar Vesicles (GUVs) [8]. On the other hand, for the study
of cellular membranes with their rather high background from cellular autofluorescence
and labeled molecules that cannot easily be retained at the cell surface (e.g., due to
endocytosis), limited z resolution can be a significant technical problem in studying
lipid dynamics. For this reason, other illumination strategies established for fluorescence
microscopy, such as total internal reflection (TIR) are becoming increasingly popular for
lipid and membrane research.

2.3. Two-Photon microscopy

The theoretical basis of two-photon excitation was laid in a study of the early 30’s [25],
although the experimental realization took almost three decades [26]. It was first used
in LSM in the 70’s [27] but a convincing two-photon excitation fluorescence microscopy
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2.3 Two-Photon microscopy

was only demonstrated in 1990 [28].

Two-photon microscopy, as the name implies, uses simultaneous absorption of two
longer wavelength photons (at λ1 and λ2) to excite a fluorophore, which would be usually
excited by a single photon at a shorter wavelength (λ3). The relationship between the
wavelengths is as follows;

λ3 = 1
λ−1

1 +λ−1
2

(2.4)

Since the two photons have to be absorbed simultaneously to excite the fluorophore,
the excitation is dependent on the square of the light intensity. This could be thought
as an equivalent of the double selection in confocal imaging, achieved by a selective
illumination by the light source and selective detection by a pinhole. Therefore, in the
two-photon illumination mode, a pinhole is no longer necessary. Moreover, it minimizes
the out-of-focus photobleaching since the excitation only occurs in the vicinity of the
focal plane. Scattering is greatly reduced with two-photon excitation, and penetration
depths for the long wavelength excitation are increased.

Because the emission does not have to pass through a pinhole, area detectors can be
used and no de-scanning of the beam is necessary, making detection quite simple.

Another advantage of two-photon is its ability to excite fluorophores absorbing in the
UV by two photons in visible range, which surpasses usual UV transmission problems
with glass lenses. In combination with the reduced out-of-focus fluorescence, it also
provides a suitable tool for UV uncaging in vivo without significant photo damage.

The photon density in two-photon excitation should be about one million times higher
than is required for single photon excitation, because of the square dependence of the ab-
sorption on intensity. Therefore, pulsed lasers should be used with sufficient photon flux
in the pulses while having fairly low average power. Titanium-sapphire lasers are exten-
sively used for two-photon microscopes because they provide a wide range of excitation
wavelengths between 700 nm to 1100 nm. Due to different photophysical selection rules,
two-photon absorption spectra are not identical with twice the spectra for one-photon
excitation, and have therefore to be independently determined.

Two-photon microscopy is very suitable to excite photo-sensitive, easily bleachable lipid
probes in the blue to near-UV spectral range, such as Laurdan or C-Laurdan (see Section
3.2. These probes were used to detect the membrane domains in model membranes, as
well as in living cells, by two-photon microscopy [9, 29–36]. Order of different membrane
systems was investigated [37] and new probes to visualize the membrane order were
tested by two-photon microscopy [38–40].
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2 Fluorescence Techniques to Study Membrane Heterogeneity

2.4. Fluorescence Correlation Spectroscopy (FCS)

Fluorescence correlation spectroscopy (FCS) is a method that has been extensively used
and further developed by our group, being introduced and established as a very suitable
approach to characterize model and cellular membranes [41, 42]. It is, in a way, a
single molecule method, but provides sufficient statistical significance to also use it for
general characterization of membranes, mainly through the diffusion properties of their
constituents. It is thus related to FRAP, but provides several advantages, the most
crucial of which is the dramatically improved sensitivity, allowing to work at significantly
reduced fluorescence labeling densities. FCS has long been used to characterize domain-
forming membranes [8], and recently, by combination with super resolution illumination
[15], was able to resolve nanometer-sized entrapment sites of labeled raft-markers.
FCS measures small fluorescence intensity fluctuations in a defined volume. It provides

accurate information about diffusion coefficients, concentrations, molecular brightness,
intramolecular dynamics, and molecular interactions. It has been extensively used for a
variety of biological applications, due to its great sensitivity. FCS has been combined
with many different imaging methods, such as laser scanning confocal microscopy, two-
photon microscopy, total internal reflection fluorescence microscopy, stimulated emission
depletion nanoscopy and others, making it particularly feasible for cell biology.
FCS was first established in the 1970s [43–46] and technically greatly improved in

the following years [47, 48]. Fluorescence intensity fluctuations, primarily addressed by
FCS, can be caused by diffusion of the molecules through the observation volume, or by
reversible brightness changes of the molecules because of some chemical or photophysical
reactions [49]. FCS performs the statistical analysis of these fluctuations. In other words,
it correlates a signal at a certain time t with the same signal after a lag time t+ τ , and
takes the temporal average. This correlation can be described as self-similarity of the
signal in time, which is represented by the autocorrelation function, a temporal decay
function of average fluctuations. The basic formula for the fluctuation autocorrelation
function is;

G(τ) = 〈δF (t) ·δF (t+ τ)〉
〈F (t)〉2

(2.5)

where δF (t) = F (t)− 〈F (t)〉 is the fluctuation around the average intensity and 〈〉
denotes the temporal average; τ is the lag time. The denominator is for normalization.
The basic steps of FCS experiments are as follows. First, the sample is illuminated

by the appropriate illumination technique. Generally, in the simplest representation of
FCS, confocal illumination without beam-scanning is used. The fluorescence signal is
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2.4 Fluorescence Correlation Spectroscopy (FCS)

Figure 2.2. Fluorescence correlation spectroscopy.

collected by the objective and detected by sensitive photodetectors, often by avalanche
photo diodes (APDs). After detecting the fluorescence intensity for a certain time, a
hardware correlator usually correlates the signal from subsequent time points according
to the correlation function mentioned above, and forms the experimental FCS curve.
This correlation step can also be done retrospectively, if data is recorded in small enough
(<µs) time bins. Then, the correlation curve as in Equation 2.5 is fitted by an appropriate
fitting model to get the numerical values of diffusion times, concentrations and molecular
brightness, or other parameters governing fluctuation decay.

As seen in the Figure 2.2, the amplitude of the curve is reciprocal to the concentration.
The reason behind this is that for lag time zero, G(τ) is determined as;

G(0) =
〈
(δF )2〉
〈F 〉2

(2.6)

For random processes that are governed by Poisson statistics, the variance is;

V ar(N) =
〈

(δN)2
〉

=N (2.7)

Because the fluorescence intensity is directly proportional to the number of molecules;

〈F 〉= q 〈N〉 (2.8)

when the intensity is normalized, we get;

〈
(δF )2〉
〈F 〉2

=
〈
(δN)2〉
〈N〉2

= 〈N〉
〈F 〉2

= 1
〈N〉

(2.9)
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2 Fluorescence Techniques to Study Membrane Heterogeneity

As stated above, the diffusion time and other variables are obtained from fitting the
experimental data to the proper model function. From the diffusion time τD , the diffusion
coefficient can be determined if the diameter of the focal volume is known;

τD = ω2
0

4D (2.10)

Here, ω0 is the beam waist of focal volume, i.e., the radial distance of the optical axis,
and D is the diffusion coefficient.
Besides the concentration and the diffusion time, the brightness of the molecule, η,

can be calculated. This parameter is quite important for a good statistical accuracy,
and can be used to assess the quality of FCS measurements in general. However, it can
also reflect on the formation of higher molecular complexes and aggregates. η is directly
proportional to the total photon count, and to the amplitude of the correlation function;

η = 〈F (t)〉
N

= 〈F (t)〉 ·G(0) (2.11)

In practice, FCS is quite a complicated and delicate technique to apply, with many
parameters that have to be taken into account and carefully controlled.

• If the concentration of the fluorophores is too high (greater than 100 nM) the
contribution of correlated photons to the total intensity (or, the strength of the
fluctuations) is only marginal, and precludes their analysis. If the concentration is
too low (less than 1 pM) it gets difficult to register a molecule in the focal volume
during a sensible measurement time. Background noise dominates the signal. In
both cases, it is difficult to record decent FCS curves.

• Autofluorescence and (scattering) background may always affect the total fluores-
cence intensity, and there should be elaborate corrections for them. Besides, the
sample should be kept in a non-autofluorescent medium.

• Low laser power should always be used to avoid photobleaching.

• The acquisition time should be long enough to collect enough photons to correlate,
but not too long to avoid photobleaching.

• Fluorophore selection should be made carefully; more than other techniques FCS
requires a high photostability.

The basic steps and tricks to do FCS on living cells are well described elsewhere [50].
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2.5 Stimulated Emission Depletion (STED) Nanoscopy

2.5. Stimulated Emission Depletion (STED) Nanoscopy

All techniques discussed above are limited in their resolution by an optical barrier called
the diffraction limit, or Abbe limit. It is usually given by approximately half the wave-
length of the light at which illumination is performed. Although electron microscopy in
principle allows shifting the wavelength to dimensions as low as single nanometers, it is
not applicable to living cells. Therefore, many researchers have striven to overcome this
barrier, and several techniques have been developed during the past years which yield
access to dimensions far below the micrometer level. Here, we will discuss Stimulated
Emission Depletion nanoscopy which is most commonly used super resolution technique
for membrane research (also for this thesis work).

The concept of STED was formulated in the 90s and experimentally realized in later
years [51–54]. Its underlying idea is to shape the volume which contributes to the fluo-
rescent image of a focused laser beam by depleting fluorophores around the immediate
vicinity of the focal spot, i.e., within the disturbing side lobes of the diffraction pattern.
This concept is also referred to as "point spread function engineering". To get rid of
fluorescence light in these unwanted areas, stimulated emission is performed through a
donut-shaped illumination by a second laser operating at a suitable wavelength (the so-
called STED laser). Stimulated emission is the process of efficiently and nondestructively
bringing the molecule from the excited state to the ground state without fluorescence
emission, by hitting the excited state fluorophores within their fluorescence lifetime by
the red-shifted STED pulse. A phase mask is used to generate the STED donut-shape
profile. This allows the peripheral excited molecules to be depleted, while keeping the
STED intensity nearly zero (and thus, preserving the fluorescence) in the center of the
focal spot. The particularly neat aspect of this scheme is the nonlinear dependence of the
depletion level to the STED pulse intensity: When the STED pulse intensity is increased
above a critical value, all molecules in the peripheral region are depleted. As the laser
intensity increases further, the depletion region expands, but the center of the focal spot
remains largely unaffected. Therefore, the fluorescently active inner area of the PSF may
be reduced down to 20 nm, which is approximately 10 times less than that in confocal
microscopy. The PSF for STED (∆r) is described with the formula;

∆r = λ

2NA
√

1 + ς
(2.12)

where λ is the wavelength of the excitation light, NA is the numerical aperture of the
objective and ς is the saturation factor expressed as;
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2 Fluorescence Techniques to Study Membrane Heterogeneity

ς = I

Is
(2.13)

where I is the peak intensity of the STED laser and Is is the saturation intensity
of the fluorophore. Thus, depending on depletion laser intensity and the nature of the
fluorophore, STED may offer a resolution of down to 20 nm. Although providing such
an excellent theoretical resolution, the performance of STED in dynamic systems such
as living cells is still limited. First, the depletion laser, especially when applied at high
power, bleaches most of the fluorophores that are conventionally used in cells biology,
like GFP, RFP or mCherry. The fluorophore library that can be used in STED is so far
limited to a few organic dyes and a few YFP family members. However, new fluorescent
proteins and organic dyes which are suitable for STED experiments are continuously
being generated [55–57]. On the other side, the effect of aberrations on STED has been
recently investigated [58] and a standard protocol for sample preparation for STED has
been recently established [59].
There are several other techniques used to study membrane heterogeneity such as

FRAP, FRET, Single Particle Tracking (SPT), PALM/STORM etc., however, we are
not going to mention them here as they were not used in the work presented in this
thesis.
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After the invention of green fluorescent protein (GFP) as the first truly genetic fluorescent
probe, visualizing proteins in their native environment became much more straightfor-
ward. From the perspective of the membrane researcher, this significantly improved our
understanding of membrane proteins and their dynamics, but could help only marginally
in better elucidating the functional dynamics of lipids. Therefore, fluorescent probes
which could be observed by the techniques that can do dynamic measurements (Chapter
2) have been developed. In this chapter we will discuss the most extensively used fluo-
rescent probes used to elucidate the membrane lateral organization. We separate these
probes into two classes; phase specific analogs of which utility is based on preferential
partitioning between coexisting domains and phase sensitive lipid analogs which changes
their photophysical properties depending on the lipid environment.

3.1. Phase Specific Lipid Analogs

Easiest way to make a fluorescent lipid probe is coupling the synthetic fluorescence
molecules to lipids in vitro, and then reconstitute them to the cell membrane. This
method is getting more common in lipid field, enforcing the use of fluorescence also in
lipid biology. Synthetic dye coupling has many advantages compared to fluorescent pro-
teins, which nowadays represent the main strategy in protein labeling. First of all, one
has theoretically a large choice of organic dyes in terms of their optical characteristics. It
is possible, for instance, to use a far red dye, however, there is not yet a well-established
monomeric far red protein. Second, the quantum efficiency and brightness of most of the
organic dyes are higher than for fluorescent proteins. Cholesterol [60–63], Sphingomyelin
[15, 62, 64], GM1 [15, 65, 66], PC, and PE [67, 68] are some of the lipids that are often
conjugated to organic dyes. Additionally, fluorescently labeled membrane-binders, like
choleratoxin, are used to label, e.g., the GMs on the cell surface [69]. However, tak-
ing into account that organic fluorophores are in comparison much larger handicaps to
small lipid molecules than to proteins, and that the relatively tight packing of lipids in
a membrane might be more easily disturbed by labeled lipids than in the case of sol-
uble proteins, a careful control of the possible influence of labels on the functionality
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3 Fluorescent Probes to Study Membrane Heterogeneity

Figure 3.1. Lo and Ld phase specific markers in Giant Unilamellar Vesicles. Topfluor labeled
cholesterol (TF-Chol) prefers Lo phase while Fast-DiI prefers Ld phase.

of lipids is of utmost importance. Besides fluorescent lipid conjugates, there are some
lipophilic fluorescent molecules frequently used to yield information on a specific lipid
environment. The most commonly used such dyes are the Di- family dyes. DiO, DiI and
DiD are extensively used to label the non-raft (less ordered) domain (Figure 3.1).

3.2. Phase Sensitive Lipid Analogs

Besides the phase specific probes, there is a different class of the probes which efficiently
penetrate into lipid membranes, and to some extent reflect on their physical proper-
ties, like viscosity, order, pH, or water content. Laurdan and Di-4-ANEPHQD are the
lipophilic dyes most commonly used to visualize the lipid environment. They partition
equally in both phases, but their emission spectrum changes according to the polarity of
the membrane environment. Providing that Ld phase is more aqueous than Lo phase,
upon excitation the dye consumes some of its energy to reorient the water molecules in
Ld phase, which shifts the emission to the red spectral region (emission maximum of 490
nm for Laurdan), while it is more blue shifted in Lo region (emission maximum of 440
nm for Laurdan) (Figure 3.2A). According to the ratio of fluorescence intensity in the
blue-shifted (Lo phase) and the red-shifted region (Ld phase), one can calculate a order
indicative value called Generalized Polarization (GP) calculated as;

GP = I440− I490
I440 + I490

(3.1)

where Ix denotes the intensity at wavelength of x.

Alternatively, a spectral region instead of a single point can be taken into consideration
for GP calculation. Then the equation becomes;
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Figure 3.2. Phase sensitive probe C-Laurdan. (A) Its emission changes dependent on the environ-
ment. Emission is more red shifter in polar solvents and it gets more blue shifter in apolar solvents.
(B) GP image of a GUV. Images are obtained with two photon microscopy with appropriate filters
and GP is calculated as in Equation 3.2.

GP =
∑460

420 Ix−
∑510

470 Ix∑460
420 Ix+

∑510
470 Ix

(3.2)

Latter equation is more suitable for microscopy where the spectral information is
limited by the filters. GP image can be calculated by splitting the emission according to
the Equation 3.2 (Figure 3.2B).
In addition to generalized polarization, fluorescence anisotropy is another important

phenomenon that can be exploited to monitor rotational diffusion of the molecules by
using the polarization of light. Since rotational diffusion is very sensitive to the size
of molecules, binding constants can be efficiently derived from fluorescence anisotropy
measurements. There have been comparative studies on the feasibility of several dyes
for fluorescence anisotropy. Alexa and Oregon dyes conjugates with biological molecules
(e.g., lipids), for instance, were found to be suitable for this method [70]. Additionally,
NBD and DHP lipid conjugates were used for fluorescence anisotropy to detect rafts
in living cells [71]. Laurdan generalized polarization and fluorescence anisotropy were
compared elsewhere [72].
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3.3. New Lipids to Visualize the Cellular Lipidic Organelles

Besides lipid probes for the plasma membrane, there are also some tools to probe other
lipidic environments in the cell, such as lipid droplets [73]. New fluorescent lipids were
developed to visualize the intracellular and membrane lipids in their native environment
without any external fluorescent labels [74, 75].
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Biophysical studies generally aim at a quantitative determination of key parameters to
characterize a functional biological system. A characteristic of many, if not all, biological
systems is their enormous complexity. Therefore, the reconstitution of cellular or molecu-
lar subsystems of reduced complexity in cell-free, well-controlled environments has been,
and remains, an important task in biological science. This approach thus refers to the
modern field of Synthetic Biology, as it implies that a specific biological phenomenon may
be approached "bottom-up", from a minimal assembly of its functional parts [76–78]. In
the present paper, we give a short overview over approaches to understand membrane re-
lated biological phenomena by employing suitable model systems simple enough to allow
for quantitative analysis, but on the other side complex enough to retain the fundamental
character of the phenomena to be observed. In addition to recent advances in microscopy
and spectroscopy that have allowed investigation of membrane heterogeneity in live cells
[10] (see Chapter 2), several advanced minimal model membrane systems have helped to
address the issue from a "bottom up" paradigm. Here, we summarize the presently most
widely used model membrane systems to investigate cellular membrane dynamics.

4.1. Historical background

The first experimental investigation of the remarkable physicochemical features of lipidic
systems was documented by Benjamin Franklin, in order to understand the calming effect
of "pouring oil on troubled water". He remembers the first sparks of his curiosity, when he
made the observation that emptying the ship kitchen’s greasy cleaning water significantly
smoothened their wake [79]. In the description of the now-famous Clapham pond experi-
ment, he noted how only a teaspoon of oil covered a significant region of the pond, making
it look smooth as glass and explains the physical mechanisms of thin film formation on
air-water interface [79]. Thus, the first research on lipidic surfaces started with half a
membrane - a monolayer (i.e., a monomolecular film formed by lipids on an air-water
interface) - well before the concept of a cell membrane was proposed in 1899 by Overton
[1, 2]. Parallel with the discovery of the ultrathin structure of the plasma membrane
in 1925 [80], Langmuir undertook the first quantitative characterization of monolayers
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[81]. Decades later, liposomes, the first bilayer system, were discovered [82]. These dis-
coveries led to the "Fluid Mosaic" model of the cellular plasma membrane [3], describing
it as a homogeneous lipid environment with embedded proteins, which appeared to be
remarkably accurate. The first major correction to the concept of a homogeneous fluid
mosaic followed upon the discovery of detergent resistant membranes (DRMs), which
required a model explaining a heterogeneous lipid structure of the plasma membrane [4].
The 1980s were the golden age of research on pure lipid model membranes, when the
phase separation phenomenon was established for monolayers, and supported lipid bi-
layers were first prepared [83, 84]. A few years later, Giant Unilamellar Vesicles (GUVs)
were introduced as a membrane model system that allowed microscopic investigation of
cell-sized membrane vesicles [85]. Meanwhile, the heterogeneous distribution of lipids
in the apical, compared to the basolateral, plasma membrane in polarized epithelia was
observed, strengthening the concept of heterogeneous membrane structure [5]. Although
detergent resistant proteins were also observed in early 1990s [6], it was 1997 when the
raft concept was introduced, proposing functional lipid-induced domains [7]. To confirm
and pinpoint the molecular details behind this phenomenon, phase separation was ex-
tensively investigated in synthetic membrane systems as models for lipid raft -mediated
membrane heterogeneity [8, 9]. An important step to a more biological relevance of these
phase-separating membrane models was the achievement of functional protein reconstitu-
tion into them [86–88]. The most recent manifestation of this quest is the observation of
liquid-liquid phase separation in isolated plasma membranes (GPMVs) [67], thirty years
after their discovery [89] (Figure 4.1).

In the following, we summarize the three most frequently used model membranes to
quantitatively address the phase separation. The first two (supported membranes, GUVs)
were initially lipid-only systems, used to determine the physical chemistry of lipids. To
specifically investigate the interactions of proteins with these membranes, several proto-
cols have been developed [86, 90, 91] in order to fully reconstitute the proteins into the
membranes. GPMVs, on the other hand, represent a more top-down approach towards
the study of lipid-protein systems, as they are derived from living cells by disrupting the
membrane, and retain a large lipid complexity, along with an unknown number of inte-
gral and peripheral membrane proteins. Spanning from a single lipid bilayer (SLBs) to a
complex cell membrane derived vesicle (GPMV), model membranes enabled membrane
biologists to investigate the nature of the cell membrane heterogeneity in a system with
desired complexity, composition and structure.
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4.2 Supported Lipid Bilayers (SLBs)

Figure 4.1. Development of model membrane systems.

4.2. Supported Lipid Bilayers (SLBs)

Supported lipid bilayers (SLBs) are flat membranes formed on a hydrophilic support
(such as mica, glass or silica), containing a very thin (≈1 nm) layer of liquid between
the support and the membrane. Thanks to the confinement on a solid support, changing
physical conditions (e.g. buffer) without disrupting the membrane is much easier in SLBs
than in free-standing membranes. Additionally, supported membranes are not only well
accessible to all kinds of optical microscopy, but also to surface probe techniques such as
atomic force microscopy (AFM), in contrast to free-standing bilayers (Figure 4.2). Thus,
in contrast to free-standing membranes, SLB provide access to parameters of membrane
thickness and mechanical stability [92] by AFM, and allow to resolve membrane struc-
tures far below the optical resolution limit [93]. The first SLBs were achieved by the
sequential transfer of monolayers from an air-water interface to a solid substrate [84].
Later attempts used the bursting of small vesicles (Small Unilamellar Vesicles (SUVs)
or Large Unilamellar Vesicles (LUVs)) on a substrate. The vesicles are first adsorbed
on the surface, then ruptured and spread into planar membranes [94]. The most recent
technological development has seen SLBs deposited by spin coating membranes directly
onto supports [95]. Although a solid-supported membrane is quite artificial compared
to a free-standing one, the mobility of individual lipids can be preserved [96], making it
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Figure 4.2. Phase separation in Supported Lipid Bilayers (SLBs). (A) Confocal image of a
SLB prepared from DOPC/BSM/C18Cer/Chol mixture and stained with DiD (Ld marker). (B)
Topological image of the same membrane obtained with AFM. (C) Intensity and height profile of
the membrane above. The DiD containing Ld patches are thinner than the patches Lo regions
(Image courtesy of Grzegorz Chwastek).

a well-controlled system for studying lipid/protein dynamics. Some technical improve-
ments have been introduced to arrive at a relatively unbiased mobility even of integral
proteins reconstituted into SLBs. For example, polymer cushions have been placed on the
support to increase the hydration layer, to avoid non-specific trapping of proteins with
large extramembrane domains at the support [97]. Recently, to eliminate the effect of the
surface/lipid interaction, a lipid bilayer was suspended between narrowly separated solid
supports or at a small orifice, allowing the formation of a free-standing planar bilayer.
This assay has been employed for simultaneously measuring optical and electrical prop-
erties of the membrane [98, 99]. Similarly, bursting vesicles on porous substrates (like
alumina or Si3N4) is an alternative way to eliminate the effect of support but preserving
the experimental advantages of flat SLBs [100–102].

4.3. Giant Unilamellar Vesicles (GUVs)

In aqueous environments, lipid assemblies are easily transformed morphologically by
changes of the physical parameters in the solution. Mild fluid convection, but also slowly
alternating electric fields can lead to the vesiculation of a flat lipid multilayer, allowing
the formation of unilamellar vesicles much larger than those prepared by sonication or
injection methods, termed Giant Unilamellar Vesicles (GUVs >1000 nm). Originally,
GUVs were formed using DC electric fields [85], though AC electric fields were later
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found to increase formation efficiency [103]. The basic protocol for GUV preparation
involves the spreading of a lipid mixture (in organic solvent) on a platinum electrode to
form the lipid multilayer. Electrodes are then dipped into aqueous buffer and the electric
field (usually between 2-3 V) is applied. GUVs can also be prepared by gentle hydration,
where charged lipids are used to create electrostatic repulsion between the bilayers, which
eventually facilitates unilamellar vesicle formation. For details on GUV preparation refer
to refs [104, 105]. Besides having a great potential to selectively study single lipid species
in a model membrane, it is also possible to form GUVs with complex lipid mixtures.
This capability led to reconstitution of phenomena structurally and functionally similar
to cellular lipid rafts in GUVs. One early assumption was that lipid rafts are related to
more ordered, or more tightly packed, liquid membrane phases from the bulk membrane.
The first attempts to observe phase separation in GUVs were made with binary mixtures
of saturated phospholipids, namely DPPC/DLPC and DPPC/DPPE [9]. These mixtures
indeed phase separate under near-physiological conditions, however while one of phases
retains the liquid-crystalline properties of biological membranes, the other is a solid
crystal (in membranes, termed the "gel" phase) with little translational or rotational
diffusion. Due to the limited biological relevance of the gel phase, another component was
added to recapitulate liquid-liquid phase coexistence. The key ingredient turned out to
be cholesterol - ternary mixtures of a saturated lipid, an unsaturated lipid and cholesterol
readily resulted in coexisting liquid ordered (Lo) and liquid disordered (Ld) domains [29]
(Figure 4.3). In addition to their crucial role in defining the physical chemistry of raft-
mimetic Lo phases, GUVs have been widely used as platforms to investigate the role of
individual lipids in protein activity or interactions.

4.4. Giant Plasma Membrane Vesicles

Although non-lipid cellular components (such as functional membrane proteins) can be
reconstituted into GUVs, these experiments are rather work-intensive and still only ca-
pable of reproducing a limited complexity, compared to the physiological situation . This
is particularly true for the extensive variety of lipids in a native cellular membrane. An
optimal complement to simple GUV models is a free-standing membrane which retains
at least the compositional lipid complexity of a live cell membrane. Such a system is
provided by so-called membrane blebs, which can be grown and harvested from native
cellular membranes [106]. Blebs are pure cell membrane regions, detached from the cell
cortex, which can naturally form during cell division, apoptosis or cell migration, or
are induced by some chemical or physical destruction of the cytoskeleton. In dividing
cells, blebs provide an attractive system for studying the cell mechanics and biophysics
of membrane-cytoskeleton interactions in live cells [107]. Chemically-induced cell mem-
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Figure 4.3. Phase Properties in GUVs. (A) 3D confocal image of phase separation in GUVs com-
posed of DOPC/BSM/Chol (2:2:1; dyes are same as Figure 2A). (B) Laurdan GP image of a phase
separated GUV (same composition as [A]). Ordered phases have higher GP values. (C) Diffusion
of a fluorescent molecule in Lo and Ld phases of Giant Unilamellar Vesicles (GUVs) quantified
by fluorescence correlation spectroscopy (same composition as [A]). Diffusion is approximately an
order of magnitude slower in the Lo phase. (D) Height profile of a burst GUV (same composition
as [A]) obtained by AFM. The Lo phase is thicker than Ld phase by about 1 nm.

brane vesiculation (so-called plasma membrane vesicles (PMVs)) was first observed in
1976, and used as a method to isolate plasma membrane [89]. Recently, phase separation
was observed in Giant Plasma Membrane Vesicles (GPMVs) [67](Figure 4.4), mirroring
the behavior of the three component GUVs described above in a system retaining the
compositional complexity of the native plasma membrane. Measurements of tempera-
ture [108] and composition dependence of phase separation in GPMVs [109] have further
confirmed these similarities. A similar method was developed to separate intact Plasma
Membrane Spheres (PMS) from the cell interior [110], and phase separation was shown
by confocal imaging and fluorescence correlation spectroscopy.

As GPMVs hold utmost importance for this thesis, we will discuss it in detail in the
next chapter separately.

4.5. Outlook - the future of model membranes

As summarized in Table 4.1, there exist advantages and disadvantages of each membrane
model system discussed above. Each system has its own difficulties and limitations and
unfortunately, also produces its own artifacts. Moreover, all the model membranes men-
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Figure 4.4. Phase Properties in Giant Plasma Membrane Vesicles (GPMVs). (A) Phase separation
of GPMVs at 10◦C stained with TopfluorCholesterol (ordered phase), DiI (disordered phase) or
Alexa647- Choleratoxin (ordered phase). (B) Laurdan GP image of a phase separated GPMV at
10◦C. The order difference between coexisting phases is less pronounced than in GUVs shown in 4.3.
(C) The diffusion of a fluorescent molecule in two phases of GPMVs measured by FCS. Diffusion in
the ordered phase is slower,but much closer to the disordered phase than in GUV shown in Figure
4.3.(D)AFM image of a burst GMPV. The surface is covered by proteins. (The inset shows the
corresponding confocal image of the membrane stained with DiI disordered phase).

tioned above are at thermodynamic equilibrium, which does clearly not reflect the state
of a living cell membrane. Similarly, membrane asymmetry, i.e. different compositions
of the two opposing leaflets of a bilayer, is a central feature of biological membranes
[111], while only the first steps have been taken to establish and investigate asymmet-
ric model membranes [90, 111, 112] since the introduction of Montal-Muller membranes
[113]. Thus, the development and study of asymmetric membranes away from equilib-
rium presents the next challenge in the processive development toward truly biomimetic
model membranes.
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4 Model Membranes to Study Membrane Heterogeneity

Model Systems Advantages Disadvantages

SLBs

Compositional control Support effects
Simple buffer exchange Limited complexity

High stability Difficult to incorporate proteins
Eligible to surface techniques

Suspended SLBs

Compositional control Limited complexity
Simple buffer exchange Difficult to incorporate proteins

Free-standing membranes
Eligible to surface techniques

GUVs

Compositional control Limited complexity
Free-standing membranes Difficult to incorporate proteins

Difficult buffer exchange
Low stability

GPMVs
Near-physiological complexity No compositional control

Proteins included Difficult buffer exchange
Free-standing membranes Low stability

Table 4.1. Comparison of Model Membranes.
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5
Giant Plasma Membrane Vesicles

The observation of phase separation in intact plasma membranes isolated from live cells
is a breakthrough for research into eukaryotic membrane lateral heterogeneity. These ob-
servations are made in giant plasma membrane vesicles (GPMVs), which can be isolated
by chemical vesiculants from a variety of cell types and microscopically observed using
basic reagents and equipment available in any cell biology laboratory. Microscopic phase
separation is detectable by fluorescent labeling, followed by cooling of the membranes
below their miscibility phase transition temperature. Here, we present the GPMV prepa-
ration protocol for phase separation studies, compare GPMVs with alternative techniques
and discuss several artifacts that GPMV system includes.

5.1. Introduction

The proposal of functional rafts in eukaryotic membranes [7] prompted a period of exten-
sive research, revealing many physiological contexts that appear to employ this mecha-
nism of membrane organization for modulation of cell function. The modern conception
of this phenomenon [114] is that preferential associations between raft lipids (i.e. sterols,
glycosylated sphingolipids, and lipids with saturated acyl chains) and certain proteins
(saturated lipid anchored-proteins, as well as some transmembrane ones) promote lateral
heterogeneity and segregation in the plane of the membrane. This heterogeneity can
be manifested in a hierarchy of organizational states, from molecular level complexes
[11, 15] and functional domains on the order of hundreds of nanometers [115] in live
cells to microscopic phases [67, 110] in isolated membrane systems - the specific state of
any given membrane depends on a complex combination of its physical properties (e.g.
temperature) and biochemical composition.
The recent discovery of phase separation in Giant Plasma Membrane Vesicles (GPMVs)

isolated directly from live cells has convincingly validated the raft hypothesis by confirm-
ing its central tenet, i.e. the capacity of eukaryotic membranes for forming coexisting
liquid domains [67]. Nevertheless, the precise nature of rafts’ mechanistic involvement in
specific cell functions remains speculative (see Chapter 1). To address this shortcoming,
GPMVs comprise an intermediate model system which maintains the compositional com-
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5 Giant Plasma Membrane Vesicles

plexity and protein content of biological membranes and is capable of forming coexisting,
microscopic, lipid-driven domains without the many confounding variables (protein syn-
thesis and active transport, cytoskeletal support, active signaling networks) of live cells.
These advantages combine to make GPMVs a versatile tool for quantitative investiga-
tion of raft-associated phenomena, specifically the structure and physical properties of
coexisting domains, protein partitioning between them, and domain-dependent protein
and lipid function.

5.2. Plasma membrane vesicles

Although the observation of phase separation in GPMVs has recently invigorated the
raft field, chemically-induced plasma membrane vesiculation was first observed in the
1970’s [89]. This protocol produces efficient yields of large (up to 10 m), nearly pure
plasma membrane vesicles without any internal membranous structures observable by
electron microscopy (EM); indeed there are no EM-discernible intravesicular structures,
suggesting the absence of assembled cytoskeleton or nuclear material [116]. Despite these
advantages of yields and purities, PMVs were largely ignored as a plasma membrane
model system for biochemical investigation, likely due to the chemical modifications
inherent in isolation. Exceptions included the groups of Baird, Holowka, and Webb,
which used these vesicles for characterization of plasma membrane lipid composition
and physical properties [117], domain formation [118], and the structural/biochemical
properties of the IgE receptor [119]. More recently, these vesicles have been used as
cell membrane models to test the membrane permeability of various molecules which are
potentially important for drug delivery applications [120, 121].

5.3. Phase separation in GPMVs

The original observation of phase separation in GPMVs also contained the critical ob-
servation that membrane components, including both proteins and lipids, were sorted
preferentially into one or the other of the coexisting phases [67], often according to pre-
dictions from biochemical raft preparations (i.e. detergent resistance) [122]. Due to this
enrichment of many putative raft components in the more ordered phase of GPMVs,
this phase is often referred to (and will be referred to here) as the "raft phase". How-
ever, this terminology should not be taken as an indication of equivalence between the
raft phase in GPMVs and the nanoscale, dynamic rafts postulated in live cells (this is-
sue will be discussed in Chapter 10) - not least because GPMVs are at thermodynamic
equilibrium, a situation clearly not reflective of biology (see Section 5.5). Furthering
the analogy between the raft phase in GPMVs and biochemical raft preparations, there
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5.4 Alternative techniques

was a qualitative correlation between both the temperature and cholesterol dependence
of detergent resistance and phase separation [123]. These studies were followed up by
partitioning experiments to define the structural determinants of lipid and protein par-
titioning to the raft phase. For lipids, the general paradigm of a sphingosine backbone
and longer, more saturated acyl chains being raftophilic seems to be applicable; how-
ever, significant perturbations can be induced by the polar headgroup and addition of
a bulky fluorescent tracer [106, 122]. While proteins anchored to the membrane by a
GPI-anchor (usually containing two saturated acyl chains) were consistently enriched in
the raft phase [122, 124], most transmembrane proteins require post-translational mod-
ification by a saturated fatty acid (palmitoylation) for raft phase partitioning [124]. As
noted below, palmitoylation is sensitive to the preparation conditions, possibly explain-
ing the lack of correlation between raft phase partitioning and detergent resistance of
several transmembrane proteins [108]. Finally, the remarkable observation of critical
behavior in GPMVs provides a possible link between the microscopic phase segregation
observed at non-physiological conditions (i.e. low temperature, isolated membrane), and
the nanoscopic organization present in live cells [125].

5.4. Alternative techniques

Prior to development of GPMVs, the standard and nearly exclusive criterion for assigning
raft association was insolubility in cold (4◦C) non-ionic detergents [126]. Such prepara-
tions clearly do not reflect the organization of an unsolubilized membrane at physiological
temperature and tend to be highly variable due to the complex molecular interactions
between detergents and membrane components. Finally, different detergents yield insolu-
ble fractions of different compositions [127, 128], demonstrating that detergent-resistance
alone is an inadequate, or at least incomplete, method for defining raft composition.
Giant Unilamellar Vesicles (GUVs) synthesized from pure lipid components show

liquid-liquid phase coexistence due to the preferential association of sterols with sat-
urated lipids, especially sphingolipids, to form the liquid ordered (Lo) phase, which is
immiscible with the unsaturated lipid-rich liquid-disordered (Ld) phase [29, 129, 130]
(see Chapter 4). This collective segregation has been the primary ’minimal’ model of
raft separation in eukaryotic membranes and has helped to elucidate the physicochemi-
cal principles and molecular interactions behind raft formation; however, the biological
relevance of such model systems is inherently limited by their compositional simplicity
and (typically) lack of integral membrane proteins.
Finally, a recently developed technique, Plasma Membrane Spheres (PMS), allows

swelling of the plasma membranes away from the rest of the cellular components - large
scale separation of the membrane can be then be induced by crosslinking of raft glycosph-
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5 Giant Plasma Membrane Vesicles

ingolipids [110]. Although this method includes many of the advantages of GPMVs, it is
somewhat limited because only certain cell types exhibit the swelling behavior required to
form PMS and these must contain enough GM1 glycolipid such that crosslinking induces
raft coalescence.

5.5. Limitations of GPMVs as a plasma membrane model system

The obvious and most significant limitations of GPMVs are the covalent modifications
induced by chemical vesiculants. The more common preparation involves a combination
of formaldehyde and dithiothreitol, which are non-specific crosslinkers and reducers, re-
spectively. Adaptations of this protocol [17, 124] have circumvented these undesirable
side-effects by N-ethyl maleimide, which irreversibly reacts with terminal sulfhydryls
(typically cysteine side chains), covalently blocking these groups without crosslinking.
Beyond the simple chemical modifications required for vesicle formation, there is a myr-
iad of possible cellular events that occur during the vesicle isolation procedure - because
these are so complex and nearly impossible to predict, these comprise the broadest limi-
tation of GPMVs. A known example is the loss of membrane leaflet asymmetry, typically
defined by the exposure of the anionic lipid phosphatidylserine (PS). While GPMV mem-
branes are asymmetric to some degree (e.g. proteins likely retain their native topology),
PS is clearly exposed on the exoplasmic leaflet [67], in contrast to live cell plasma mem-
branes. The mechanism (i.e. active scrambling or passive lipid flipping) and extent of
loss of bilayer asymmetry is not known, nor is the effect of scrambling on phase separa-
tion. Similarly, the potential of lipid and protein modifying enzymes and/or membrane
trafficking to affect membrane composition is clearly not negligible (e.g. PIP2 appears
to be depleted [109]), and cannot be ruled out. Finally, GPMVs represent the cellular
membrane in a state of thermodynamic equilibrium, whereas the live cell membrane is
a highly dynamic and out-of-equilibrium environment whose composition is constantly
modified by vesicle trafficking, enzyme activity, interaction with cytoskeletal components,
etc. Therefore, GPMVs can be indicative, but not definitive, about raft organization or
domain preference of a given molecule in the living cell.

Despite these limitations, GPMVs constitute a powerful model system with which
phase separation can be easily visualized, the order of the coexisting phases can be
measured, and component partitioning between coexisting domains can be directly and
quantitatively evaluated. Because of this simplicity, this model system provides an es-
sential ingredient of the general toolbox for research into membrane organization, and a
way forward for investigation of membrane heterogeneity.
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5.6 Experimental design

Figure 5.1. Overview of GPMV preparation protocol. Giant plasma membrane vesicles can be
isolated from a variety of cell types by addition of vesiculation chemicals followed by separation of
vesicles from attached cells. These GPMVs can then be used for fluorescence imaging of proteins
and/or membrane domains. Green circles represent fluorescently labeled vesicles, whereas those
with red and green areas represent phase-separated GPMVs.

5.6. Experimental design

GPMVs can be isolated from a variety of mammalian cell types, however adherent cells
generally provide better yields and purities because these cells remain attached to the dish
during vesiculation while the vesicles themselves are released into the supernatant. The
basic protocol for preparing GPMVs is simple - cells are treated with Ca2+-containing
buffer supplemented with vesiculation agents at 37 ◦C. GPMV formation then proceeds
over the course of approximately one hour. A graphical overview of the complete protocol
is depicted in Figure 5.1.

5.7. Purification and concentration of membranes

After formation, GPMVs can be separated from adherent cells by transferring the super-
natant by pipette. Although most cells remain attached to the plate (Figure 5.2), cellular
debris in the supernatant can be separated from GPMVs by differential centrifugation–
cell debris pellets almost completely at ≈100g, whereas vesicles can be collected by
centrifugal forces of 20,000g [131]. This procedure results in the recovery of 20% of orig-
inal plasma membrane material [131]. These steps are only necessary if the membrane

45



5 Giant Plasma Membrane Vesicles

Figure 5.2. GPMV visualization. (A,B) GPMVs are observable by bright-field microscopy either
in the presence of cells (A) or after isolation (B). (C) GPMVs can be observed by fluorescence
microscopy after labeling the membranes with a fluorescent amphiphilic dye (FAST-DiO). Scale
bars, 20 µm.

material is used for biochemical experiments where purity is an important concern - for
microscopy, GPMVs can be easily distinguished from cellular debris, thus obviating the
need for purification. Vesicles can be concentrated for microscopy by allowing them to
sediment at 4 ◦C and then removing the supernatant or pipetting the sample directly
from the bottom of the container.

For biochemistry, lipid and protein concentrations can by measured by standard meth-
ods. Additionally, the relative concentration of membranes in GPMV suspensions can be
estimated by spectroscopy. The emission spectrum (λex = 385 nm) of unlabeled bilayer
membranes typically has a relatively strong emission peak at 425 nm (Figure 5.3A) - the
intensity of this peak correlates well with the amount of membrane in the sample, as
judged by standard biochemical assays [132]. Since background fluorescence above 450
nm is independent of the sample concentration, the relative intensity of the peak at 425
nm can be used to normalize sample membrane concentrations [132].

5.8. Considerations for visualization of GPMVs by fluorescence microscopy

GPMVs can be visualized by bright field microscopy due to the refractive index differ-
ence between the cytoplasm inside the GPMVs and the buffer outside (Figure 5.2A,B).
Alternatively, GPMVs can be imaged using fluorescence microscopy (Figure 5.2C) by one
of three methods: (1) labeling cellular plasma membranes with fluorescent markers prior
to vesicle isolation; (2) direct labeling of isolated vesicles; or (3) transfection of cells with
fluorescent chimeras of plasma membrane proteins. Each method has distinct advan-
tages. Direct labeling of isolated vesicles is the simplest method - addition of lipophilic
dyes directly to vesicle suspensions leads to rapid incorporation into membranes. The
drawback of this approach is high background fluorescence from unincorporated dye and,
more importantly, poor control of relative fluorescent analog loading. This drawback is
important because high levels of fluorescent lipid analogs would be expected to affect the
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5.9 Quantification of phase order in GPMVs

Figure 5.3. C-laurdan characterization of GPMVs. (A) The membrane concentration of GPMV
suspensions can be normalized by spectroscopy of unstained membranes. Upon excitation at 385
nm, GPMV suspensions give a characteristic scattering spectrum with a water Raman scattering
peak at 440 nm and a lipid scattering peak at 425 nm. This lipid peak is directly proportional to the
membrane concentration of the sample and can be used to normalize across samples/preparation
conditions. Shown are emission spectra from unstained GPMVs isolated from two common cell
culture lines, rat basophilic leukemia (RBL; red) and Chinese hamster ovary (CHO; green) cells.
(B) Lipid packing/order can be quantified by fluorescence spectroscopy of an environment-sensitive
fluorophore (C-laurdan). Shown are the C-laurdan emission spectra of GPMVs isolated from cell
culture lines shown in A. The different degree of spectral red shift(i.e., the higher emission intensities
of RBL GPMVs between 470 and 510 nm) indicates that GPMVs from RBL cells are less ordered
than those from CHO cells. Wavelength ranges used to calculate generalized polarization (GP)
by equation (1) are shown as gray boxes. (C) The order of coexisting phases in phase-separated
GPMVs can be quantified using two-photon microscopy of the same dye by filtering emission light
to select wavelengths representative of ordered (green) and disordered (red) phase emission. These
can then be processed to yield maps of the GP, a relative index of membrane order (right). c.p.s.,
counts per second.

biophysical properties of the membranes. Additionally, it is important to be aware of
potential artifacts induced by photo-oxidation of fluorescent dyes, which has been shown
to affect phase separation [133]. Labeling cells prior to isolation yields more uniform la-
beling with less background fluorescence, but requires more dye and several pre-isolation
labeling steps. Finally, expression of fluorescent proteins offers the least perturbing ap-
proach to visualizing the membrane (since the fluorescent moiety is typically far away
from the membrane portion of the protein), but yields much lower fluorescent signal due
to the limited expression and transfection efficiency.

5.9. Quantification of phase order in GPMVs

A potential application for GPMVs is to quantify the physicochemical properties of iso-
lated plasma membranes and/or relative differences between the coexisting raft and non-

47



5 Giant Plasma Membrane Vesicles

raft phases. An important property defining the state of membranes is the conformational
order of the acyl chains in the hydrophobic core of the bilayer. This order can be explicitly
measured in pure lipid systems by NMR; in biological membranes a simple approach to
approximate the relative order/lipid packing of membranes is the use of polarity-sensitive
dyes, the most widely used being Laurdan. This fluorescent lipid shows a water-induced
emission shift between the relatively ordered (tightly packed, less aqueous) phase where
the emission peak is at 440 nm and the relatively disordered (loosely packed, more aque-
ous) phase with maximal emission at 490 nm (Figure 5.3B). A normalized polarity index,
generalized polarization (GP), is used to express the relative emission shift, reflective of
membrane packing/order which is calculated as shown in Equation 3.2. In GPMVs with
coexisting fluid phases, microscopy of Laurdan can be used to simultaneously measure
the order of both phases by splitting the fluorescence emission signal with band-pass
filters selective for the ordered and disordered phase emissions (Figure 5.3C). These im-
ages can then be processed to generate order maps, using correction factors to enforce
agreement between micro- and spectroscopic data, as described [134].

5.10. Temperature-controlled imaging

The most important advantage of GPMVs compared with both pure lipid model systems
and live cells is the ability to investigate microscopic phase separation in a membrane
reflective of the true composition of biological plasma membranes. This phase behavior
is inherently temperature-dependent, and thus it is often necessary to cool the system
well below room temperature to observe phase separation in GPMVs. This requirement
presents an experimental challenge, because most commercial temperature-controlled
imaging systems are designed for warming samples to physiological temperatures, rather
than cooling. Several different strategies have been implemented for accurate and rapid
control of sample temperature (Figure 5.4). Cooled water from a water pump (Figure
5.4A) is circulated through the pipes. Additionally an electronic system (Figure 5.4B)
cools down the peltier element in thermal insert (Figure 5.4C,D) where the sample is
placed. If water immersion objectives are used, a ring for objective cooling (Figure 5.4E)
may also be necessary. All the strategies to cool down the vesicles involve the construction
of a sealed chamber consisting of two coverslips separated by a water-repellent sealant
(e.g., paraffin wax) and containing the GPMV suspension (Figure 5.4F). This chamber
is typically imaged using an inverted microscope, because the vesicles quickly sink to the
bottom of the chamber. In one construction, this chamber is attached directly to the
underside of a metallic thermal insert, thus ensuring tight thermal coupling between the
temperature controller and the sample (Figure 5.4F,G). In this arrangement, the objec-
tive needs to be either thermally isolated from the sample (i.e., air-immersion objective)

48
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Figure 5.4. Temperature-controlled imaging. To observe phase separation in GPMVs, it is often
necessary to cool the sample. (A) Water pump, (B) temperature control unit (C) thermal insert
for 8 well LabTek chambers, (D) thermal insert for 35 mm MatTek chambers, (E) cooling ring for
objective, (F) a construction involves a small volume (10–25 µl) of sample between two coverslips
separated by wax sealant, (G) schematic image of this chamber mounted directly on a thermal
insert. The imaging chamber is not placed in the well designed for imaging, but rather attached
directly to the underside of the cooled microscope stage. (H) An alternative construction.

or if a fluid-immersion objective is desired for higher resolution, it should be cooled to
the sample temperature to avoid heat flow and resulting temperature gradients which
lead to convective flow. Another option to simultaneously cool the objective and sample
is to immerse both in a water-filled chamber cooled by submerged coils (Figure 5.4H).

5.11. Characterization of component partitioning

One of the most important uses of GPMVs is determination of lipid and protein parti-
tioning between raft and non-raft phases [108, 124, 135], providing a simple and quan-
titative method for estimating raft association. The method involves imaging the fluo-
rescently labeled protein or lipid component concurrently with a reference marker with
well-characterized phase partitioning (Fig. 5A,B). Counterstaining of apposing phases
with different fluorescent markers (as in Figure 5.5A) is an important control for the
presence of coexisting selective phases. Appropriate markers for the raft phase are the
B subunit of cholera toxin (binds the raft glycolipid GM1), some cholesterol analogs
(e.g. Bodipy-cholesterol), napthopyrene, and/or GPI-anchored proteins, while non-raft
phases are typically marked by unsaturated lipid analogs. Using a reference marker for
either phase, the relative concentration of the component of interest can then be quan-
tified in both phases by a fluorescence intensity line scan through the two phases (white
arrow in Fig. 5B). Raft phase partitioning can then be expressed as an equilibrium par-
tition coefficient (Kp,raft = Iraft/Inon−raft) or as the percentage of protein in the raft
phase (%raft = Iraft/(Iraft + Inon−raft)) (as in Figure 5.5C). Figure 5.5D-F shows the
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5 Giant Plasma Membrane Vesicles

Figure 5.5. Quantification of component partitioning. (A) Phase identity in separated GPMVs can
be confirmed by well-characterized markers. Unsaturated lipidic dyes (e.g., FAST-DiO—left) and
glycosphingolipid-binding proteins (CTxn; e.g., the B-subunit of cholera toxin—middle) are bona
fide markers of the nonraft and raft phases, respectively. (B,C) The partitioning of a component of
interest (b) (TopFluor (TF)-PIP2; left; white arrow represents the line used for the intensity scan
in part (c)) between the coexisting phases identified by a well-established marker (right) can be
quantified by a fluorescence intensity line scan through the two phases (c). The ratio of fluorescence
in the raft and nonraft phase gives a quantitative measurement (Kp,raft) of phase preference. (D-F)
The partitioning of some well-characterized membrane proteins in NEM GPMVs is shown: GPI-
anchored GFP (d) and the doubly palmitoylated transmembrane linker for activation of T-cells
(LAT) (E) are strongly enriched in the raft phase. (F) The palmitoylation deficient mutant of LAT
(LAT-C26A) is depleted from the raft phase.

partitioning of various proteins that could be used as controls for phase separation and
appropriate partitioning.

5.12. Controls

Counterstaining of apposing phases with different fluorescent markers (Figure 5.5A) is an
important control for the presence of coexisting selective phases. Appropriate markers
for the raft phase are the B subunit of cholera toxin (binds the raft glycolipid GM1),
some cholesterol analogs (e.g., Bodipy-cholesterol), napthopyrene, and/or GPI-anchored
proteins, whereas nonraft phases are typically marked by unsaturated lipid analogs. 5.5D-
F shows the partitioning of various proteins that could be used as controls for phase
separation and appropriate partitioning.
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5.13 Tips for GPMV yield

5.13. Tips for GPMV yield

The vesicle yield correlates directly with the number of cells used for the preparation,
thus the maximal density of cells that are compatible with the experiment should be
used. For microscopic experiments, a 35-mm dish of cells at 70% confluence should be
sufficient for a number of individual samples. For biochemistry, e.g. Western blotting, it
is often necessary to start with a 10-cm dish. GPMV formation is a function of incubation
temperature - at 37 ◦C, blebbing is completed within 1 h. Colder temperatures, e.g. room
temperature or even 4 ◦C, still allow vesicle formation, but require longer incubation
times (overnight for 4 ◦C). Shaking the cell plates during GMPV preparation can increase
vesicle yield, but this comes at the cost of decreased purity, as more whole cells will detach
from the dish. Finally, the concentrations of the vesiculation chemicals can be varied by
an order of magnitude in both directions while still allowing GPMV formation [17]. These
parameters (chemical concentration, incubation time, incubation temperature, shaking)
should be optimized for each specific cell type, although the conditions described here
have proven successful for a number of different cultured cell lines.

5.14. Artifacts induced by vesiculation chemicals

The most efficient, cleanest, and therefore most common preparation for GPMVs in-
volves the mixture of 25 mM formaldehyde and 2 mM DTT as the vesiculants. Unfortu-
nately, this preparation induces several unwanted artifacts: (1) non-specific crosslinking
of lipids and proteins by the aldehyde, which precludes many types of protein analysis
(e.g. PAGE); (2) cleavage of protein disulfides and thioesters, leading to depalmitoy-
lation [124]; (3) specific coupling of phosphatidylethanolamines to proteins [17]. This
last effect seems to have the biggest impact on phase behavior/properties in the GP-
MVs, increasing the miscibility transition temperature (i.e. the highest temperature at
which coexisting domains are observable) by 15 ◦C. To avoid many of these artifacts,
non-crosslinking vesiculants like N-ethyl maleimide are suggested; however, these present
experimental challenges because they require cooling the sample to below 5 ◦C to ob-
serve microscopic phase coexistence. Other chemicals that cross the plasma membrane
and covalently block free sulfhydryls have been used for GPMV preparation [116] - their
effects on phase behavior have not been measured.
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6
GUVs and GPMVs as Models to Study Cell Membrane

Penetration: Amphiphilic Quantum Dot Penetration

In this work we investigate the membrane permeability of the amphiphilic CdTe nanocrys-
tals stabilized by thiolated PEG by using GUVS and GPMVs. We show that the
CdTe/mPEG-SH quantum dots synthesized penetrate through the lipid bilayer of GUVs
and GPMVs which constitute basic free-standing model systems to mimic cell membranes
lacking endocytosis machinery. This finding is crucial for drug delivery applications of
quantum dots.

6.1. Introduction

Owing to their unique photophysical properties semiconductor nanocrystals (NCs) or
quantum dots (QDs) are promising tools for bio-labeling instead of, or in combination
with, fluorescent organic dyes and biomolecules [136, 137]. In comparison to organic
fluorophores, QDs possess many advantages, such as broad absorption with narrow emis-
sion spectra, wide spectral range, long lifetimes, high molar extinction coefficients, and
photo- and chemical stability [138]. Nevertheless, some issues still need to be addressed
for their successful application as biomarkers. One of them is the intracellular delivery
of colloidal nanoparticles. While organic dyes used for tracking intracellular events are
able to permeate cell membranes, the size and surface properties of QDs prevent their
diffusion across the lipid bilayer [139]. QDs often end up in endocytic compartments in-
stead of their delivery into cell organelles. Therefore, strategies to escape the endocytic
pathway, described e.g. for negatively charged CdTe/TGA QDs [140], and to diffuse
through the cell membrane as individual units should be developed. One of the most
useful model systems to study membrane related processes in a controlled fashion is
GUV system (see Chapter 4). However, since they have limited compositional elements
(only a few lipids), a more advanced membrane system, GPMVs, has been developed.
Very recently both GUVs and GPMVs have been revealed as valuable model membrane
systems to study the membrane penetration process [121, 141, 142]. In this work, we
report on further improvements of the synthesis of amphiphilic CdTe QDs which was
introduced in ref. [143]. Using low-molecular-weight methoxypolyethylene glycol termi-
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nated with a HS-group (mPEG-SH) as the stabilizer leads to an inherent amphiphilicity
of the nanoparticles[143, 144]. Employing solvents of high polarity and high boiling tem-
peratures in the synthesis yields nanocrystals exhibiting emission maxima ranging from
540 to 640 nm and photoluminescence quantum yields (PL QY) of up to 30%. Moreover,
for the first time we show that the QDs synthesized are able to permeate through the
membranes of GUVs and GPMVs and might then be perspective candidates for tracking
whole cells and intracellular processes owing to the ability to escape from the endocytic
uptake mechanism.

6.2. Materials and Methods

6.2.1. Synthesis of CdTe/mPEG-SH nanocrystals

All chemicals used were of analytical grade or higher. The short chain stabilizer
H3C − (O−CH2−CH2)7−SH was synthesized according to the method reported in
refs. [143, 145]. The preparation of amphiphilic QDs was carried out both in dimethy-
lacetamide (DMA) and in dimethylformamide (DMF) solutions. In a typical synthesis,
0.16 g (0.69 mmol) of Cd(CH3COO)2 and 0.33 g (0.9 mmol) of mPEG-SH was dissolved
in 30 mL of DMA (or DMF) followed by deaeration by argon bubbling for 30 min. Under
vigorous stirring, H2Te gas generated by the reaction of 0.1 g (0.228 mmol) of Al2Te3

lumps with an excess of 0.5 M H2SO4 solution was injected into the reaction mixture
with a slow Ar flow. The molar ratio of Cd2+/Te2-/mPEG-SH was 1/1/1,3. Formation
and growth of the nanoparticles proceeded upon reflux. The reaction was terminated
after the PL maximum reached 640 nm (4 h - in DMA, 36 h - in DMF). Purification
of the QDs was achieved by precipitation of the as-prepared colloidal solution of the
CdTe nanoparticles from DMA or DMF by the addition of a toluene/hexane mixture
(colloid/toluene/hexane = 1/1/3) followed by dissolution of the precipitate in pure sol-
vent (e.g. water or toluene). As a reference sample for the membrane permeability
experiment, hydrophilic CdTe nanoparticles stabilized by thioglycolic acid (TGA) were
prepared according to the procedure reported in ref. [146]. Prior to the GUV permeation
experiment the CdTe/TGA nanoparticles were purified by the reprecipitation procedure
described in ref [147].

6.2.2. Characterization of CdTe/mPEG-SH nanocrystals

UV-Vis absorption spectra were collected with a Cary 50 spectrophotometer (Varian).
Fluorescence spectra were measured at room temperature using a FluoroMax-4 spec-
trofluorimeter (HORIBA Jobin Yvon). All spectra were taken at room temperature.
The PL QYs of the QDs solutions were determined according to the procedure described
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in ref. [148] by comparison with Rhodamine 6G and Rhodamine 101 dyes in ethanol as-
suming their PL QYs to be 95% and 96%, respectively. Samples for transmission electron
microscopy (TEM) were prepared by dropping diluted nanoparticle solutions in toluene
onto copper grids coated with a thin Formvar-carbon film with subsequent evaporation of
the solvent. TEM images were obtained on a Tecnai T20 microscope (FEI), operating at
200 kV. The zeta-potentials were measured on a Beckman Coulter Delsa Nano C particle
analyzer. The values were averaged from three measurements.

6.2.3. GUV preparation

Dioleoyl phosphatidylcholine (1,2-dioleoyl-sn-glycero-3-phosphocholine) (DOPC) (Avanti,
AL, USA) and the membrane dye 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO)
(Invitrogen, CA, USA) were mixed in chloroform. Then this mixture was deposited
on platinum wires. After chloroform evaporation, the platinum wires were dipped into
sucrose solution and exposed to 10 Hz AC for 1 hour and following 2 Hz AC for 30
min with a 2 V voltage. For microscopy, GUVs were mixed with phosphate buffered
saline (PBS) in Bovine Serum Albumin (BSA) coated LabTek chambers. Afterwards,
amphiphilic CdTe/mPEG-SH QDs and hydrophilic CdTe/TGA QDs colloids (final con-
centration of 0.25 µM) were added to the chambers. The mixtures were incubated at
room temperature.

6.2.4. GPMV preparation

Chinese Hamster Ovary (CHO) cells were cultured in alpha MEM medium supplemented
with 10% Fetal Calf Serum up to 70-80 % of confluence. GPMVs were isolated by
chemically inducing cell blebbing with 25 mM PFA and 2 mM DTT in GPMV buffer
(150 mM NaCl, 10 mM Hepes and 2 mM CaCl2 (pH 7.4)) for 1 h at 37 ◦C. The membrane
dye TopFluor PIP (Avanti, AL, USA) was added to GPMVs in a concentration of 0.1
µM. They were observed in BSA coated Labtek chambers similar to GUVs. The mixtures
were incubated at 4 ◦C.

6.2.5. Colloidal stability test

Equal concentrations of amphiphilic and hydrophilic QDs were mixed with several bio-
logical buffers and subsequently imaged by confocal microscopy.

6.2.6. Confocal microscopy imaging

Confocal microscopy images were acquired using a Zeiss LSM 510 microscope equipped
with a 40X NA 1.2 UV-VIS-IR C-Apocromat water-immersion objective and a 488 nm
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Argon-Ion laser. NFT 545 and NFT 635 filters were used to separate the green signals
from the membrane dyes and from orange or red fluorescing QDs, respectively. For
additional filtering, band pass 505-530 for green, long pass 585 for orange and band pass
615-685 for red emissions were employed. Imaging was performed in 0.5, 1, 2, 3 hours
after QDs injection and after overnight incubation.

6.3. Results and Discussion

As shown in recent work on green emitting amphiphilic nanoparticles [143], CdTe/mPEG-
SH QDs synthesized both in DMA and in DMF exhibit the same spontaneous 3-phase
transfer from toluene via water to chloroform confirming their unique amphiphilic prop-
erties. Syntheses performed in toluene and water limit the growth of the NCs to 2 nm in
size. Employing solvents with higher boiling temperature (tbp of DMF = 153.1 ◦C, tbp
of DMA = 166.1 ◦C) [149] yields CdTe QDs with average diameters of up to 4 nm emit-
ting in the wide spectral region from 540 to 640 nm. Interestingly, in DMA the growth
of the nanoparticles is 9 times faster than that in DMF (the PL maxima of 640 nm were
reached in 4 h for the reaction in DMA and in 36 h for DMF) while the difference between
the boiling temperatures of these solvents is only 13 ◦C. This observation suggests that
besides the temperature of the reaction mixture, the solvation capability of the medium
towards the precursors and the evolving nuclei plays an important role as well. DMA and
DMF are known as coordinating solvents which act as electron-donors and thereby are
good cation solvators [149]. Thus, DMA having the higher boiling point, a larger donor
number and dielectric constant in comparison with DMF (27.8 and 26.6 kcal∆mol−1,
37.78 and 36.71, respectively [149]), facilitates the growth of CdTe nanocrystals. Such a
large growth rate leads to a quite broad size distribution of the CdTe/mPEG-SH QDs
in comparison with that from an aqueous synthesis.
For membrane penetration experiments orange QDs emitting with a maximum at

610 nm and red QDs emitting with a maximum at 634 nm were chosen in order to
distinguish their luminescence from the green emitting membrane dye DiO. As a control
sample, hydrophilic CdTe NCs stabilized with TGA having a similar size (ca. 3 nm) were
used. The optical characteristics of the orange emitting samples are shown in Figure 6.1 .
CdTe/TGA QDs carry deprotonated carboxyl groups on their surface and hence possess
negative charge. Zeta potential measurements reveal a value of -65 mV. On the contrary,
amphiphilic CdTe nanoparticles have a slightly positive zeta potential of 4 mV, which
favors their versatile solubility and should prevent their aggregation via electrostatic
interaction in biological media. As opposed to ligand exchange procedures, the stable
bonding of the stabilizer to the nanocrystal surface imparts a high colloidal stability
against deterioration. The short chain length of the H3C − (O−CH2−CH2)7−SH
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Figure 6.1. Absorbance and PL ( ex. = 450 nm) spectra of the amphiphilic CdTe/mPEG-SH
NCs and the hydrophilic CdTe/TGA NCs colloids used for the membrane penetration experiment.

molecule assures the quite small sizes of the resulting nanoparticles which is also beneficial
for biological applications. The diameter of the amphiphilic QDs used for the penetration
test was calculated to be of 8.7 nm including the fully extended mPEG-S-chains.

In order to test the ability of the QDs to permeate through lipid bilayers, GUVs pre-
pared via electroformation were incubated in PBS containing diluted QD colloids of the
same concentration. The images obtained during 3 hours of confocal microscopy observa-
tion are shown in Figure 6.2 where the red background stems from the QD fluorescence
and the black circles are interiors of the GUVs. The uptake was quantified during a
period of 3 hours by acquiring the intensity profile of the inner part of the GUVs. The
intensity of the QD fluorescence background and the empty GUVs have also been quan-
tified as references (see Figure 6.2). More than 100 GUVs have been observed in order
to estimate the uptake efficiency after 3 hours and overnight incubation. Approximately
40 % of the GUVs contained QDs after 3 hours while after overnight incubation this
number increased to 60%. Many parameters such as membrane curvature, size of the
vesicle, unilamellarity of the membrane, lipid packing may account for the heterogeneous
penetration. It should be noted that even after overnight exposure the QDs still have
retained their emission. In the control experiment performed with CdTe/TGA NCs col-
loids penetration was not observed presumably because of their aggregation (Figure 6.3)
which was also reported previously [150].

We further tested the colloidal stability of both QDs in various buffers including PBS,
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Figure 6.2. Confocal microscopy images acquired after 0.5, 1, 2 and 3 hours of incubation of
GUVs with CdTe/mPEG-SH QDs in PBS (left); corresponding emission intensity profiles of the
regions of interest shown on the left (right).

GPMV buffer, MEM cell medium and air buffer which are the main buffers used for
cellular maintenance. The experiments revealed that the amphiphilic CdTe/mPEG-SH
NCs remain homogeneously dispersed in all the biological buffers while the hydrophilic
CdTe/TGA QDs tend to aggregate in all of them (Figure 6.3). It is considered that
aggregation/clustering on the cell surface results in endocytosis [151]. Most probably
this is the main reason why the hydrophilic nanoparticles cannot escape the endocytic
uptake. Our data show that the amphiphilic QDs have the ability to diffuse through
the GUV membrane owing to their colloidal stability in biological media and to their
versatile solubility, in contrast to hydrophilic particles.

Figure 6.3. Confocal microscopy images demonstrating the colloidal stability of the amphiphilic
CdTe/mPEG-SH QDs and the tendency to aggregation of the CdTe/TGA particles in various
cellular buffers and medium.

In order to further investigate the penetration of the amphiphilic QDs we used GPMVs
composed of a natural cell membrane. Clear visualization of the QD permeation was
achieved employing a two channel detection approach. Thus, vesicles have been observed
via the green emission of the TF-PIP dye adsorbed on their surface (Figure 6.4), whereas
the QD distribution in the system has been monitored via the red band pass. As seen from
the resulting merged image, the vesicles take up the amphiphilic NCs during incubation.
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Although the penetration was slower than GUVs, we observed approx. 40% of GPMVs
containing QDs after 10 hours of incubation.

Figure 6.4. Confocal microscopy images, acquired after 3 hours of incubation, demonstrating
penetration of the CdTe/mPEG-SH NCs into GPMVs visualized by merging the TF-PIP dye green
fluorescence and the QD red emission. Arrows show the vesicles containing QDs.

6.4. Conclusions

In this study, we have further improved the synthesis of amphiphilic CdTe/mPEG-SH
nanocrystals via the use of the high-boiling coordinating solvents dimethylacetamide and
dimethylformamide. The optimized procedure yields QDs emitting in the wide visible
region of 540-640 nm with enhanced quantum yield of up to 30%. The permeability test
performed using GUVs and GPMVs for the first time demonstrated the ability of am-
phiphilic nanoparticles to penetrate through lipid bilayers which makes them promising
agents for tracking whole cells and intracellular processes. Moreover, their high colloidal
stability in various biological media and stable emission properties can be exploited for
a better delivery of agents for therapeutic applications. The data acquired also provide
new insight into the interaction of nanoparticles with an artificial lipid membrane as well
as with natural cell membranes.
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7
GPMVs for Investigating the Protein Partitioning in Cell

Membrane: Raft Mediated Regulation of Lypd6 and LRP6
Activation

In this work, we use GPMVs along with other biochemical methods in order to investigate
the impact of membrane heterogeneity on lipoprotein receptor-related protein 6 (LRP6)
activity which is vital for Wnt signaling. We found out that LY6/PLAUR domain con-
taining 6 (Lypd6), a member of the Ly6 protein family, is a GPI anchored protein which
is located in the ordered domains in the cell membrane. Lypd6 is required for recruiting
LRP6 to the rafts, where LRP6 becomes phosphorylated upon Wnt stimulation.

7.1. Introduction

Wnt/β-catenin signaling controls embryonic development via regulating cell proliferation,
cell fate determination and tissue patterning in many species from cnidarians to verte-
brates and is required for maintenance of adult tissue homeostasis and regeneration of
various animal tissues and organs [152–154]. Thus, pathway misregulation causes cancer,
genetic disorders, degenerative and many other human diseases [155, 156]. Wnt signaling
can be initiated by different interactions between various ligands and receptors, which
can activate either β-catenin-dependent (canonical) or -independent (noncanonical) path-
ways. The signaling is initiated by interaction of the Wnt ligands, or alternative ligands
like Norrin and possibly R-Spondin, with the Frizzled receptors and the co-receptor low
density lipoprotein receptor-related protein 5/6 (LRP5/6) [157]. One early response to
ligand-receptor interaction is phosphorylation of the intracellular domain of LRP5/6,
which has been reported to preferentially occur in ordered membrane domains and the
secreted Wnt antagonist Dkk1 inhibits the formation of a complex between LRP6 and
CK1α by eliminating LRP6 from these domains, thus, leading to its internalization [158].
However, it remains unclear how LRP6 accumulates in the raft domains.
Here, we find that Lypd6, a Ly6 protein family member, is GPI-anchored to the plasma

membrane and this type of membrane anchorage is necessary for its partitioning to the
lipid rafts in the membrane microdomains. Moreover, our data strongly suggest that
Lypd6 regulates LRP6 distribution on the plasma membrane by concentrating it in the
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rafts and hence enhancing its phosphorylation.

7.2. Materials and Methods

GPMVs were prepared as described in Section 6.2.4.

7.2.1. Cloning

Zebrafish Lypd6 (BC081426) open reading frame (ORF) was amplified from a cDNA
mixture of gastrula and somitogenesis stage embryos. spGFP-zLypd6 (full length ze-
brafish Lypd6 fused in frame with mmGFP5 between amino acids 22 and 23), spGFP-
zLypd6∆GPI (deletion construct of zebrafish Lypd6 lacking the carboxy terminus after
amino acid 146, fused in frame with mmGFP5 between amino acids 22 and 23), spGFP-
zLypd6∆GPI-TfR TMD (replacement construct of zebrafish Lypd6 with the carboxy
terminus after amino acid 146 replaced by the first 97 amino acids of the Transferrin re-
ceptor (TfR) including the transmembrane domain (TMD), fused in frame with mmGFP5
between amino acids 22 and 23) and spGFP-zLypd6∆GPI-CD44 (replacement construct
of zebrafish Lypd6 with the carboxy terminus after amino acid 146 replaced by the TMD
of CD44, fused in frame with mmGFP5 between amino acids 22 and 23) were cloned
into pCS2P+ expression vector. A rescue construct of zebrafish Lypd6 was cloned into
pCS2P+ expression vector by mutating the first 25 nucleotides, which prevents the MO
from binding but does not alter the amino acid sequence.

7.2.2. Secretion assay

HEK293T cells were transfected with either spGFP-Lypd6 (150 ng) or spGFP-
Lypd6∆GPI (140 ng) along with equimolar amounts of spGFP-GPI and spGFP as con-
trols, respectively. Cells were treated with phosphatidylinositol-specific phospholipase C
(PIPLC) for 12 hours at 37◦C at 24 hours post transfection. Conditioned media were
collected from all four samples and concentrated using SpeedVac. Cells were lysed with
passive lysis buffer (Promega). Media and lysates were loaded on a protein gel and blot-
ted for GFP. Morpholinos, microinjection and whole mount in situ hybridization Capped
sense RNA was synthesized in vitro using mMessage mMachine kits (Ambion). RNA
and/or morpholinos were injected into the cytoplasm of 1-cell stage zebrafish embryos
using standard procedures. Embryos were fixed at the indicated stages and mRNA in
situ hybridization was performed as described previously [159].
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7.2.3. Luciferase assays

HEK 293T cells were transiently transfected with the TCF/Lef firefly luciferase reporter
pGL3 BAR (pBAR, 20 ng) (Biechele and Moon, 2008) and pGL4.73 hRLuc/SV40 (RLuc,
5 ng) (Promega, Madison) in triplicates. Firefly and renilla luciferase activities were
measured 24 hours after transfection using the Dual-Luciferase Reporter Assay System
(Promega) and firefly activity was normalized to renilla luciferase levels.

7.2.4. Western blot analysis and immunoprecipitation

For Western blotting, samples were dissolved in SDS gel-loading buffer containing β-
mercaptoethanol, separated by SDS-PAGE gel and transferred to PVDF membrane (In-
vitrogen). The following antibodies were used: mouse anti-c-Myc monoclonal (Life Tech-
nologies, 1:2000), rabbit anti-GFP (Abcam, 1:2000), rabbit anti-Flag (Sigma, 1:1000),
anti-HA (Abcam, 1:2000), rabbit anti-Phospho-LRP6 (Ser1490, Cell Signaling, 1:1000),
rabbit anti-LRP (Cell Signaling , 1:1000), rabbit anti-Transferrin receptor 2 (Abcam,
1:2000) and mouse anti-Caveolin1 (BD Transduction Laboratories, 1:2000). Immunopre-
cipitation experiments were performed as described previously [160].

7.3. Results and Discussion

7.3.1. Lypd6 is GPI-anchored to the plasma membrane

Lypd6 belongs to the Ly6 family of proteins, which is characterized by an LU domain
with conserved cysteine residues and whose members are either secreted or GPI-anchored
to the plasma membrane [161, 162]. Bioinformatic analyses showed that zebrafish Lypd6
contains both a potential signal peptide sequence which is predicted to be cleaved from
the protein and a C-terminal GPI anchor attachment site, referred to as the omega site.
To verify Lypd6’s subcellular localization, we generated tagged constructs by inserting
GFP between the signal peptide (sp) and the rest of protein (spGFP-Lypd6, Figure
7.1A). This construct localized to the plasma membrane both in zebrafish embryos and
cultured mammalian cells while a truncated version lacking the carboxy terminus starting
at the omega site (spGFP-Lypd6∆GPI) did not (Figure 7.1B). Consistent with their
predicted GPI-anchorage spGFP-Lypd6 and a spGFP-GPI control construct could not
be detected in the media conditioned by transfected cells, while spGFP-Lypd6∆GPI and
a spGFP control construct could (Figure 7.1C). However, when cells were treated with
phosphatidylinositol-specific phospholipase C (PIPLC), which cleaves the GPI-anchor of
cell surface anchored proteins, both spGFP-GPI and spGFP-Lypd6 were detected in the
media (Figure 7.1C). These data indicate that Lypd6 contains a functional GPI-anchor
attachment site which locates it to the plasma membrane.
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Figure 7.1. lypd6 is GPI-anchored to the plasma membrane.(A) Domain structure of N-
terminally GFP-tagged wild-type Lypd6 (spGFP-Lypd6) and C-terminally truncated Lypd6
(spGFP-Lypd6∆GPI), (B) Localization of GFP tagged zebrafish wt and C-terminally truncated
Lypd6 in enveloping cells (EVL) of sphere stage zebrafish embryos and in Chinese hamster ovary
(CHO) cells, (C) Release of spGFP-Lypd6 and spGFP-GPI from the plasma membrane upon treat-
ment with phosphatidylinositol-specific phospholipase C (PIPLC). spGFP-Lypd6∆GPI and spGFP
are detectable in the conditioned media without PIPLC treatment.

7.3.2. Lypd6 interacts with LRP6 independently of its GPI-anchor

We next asked whether Lypd6 physically interacts with the members of the Wnt re-
ceptor complex. Lypd6 co-immunoprecipitated (co-IPed) with LRP6, but not with the
LDL receptor (LDLR), which is related to LRP6 but has no role in β-catenin signaling
(Figure 7.2A). However, a construct where the GPI anchor attachment site was replaced
with the transmembrane domain of human CD44 (spGFP-Lypd6∆GPI-CD44TMD) also
interacted with LRP6, indicating that LRP6-Lypd6 interaction does not depend on how
Lypd6 is anchored to the plasma membrane (Figure 7.2A). Interestingly, Lypd6 could
also be co-IPed with the β-catenin pathway coupled Frizzled (Fz) receptor Fz8 dependent
of exogenous Wnt stimulation, but not with the ligand Wnt8. Wnt3a stimulation trig-
gers formation of a complex between LRP6 and Frizzled. Receptor complex formation
is followed by phosphorylation of LRP6 at serine and threonine residues found in its
intracellular domain [163] and subsequent internalization of LRP6 via caveolin-mediated
endocytosis [157]. Hence, we first asked whether Lypd6 is necessary for Wnt-induced
LRP6 phosphorylation. Upon Wnt3a stimulation, while total LRP6 levels remained con-
stant, phosphorylated LRP6 at S1490 (P-LRP6) increased in the cells where Lypd6 was
overexpressed (Figure 7.2B). Intriguingly, phosphorylation of LRP6, was reduced in the
cells where spGFP-Lypd6∆GPI-CD44TMD was overexpressed, showing that this con-
struct acts as a dominant-negative construct. These findings show that Lypd6 binds to
LRP6 independent of how it is attached to the plasma membrane but it is capable of
stimulating LRP6 phosphorylation only when it is GPI-anchored to the membrane.

7.3.3. Lypd6 partitioning into rafts influences Wnt signaling activation

Endogenous LRP6 is found in both ordered glycolipoprotein membrane microdomains,
termed lipid rafts, and disordered regions, i.e. non-rafts, independent of Wnt3a stimu-
lation. Phosphorylation of LRP6, however, occurs preferentially in the lipid rafts [158].
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Figure 7.2. Lypd6 interaction with LRP6. (A) spGFP-zLypd6 and spGFP-zLypd6∆GPI-CD44
TMD co-immunoprecipitate (co-IP) with LRP6-HA, but not LDLR-HA in HEK293T cells. spGFP-
zLypd6∆GPI does not co-IP with LRP6-HA or LDLR-HA, (B) spGFP-zLypd6∆GPI-CD44 TMD
blocks Wnt3a-induced phosphorylation of LRP6 at S1490 in HEK293T cells assayed at 6h post
stimulation with Wnt3a CM.

How raft-specific LRP6 phosphorylation is regulated remains unknown. We thus won-
dered whether Lypd6 might facilitate raft-specific LRP6 activation.
GPI-anchored proteins often preferentially partition into the raft domains. To test

whether Lypd6 partitions into rafts, we employed giant plasma membrane vesicles (GP-
MVs) which enable observation of lipid phase separation in intact plasma membranes
isolated from live cells. GPMVs are cell-derived liposomes that can be isolated after
chemically induced membrane blebbing and which to a large extend maintain the lipid
and protein diversity of the plasma membrane [67, 106]. We found that Lypd6 parti-
tioned preferentially into the lipid rafts in GPMVs derived from CHO cells, which were
transfected with spGFP-Lypd6 and stained for the fluorescent non-raft lipid marker Fast
DiI (Figure 7.3A). Unlike spGFP-Lypd6, a construct in which the GPI anchor was re-
placed with the transmembrane domain of the human Transferrin receptor (TfR), a non-
raft marker protein, (spGFP-Lypd6∆GPI-TfR TMD) and the transmembrane-anchored
spGFP-Lypd6∆GPI-CD44TMD partitioned into the non-raft phases (Figure 7.3B-C). As
expected, the truncated construct spGFP-Lypd6∆GPI was not detectable on the surface
of GPMVs (Figure 7.3D) but inside the vesicles.
As fusion with the TfR transmembrane domain caused a relocation of the Lypd6

from raft to non-raft domains, we asked how this affected Lypd6’s ability to modulate
Wnt/β-catenin pathway activation. We found that, unlike the wild type Lypd6, the
transmembrane anchored version (spGFP-Lypd6∆GPI-TfR TMD) did not enhance but
reduced the Wnt8-induced pBAR activation both in HEK cells (Figure 7.4A) and in
embryos (Figure 7.4B). These data indicate that the TfR TMD fusion acts as a dominant-
negative construct, suggesting that localization of Lypd6 to lipid raft domains is necessary
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Figure 7.3. Membrane partitioning of various tagged Lypd6 constructs in GPMVs derived from
CHO cells: (A) GPI-anchored spGFP-zLypd6 preferentially goes into the lipid rafts (74±6%) and
does not overlap with the fluorescent non-raft lipid marker Fast DiI (red). (B) Transmembrane-
anchored spGFP-zLypd6∆GPI-TfR TMD prefers the non-raft phase (93±4%) and largely overlaps
with Fast DiI. (C) Transmembrane-anchored spGFP-zLypd6∆GPI-CD44 TMD partitions to the
non-raft phase (95 ± 2%) and overlaps with Fast DiI on the plasma membrane of GPMVs derived
from CHO cells. (D) GPI anchor lacking version spGFP-zLypd6∆GPI does not localize to the
surface of GPMVs.

Figure 7.4. (A) pBAR luciferase reporter activity in HEK293T cells transfected with Wnt8
(20 ng) plus spGFP-zLypd6 (100 ng) or spGFP-zLypd6∆GPI-TfR TMD (95 ng) or equimolar
amounts of spGFP-GPI control. spGFP-zLypd6∆GPI-TfR TMD acts as a dominant negative and
reduces reporter activity. ***, p<0.001, **, p<0.01, Student’s t-test, (B) Range of phenotypes in
Wnt8-overexpressing embryos injected with wnt8 (20 pg) plus spGFP-zLypd6 (150 pg) or spGFP-
zLypd6∆GPI-TfR TMD (140 pg) or equimolar amounts of spGFP-GPI control RNA. spGFP-
zLypd6∆GPI-TfR TMD significantly rescues Wnt8-induced phenotypes. ***, p<0.001, Chi-Square
test.

for its function as an enhancer of Wnt/β-catenin signaling.

7.3.4. Lypd6 regulates LRP6 distribution in plasma membrane phases

Because Lypd6 partitions into the rafts where LRP6 has previously been shown to be
phosphorylated, we asked whether it is necessary to recruit LRP6 to the lipid rafts. Due
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Figure 7.5. DRM flotation on an OptiPrepTM step gradient. Detection of endogenous Transferrin,
Caveolin-1, P-LRP6 and LRP6 and overexpressed GFP tagged Lypd6 in spGFP-zLypd6 (2 ng) or
spGFP-zLypd6∆GPI-TfR TMD (1.85 ng) or equimolar amounts of control spGFP transfected cells
treated with Wnt3a.

to their molecular composition, high lipid-to-protein ratio and packing structure, lipid
raft domains tend to remain intact and stay insoluble in non-ionic detergents at low
temperatures and they can be aggregated into detergent resistant membranes (DRMs),
while the fluid membrane dissolves [164]. Using DRM flotation on an OptiPrepTM step
gradient, we separated the DRMs marked by Caveolin1 (Figure 7.5, second row) from
the soluble membranes marked by TfR2 (Figure 7.5, first row). We found that the GPI-
anchored spGFP-Lypd6 was enriched in the DRMs while the transmembrane anchored
spGFP-Lypd6∆GPI-CD44TMD was shifted towards the detergent soluble phase and
showed almost no phase overlap with spGFP-Lypd6 (Figure 7.5, compare α-GFP, third
row). Strikingly, LRP6 phosphorylation preferably occurred in the place where Lypd6
was present and that it was also reduced when Lypd6 was forced to be expressed in the
soluble phases (Figure 7.5, fourth row, compare with the third row). These data suggest
that Lypd6 controls LRP6 distribution on the membrane and recruits it to the lipid rafts,
which is critical for it to become phosphorylated.

7.4. Conclusion

Here, by employing GPMVs, we found that the GPI-anchored Ly6 family protein Lypd6
partitions into the rafts and that this partitioning depends exclusively on its GPI-anchor.
Lypd6 physically interacts with LRP6 and recruits it to the lipid rafts, where LRP6
becomes phosphorylated in response to Wnt stimulation.
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8
Investigation of Membrane Order Regulation in Prokaryotes

with Model Membranes

Ordered phases are one of the biochemically active membrane states, which up to now
were thought to be a unique property of interactions between Eukaryotic membrane
lipids. The ordering properties of sterols form the basis for the formation of Lo phase
bi-layers. Through a biophysical examination of diplopterol, the simplest bacterial
hopanoid, and cholesterol, we demonstrate that hopanoids are bacterial sterol surrogates
possessing the ability to order saturated lipids and to form a "raft" phase. Furthermore,
diplopterol can buffer pH-induced changes to the order of lipid A, a major component
of the bacterial outer membrane. These observations can explain major features of the
environmental distribution of hopanoids and prove that cholesterol-like ordering could
have evolved prior to the oxygenation of Earth’s surface.

8.1. Introduction

The capacity for sterols to modulate the ordering of lipids forms the basis for a membrane
organizing principle in eukaryotes [7]. The emergence of sterol-like ordering was likely
a critical step in the evolution of biological membranes, allowing cells to control fluidity
without compromising membrane integrity, and providing a means to compartmentalize
membranes into functional domains [114, 165, 166]. It is not known, however, to what
extent such membrane ordering properties span the domains of life. Prokaryotes generally
lack sterols, however some bacteria produce hopanoids [167, 168], which are structurally
similar (Figure 8.1A) [169] and their cyclization is catalyzed by related enzymes [170].
These similarities inspired the hypothesis that hopanoids are bacterial "sterol surrogates"
[171], and led us to examine whether hopanoids might share the properties of sterols in
membranes.

8.2. Materials and Methods

GUVs were prepared as described in Section 6.2.3. Fluorescence Correlation Spectroscopy
measurements were carried out as will be described in detail in Section 9.2.2.
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8.2.1. Lipids and Probes

SM, kdo-lipid A, DPPC, POPC, DPPC, DPPG, POPG, DOPG, and cholesterol were
purchased from Avanti Polar Lipids. Diplopterol was purchased from Chiron AS. Atto532
labeled sphingomyelin was purchased from AttoTech. C-laurdan was a gift from Prof.
B. R. Cho (Seoul, Korea). Stock concentrations of lipids were measured by phosphate
assay. Cholesterol and diplopterol were weighed out on a precision scale and solubilized
in a known volume of chloroform/methanol (2:1).

8.2.2. Monolayers

Monolayers were prepared as described previously [172]. Briefly, chloroform/methanol
(2:1) solutions of pure lipids and mixtures were prepared at 0.5 mg/ml lipid concentra-
tions. Monolayers were prepared by injecting 10-20 µl of lipid solution onto an aqueous
subphase maintained at 25 ◦C by a built-in water jacket supplied by a temperature con-
trolled circulating water bath. The subphase was comprised of 150 mM NaCl, 3.3 mM
sodium citrate, 3.3 mM sodium phosphate, 3.3 mM glycine, and 0.1 mM ethylenedi-
aminetetraacetic acid (EDTA), with pH titrated to 7.4, 5.1, or 3.1 by HCl or NaOH.
Isotherms were recorded using a 70 cm2 teflon Langmuir trough fitted with a motorized
compression barrier equipped with pressure sensor and Wilhelmy plate (Nima Techn-
nology). The mean molecular areas (MMA) for each mixture were estimated from the
averages of isotherms from three monolayers that were prepared independently. The
theoretical mean area per molecule (lipid) for each mixture was calculated as follows:

Ai =X1A1 +X2A2 (8.1)

where: Ai = MMA of the mixture, X1, X2 = the mole fraction of lipid 1 and 2, and
A1, A2 = the MMAs of lipid 1 and 2 at surface pressures 5, 10, 15, 20, and 25 mN/m.
The percent change in molecular area (condensation effect) was calculated as follows:

c= 100(Ai−Ao)/Ai (8.2)

where: c = % condensation, Ao = the observed MMA at 5, 10, 15, 20, and 25 mN/m,
and Ai = the theoretical MMA of the two lipids.
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8.2 Materials and Methods

Figure 8.1. (A) Structures of cholesterol and diplopterol and (B) a conceptual cartoon illustrating
liquid disordered (Ld), liquid ordered (Lo), and gel phase membranes.

8.2.3. Preparation of liposomes and C-laurdan spectroscopy

Lipids in 2:1 chloroform/methanol were mixed, dried under vacuum for 4 hours. Lipids
were then hydrated in HBS (50 mM Hepes, 150 mM NaCl, 0.2 mM EDTA, pH 7.2) at
68 ◦C for 20 minutes. The resulting liposomes were subjected to 10 freeze-thaw cycles,
followed by sonication for 5 minutes to promote formation of unilamellar membranes.
Bi-layer formation was confirmed in unlabelled liposomes by the presence an emission
peak at 425 nm ( ex = 385 nm) [106]. Liposome preparations containing 200 µM lipid
were stained with 100 nM C-laurdan and incubated at room temperature for 20 minutes
to equilibrate. Liposomes of each mixture were independently mixed and prepared in
triplicate. Spectra were recorded with 1 nm resolution on a Fluoromax-3 fluorescence
spectrometer (Horriba) with temperature maintained at either 25 or 50 ◦C by a temper-
ature controlled circulating water bath. Excitation of C-laurdan was 385 nm. Spectra
were recorded from triplicate preparations of each mixture and averaged. The GP values
for C-laurdan were calculated from two emission bands 420- 460 nm and 470 - 510 nm
according to Equation 3.2. C-Laurdan microscopy was carried out as described in Section
5.9.
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8.3. Results and Discussion

8.3.1. The effects of cholesterol and diplopterol on the phase behavior and ordering
of sphingomyelin in model membranes

Sterols and sphingolipids are closely associated in eukaryotic membranes and the na-
ture of their interactions has been extensively characterized. Therefore we chose to test
whether diplopterol behaves similarly to cholesterol in this well-defined system. Sterols
interact with sphingolipids in vitro to form a liquid ordered (Lo) phase that represents a
thermodynamic intermediate between liquid disordered (Ld) and crystalline gel phases
(Figure 8.1B) [173]. The interactions leading to the formation of a Lo phase derive
from the ability of sterols to simultaneously inhibit the formation of the gel phase (by
intercalating between sphingolipids and preventing their crystallization) and to order sat-
urated acyl chains. To test whether these properties are also exhibited by hopanoids, we
examined the effect of diplopterol on N-stearoyl-D-erythro-sphingosylphosphorylcholine
(SM), a synthetic sphingolipid. Monolayer experiments provide an approach to study
the gel-liquid phase transition of SM. Lipids are spread out over an air-water interface to
form a monolayer and lateral pressure (measured as surface tension) is measured while
the area of the monolayer is decreased. The measurements are depicted as an isother-
mal plot of pressure versus mean molecular area (MMA - Angstroms2/molecule) of the
lipid mixture (Figure 8.2A). Lipids such as SM that form a gel phase at physiological
temperatures show a characteristic inflection point in the isotherm plot, which reflects a
sharp phase transition from liquid to gel phase. This phase transition is eliminated in
the presence of cholesterol (Figure 8.2). We observed the same effect of diplopterol on
SM (Figure 8.2A), demonstrating a shared ability to inhibit gel phase formation.

To determine whether diplopterol shares an ability with cholesterol to order SM we
measured ordering by (C-laurdan) spectroscopy. The generalized polarization (GP) in-
dex calculated from C-laurdan emission spectra is correlated with lipid order (see Section
3.2). We calculated the ordering effect of cholesterol or diplopterol as the difference in
the GP index (∆GP ) of liposomal membranes containing pure SM and mixtures contain-
ing cholesterol or diplopterol. Measurements were made above the gel-liquid transition
temperature of SM to ensure that we were observing an ordering effect on bilayers in a
liquid state and not a fluidizing effect on gel phase bilayers. Our results indicate that
diplopterol exhibits an ordering effect on SM comparable to the effect of cholesterol
(Figure 8.2B). This result is further corroborated by monolayer experiments in which
the observed MMA of mixtures containing cholesterol or diplopterol with SM was less
than the MMA predicted from the sum of the individual components; indicating a en-
ergetically favorable condensing interaction (Figure 8.2A). Interestingly, compared with
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Figure 8.2. The effects of cholesterol and diplopterol on SM. (A) Monolayers of SM and mixtures
containing cholesterol (chol) or diplopterol (dip) were compressed at 25 ◦C. The condensation
effect of chol and dip on SM was calculated as shown to the right of the isotherm traces. (B) The
membrane ordering effect (∆GP ) of chol or dip on SM was determined by C-laurdan spectroscopy on
liposomes labeled with 0.2 mol % C-laurdan and composed of SM, SM/chol (2:1 mol%) and SM/dip
(2:1) at 50 ◦C. The ∆GP was calculated as the difference in GP between liposomes containing pure
SM and mixtures of either SM/chol or SM/dip.

cholesterol, diplopterol exhibits a weak ordering effect on lipids containing unsaturated
acyl chains.

8.3.2. Cholesterol and diplopterol interact with sphingomyelin to form a liquid
ordered phase in giant unilamellar vesicles

Having demonstrated a shared ability for diplopterol and cholesterol to inhibit gel phase
formation and order SM, we directly assayed whether diplopterol induces the formation
of a Lo phase. In model systems composed of synthetic lipids SM and 1,2-dioleoyl-
sn-glycero-3-phosphocholine, cholesterol induces the formation of two immiscible liquid
phases: an ordered phase (Lo) enriched in SM and sterol, and a disordered phase (Ld)
enriched in DOPC [174]. We investigated the coexistence of Lo and Ld phases in GUVs
using C-laurdan microscopy. Mixtures containing SM/DOPC and either cholesterol or
diplopterol yielded phase separated GUVs with ordered and disordered phases (Figure
8.3A,B), suggesting that the hopanoid ring structure is capable of inducing phase separa-
tion. The relative order (e.g. C-laurdan GP) of GUVs comprised of SM/cholesterol and
SM/diplopterol were roughly equal, and within the range characteristic of Lo bilayers
(Figure 8.3A,B) [34]. By comparison, the GP of DOPC GUVs was negative indicating a
liquid disordered (Ld) membrane. These observations were confirmed by quantifying the
diffusivities of the membranes by FCS (See Chapter 2). The diffusivity of Atto532 labeled
sphingomyelin in GUVs containing cholesterol or diplopterol with SM was identical and
nearly an order of magnitude slower than for DOPC GUVs (Figure 8.3C). These results
demonstrate that diplopterol is capable of interacting with SM to form a Lo phase with
order and fluidity that are essentially identical to the cholesterol-SM Lo phase.

73



8 Investigation of Membrane Order Regulation in Prokaryotes with Model Membranes

Figure 8.3. Diplopterol forms a liquid ordered phase. (A) Confocal images of GUVs at 22 ◦C and
labeled with 0.2 mol % C-laurdan. The composition (mol %) of GUVs is given below each image
and GP values are depicted by color. (B) Average GP of one- and two-component GUVs and of
ordered and disordered domains from three-component GUVs (n = 4). (C) Autocorrelation curves
and estimated diffusion times of Atto532 labeled sphingomyelin (0.001 mol%) in SM/Chol, SM/Dip
and DOPC GUVs at 22 ◦C.

8.3.3. Cholesterol and diplopterol modulate the order and phase behavior of lipid A
in model membranes

Thus, we now have evidence that diplopterol and cholesterol share a conserved ability
to order saturated lipids and to promote the formation of a Lo phase while preventing
the formation of a gel phase. The physiological relevance of this property in bacteria,
however, remains unaddressed. The cellular abundance of hopanoids in bacteria varies
by nearly two orders of magnitude between organisms [168] and approaches roughly
50% of the lipid content of some bacteria [175]. We observed that the ordering ef-
fect of diplopterol was apparent at molar concentrations as low as 5 % , indicating that
hopanoids could play a role in membrane ordering at physiologically relevant abundances.
Hopanoids in bacteria have been observed in the outer membranes [176–178], where lipid
A is the major component of the extracellular leaflet of the bilayer [179]. This lipid
bears several structural similarities to SM, including amide-linked saturated acyl chains
and hydroxylations (Figure 8.4A). This similarity led us to conjecture that diplopterol
could also affect lipid A-containing membranes. It was previously demonstrated that
lipid A undergoes a pH dependent change in order, becoming less fluid at lower pH and
approaching a gel state [180]. Such extreme pH-induced changes in ordering of lipid A
could be detrimental to the integrity and biochemical functionality of the bacterial outer
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Figure 8.4. Ordering effect of diplopterol (dip) and cholesterol (chol) on kdo-lipid A. (A) com-
parison of the structures of kdo-lipid A and SM. (B) Isotherms of Lipid A mixtures and calculated
condensation effect of chol and dip on kdo-lipid A at 25 ◦C and pH 7.4, 5.1, and 3.1. (C) The mem-
brane order (GP) of liposomes labeled with 0.2 mol % C-laurdan containing kdo-lipid A, kdo-lipid
A/dip, and kdo-lipid A/chol. The pH-induced change in relative membrane order was calculated
as the difference in GP (GPpH3 −GPpH7) between pH 3 and 7 for the three mixtures at 25 ◦C.

membrane. Indeed, two recent studies showed that mutants of hopanoid-producing bac-
teria with disrupted hopanoid synthesis exhibited retarded growth at low pH [181, 182].
We therefore tested the possibility that hopanoids play a role in modulating the order of
lipid A in response to changing pH. To determine if diplopterol or cholesterol could in-
fluence the pH-induced phase transition of lipid A we examined their effect on synthetic
Di[3-deoxy-D-manno-octulosonyl]-lipid A (kdo-lipid A; Figure 8.4A) in monolayers at
neutral and acidic pH. At pH 7.4 kdo-lipid A yielded a monotonically increasing change
in surface pressure with decreasing molecular area, demonstrating that it is in a fluid
state with no phase transition occurring (Figure 8.4B). As predicted, at pH 5 and 3 we
observed the emergence of a phase transition, indentified by a "shelf" in the isotherms
(Figure 8.4B). The addition of diplopterol or cholesterol eliminated this phase transition.
Additionally, both of these lipids exhibited a condensing effect on kdo-lipid A (Figure
8.4B), consistent with our previous results demonstrating their ability to condense SM.
Together, these observations indicate that both diplopterol and cholesterol are capable of
simultaneously condensing lipid A and inhibiting its gel phase formation, thus buffering
the effects of low pH on lipid A.
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Finally, we measured the order of kdo-lipid A-containing membranes using C-laurdan
spectroscopy. At pH 7, liposomes comprised of kdo-lipid A alone were less ordered than
with either diplopterol or cholesterol, and values of the latter two mixtures were within
the range expected for Lo membranes (Figure 8.4C). Thus, in terms of order, lipid
A/diplopterol membranes at neutral pH are analogous to SM/cholesterol membranes.
At pH 5.1 and 3.1 the GP of pure lipid A in comparison to pH 7 increased to 0.4 and
0.6, respectively, indicating increasing membrane order. On the other hand, the lipid A
mixtures with diplopterol and cholesterol exhibited a smaller change in the GP. These
results again demonstrate that diplopterol and cholesterol have the ability to moderate
pH-induced changes in ordering. This capability of hopanoids could play a key role in
modulating the ordering of the outer membrane of hopanoid-producing bacteria in en-
vironments with variable pH and could explain the prominence of hopanoids in bacteria
that live in acidic environments [167, 168, 183], environments that experience large pH
shifts such as soils [184, 185], and the rarity of hopanoids in pH buffered environments
such as the oceans [186, 186, 187]. It may also explain the previously mentioned sensi-
tivity of hopanoid deficient mutants to low pH [181, 182].

8.4. Conclusion

Here, we demonstrate for the first time that the hopanoid ring structure, like the sterol
ring structure, is capable of interacting with saturated lipids to form a Lo phase and to
modulate the order of lipid A. The similarities between hopanoids and sterols were first
considered over 30 years ago by pioneers in the field [169], and they were subsequently
dubbed as "bacterial sterol surrogates" [171]. However, the significance of the Lo phase
as a unique product of lipid ordering and the biological implications of the Lo phase
for membrane organization were not known at that time. The ordering properties of
hopanoids in some bacteria could potentially confer the ability to subcompartmentalize
their membranes into functional domains [188]. Evidence for lipid dependent functional
domains has been reported for Bacillus subtilis [189], and there is evidence for lateral
membrane heterogeneity in Gloeobacter violaceus [190], a hopanoid-producing cyanobac-
terium. Interestingly, it has been suggested that the averaged order of eukaryotic plasma
membranes and bacterial inner membranes lacking hopanoids converge [132]. These
studies imply that bacteria that lack hopanoids may employ alternate mechanisms for
achieving lateral heterogeneity and modulating membrane order. Since the biosynthesis
of hopanoids does not require molecular oxygen [191–194], our results demonstrate that
the capacity to order membranes could have preceded the emergence of free oxygen on
Earth’s surface. Furthermore, the shared ability of hopanoids and sterols to mediate Lo
phase formation suggests that this property might be a conserved feature of all membrane
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polycyclic isoprenoids. This possibility prompts the need to extend our observations to
other hopanoids (such as the bacteriohopanepolyols), and other cyclic lipids including
tetrahymanol. If ordering and the promotion of coexisting liquid phases are conserved
properties of these lipids, the invention of isoprenoidal cylcase enzymes could mark an
important event in the evolution of biological complexity: the evolution of a second bio-
chemically active liquid membrane phase and the ability to regulate membrane order by
decoupling lipid lateral diffusivity from acyl chain freedom of motion.
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9
Partitioning, Diffusion, and Ligand Binding of Raft Lipid

Analogs in Model and Cellular Plasma Membranes

Several simplified membrane models, as discussed in Chapter 4 featuring coexisting liq-
uid disordered (Ld) and ordered (Lo) lipid phases have been developed to mimic the
heterogeneous organization of cellular membranes, and thus, aid our understanding of
the nature and functional role of ordered lipid–protein nanodomains, termed “rafts”. In
spite of their greatly reduced complexity, quantitative characterization of local lipid en-
vironments using model membranes is not trivial, and the parallels that can be drawn
to cellular membranes are not always evident. Similarly, various fluorescently labeled
lipid analogs have been used to study membrane organization and function in vitro (See
Chapter 3), although the biological activity of these probes in relation to their native
counterparts often remains uncharacterized. This is particularly true for raft-preferring
lipids (“raft lipids”, e.g. sphingolipids and sterols), whose domain preference is a strict
function of their molecular architecture, and is thus susceptible to disruption by fluores-
cence labeling. Here, we analyze the phase partitioning of a multitude of fluorescent raft
lipid analogs in GUVs and GPMVs. We observe complex partitioning behavior dependent
on label size, polarity, charge and position, lipid headgroup, and membrane composition.
Several of the raft lipid analogs partitioned into the ordered phase in GPMVs, in con-
trast to fully synthetic GUVs, in which most raft lipid analogs mis-partitioned to the
disordered phase. This behavior correlates with the greatly enhanced order difference
between coexisting phases in the synthetic system. In addition, not only partitioning, but
also ligand binding of the lipids is perturbed upon labeling: while cholera toxin B binds
unlabeled GM1 in the Lo phase, it binds fluorescently labeled GM1 exclusively in the
Ld phase. Fluorescence correlation spectroscopy (FCS) by stimulated emission depletion
(STED) nanoscopy (see Chapter 2) on intact cellular plasma membranes consistently re-
veals a constant level of confined diffusion for raft lipid analogs that vary greatly in their
partitioning behavior, suggesting different physicochemical bases for these phenomena.
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9.1. Introduction

The minimal systems approach aims to uncover the principles underlying biological pro-
cesses by minimizing the number of variables, thus decreasing complexity, while retaining
the functionality of the system [76]. For research on biological membranes, several min-
imal systems exist to study both isolated lipid behavior and the interplay of lipids and
proteins [96]. GUVs (see Chapter 4) are widely used model membranes [85, 103, 195]
that have found a large variety of applications [29, 41, 86, 129, 130, 174, 196, 197], due
to their ease of preparation and strict control of membrane composition. Yet, having a
limited number of components, GUVs cannot fully recapitulate many important prop-
erties of cellular membranes, most notably due to the lack of leaflet asymmetry and
membrane spanning proteins that comprise a major fraction of all biological membranes.
An intermediate model system between fully synthetic GUVs and live cell membranes
are GPMVs (see Chapter 5), microscopic spheres of plasma membranes harvested from
live cells following chemical treatment [89, 198]. GPMVs more closely resemble native
biological membranes, because they maintain lipid and protein diversity, but have the
disadvantage of rather high compositional variation and complexity.
The most widely investigated physicochemical phenomenon of biomimetic membranes

is the liquid-liquid phase coexistence occurring when saturated lipids and sterols con-
dense to form a liquid ordered (Lo) phase, which separates an unsaturated lipid-rich
liquid disordered (Ld) phase. Lo/Ld phase separation in GUVs and GPMVs has been
extensively characterized [29, 67, 86, 109, 123, 125, 129, 130, 135, 174, 196, 197, 199]
(see Chapter 4) and proposed as a physical basis underlying the raft concept in cell
membranes [7, 29, 200].
Measurements of membrane nanostructure require specific visualization of lipids and

proteins, realized by adding a fluorescent label to the molecule of interest. The discovery
of the green fluorescent protein (GFP) enabled direct observation of proteins both in
their native environment and in the synthetic systems described above [67, 122, 123]. In
the case of lipids, such a universal probe is not available. To sensitively and selectively
probe the lipid environment [74, 201], coupling synthetic fluorescent moieties to lipids
and incorporating these analogs into cell membranes has become a common protocol
for optical investigation of membranes (see Chapter 3). However, the addition of bulky
tags, often containing hydrophilic groups, may drastically affect native lipid behavior
[199]. This is particularly true of raft lipids (i.e. those that would be expected to
enrich in the raft phase based on their enrichment in detergent resistant membranes
- sphingolipids, sterols, etc), which require specific structural features to allow their
condensation into an ordered domain. Correspondingly, apart from a few examples [202–
204], most fluorescent raft lipid analogs do not enter the raft-mimetic Lo phase of model
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membranes [65, 68, 199, 202, 205–208].
As a complement to minimal membrane model systems, local heterogeneity in the

membranes of live cells has been probed by measuring the diffusion of lipids and proteins
(e.g. by single particle tracking (SPT) [209] and Fluorescence Correlation Spectroscopy
(FCS) [86] since the introduction of the raft hypothesis [7, 210]. In contrast to SPT,
where a labeled molecule is tracked with very high positional accuracy to reveal the local
membrane structure, FCS on cellular membranes suffered from the relatively large size
of the confocal observation spot compared to the size of putative lipid nanodomains.
Recently, the addition of FCS to STED nanoscopy [51, 54, 211] (used to tune focal spots
down to 30 nm in diameter) revealed transient local confinement of fluorescent sphin-
golipid and ganglioside (but not phosphoglycerolipid) analogs in the plasma membrane of
living cells [15, 212]. Despite the large difference in nanoscopic diffusion between fluores-
cent sphingo- and phosphoglycerolipids, both lipids have been shown to mainly partition
into the Ld phase of model membranes [98, 212]. Consequently, it remains to be shown
how the transient nanoscopic interactions probed by STED-FCS relate to ordered phases
in model membranes and functional "rafts" in live cells.
Due to the mis-partitioning of most fluorescent lipid analogs in model membranes, the

justification of using GUVs as model systems and fluorescent lipid analogs as probes of
heterogeneous membrane organization in vivo has been challenged. In this report, we
extend previous observations and perform a systematic comparison of phase partition-
ing, diffusion and binding characteristics of a multitude of differently labeled and either
commercially available or specifically synthesized raft lipid analogs in cellular and model
membranes. We compare phase partitioning in fully synthetic GUVs and cell-derived
GPMVs, and relate it to nanoscopic diffusion characteristics in the plasma membrane
of living cells as measured by STED-FCS. We also study the influence of tagging the
ganglioside GM1 with an organic dye on its ability to bind its native ligand, cholera
toxin B (CTxB). We show that many of the fluorescent raft lipid probes partition to the
raft-mimetic ordered phase in GPMVs, in contrast to GUVs. Moreover, we show that
binding of GM1 to CTxB changes dramatically upon labeling. Finally, our data show
that phase association of raft lipid analogs in model membranes does not correlate with
confined diffusion measured by STED-FCS which points that the heterogeneity in living
cell membrane is much more complex than two phase partitioning in model membranes.

9.2. Materials and Methods

GUVs and GPMVs were prepared as described in Section 6.2.3 and Section 6.2.4 respec-
tively. Confocal Microscopy was carried out as described in Section 6.2.6. C-Laurdan
measurements were done as described in Section 5.9.
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9.2.1. Fluorescent probes

We labeled sphingomyelin (SM) and the ganglioside GM1 either at the headgroup (H) or
at the water-lipid interface by replacing the native long acyl chain with a short acyl chain
carrying the dye (AC) with different dyes: NBD, TopFluor (TF), Bodipy-FL (BD-FL),
Bodipy-TMR (BD-TMR), Atto532, Atto647N and KK114 [213]. TF-SM and NBD-C12-
SM were purchased from Avanti Polar Lipids (AL, USA) and BD-FL labeled SM and GM1
and NBD-C6-SM from Invitrogen (CA, USA). NBD-C6-GM1 and the Atto532, Atto647N
and KK114 labeled lipid analogs were synthesized as outlined previously [15, 212–215].
The cholesterol analogs were purchased from Avanti (TF) or Invitrogen (BD-TMR).
For the lipid dye structures refer to Appendix. Fast DiO, Fast DiI and DiD C18 were
purchased from Invitrogen (CA, USA) and Alexa647 or Alexa555 labeled cholera toxin
B (CTxB) from Sigma-Aldrich (MO, USA). C-Laurdan was a gift from Dr. B. R. Cho
(Seoul, Korea).

9.2.2. Determination of Lo partitioning and lipid analog brightness

We determined the fraction of lipid analogs partitioning into the Lo phase from intensity
line profiles of confocal images Figure 9.1 using ImageJ-Line profile, as described [124].
The fluorescence intensities of the Lo and Ld phase, FLo and FLd respectively, were
determined from the peaks of the line scan, where the different phases were identified
by the Ld phase markers Fast DiO, Fast DiI or DiD. Opposite sides experienced the
same polarization of the exciting lasers and were thus chosen to eliminate any bias in
fluorescence intensity due to differences in laser excitation efficiency. The background
values obtained from the pixels outside the vesicles were subtracted from peak values.
The Lo-partitioning coefficient (%Lo) is then;

Lo% = FLo
FLo+FLd

(9.1)

This relationship would not hold if the molecular brightness (cpp, counts per particle)
of a given analog was dependent on the membrane environment, i.e. if the fluorescent
yield was different in the two phases. For all the lipid analogs tested, we performed FCS
in pure Lo (DOPC/BSM/Chol (10:50:40)) and pure Ld (DOPC/BSM/Chol (80:10:10))
GUVs to measure the brightness of particles in each phase (cppLo and cppLd) (Figure 9.2).
These compositions are representative of the coexisting phases in the DOPC/BSM/Chol
(2:2:1) GUVs used for the partitioning experiments and were estimated using published
phase diagrams and tie lines [216]. FCS experiments were carried out as described
previously [88]. Briefly, the focal spot was placed either on the top or bottom of the GUVs
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Figure 9.1. Calculation of Lo% using intensity profiles through scanning confocal fluorescence
images. Representative scanning confocal fluorescence images of phase separated vesicles incorpo-
rating a fluorescent lipid analog (upper panel) and an intensity profile (lower panel) along the line
marked in the upper panel. The distribution of these molecules is revealed by the fluorescence
intensitiy (green). The fluorescence intensities of the Lo and Ld phase, F(Lo) and F(Ld) respec-
tively, were determined from the peaks of the line scan, where the different phases were identified
by the Ld phase markers DiO, DiI or DiD (fluorescence of these markers not shown). Opposite
sides experienced the same polarization of the exciting lasers and were thus chosen to eliminate
any bias in fluorescence intensity due to differences in laser excitation efficiency. The ratio of FLo

and FLd allow calculating the Lo partitioning coefficient Lo% as shown in the equation. The Lo%
values of >10 vesicles were used to get an average Lo% value for a lipid analog.

with the optical settings kept the same for Lo and Ld vesicle measurements. Brightness
values were obtained by fitting the autocorrelation curves with a two-dimensional one-
component diffusion model;

G(τ) = 1
N

(1 + τ

τD
)−1 (9.2)

Normalized Lo partitioning values ((Lo%)n) were then calculated accounting for the
relative brightness of the lipid analogs in two phases;

Lo%n = Lo%× (cppLd/cppLo)
Lo%× (cppLd/cppLo) + (100−Lo%) (9.3)

9.2.3. STED-FCS measurements

STED-FCS data were recorded on a microscope outlined previously in detail [15, 212,
217]. Briefly, pulsed diode lasers at 633 nm (≈ 80 ps pulse width, LDH-P-635, PicoQuant,
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Figure 9.2. Brightness of the lipid analogs.

Berlin, Germany) or at 532 nm (≈ 80 ps pulse width, Pico-TA 532, PicoQuant) were
used for excitation of Atto647N or KK114 and Atto532 fluorescence, respectively, and
the STED beams were provided by a Titanium:Sapphire laser system (MaiTai, Spectra-
Physics, Mountain View, CA, USA) operating at 770-780 nm with a repetition rate of
76 MHz, either directly for Atto647N or KK114 and at 612 nm for Atto532 by an optical
parametric oscillator (APE, Berlin, Germany) fed by the same Titanium:Sapphire laser
system. Fluorescence excitation and collection was realized using an oil immersion ob-
jective (PLAPON 60X, NA = 1.42, Olympus, Japan; or HCXPLAPO NA = 1.4, Leica
Microsystems). The 50:50 split fluorescence signal was detected by two single-photon
counting modules (avalanche photo diode SPCM-AQR-13-FC, Perkin Elmer Optoelec-
tronics, Fremont, CA, USA) and the recorded fluorescence counts were further processed
by a hardware correlator card (Flex02-01D, Correlator.com, NJ, USA). Mammalian PtK2
cells were prepared, and incorporation of the lipids into the plasma membrane via a BSA-
lipid complex was performed as previously described [15, 217]. STED-FCS measurements
were performed at room temperature by placing the foci on random positions in the lower
plasma membrane facing the coverslip, and by completing all measurements before sig-
nificant internalization or any morphological changes in the cell could take place. The
measurement times were kept short (≈15 s) to avoid biasing distortion of the correlation
data due to very infrequent transits of bright particles such as cell debris [15, 217]. Fit-
ting of the FCS data was performed by using a two-dimensional diffusion model assuming
a Gaussian-shaped fluorescence detection profile.

G(tc) = 1 + (1/N)(1 + (tc/τD)α)−1 (9.4)
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Here, τD = d2/(8ln2D) denotes the average transit time through the focal spot of
diameter (or full-width-at-half-maximum) d, D the apparent diffusion coefficient and α
the anomaly coefficient, which is = 1 for normal free Brownian diffusion and < 1 for
heterogeneous diffusion, for example, due to trapping. Additional terms due to dark
(triplet) state populations were regarded as detailed in references [15, 217].

9.3. Results and Discussion

9.3.1. Partitioning in GUVs

GUVs composed of DOPC/BSM/Chol (2:2:1) displayed separation into an Ld and an Lo
phase at room temperature, revealed by a heterogeneous distribution of the dyes Fast
DiO, Fast DiI or DiD-C18 (Figure 9.3A). All of these dyes are known to incorporate into
the membrane and specifically mark the Ld phase [199]. This domain assignment was
confirmed by Generalized Polarization (GP) experiments using the membrane marker
C-Laurdan: the Lo phase is characterized by relatively high GP values, compared to the
Ld phase [29] (Figure 9.3C). We determined the Lo partitioning (%Lo) of various fluo-
rescent analogs of sphingomyelin (SM), GM1 and cholesterol (Chol), which were either
labeled with the dye NBD, TopFluor (TF), Bodipy-FL (BD-FL), Bodipy-TMR (BD-
TMR), Atto532, Atto647N or KK114, from intensity line profiles of scanning confocal
fluorescence images (Figure 9.1 and Figure 9.3). The fluorescent raft lipid analogs were
either labeled on the headgroup (H) or by replacement of the native acyl chain with
a short acyl chain carrying the dye (AC) (for structures see Appendix). Non-labeled
SM, GM1, and cholesterol would be predicted to enrich in the Lo phase based on their
preference for raft domains in live cells, as assayed by detergent resistance [218]. The
orientation of the tie lines in tertiary mixtures confirms this assumption for SM, and to
a much smaller extent, cholesterol [130]. Lo enrichment of GM1 is predicted by binding
of its ligand cholera toxin [218]. Based on this information, deviation from Lo preference
for SM, GM1, and cholesterol analogs can be attributed to the influence of the label.
Figure 9.3A (upper panel) shows representative fluorescence scanning images of a GUV

incorporating the dye DiD and a SM analog (BD-FL C12 SM). This analog preferentially
partitions into the phase marked by DiD, i.e., the Ld phase. Using the procedure de-
scribed in Equations 9.1 and 9.3, we determined %Lo ≈ 30%. Table in Appendix lists the
%Lo values for all fluorescent raft analogs tested here. 17 of the 18 analogs tested (TF-
Chol excepted) were enriched in the disordered phase (%Lo < 50%) in GUVs, in agree-
ment with previous observations for other lipid analogs [60–62, 66, 68, 206, 208, 214, 219].
The mis-partitioning of raft analogs labeled by acyl chain replacement (AC) is expected,
because the addition of the bulky fluorescent side-chain may change the packing abilities
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of the lipid. In the case of headgroup labeling, mis-partitioning may be explained by
a label-induced change of the headgroup conformation and/or by the dye label tilting
towards the membrane, again introducing a steric hindrance. This can be explained by
a label-induced change of the headgroup conformation and/or by the dye label tilting
towards the membrane, again introducing a steric hindrance.

9.3.2. Differential partitioning of lipid analogs in GUVs and GPMVs

GPMVs derived from RBL cells showed phase separation similar to that of GUVs (Figure
9.3A bottom). However, nearly all analogs were much more ordered phase preferring in
GPMVs (%Lo(GPMV) > %Lo(GUV), Figure 9.3B) regardless of the chemical prepara-
tion used to derive the vesicles (i.e. PFA/DTT or NEM; all data shown is from PFA/DTT
GPMVs). This model system-dependent partitioning is likely due to the difference in or-
der/packing of the lipids in the coexisting phases of the GUVs compared to GPMVs
[9, 35, 220]. Similar to previous reports [34], we used C-Laurdan microscopy to measure
the molecular packing (and thus order) of the Ld and Lo phases in the vesicles (Figure
9.3C). In the DOPC/BSM/Chol GUVs, the Ld phase was much more disordered, and the
Lo phase much more ordered, than in the GPMVs. Consequently, the order difference
between the coexisting phases was much larger for these GUVs than for the GPMVs (as
observed in previous experiments [34]), likely amplifying the inherent disorder prefer-
ence of many lipid analogs in the case of the GUVs. The quite small order difference
between domains in GPMVs is presumably due to its complex lipid and protein content,
likely resulting in a more biologically appropriate molecular partitioning than modeled
in GUVs.

9.3.3. Label size, hydrophobicity, and position affect analog partitioning

Having determined that GPMVs seem to provide a more physiological system to measure
lipid analog partitioning between coexisting liquid phases, we attempted to determine
the dependence of this partitioning on specific structural factors such as label type,
label position, and lipid headgroup. Lo partitioning of SM was in general lowest for
the most bulky and charged dye labels Atto647N, KK114 and Atto532 (%Lo values
down to < 2% and < 4% in GUVs and GPMVs, respectively - Atto647N is positively
charged and KK114 and Atto532 have a negative net charge) and highest for the smaller
and uncharged dye labels NBD, TF and BD-FL (%Lo up to 65% in GPMVs; TF and
BD-FL are zwitterionic with a very small charge separation). Therefore, it seems that
it is advantageous to use smaller and uncharged dye labels. In agreement with this
conclusion, a lipid labeled with an uncharged NileRed derivative has previously been
shown to be Lo preferring [221] (this derivative did not represent a functional lipid,
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Figure 9.3. Phase partitioning of fluorescent raft lipid analogs in GUVs and GPMVs. (A) Rep-
resentative scanning confocal fluorescence images of phase separated GUVs and GPMVs stained
with BD-FL-C12 SM and the Ld-phase marker DiD. The distribution of both molecules is revealed
by the respective fluorescence intensities (green: BD-FL-C12 SM, red: DiD) and the %Lo values
determined from the intensity ratios along the line profiles as shown in Figure 9.1. BD-FL-C12
SM prefers the Ld phase in GUVs (%Lo ≈ 30%) and the Lo phase in GPMVs (%Lo = 65%). (B)
Correlative plot of %Lo determined for the 18 different raft lipid analogs in GUVs and GPMVs.
Most analogs prefer the Ld phase (%Lo < 50%, dashed lines) in GUVs; this mis-partitioning is
less pronounced in GPMVs. (C) GP values of Ld (red columns) and Lo (black columns) domains
in GUVs and GPMVs quantified by C-Laurdan microscopy. Larger GP values are indicative of
higher molecular packing/order. Absolute ordering and the difference in order between phases is
much more pronounced in GUVs than in GPMVs. Error bars represent standard deviations of the
respective values determined from >10 vesicles/sample.

such as a sphingolipid). Label steric size and charge are not the only determinants of
partitioning, since SM labeled with the smallest and completely uncharged moiety NBD
was less Lo preferring (%Lo < 50% in GPMVs) than slightly larger and zwitterionic
analogs (TF and Bodipy). This effect may be attributed to the hydrophilic nature of
NBD, which is evidenced by the relatively poor integration of NBD-labeled lipids into
membranes [15]. Further, NBD-labeled lipid analogs have been shown to partition to the
hydrophobic/hydrophilic interface of the membrane [222], thereby disrupting the local
packing of the membrane. However, this effect cannot be generalized since NBD-labeled
GM1 prefers the ordered phase (see Appendix). Moreover, hydrophobicity of the dye does
not completely determine Lo preference: the most hydrophobic label of all (Atto647N)
drives SM into the disordered phase, while the same lipid labeled with the similarly
bulky but very hydrophilic dye Atto532 (shown to be hardly membrane anchored [15])
was much more Lo preferring (%Lo in GPMVs nearly 50%). Using the Atto647N, KK114
and Atto532 labeled SM and GM1 derivatives, we studied the influence of the dye position
(acyl chain replacement (AC) versus headgroup attachment (H)) on the phase affiliation.
The position had no observable influence for Atto532- and Atto647N-SM (even when
comparing it to the headgroup labeled Lyso derivative): Lo partitioning was always low.
However, headgroup-labeling slightly improved the Lo affinity for Atto647N-GM1 and
KK114-SM (up to 3-fold larger %Lo than for AC). Finally, we evaluated the effect of
labeling at different positions on the acyl chain by comparing SM labeled with BD-FL
and NBD at the end of a short versus a long acyl tail (C5 or C6 versus C12). In GUVs, the
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Figure 9.4. Phase partitioning of acyl-chain labeled SM depends on the dye label and linker
length. Representative scanning confocal fluorescence images of phase separated GPMVs stained
with the Ld marker DiD (red) and (A) BD-FL-C12 SM, (B) NBD-C12 SM, (C) BD-FL-C5 SM and
(D) NBD-C6 SM (green). While BD-FL-C12 SM prefers the Lo phase (%Lo = 66%), NBD-C12
SM is slightly more Ld preferring (%Lo = 35%) and NBD-C5 SM is almost uniformly distributed
(%Lo = 46%). BD-C5 SM penetrated through the membrane and completely internalized.

longer acyl chain (C12) derivative was slightly more Lo preferring for BD-FL but less for
NBD. In GPMVs, C6 versus C12 had no significant effect on NBD (%Lo ≈ 46% compared
to 35%) but we observed a surprising behavior for the BD-FL-SM analogs (Figure 9.4):
in contrast to the C12 derivative with a %Lo > 60%, the BD-FL-C5 analog penetrated
through the GPMV membrane and accumulated inside the vesicles. We conclude that
partitioning of a lipid analog is a complex combination of a multitude of factors, such
as the polarity, size and charge of the label, the label position and headgroup size of
the lipid, that influence the ability of the analog to be inserted into the more restrictive
ordered phase. However, it seems that the use of small and uncharged dye tags is more
likely to preserve ordered phase partitioning.

9.3.4. Labeling affects binding of GM1 to CTxB

The B subunit of cholera toxin (CTxB) is known to specifically bind to GM1, preferably
in the ordered phase [123]. We therefore investigated how the mis-partitioning of fluo-
rescently labeled GM1 influences its binding to CTxB. We labeled GPMVs derived from
RBL cells with DiD (as a reference for the disordered phase) and GM1 with BD-FL at
the end of a C5 acyl chain linker (BD-FL-C5 GM1 (AC)), then added Alexa555-labeled
CTxB to determine the phase preference of the labeled CTxB from the simultaneously
recorded multicolor confocal scanning images (Figure 9.5). BD-FL-C5 GM1 has a slight
preference for the Lo phase (%Lo ≈ 65%, Figure 9.3 and see Appendix). CTxB binding
to GM1 was observed in both phases, with an unexpected enrichment in the disordered
phase (Figure 9.5A); however, it was impossible to make a clear assignment for the bind-
ing to the labeled GM1, since the GPMVs derived from RBL cells contained native GM1
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in addition to the exogenous GM1 analog. To isolate the effect of labeled GM1 from
native GM1, we measured CTxB binding to GPMVs isolated from a Chinese Hamster
Ovary subtype (CHO-K1) that does not produce complex gangliosides [223]. In the
absence of exogenous GM1, CTxB did not bind to these vesicles, consistent with their
lack of native GM1 (data not shown). When labeled GM1 was added to these CHO-K1
derived GPMVs, we observed partitioning of BD-FL-C5 GM1 similar to RBL GPMVs
(%Lo = 66%). However, while there was still weak binding of CTxB to Lo phase in
RBL GPMVs presumably due to the native GM1, we observed a very selective bind-
ing of CTxB to the Ld phase and no Lo binding in CHO GPMVs (Figure 9.5B). Thus,
since labeled GM1 is present in both phases while CTxB signal is only observed in the
Ld phase, CTxB can only bind the Ld, but not the Lo pool of BD-FL-C5 GM1. All
of these results were the same when using Alexa647 instead of Alexa555 as a label for
CTxB. To confirm this conclusion in a controlled system, we produced GUVs containing
only labeled GM1, or both labeled and unlabeled GM1, and determined the phase pref-
erence of CTxB binding (Figure 9.5C-E). In GUVs (with or without native GM1), the
labeled GM1 mainly partitioned into the Ld phase with 20% of the molecules entering
the Lo phase. In presence of native GM1, CTxB bound highly preferentially to the Lo
domain (Figure 9.5C), consistent with partitioning of its native ganglioside receptor to
the ordered phase. When only labeled GM1 was included in the GUVs, CTxB bound
exclusively to the Ld domain, despite the presence of BD-FL-C5 GM1 in the ordered
phase (Figure 9.5D and green line in Figure 9.5F). Thus, the addition of the fluorescent
dye label to the ganglioside GM1 acyl chain not only affects the phase partitioning of
the lipid, but also impairs the binding of ligand to its head group. We speculate that for
the labeled GM1, the conformation of the polar headgroup is different in the Lo than in
the Ld phase. The headgroup may be tilted in the Lo phase [224, 225], accounting for
the perturbed binding. CTxB cooperatively binds up five GM1 lipids and this multiva-
lency may be disturbed in case of the altered conformation. Most importantly, this effect
demonstrates that bulk membrane properties (in this case, the ordering or molecular
packing) have an effect on the interaction of a ligand with its membrane-bound lipid
receptor in biologically-complex environments which will be discussed in the following
chapter.

9.3.5. Partitioning of lipid analogs is uncorrelated with its nanoscale diffusion in
living cells

Several novel imaging methods have recently been developed to probe live cells at spa-
tial resolutions well below the limit imposed by diffraction. These methods can reveal
nanometer-scale structures on the order of the proposed spatiotemporal scales of lipid
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Figure 9.5. Phase specific binding of GM1 to CTxB. Representative scanning confocal fluores-
cence images of phase separated GPMVs (A,B) and GUVs (C,D) stained with BD-FL-C5 GM1
(green), Alexa555 labeled CTxB (orange) and the disorder marker DiD (red) along with (E) inten-
sity profile along the lines marked in (D) for BD-FL-C5 and CTxB. In GPMVs (A,B), the labeled
GM1 partitions in Lo phase (%Lo ≈ 65%). In RBL-cell derived GPMVs (A), which contain native
GM1, CTxB binds both phases, while in CHO-K1-cell derived GPMVs (B), which lack native GM1,
CTxB binds exclusively to the Ld phase. In GUVs containing both labeled and native GM1 (C,
GUVs+nGM1), CTxB is highly enriched in the Lo phase (presumably containing the native GM1)
with some Ld binding (presumably to the labeled GM1, intensity line profile in E). In GUVs lacking
native GM1 and having only BD-FL-C5 GM1 (D, GUVs-nGM1), CTxB exclusively binds to the
Ld domain. As a consequence, while CTxB binds unlabeled GM1 in the Lo phase, it binds labeled
GM1 only in the Ld phase.

rafts. We used the combination of STED nanoscopy [51, 54, 211] and FCS, STED-FCS
[15, 217], to determine the affinity of several of the previously mentioned fluorescent lipid
analogs to transient nanoscale complexes previously observed in the plasma membrane
of living cells [15, 212]. A great advantage of the STED method is the ability to continu-
ously tune the size of the effective focal spot through which lipid molecules may diffuse,
from diffraction-limited d = 240 nm (or 180 nm depending on the excitation wavelength)
down to molecular scales, and to determine their average transit times τD using FCS,
as shown in Figure 9.6A. While freely diffusing molecules show a linear dependence of
the focal transit time τD on the focal area (≈ d2), transient trapping leads to relatively
increased values of τD for smaller focal spots [226]. This is because the focal spot size
becomes adequately small to ensure that the time of trapping sufficiently exceeds the
focal dwelling time of free diffusion [15]. As a consequence, the description of the FCS
data of such heterogeneous diffusion has to include an anomaly coefficient α < 1 (Equa-
tion 9.4). Figure 9.6A depicts exemplary STED-FCS data of several fluorescent SM and
GM1 lipid analogs, which all congruently showed the mentioned characteristic behavior
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Figure 9.6. STED-FCS measurements of fluorescent raft lipid analogs in the plasma membrane
of living cells and comparison to phase partitioning. (A) Anomaly coefficient α and average transit
time τD for different fluorescent SM and GM1 lipids and for a fluorescent PE lipid determined
by fitting Eq. 4 to the FCS data recorded for different focal spots tuned by STED. An anomaly
coefficient α=1 and a linear dependence of τD on the focal spot size (proportional diameter-squared
d2) indicated free diffusion (dotted line, diffusion coefficient D = 0.45 µm2/s), while α < 1 and a
deviation of τD towards larger values for small focal spots indicated transient trapping events. (B)
Average transit time τD of different fluorescent SM, GM1 and PE lipid analogs for confocal (d ≈
240 nm or ≈ 180 nm, grey columns) and STED recordings (d ≈ 40 nm, black columns). The SM
and GM1 analogs showed increased transit times τD for the STED recordings indicating trapping
(grey line) while a PE analog and the SM analog labeled at the acyl chain with the very hydrophilic
dye Atto532 (532 AC) showed a low τD in accordance with almost free diffusion (black line). The
confocal recordings failed to report this difference. Values and error bars represent the average and
the standard deviation of the mean from at least 30 measurements on different spots of different
cells (A = Atto). (C) Nanoscale trapping as probed by STED-FCS and phase partitioning are
uncorrelated: Comparison of transit times (STED-FCS, d ≈ 40 nm) and Lo partitioning coefficient
%Lo in GPMVs (see Appendix) for the lipids presented in B (red dot: Atto532-SM (AC)).

for transient trapping, while an Atto647N labeled phosphoethanolamine (PE) exhibited
the characteristic linear dependence of τD on d2 and α ≈ 1 of close to free diffusion.
Screening of several differently labeled SM and GM1 molecules showed no dependence of
their dynamical and trapping characteristics on the dye and its position (Figure 9.6B),
indicating a negligible influence of the dye. We only investigated the lipid analogs la-
beled with Atto647N, KK114 and Atto532 with STED-FCS, because the absorption and
emission spectrum of these dyes were the only ones that suited the present STED-FCS
setups.

All SM and GM1 analogs used for STED-FCS were Ld-preferring in both GUVs and
GPMVs with a significant variety in quantitative partitioning values (see Appendix, %Lo
of 2 - 50%). This variable partitioning was in striking contrast to the parity of diffusion
behavior observed for the very same dyes with STED-FCS (Figure 9.6B). Indeed, no
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quantitative correlation between these two parameters could be discerned (Figure 9.6C).
Most strikingly, SM labeled at the acyl chain with the very hydrophilic dye Atto532
(Atto532 SM (AC)) showed the largest Lo affinity of all lipid analogs investigated by
STED-FCS (%Lo(GPMV) = 47%), but its diffusion characteristics was strongly biased
in the plasma membrane of intact living cells: diffusion of Atto532 SM (AC) was much
faster than for the other SM analogs and trapping was almost abolished, probably due
to its high polarity and the resulting weak membrane anchoring of the analog (Figure
9.6B,C). These results suggest a different physical nature for the nanoscale trapping
observed in intact living cells using STED-FCS and phase partitioning in isolated phase-
separated plasma membrane.

9.4. Conclusion

To better understand the behavior of widely used fluorescent lipid analogs [68, 205], this
study systematically investigates the partitioning of a multitude of fluorescent cholesterol,
SM and GM1 analogs in two different model systems (fully synthetic GUVs and cell-
derived GPMVs), and relates it to their nanoscale dynamics in intact cellular plasma
membranes. Our results reveal: (i) In agreement with several previous observations
[65, 67, 68, 202, 205–208], most fluorescently labeled analogs of raft lipids do not partition
into ordered phases, in contrast to their native counterparts. (ii) The partitioning of a
lipid analog is a complex function of type, size, polarity, charge and position of the dye
tag, with a tendency of smaller and uncharged dye tags more likely preserving ordered
phase partitioning. (iii) Labeling may not only affect the phase preference of a lipid, but
also directly modulates its biological activity in a phase-specific manner, as shown for the
CTxB-GM1 interaction. While CTxB preferably binds unlabeled GM1 in the Lo phase,
the binding affinity between acyl-chain labeled GM1 and CTxB is higher in the Ld phase.
(iv) Mis-partitioning of raft lipid analogs is much less pronounced in cell-derived GPMVs
than in DOPC/BSM/Chol GUVs, suggesting that GPMVs are more appropriate models
for biological systems. In spite of their value for studying membrane phase separation
in general, commonly used DOPC/SM/Chol GUVs appear to be rather problematic
models to mimic the cell membrane heterogeneity, not only because of their limited
complexity, but due to the seemingly quite different physical nature of the domains. (v)
Nanoscale diffusion and trapping of fluorescent raft lipids in the plasma membrane of
intact living cells as observed by STED-FCS and phase partitioning in model membranes
are uncorrelated, i.e., STED-FCS may be probing a property of the membrane that is
not related to phase separation in GUVs and GPMVs.
It is important to point out that both model membrane systems are likely in a state

of thermodynamic equilibrium, while the plasma membrane of living cells is dynamic
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and non-equilibrated. Interactions in a dynamic and un-equilibrated system such as the
plasma membrane of intact living cells, may be destroyed in GPMVs by the absence of
some important cellular structures, such as the cytoskeleton and/or by equilibrating the
system as, for example, done by reducing the temperature [227–229]. As a consequence,
as already discussed for the difference between GUVs and GPMVs, the difference in order
(or other physical properties) between lipid domains in living, non-equilibrated cellular
membranes may be smaller than of any currently available model system. It is important
to stress that although phase coexistence in lipid model systems is often viewed as an
analog of raft behavior in the cell membrane, it may not necessarily be accurate to assign
the "native behavior" of a lipid analog based on its partitioning in these systems. As we
have shown, probe geometry and chemistry are important factors for the partitioning be-
havior of lipid analogs, while their confined diffusion in intact living cells indicates that
the chemistry behind the confining interactions is unaffected by labeling. Most likely, in
intact living cells, STED-FCS has probed the formation of transient, chemically specific
interactions between raft lipids and other membrane constituents (such as other lipids
and proteins) that may comprise the physicochemical basis of lipid-protein platforms.
Lo-preferring fluorescent raft analogs are then used observe the coalesced (i.e., large,
long-lived, equilibrium domains) state of these platforms. Taking these results into con-
sideration, we will ask the question in the next chapter: how could the cell membrane
heterogenity in living cell be?
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10
Continuously Variable Lipid Packing

Here, we present a new concept for the cell membrane lateral heterogeneity, continuously
variable lipid packing. We propose that cell membrane does not simply have one kind
of raft and non-raft domain. Instead, there are several types of rafts and non-rafts each
having different lipid packing which modulates the orientation of membrane molecules,
thus their activity.

10.1. Introduction

Since the introduction of the raft concept which proposes a heterogeneous structure of
the cell membrane [7, 200], many processes taking place at the cell membrane were linked
to these nano-entities [230, 231, 231–235]. Although having such an practical impact on
the membrane field, the physicochemical nature of this heterogeneity is still controversial.
Rafts have been studied extensively by detergent resistance assay [126] for a long time.
This method yields a detergent-soluble and detergent insoluble fractions of the mem-
brane. Thus, it was long assumed that there were only two distinct lipidic states of the
membrane, raft (detergent-resistant fraction) and non-raft (detergent soluble fraction).
Rafts were also mimicked by the liquid-liquid phase coexistence in the model membranes.
A liquid ordered (Lo) phase is formed when saturated lipids and sterols condense which
separates from an unsaturated lipid-enriched liquid disordered (Ld) phase. Similarly,
this system also supported the idea of binary states of membrane (i.e., single kind of raft
and non-raft). However as mentioned in Chapter 9, the cellular membrane heterogeneity
is well beyond the two-phases observed in model membranes. This has been supported
by a few recent reports [17, 18, 34, 236]. First, it was shown that the coexisting phases
in three component phase separated Giant Unilamellar Vesicles (GUVs) and cell derived
Giant Plasma Membrane Vesicles (GPMVs) are dramatically different [34] and this dif-
ference is biologically functional [106]. Later, it was found that the lipid packing of
ordered and disordered phases in GPMVs can be tuned [17]. This finding triggered the
discussion on the existence of multiple states of the cell membrane. Recently, this idea
was supported with laurdan generalized fluctuation analysis showing that there could be
multiple entities in the cell membrane having different lipid packing and size [18].
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Here, we propose a new concept for the cellular membrane heterogeneity, continuously
variable lipid packing which suggests that there are multiple raft and non-raft domains
in the cell membrane each having different lipid packing. In our study, we show that
both GUVs and GPMVs have the ability to form domains with different lipid packing.
This varying lipid packing is functionally important in receptor-ligand binding as it
regulates the geometrical configuration of the molecules in the membrane. We showed
that Choleratoxin binding to its lipid receptor GM1 is highly regulated by the lipid
packing of the domains. Finally, we demonstrated that cells can regulate the plasma
membrane lipid packing by different mechanisms. Taking previous studies with our new
findings together, we believe that the continuously variable lipid packing is the principle
of functional cell membrane heterogeneity.

10.2. Materials and Methods

GUVs and GPMVs were prepared as described in Section 6.2.3 and Section 6.2.4 respec-
tively. Lo partitioning of the molecules were determined as described in Section 9.2.2.
Confocal microscopy was carried out as in Section 6.2.6. Information about all lipid
probes can be found in Section 9.2.1.

10.3. Results and Discussion

10.3.1. Order of phases can be tuned in GUVs and GPMVs

We prepared GUVs from various mixtures having different saturated/unsaturated com-
ponents or different cholesterol amount (Figure 10.1) all of which showed phase sepa-
ration at room temperature. We measured the lipid packing of ordered and disordered
domains (Generalized Polarization(GP)) of the GUVs with C-Laurdan (see Chapter 3).
We found out that as more cholesterol included in the lipid mixture GP value of ordered
phase decreased, i.e., it became more disordered (Fig 10.1A). Moreover, the GP of disor-
dered domain increased slightly with increasing cholesterol which confirms the idea that
cholesterol adjusts the ordering of both phases. We also checked the effect of saturated
component on lipid packing. Commonly used DOPC with a sphingomyelin yielded a very
tightly packed Lo phase and very loosely packed Ld phase (Figure 10.1B). However, when
sphingomyelin was replaced by DPPC, GP of the ordered phase decreased dramatically.
When DOPC (a synthetic, double unsaturated lipid) is also replaced by Liver PC (LPC,
a natural lipid extracted from liver), GP of disordered domain increased slightly. Having
seen that the order of the domains can be tuned in GUVs by changing the composition,
we next investigated the tunability of the packing of domains in GPMVs derived from
CHO cells which was previously reported for RBL cells [17]. We found that varying the
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Figure 10.1. Laurdan images of the phases in GUVs and GPMVs which can be tuned. (A,B)
Different mixtures in GUVs give different Lo and Ld phases having different lipid packing. Changing
(A) cholesterol percentage (B) saturated or unsaturated components changes the lipid packing. (C)
Preparation conditions changes the lipid packing in GPMVs. Changing DTT concentration in
preparation changes the packing of the phases formed. (D) Lipid packing difference between Lo
and Ld phases in different GUV and GPMVs shown in (A,B,C). Instead of having one kind of Lo
and Ld phases, an order spectrum is obtained.

DTT concentration in preparation condition changes the lipid packing of the domains
of CHO derived GPMVs presumably due to the depalmitoylation effect of DTT [124].
It is vital to highlight that the GP of GPMV domains are notably different than those
of GUVs [106]. The ordered phase of the GPMVs are relatively disordered compared to
GUV Lo domains. More importantly, disordered phase of the GPMVs are much more
ordered than the Ld domains of any GUV mixture (Figure 10.1C). Figure 10.1D shows
the lipid packing difference between Lo and Ld phases (∆GP) of different GUV mixtures
or GPMV preparations. It shows that the domains are variable in terms of lipid packing.
Instead of a single Lo or Ld domain, there is a spectrum of ordered and disordered do-
mains. Furthermore, as the system gets more biological (biological lipids (LPC) instead
of synthetic ones (DOPC) or less DTT disturbance) the difference between ordered and
disordered phases gets less pronounced.

10.3.2. Lipid packing affects the membrane related binding

Having obtained the spectrum of lipid packing, we investigated the effect of lipid packing
on membrane related interactions. In order to do it, we have applied the phenomenon we
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Figure 10.2. Effect of lipid packing on BD-GM1-CTxB binding. (A) CTxB does not recognize
Lo pool of BD-GM1 in GUVs prepared from DOPC:SM:Chol and LPC:DPPC:Chol mixtures. (B)
CTxB does not bind the Lo pool of BD-GM1 in GPMVs prepared with 20 mM DTT where ∆GP
is around 0.24 while it starts recognizing the Lo phase in GPMVs prepared with 1 mM DTT which
has a ∆GP of 0.07 (Figure 1). (C) CTxB-BD-GM1 binding is quantified by calculating the Lo
percentage of CTxB. As ∆GP gets lower, BD-GM1 recognition of CTxB in ordered phase increases.

previously observed in the last chapter. In Chapter 9, we reported that Bodipy labeled
ganglioside GM1 (BD-GM1) prefers the Ld phase in DOPC:SM:Chol vesicles however
there is still a significant pool which prefers Lo phase (Lo% is 20 %). Interestingly, when
choleratoxin (CTxB), bacterial ligand for GM1 added into the GUV suspension having
BD-GM1, CTxB recognizes solely the Ld pool of BD-GM1 even tough the environment
is saturated with CTxB (see Figure 9.5). We investigated the recognition of BD-GM1 by
CTxB on the continuously variable lipid packing spectrum we obtained. First, we tried
to sobserve how this interaction is influenced in GUVs. Therefore, we have used two
GUV systems, DOPC:SM:Chol (2:2:1) which has extremely ordered Lo and extremely
disordered Ld phase (thus, a dramatic ∆GP (0.85)) and LPC:DPPC:Chol (2:2:1) which
has a moderate ∆GP (0.43).

However, we did not observe any Lo binding in either cases (Figure 10.2A). Having
shown that the lipid packing difference between ordered and disordered phases in GPMVs
is much less pronounced that GUVs, we also tested this binding on GPMV. Moreover,
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BD-GM1 partitions into Ld phase in GUVs which could be the reason of Ld binding of
CTxB. However, as we reported previously BD-GM1 prefers Lo phase (Lo % of around 65
%) in GPMVs (Chapter 9, Appendix). We used two kinds of GPMVs, the ones prepared
with 20 mM having ∆GP of 0.24 and 1 mM DTT having ∆GP of 0.07. The binding
was observed exclusively in Ld phase in 20 mM DTT GPMVs although BD-GM1 was
Lo enriched. It suggests that the binding is modulated by the lipid environment but
not the probe concentration. Moreover, significant Lo binding was observed with 1 mM
DTT GPMVs (Figure 10.2B) although BD-GM1 partitioning is almost the same in both
preparations. In order to check if this effect is continuous, we prepared GPMVs with
10 mM, 5 mM and 2 mM DTT. We observed that after 5 mM DTT, the binding starts
and continuously increases as DTT concentration decreases (Figure 10.2C). We postulate
that lipid packing influences the geometry of the molecules embedded in the membrane
so that their interactions driven by geometry (as in the example of CTxB-BD-GM1 or
in most of receptor-ligand interactions [237]) could also be affected.

10.3.3. Lipid environment influences the geometry of membrane molecules

In order to understand how lipid packing influences the CTxB-BD-GM1 binding, we
simulated this binding in two different lipid environments. Namely, DOPC environment
which mimics the Ld phase and SM:Chol (1:1) mixture which mimics the Lo phase. We
observed that the headgroup orientation is greatly affected by the lipid environment (Fig-
ure 10.3). As CTxB is a pentameric protein, geometrical fit is essential for its interaction
with GM1 molecules. The freedom of movement in the Ld phase makes the molecules
more flexible in term of their orientation. This increases the probability of interactions
while the rigid structure in Lo phase constrains the movement of the molecules. If the
optimal orientation is reached in this limited flexibility that the ordered phase allows,
binding successfully happens. However, if the optimal orientation cannot be reached
within the limited orientation flexibility, interaction could preferentially happen in Ld
phase as there is more chance to get the optimal orientation in Ld phase.
When all the BD-GM1 molecules in Ld phase are bound by the CTxB and if the Lo

phase orientation of BD-GM1 is still favoring the interaction even if it is weak, then excess
CTxB should bind to the Lo phase BD-GM1. We tested this hypothesis experimentally
by adding a gradient of CTxB to the GUVs (DOPC:SM:Chol and LPC:DPPC:Chol)
and GPMVs (20 mM and 1 mM DTT preparations) doped with the same amount of
BD-GM1 (Figure 10.4). At low amount of CTxB, it bound to only the Ld pool of BD-
GM1 in GUVs as there is a dramatic order difference between Lo and Ld phases in both
GUV systems. However at a high concentration we observed also Lo binding of CTxB
on LPC:DPPC:Chol GUVs while there was still only Ld binding in DOPC:SM:Chol
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Figure 10.3. Probability of angle between membrane normal and plane of GM1 headgroup
“thumb” in time as schematically shown in panel (E) angle between green and red vectors. (A)
Lo system with GM1-bodipy, (B) Lo system with native GM1, (C) Ld system with native GM1-
bodipy, (D) Lo system with native GM1. Angle between “forefinger” and membrane normal – angle
between yellow and red arrows in panel (E) does not show differences between membranes.

GUVs. We attribute this difference to the large ∆GP difference between two systems.
In GPMVs, a situation was observed. There was no Lo binding of CTxB in 20 mM
DTT GPMVs at very low concentration of CTxB (see Figure 10.2). The Lo binding
started at moderate concentrations and increased with increasing CTxB concentration.
In 1 mM DTT GPMVs, there was already binding at very low concentrations due to
the very small ∆GP between Lo and Ld phases as discussed earlier (See Figure 10.2).
It increased gradually as the amount of CTxB increased. This confirms the hypothesis
that CTxB binds Ld pool of BD-GM1 preferentially, but when all BD-GM1 molecules
in disordered phase are occupied with CTxB, it binds the Lo phase BD-GM1 only if the
configuration allows the binding (presumably it does not allow in DOPC:SM:Chol GUVs,
thus, no interaction was observed in these vesicles even if the environment was saturated
with CTxB).

10.3.4. Cells can tune their lipid packing

Although the lipid packing can be tuned in model membrane systems (Figure 10.1), it is
crucial to know whether/how living cells can modulate their lipid packing upon cellular
processes. In order to check whether the lipid order of the cell membrane is changed by
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Figure 10.4. CTxB Lo binding with concentration gradient.

certain membrane event, such as endocytosis and exocytosis, we used insuloma cells (Ins1)
secreting insulin upon glucose stimulation. We checked the plasma membrane packing
upon time course high glucose stimulation by preparing GPMVs from stimulated cells at
different time points. We observed that short after the stimulation by high glucose, the
GP value of the cell membrane increases (Figure 10.5). After 20 min of stimulation, GP
value started decreasing. We attribute the first increase of the GP value to secratory
insulin granule exocytosis while the later decrease is presumably due to the re-endocytosis
of the granular membrane. As a second environmental factor, we tested the temperature
effect on membrane lipid packing. We grew cells in their normal conditions (37 ◦C) for 2
days. Then, we moved one group of cells to 25 ◦C and kept another group as control at 37
◦C. After 20 hours of incubation, we prepared GPMVs and checked the lipid packing. We
observed that the membrane of the cells grown in 25 ◦C is dramatically more disordered
than that of the ones grown in 37 ◦C. This is presumably due to the fact that cells
try to keep the membrane order homeostasis. Therefore, when temperature decreases
which thermodynamically makes membrane more ordered, cells react this to make their
membrane more disordered. As we prepared the GPMVs and carried out the lipid packing
measurements under the same conditions, we observed such a contrast.

10.4. Conclusion

Although it is known that there is a functional heterogeneity in the cell membrane, the
details about this heterogeneity are not fully clear. Here, we propose a new principle,
continuously variable lipid packing. In this work, we showed that the lipid packing in
model and cellular membrane can be altered by lipid/protein composition of the mem-
brane. Therefore, instead of a single order and disorder domain, we obtained a spectrum
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Figure 10.5. Cells can react their environment by changing their membrane lipid packing. The
order of the Ins1 cell membrane changes with (A) glucose stimulation (B) varying growth temper-
ature.

of lipid packings for both phases. We also observed that this lipid packing spectrum
has a functional role in membrane related bindings. Choleratoxin binding to BD-GM1
was influenced by the lipid packing of the domains in a continuous way, i.e., we ob-
tained a spectrum of binding with a spectrum of lipid packing. We further investigated
the mechanism of lipid packing effect on CTxB-BD-GM1 binding. We simulated the
BD-GM1 in ordered and disordered environment. We found out that lipid environment
modulates the orientation of the molecules which is vital for their geometrical fit to their
ligands. Showing all these, it was still a question how cells do regulate their lipid packing
and obtain a lipid packing spectrum. We presented here two important environmental
parameters that the cells can react by changing their membrane lipid packing.
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Conclusion

In the work presented in this thesis, we systematically investigated the physicochemical
properties of membrane heterogeneity by employing fluorescence techniques, probes and
model membranes. First of all, we discussed the potential fluorescent techniques with
their advantages and disadvantages. Then, we focused on the fluorescent probes which
could be used to elucidate the membrane structure. We also discussed the most widely
used model membranes, particularly Giant Plasma Membrane Vesicles, highlighting their
strong and weak sides. We showed some biological applications where model membranes
could be useful. First, we showed that they could mimic the cell membrane to test the
membrane penetration of the small molecules by testing the membrane penetration of
typical hydrophilic quantum dots and amphiphilic quantum dots that we synthesized.
Later, we showed the potential of GPMVs to investigate the lipid-protein dynamics in
the cell membrane by showing how LRP6 protein distribution in the plasma membrane
is modulated by the Lypd6 GPI-anchored protein. As another application for model
systems, we investigated how the order of the prokaryotic membranes are modulated
without cholesterol. We applied phase separated GUV systems to show that Hopanoid,
a class of prokaryotic lipids, is capable of regulating the order of prokaryotic membranes
as cholesterol for eukaryotic cell membranes. After showing the applications and poten-
tials/limits of the model systems, we finally employed them to answer the key question
of the thesis: how is the nature of the eukaryotic cell membrane heterogeneity? To figure
that out, we first investigated the partitioning of fluorescent lipid analogs in GUVs and
GPMVs and compared it with their nanoscale diffusion in the cell membrane measured
by STED-FCS. We found out that GPMVs are more biological model systems especially
for the raft related questions as the lipid packing of GPMV domains represents the live
cell membrane better. Moreover, we concluded that the heterogeneity in living cells is
much more complicated than two-phase state that we observed in model membranes. To
this end, we started to investigate the membrane lateral heterogeneity. We showed that
lipid packing of the domains in GUVs and GPMVs can be modulated by changing the
lipid composition. This points out that cell membrane has the potential to form multiple
domains having different properties, but not only one kind of rafts and non-rafts. Indeed,
we obtained a continuous lipid packing spectrum instead of a binary (raft and non-raft)
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Figure 11.1. An artistic depiction of cell membrane heterogeneity. Left panel shows the binary
picture of the cell membrane which, we believe, does not represent the actual nature of membrane
heterogeneity. Right panel shows the continuously variable lipid packing concept. There are many
rafts and non-rafts and there is not a dramatic differences between raft and non-raft domains.

system. In the next step, we showed that this continuous lipid packing spectrum is func-
tional for membrane related processes. We showed that the binding of Choleratoxin to
its lipid ligand GM1 (we used Bodipy labeled GM1) is regulated by the lipid packing
of the domains in a continuous way. With simulations, we found out that lipid packing
regulates the geometry of the membrane molecules which determines their bioactivity.
Finally, we showed different ways how the living cells regulate their membrane order.
With all these studies, we concluded that the cell membrane structure is not a binary

structure as extensively pictured so far. It has many domains having many different
characteristics. Instead of classifying these entities with Boolean approach which yields a
binary picture (raft and non-raft), more quantitative approaches that can probe the exact
physicochemical properties of the lipid environment and its effects on geometry/activity
of membrane molecules should be considered.
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Appendix

Chemical Structures of the Raft Lipid Analogs
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Lipid Analog Lo% in GUVs Lo% in GPMVs
TF SM (AC) 21±4 33±6
TF Chol (AC) 80±3 66±6

BD-TMR Chol (AC) 41±1 76±4
BD-FL-C5 SM (AC) 25±4 –
BD-FL-C12 SM (AC) 31±5 66±6
BD- FL-C5 GM1 (AC) 25±7 65±4
NBD-C12 SM (AC) 5±2 35±5
NBD-C6 SM (AC) 13±3 46±4
NBD-C6 GM1 (AC) 23±8 67±6
Atto532 SM (AC) 15±3 47±1
Atto532 SM (H) 16±4 38±2

Atto647N SM (AC) 4±1 18±5
Atto647N SM (H) 3±1 18±6

Atto647N GM1 (AC) 6±2 11±1
Atto647N GM1 (H) 8±1 26±4

Atto647N SM Lyso (H) 3±1 5±2
KK114 SM (AC) 2±1 4±2
KK114 SM (H) 5±2 12±1

Partitioning of fluorescent raft lipid analogs in GUVs and GPMVs
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