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Abstract

This thesis focuses on how variations in the glycan headgroup of gangliosides influence their
ability to form nanoscopic domains within synthetic lipid membranes. Gangliosides are key
components of membrane heterogeneities, often referred to as lipid rafts, and their interactions
with other lipid species are crucial for cellular processes. To study these mechanisms, this work
employs MC-FRET (Forster Resonance Energy Transfer analyzed through Monte Carlo
simulations), a fluorescence technique designed to overcome the resolution limits of traditional

microscopy.

MC-FRET enables the detection of nanodomains as small as a few nanometers and provides
precise measurements of their size and surface density. Crucially, it also offers trans-bilayer
resolution, allowing the differentiation between inter-leaflet coupled nanodomains and those
that are independent or anti-registered. This capability addresses a critical gap in traditional

imaging techniques, which cannot resolve the nanoscale thickness of lipid bilayers.

The results demonstrate that fine structural variations in the glycan headgroup, and the number
and arrangement of sialic acid residues, significantly affect ganglioside clustering and
nanodomain stability. These structural differences influence both lateral interactions with lipids
and trans-bilayer organization, highlighting the glycan headgroup as a key determinant of

ganglioside behavior in membranes.

This research advances our understanding of the molecular mechanisms driving the spatial
organization of gangliosides and their roles in membrane heterogeneities. By combining model
systems with an advanced fluorescence technique, the work provides new insights into how

glycan structure impacts ganglioside distribution and function.






Aims&Motivations for the study

This thesis work focuses on the application of advanced fluorescence technique MC-FRET
(Forster Resonance Energy Transfer analyzed through Monte Carlo simulations) in studying
how variations in the glycan headgroup of gangliosides affect their ability to form nanoscopic
domains within the synthetic lipid membranes. This includes gangliosides’ interactions with
other lipid species, and their collective behavior in membrane heterogeneities (often referred to

as "lipid rafts").

The MC-FRET (described in Chapter 2 and detailed in Papers 1, II, and III), was developed to
address the limitations in lateral and trans-bilayer resolution inherent in traditional fluorescence
microscopy approaches. The approach allows us to detect membrane nanodomains as small as
a few nanometers and, crucially, to determine their size and surface density (see Chapter 3 of
this thesis).

Thanks to its exceptional trans-bilayer resolution, MC-FRET is also capable of investigating
the inter-leaflet organization of these nanodomains. Specifically, it can distinguish between
inter-leaflet coupled (or registered) nanodomains and those that are independent or anti-
registered (see Paper II). Given the incredibly thin thickness of the lipid bilayer, current
microscopy techniques fall short of achieving this level of resolution, making MC-FRET a
significant advancement in the field.

The motivation behind this work stems from the need to understand the molecular mechanisms
that drive the spatial organization of gangliosides and their interactions within biological
membranes. The research aims to provide insight into how the fine structural differences in the
glycan headgroup of gangliosides can influence their distribution and function in membranes,
ultimately contributing to a deeper understanding of membrane biology and the role of

gangliosides in health and disease.



Chapter I - Introduction

One of the key features of membrane organization is the presence of nanoscale domains—small,
heterogeneous regions that form within lipid bilayers, often referred to as lipid rafts.
Gangliosides, a family of glycosphingolipids, are integral to these nanodomains, contributing
to membrane heterogeneity and influencing cellular processes. In this context, this thesis
collectively addresses the impact of ganglioside structure on membrane nanodomain formation

and the experimental challenges in resolving these nanostructures.

Lipid membranes

Biological membranes are dynamic and complex assemblies of lipids and proteins.

While Singer and Nicholson's fluid mosaic model provides a comprehensive and dynamic
representation of biological membranes|[1], certain membrane properties took time to emerge.
These novel insights resulted largely from the adoption of advanced experimental and
technological methods, prompting refinements to the fluid-mosaic model. One significant
advancement involves the observation of asymmetric lipid distribution between the outer and
inner leaflets of the plasma membrane, which is upheld by specific proteins known as
flippases[2, 3]. This asymmetry entails the prevalence of phosphatidylcholine (PC),
sphingomyelin (SM), and glycolipids in the outer leaflet, while phosphatidylethanolamine (PE),
phosphatidylserine (PS), phosphatidic acid (PA), and lipids containing polyunsaturated fatty
acid (PUFA) residues are predominantly located in the inner leaflet[2].

Other noteworthy revelations encompass the intricate assembly of proteins and the formation
of supramolecular structures[4]; ii) the constrained mobility of select proteins within the
membrane plane[5, 6]; iii) the segregation of lipids into discrete membrane domains[7]; and iv)
the spontaneous emergence of non-lamellar lipid structures, such as hexagonal and cubic
phases, within membrane model systems. These lipid structures may hold implications for
diverse cellular functions, including exocytosis, ion permeability, and the establishment of tight
junctions|[8].

Eukaryotic cellular membranes exhibit an extensive array of diverse lipid species. Each
membrane possesses a unique and tailored lipid composition that aligns with its specialized
roles and functions. While certain fewer common lipids, like phosphoinositides, contribute to
membrane distinctiveness through their involvement in specific molecular recognition events,

the combined influence of the bulk lipids dictates membrane functionality by shaping



fundamental biophysical attributes. These attributes encompass characteristics such as
membrane fluidity, thickness, lipid arrangement, surface charge, and curvature (as depicted in
Figure 1A)[9].

Among the most prevalent lipids found in eukaryotic membranes, glycerophospholipids take
the lead, followed by sterols and sphingolipids.

Glycerophospholipids are structurally composed of a glycerol backbone linked to two
hydrophobic acyl chains (at sn-1 and sn-2 positions) and a phosphate head group (at sn-3
position). The classification of various glycerophospholipid types hinges on the nature of the
polar head group attached to the phosphate group. This head group can be zwitterionic, as in
phosphatidylcholine (PC) and phosphatidylethanolamine (PE), or anionic, as observed in
phosphatidic acid (PA), phosphatidylserine (PS), phosphatidylglycerol (PG), and
phosphatidylinositol (PI). Each class encompasses a diverse range of molecular species
characterized by the length and saturation level of their fatty acid chains. Additionally, the sn-
3 position is open to occupancy by various saccharides, leading to the remarkable diversity of
phospholipids present in biomembranes[9].

Sphingolipids, another essential membrane constituent, feature a hydrophobic ceramide
backbone that consists of a sphingosine molecule amide-linked to a saturated or trans-saturated
acyl chain. The polar head group of sphingolipids comprises phosphorylcholine in the case of
the predominant sphingolipid, sphingomyelin (SM), or glycans of varying structural complexity
in the context of glycosphingolipids.

Sterols, found ubiquitously in eukaryotic cell membranes, are apolar components. Structurally,
they encompass a substantial and rigid hydrophobic steroid ring (derived from
cyclopentaphenanthrene) attached to a single hydrophilic hydroxyl group. Cholesterol, a
prominent sterol in mammalian cells and particularly enriched in plasma membranes, is the
most prevalent representative. Overall, sterols confer rigidity upon fluid membranes by limiting
the flexibility of neighboring unsaturated fatty acid chains, thereby enhancing membrane
thickness.

This property plays a crucial role in membrane organization and stability [10-12].

10
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Figure 1 Lipid phases in model plasma membrane. Adapted from[13]

Lipid rafts

Membrane model systems

In the pursuit of unraveling the intricate complexities of plasma membranes, researchers have
turned to biomimetic lipid bilayers as a valuable tool, allowing controlled investigations under
specific compositions and environmental conditions. Over the past decades, biophysical studies
have honed in on model systems, with liposomes taking center stage as a classic example.
Originating in the 1980s through the work of Banghman and colleagues[14] liposomes have
evolved beyond their initial purpose and nowadays found applications in realms such as

artificial cells, drug delivery carriers, and even chemical microreactors|15-18].

In the modern landscape, liposomes are predominantly fabricated from phospholipids, often
accompanied by the inclusion of cholesterol[19, 20]or other amphiphilic compounds[21, 22].
These additions serve to bolster bilayer stability, permeability, and various other critical
properties. Similarly, liposomes assembled from a select assortment of lipid components or
combined with membrane proteins have become a valuable tool for exploring fundamental
membrane processes on a molecular level. These processes encompass essential phenomena

like lipid domain formation [23-27] and the intricate regulation of ion channel gating[28-30].

From a perspective rooted in physics, model membranes provide a direct window into the

11



governing role of universal physical properties that orchestrate membrane behavior and
functions. This insight, in turn, paves the way for leveraging these model systems in advanced
therapeutic and biotechnological domains. Among the noteworthy applications are targeted

drug delivery strategies [31] and the creation of innovative biosensing technologies[16].
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Figure 2 Cartoon representation of synthetic lipid models

Giant Unilamellar Vesicles — GUVs

To study the biophysical properties of the cell membrane and investigate the interactions of
molecules with the membrane, researchers employ biomimetic bilayer models. One widely used
approach is the formation of giant unilamellar vesicles (GUVs). GUVs are spherical lipid
bilayer structures that closely resemble the cell membrane in terms of lipid composition and
architecture.

GUVs are typically created using techniques such as electroformation. In this method, a thin
lipid film 1s deposited onto an electrode, and an electric field is applied to induce the self-
assembly of lipid molecules into vesicles. GUVs can also be formed by solvent injection, where
a lipid mixture in an organic solvent is injected into an aqueous solution, leading to the
spontaneous formation of vesicles as the solvent evaporates.

GUVs provide a versatile platform for studying various membrane-related phenomena. They
can incorporate specific lipids or membrane proteins of interest, allowing researchers to
investigate their interactions and functions. GUVs enable the examination of membrane fusion,
a process essential for cellular transport and signaling. One of the possible approaches is to

introduce within the GUV composition fluorescent probes or membrane-active molecules. This
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enables researchers to study lipid-protein interactions, membrane permeability, and the

influence of specific lipids on membrane properties.

Membrane organization - Lipid rafts
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Figure 3 Cartoon representation of biological membrane. Adapted from [32]

More than fifteen years ago, the discovery of an uneven distribution of specific lipid
components within the membrane bilayer, leading to the formation of specialized lipid domains,
laid the groundwork for the lipid raft hypothesis[33]. Subsequently, these dynamic assemblies
on the cell surface were found to have higher concentrations of sphingolipids and cholesterol[7].
The concept of membrane organization dates back to the studies aimed at unraveling epithelial
cell polarity. In these studies, it was observed that the apical cell surface contained a higher
concentration of glycosphingolipids compared to the lateral cell surface[7]. This uneven
distribution of lipids provides the membrane with the ability to undergo a phase separation into
two distinct states: a densely packed liquid-ordered (Lo) phase and a loosely packed liquid-
disordered (Ld) phase. A significant portion or the bulk of the cell membrane is composed of
phospholipids with unsaturated fatty acyl chains, which render it more fluid and similar to the
Ld phase[34]. Conversely, lipid microdomains, also known as lipid rafts, emerge due to the
increased affinity of cholesterol for saturated lipids such as sphingomyelin, and they exhibit the
Lo phase.

Findings derived from cell studies[35, 36] have provided evidence that lipid rafts are dynamic
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nanoscale assemblies, and the dimensions and lifespan of these rafts can vary within the plasma
membrane, with their stability being directly linked to the size. These structures can destabilized
into specialized platforms that coordinate various biological processes such as membrane
trafficking and cellular signaling[7].The stability of these lipid rafts is believed to be governed
by intricate interactions involving lipids, proteins, and their combinations[34].

Lipid rafts exhibit distinct morphological categories: (i) linear rafts (depicted in Figure 3) and
(i1) flask-shaped membrane invaginations known as caveolae. Caveolae are approximately60-
80nm wide pits in the plasma membrane[37, 38]. The formation of caveolae is under the
regulation of proteins belonging to the caveolin and cavin families[39].

Caveolae possess the ability to respond to stresses on the plasma membrane and external
stimuli, making them functional sensors of plasma membrane changes. They play a pivotal role
in various cellular processes, since the close connection between caveolae dysfunction and
certain diseases, including muscular dystrophies and cancer, underscores their significance as

both protectors and organizers of the plasma membrane.

Raft components

As already mentioned previously and as found in earlier studies with Detergent Resistant
Membranes (DRMs) cell membrane rafts are enriched in sphingolipids and cholesterol[40].
Cholesterol's interaction with sphingomyelin is preferred over its interaction with
phospholipids, as evidenced by various techniques in model membranes[41-45].
Sphingomyelin can function as both a hydrogen bond donor and acceptor for cholesterol,
whereas phospholipids can only serve as acceptors. This distinct hydrogen bonding capability
between sphingomyelin and cholesterol fosters their interaction[46-48].

Cholesterol additionally induces the order of saturated lipids, compared to themselves alone,
forming a stable Lo phase when in combination with sphingolipids or saturated phospholipids,
resulting in a well-defined membrane organization.

Recent results suggest that proteins (for example, B cell receptors or cytoskeletal components)
initiate the formation of membrane heterogeneities on the nanoscale level and that lipids play a
pivotal role in the stabilization of these nanodomains and their expansion[49]. Because these
protein-initiated nanodomains differ in composition depending on the initiating protein, local,
specific lipid-protein and lipid—lipid interactions might better explain plasma membrane
heterogeneity than lipid-initiated phase separation.

However, lipid-lipid interactions are the predominant driving force for domain formation due
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to their inherent properties, as evidenced by the behavior of model membranes with a mixed
lipid composition containing saturated and unsaturated lipids along with cholesterol. This
mixture can spontaneously undergo phase separation, resulting in the creation of distinct Lo
and Ld domains within model membranes[50].

Among the prominent membrane components that potentially drive segregation within living
systems are glycosphingolipids, mainly gangliosides. Additional support for the concept that
the membrane phase separation is governed by lipid properties comes from a molecular
dynamics study[51]. In this research, a simulated membrane consisting of 63 distinct lipid
species exhibited phase separation into nanometer-scale domains that were relatively short-
lived, persisting for microseconds. Notably, these domains were asymmetrical, with an
enrichment of gangliosides in the outer leaflet and a higher concentration of phosphoinositides
in the inner leaflet, mirroring the composition observed in living cells. These findings

collectively offer insights into the potential evolution and behavior of lipid domains.

Gangliosides

Gangliosides represent a class of glycosphingolipids (GSLs) characterized by ceramide
structure linked to a complex glycan headgroup containing at least one sialic acid (Sia)
residue[52-54].The number and positions of sialic acids define their classification into O, M,
D, T, Q and P (0 to 5 sialic acids) and a, b, and c (1, 2 or 3 sialic acids on internal galactose
residue) series. Abundantly found within neuronal plasma membranes, they account for up to
10-12% of all lipid species[55]. Their biological significance hinges on their unique capability
to engage in interactions with both membrane soluble and membrane-associated molecules
within the extracellular environment[53, 56]. This versatility underpins their involvement in a
spectrum of vital cellular processes, ranging from adhesion, signaling, differentiation, and
proliferation to the regulation of calcium ion homeostasis and intercellular communication[56-
58]. The perturbation of ganglioside presentation and the subsequent disruption of their
functional interactions have been associated with a range of human disorders including
epilepsy, Alzheimer's disease, Parkinson's disease, and multiple sclerosis[59-61].

Scientific literature consistently points to the notion that the behavior of gangliosides is
fundamentally influenced by their innate propensity to segregate into small membrane regions
known as nanodomains[62-67]. Since the most remarkable feature of all gangliosides is the
bulkiness of their hydrophilic head groups, as compared to that of phospholipids, this volume

mismatch present in the same membrane represents the main driving force for clustering and
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segregation, allowing minimization of the interfacial free energy.

The initial observations of cooperative lateral interactions between ganglioside molecules and
their subsequent self-aggregation date back to the late 1970s[68, 69]. Since that time, the
arrangement of gangliosides within model membranes has undergone extensive investigation
employing a diverse array of techniques. These methodologies encompass atomic force
microscopy (AFM)[70, 71], differential scanning calorimetry[72], electron paramagnetic
resonance[73], Forster resonance energy transfer (FRET)[74, 75], nuclear magnetic resonance
(NMR)[76], grazing incidence X-ray diffraction[77, 78], and surface pressure
measurements[77, 79, 80].

Within these membrane heterogeneities, gangliosides forge intricate interactions not only
amongst themselves but also with other sphingolipids, cholesterol, and transmembrane
proteins[7, 32, 52, 81, 82]. The carbohydrate component of the ganglioside molecule stands out
as the primary force behind the orchestration of these nanodomains, contributing a remarkable
65-67% to the energetic stability of these domains[83]. The extensive hydrogen bonding

network formed at the glycan headgroup level emerges as a key stabilizing factor.

However, the landscape of published results at times introduces paradoxes and inconsistencies,
underscoring the intricate nature of this phenomenon[70, 84-94]. The complexity deepens with
recent revelations that modifications in the hydrophobic ceramide fragment of the molecule can
elicit consequential changes in the organization of gangliosides within nanodomains[94].
Consequently, the precise role played by the molecular configuration of the headgroup in the
formation of ganglioside nanodomains remains elusive, hampering our full comprehension of
how to induce the spontaneous nanoscopic segregation of lipids—a phenomenon intrinsic to
plasma membranes.

Therefore, understanding how the structure of gangliosides dictates organization will illuminate
the structure-function relationship. The availability of various structures allows one to
systematically modify the ratio of sialic acid residues to sugar groups and consequently
characterize how geometry and varying degrees of hydrogen bonding and electrostatic
repulsion affect different physical interactions with the lipid molecules.

These nanodomains have been associated with various human pathologies, including
neurodegenerative diseases, making them potential targets for therapeutic interventions.
Investigating ganglioside nanodomains not only deepens our comprehension of fundamental
cellular processes but also has potential implications for the development of novel treatments

and therapies for diseases linked to lipid-related dysfunctions.
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Characterizing the stability and dynamic properties of ganglioside nanodomains is difficult in
natural biological membranes because of their complexity in composition, structure, and active
dynamic functions. It is advantageous to study domain formation in simplified model lipid
bilayer membranes whose composition can be varied and that are well-suited to biophysical
techniques including calorimetry, fluorescence microscopy, magnetic resonance, and

diffraction methods.

Chapter II - Overview of experimental techniques

Experimental methods used in this thesis for the investigation of molecular biophysics of
studied systems of interest were (strictly) fluorescence-based. Namely, Fluorescence
Spectroscopy and Microscopy (Forster resonance energy transfer — FRET and Fluorescence
Correlation Spectroscopy - FCS) are powerful due to their high sensitivity allowing the
detection of molecular interactions and dynamics at low concentrations and in complex
biological, as well as simplified biomimetic systems. Next, labeling versatility, spatial and
temporal resolution, and non-invasiveness, make them valuable tools in biophysical research of

lipid bilayers contributing to our understanding of fundamental biological processes.

Fluorescence - theory

Fluorescence is a phenomenon of electromagnetic radiation emission, or simply, light due to
the absorption of higher energy (shorter wavelength) photon(s). The principle of fluorescence

is explained by Jablonski diagram (Figure 4).

17



Internal
A _ conversion

A_)—h » Intersystem
7y “g) l z crossing
52 AN AN D Vibrational l
S1 225 relaxation Mg
b
4 ~ T'I
>
oy}
g Internal
= Absorption Fluorescence and Phosphorescence
[]]] external
conversion
S )
SO Y . P v v
v ¥ 2) vy v

Figure 4 Jablonski diagram

When a photon with appropriate energy (the amount of energy equivalent to the energy
difference between the ground and excited state) interacts with a molecule, it may be absorbed
causing the electron to transition from the ground state (So) to one of the vibrational levels of
an excited state (S1 or S2). The excited state electron rapidly (on the order of 1072 s)
vibrationally relax to the lowest vibrational level of the first excited state Si, through process
called internal conversion. Next, the electron may transition to one of the vibrational levels of
the ground state, losing its energy through the emission of the photon at a longer wavelength
than the excitation. The change in the emission wavelength is known as the Stokes shift. This
happens on a timescale of nanoseconds (10°-10-% s) after the initial photon absorption and it is
called fluorescence. The time that molecule — a fluorophore spends in the excited state before
emitting a photon and returning to the ground state is so called fluorescence lifetime, i.e., T(ns).
This is an intrinsic property of a fluorophore and it does not depend on fluorophore
concentration, excitation intensity, absorption by the sample, fluorescence intensity, and/or
photo-bleaching. Fluorescence lifetime is sensitive to external factors like temperature, polarity,
and the presence of fluorescence quenchers[95].

Fluorescence intensity decaying at the time ¢ is given by a first-order kinetics equation summed

across all species, i:
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I1(t) = z al-e;_i (1)

i
where ais the pre-exponential factor or the amplitude of the exponential function and tiis each

species fluorescence lifetime.
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Figure 5 Absorption and emission spectrum of BODIPY-C5-FL

Time-Correlated Single Photon Counting — TCSPC

The time-correlated single photon counting (TCSPC) approach is used in time-resolved
fluorescence spectroscopy to measure the fluorescence lifetime through the generation of the
fluorescence decay. It offers precise information about the system's molecular environment,
dynamics, and interactions. This method is based on tiny pulses of excitation light that must be
shorter than the lifetime of an excited fluorophore. The first photon emitted after the excitation
pulse is detected by a sensitive photomultiplier, and the time between the pulse and the photon's
arrival is determined. In TCSPC, timing information is divided into macro-time (t), measured
in synchronization periods since the start of the measurement, and micro-time (At), determined
by the delay between the last synchronization signal and the photon detection time. The micro-
time is measured using a time-to-amplitude converter (TAC) triggered by a start signal and

stopped by a stop signal. The arrival time is calculated using a constant-fraction discriminator
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(CFD) and digitized by an analog-to-digital converter (ADC) to determine the maximum timing
resolution. Following the collection of a significant number of photons, an exponential decay
curve characteristic of a specific fluorescence sample is obtained (Figure6). The recorded
fluorescence decay is a convolution of the decay function M(t) with the instrument response

function IRF(t):
t

I(t) = IRF(¢) + M(t) = f IRF(t — t)YM(t") dt @)
0

where I(t) is the measured intensity decay and * denotes the mathematical operation of
convolution.

The model decay function may be given by a simple single or multi-exponential decay.
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Figure 6 Example of time-resolved decay curve of L-tryptophane dissolved in water. Adapted
from https.://www.picoquant.com/applications/category/life-science/time-resolved-
fluorescence
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Forster Resonance Energy Transfer — FRET

Forster resonance energy transfer (FRET) is a photophysical process in which an initially
electronically excited fluorophore, commonly denoted donor (D), transfers its excitation energy
to another fluorophore, acceptor (A)[96]. The condition for FRET is that electronic absorption

spectrum  overlaps with the emission spectrum of the donor (Figure 7).
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Figure 7 Condition for FRET i.e., spectral overlap of a given donor and acceptor molecule
(left). Representation of fluorescence decay curve in the absence and presence of FRET
Energy transfer is a non-radiative process, meaning it occurs without the emission of a photon
and is the result of long-range dipole-dipole interactions between the donor and acceptor. The
characteristic parameter for FRET is the Forster radius, Ro, which represents the distance
between the donor and acceptor molecules at which the efficiency of FRET within a specific
donor/acceptor pair reaches 50%.Ro is unique to each D/A pair in a given environment, but it
is often in the 1.5- to 6-nm range. This means that FRET is mostly sensitive to distances between
1 and 10 nanometers and it is perfectly adequate for investigating important membrane
biophysical phenomena such as the identification and characterization of nanodomains/rafts
and lipid-protein or protein-protein interaction. Fluorescence resonance energy transfer (FRET)
is not dependent on photon emission and does not necessarily require the acceptor molecule to
be fluorescent. In many practical applications, both the donor and acceptor are fluorescent, and
FRET is observed through the reduction of donor’s fluorescence (quenching) and a decrease in
fluorescence lifetime, coupled with an increase in acceptor fluorescence emission. The
efficiency of the energy transfer process is inversely proportional to the sixth power of the
distance separating the donor and acceptor molecules, as described by Equation

3.Consequently, FRET measurements can be utilized as an effective molecular ruler for
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determining distances between biomolecules labeled with an appropriate donor and acceptor
fluorophore when they are within 10 nanometers of each other. According to Forster's theory,

the rate of energy transfer, £ is given by the equation:

=1, (&)6 (3)

r

In this context, Ro represents the Forster critical distance, to denotes the donor lifetime when
there is no acceptor present, and r stands for the distance between the donor and acceptor

fluorophores. The value of Ro (in nanometers) may be calculated using following expressions:

Ry = 0.021[k? - Qp - n™* -](A)]% 4)
J@) = f Fy(Dea (DA 5)

0

The parameter k2 is a factor describing the relative orientation in space between the transition
dipoles of the donor and acceptor, and it can range from 0 to 4, but converges to K%iso = 2/3
when isotropic averaging is assumed across all possible angles, which is commonly done in
FRET experiments. For more precise estimates of the distribution of k2 values, the residual
anisotropies of the donor and acceptor fluorophores can be utilized [97, 98]. J(A) is the overlap
integral in the region of the donor emission and acceptor absorbance spectra (with the
wavelength expressed in nanometers) and it depends on the normalized emission spectrum of
the donor Fp(A) and the extinction spectrum of the acceptor €a(A), n represents the refractive

index of the medium, and Qb is the quantum yield of the donor.

The proportion of the transferred energy from D to A over the total energy absorbed by D is the
FRET efficiency E, which is given by:

Tpa
Epper =1 — ; (6)

where tpa is the lifetime of D in the presence of A, and 1o lifetime of D only.

Combining Fluorescence and Microscopy — Fluorescence Lifetime
Imaging (FLIM)
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The primary role of a fluorescence microscope is to illuminate the sample with a specific and
desired wavelength (or range of wavelengths) and subsequently remove the relatively weaker
emitted fluorescence from the excitation light. In an appropriately set up microscope, only the
emitted light should reach the observer or detector, thereby creating a high-contrast of

fluorescent structures against a notably dark or black background (Figure 8).

[sulawn ay) aBesany

Figure 8 FLIM Image of a fluorescent labelled GUV: Fluorescence Lifetime Imaging
Microscopy reveals the distinct fluorescence lifetimes within a GUV membrane,

A confocal microscope, compared to a regular fluorescence microscope offers enhanced depth
resolution due to the presence of a pinhole in the beam pathway. The pinhole effectively blocks
any out-of-focus light, resulting in improved imaging clarity and the ability to distinguish fine

details within the specimen in all planes.
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Figure 9 Schematic presentation of confocal microscope
https://commons.wikimedia.org/wiki/File:Schematic_of FCS setup.png

Figure 9 depicts a schematic illustration of a typical confocal microscope. Lasers or arc lamps
are employed as light sources in modern microscopes. An excitation filter selects (refines) the
chosen excitation wavelength. A set of lenses (the beam expander in Figure 9) is then used to
alter the beam shape and collimation. Usually, the beam diameter is chosen to match the size
of the back aperture of the used objective. If the beam is smaller, then objective creates a larger
detection volume in the sample plane, thus decreasing the resolution. If the beam is larger, then
a fraction of the excitation light is lost, meaning that the laser power is not efficiently used. The
beam is then directed to the objective through a dichroic beam splitter. The objective focuses
the beam to a volume, which is called the detection volume. A size of the detection volume is
determined by the objective numerical aperture (NA) and the wavelength of light.

The main difference between a regular fluorescence image and Fluorescence Lifetime Imaging
Microscopy (FLIM) lies in the information captured and the parameters measured.

In an ordinary fluorescence image, the intensity of the emitted fluorescence is detected and
visualized. It provides information about the presence and distribution of fluorescent molecules
within the sample. However, intensity-based imaging alone may not reveal additional details

about molecular interactions, dynamics, or environmental factors influencing fluorescence.

On the other hand, FLIM goes beyond intensity-based imaging by measuring the fluorescence
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lifetime of fluorophores. By measuring fluorescence lifetimes at each pixel, FLIM creates an
image that represents the spatial distribution of these lifetimes (Figure 10).After acquiring the
fluorescence lifetime for each pixel of the specimen, a FLIM (Fluorescence Lifetime Imaging)
image is generated by mapping false colors to the corresponding lifetimes. For instance, the
shortest detected lifetime may be represented by the color blue, while the longest lifetime may
be depicted as red. Intermediate lifetimes are then assigned a range of colors between blue and
red. This color-coded representation helps visualize the variations in fluorescence lifetimes
across the specimen. This enables the visualization of variations in molecular dynamics, local
environments, and interactions within the sample. FLIM provides quantitative data and can

offer insights into processes that intensity-based imaging alone cannot reveal.
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Figure 10 A) lllustration of the iterative process of measuring the time interval between laser
excitation and the detection of photon emission in fluorescence. B) Computed histogram
representing the accumulation of the number of photons detected at various arrival times
following the laser pulse. The histogram is then fitted with an exponential decay curve, where
the amplitude indicates the total photon count, and the time constant (1) corresponds to the
Sfluorescence lifetime. C) A basic representation of a fluorescence lifetime image. Adapted
from https://www.leica-microsystems.com/science-lab/what-is-flim-fluorescence-lifetime-
imaging/

In summary, while ordinary fluorescence imaging focuses on intensity, FLIM incorporates the
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measurement of fluorescence lifetimes, providing a more comprehensive understanding of

molecular behaviors and sample characteristics.

FRET between homogeneously distributed fluorescent probes in lipid
bilayers

FRET usually takes place in a complex system with multiple donors and acceptors, where the
excitation energy can be transferred to more than a single acceptor. A model that is well
established and takes advantage of FRET can be found in a lipid bilayer. Bauman-Fayer model
mathematically represented this scenario of a homogeneously distributed continuous range of
donors and acceptors as follows.

First, it becomes useful to introduce the so-called survival probability function G(¢). This
probability represents the likelihood that the donor, initially in the excited state, remains excited
after a duration of time ¢. Subsequently, the decay F(¢) of a donor surrounded by acceptors can

be expressed as follows:

PO = Goa(®) ) aiexp(-7) )

i

Where Y; ; exp (— TL) is the decay of a donor in absence of FRET.
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Figure 11 Intra- and inter- energy transfer from donors (green spheres) to acceptors (red
spheres) in a lipid bilayer. R denotes the distance between D/A, d the bilayer thickness and Or
the angle between the bilayer normal and the vector connecting D/A.

Now, in a lipid bilayer, the structure comprises of two parallel sheets. If we assume that each
leaflet contains donors and acceptors randomly distributed, therefore FRET can occur
simultaneously within one leaflet and between the two leaflets (Figure 11).

The process that occurs within the same leaflet is called intra-FRET and relies solely on the
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surface concentration of acceptors. On the other hand, the process that takes place between the
two bilayer leaflets is referred to as inter-FRET and is additionally dependent on the distance
between the two leaflets, denoted as d. Then, the overall probability G can be determined by

multiplying the probabilities of the two separate and independent cases, Ginra and Ginter:
Geot@© = | | G iner (©) ®)

Here, G(?) for intraFRET, Ginira [99] 1s given according to:

MGinira®) = ~CoT (2) (o) ©)

In this context, the symbol I is the gamma function, (7,) represents the intensity-averaged
fluorescence lifetime of donors in the absence of acceptors, and C2 denotes the reduced surface
concentration of acceptors within one leaflet. (2 is the average number of acceptors found
within the circle area of 7R’ surrounding the donor and is related to the acceptor surface
concentration C(a)by the following expression: C2 = tRo*C(A).

In the case of inter-FRET, Giner 1s given by:

1 2

C d 2 2U\3 (3n 4

InGipier (t) = —?2 (R_) (%)3 fw(l — e %)s 3ds (10)
0 0

6
Where u = 3t (I;—O) %and s = 2ucos® %. 0, is the angle between the bilayer normal and the

vector connecting the donor and the acceptor.
By fitting fluorescence decays to the equations mentioned above, one can obtain not only the
concentration of acceptors and the bilayer thickness but also indirectly gain insights into the

distribution of donors and acceptors within a lipid bilayer[100].

FRET between heterogeneously distributed probes in lipid bilayers:
Introduction of the MC-FRET approach

In lipid bilayers, a non-homogeneous probe distribution can occur through two different
mechanisms:
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1. the formation of membrane lipid nanodomains (Figure 12), where donors and/or
acceptors have different affinities compared to the surrounding non-domain phase
[101]

2. co-clustering of donors with acceptors

FRET

No energy transfer

Energ;{ransfer X
00 '

Figure 12 Cartoon illustration of the distribution of fluorescent probes in and outside
membrane domain

In both cases outlined above, each donor is surrounded by a distinct radial distribution of
acceptors, making it challenging to derive precise mathematical expressions for FRET in such
a complex and diverse probe environment. It is more convenient instead to apply Monte-Carlo
simulations which mimic a specific distribution of probes, where certain regions within the two

planes have a higher likelihood of containing donors and acceptors.

Determination of the nanodomain size and surface concentration by MC-
FRET

Redistribution of fluorescent probes on the bilayer surface due to the formation of membrane
nanodomains results in a change of the FRET efficiency. As shown by Sachl et al, this change
is proportional to the size and surface concentration of nanodomains in invitro biological
membranes. In order to get these parameters out from the analysis of time-resolved fluorescence
decays the following procedure has been elaborated [83, 102]

In the simulations, an arbitrary bilayer configuration can be designed, and the cumulative donor
decay (Si) can be theoretically computed, and afterward compared with the experimental FRET

data (Fi) through the chi-squared test:
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(F; — $)?
x* = Z—Gz (11)

i l

This methodology enables the study of various processes such as the formation of membrane
nanodomains[75, 103]and the in-membrane oligomerization of proteins.

The workflow of MC-FRET (Figure 13) begins with generating a defined number of
nanodomains on the surface of the bilayer. These nanodomains are assumed to be circular, of
uniform size, perfectly registered between the two bilayer leaflets, and are characterized by
their nanodomain radius (R;) and surface density (4;).

In the subsequent step, donors and acceptors are distributed between the nanodomains and the
remaining part of the bilayer based on their respective partition coefficients Kn(D) and Kp(A),
representing their affinities to the nanodomains and the region outside of them. The total
number of acceptors used in the simulation is pre-determined from the same sample before
nanodomain formation, utilizing FRET (Baumann-Fayer model, B.-F.) as explained in the
previous text.

Then, a donor is randomly excited, and the time (A#) at which energy transfer occurs is
calculated using the equation A#i = In y/Qi, where y is a randomly generated number ranging
from 0 to 1, and Qi represents the overall energy transfer rate. When a donor is randomly excited
in the presence of multiple acceptors, Qi can be represented as the sum of the rates between the

donor and each individual acceptor:

1 O R
Q; = @Z(R_j)6 (12)

Where R;is the distance between the i-th selected donor and acceptors.

In each simulation step, the time interval A# between excitation and energy transfer event is
determined. By creating a histogram of these A4t intervals, the overall survival probability
function Gror(?) is obtained. Subsequently, the simulated decay of the donors, influenced by
the presence of acceptors, is calculated as Fpa(t) = Gror(t) * Fp(t).

To match the simulated decay with the experimental one, the input simulation parameters such
as the domain radius (R;), the area fraction occupied by the domains (4;), and Kp(D/A) are
adjusted iteratively. This process allows for the fine-tuning of simulation parameters to the best

replicate of the experimental data.
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Figure 13 Schematic work-flow of a typical MC-FRET run. Adapted from [104]
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Chapter III — Results

What makes Gangliosides form nanodomains (on giant lipid vesicles -
GUYVs)

Characterization of ganglioside nanodomains by MC-FRET

To identify ganglioside nanodomains within free-standing bilayers of giant unilamellar vesicles
(GUVs), we employed fluorescent probes, Bodipy-FL and Bodipy-564/570 headgroup-labelled
gangliosides (Figure 14), acting as essential components of these nanodomains. The formation
of these nanodomains enhances FRET efficiency, and by employing sophisticated fluorescence
decay analysis, we can determine how large the domains are and how many they are (See MC-

FRE workflow for details).
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Figure 14 Structure of ganglioside’s fluorescent conjugates used in this thesis

Potential of MC-FRET to characterize inter-leaflet nanodomain coupling
(Paper 2)
As mentioned above, nanodomains can be detected by MC-FRET only if their formation affects
the efficiency of FRET, thereby influencing the time-resolved fluorescence decay profiles of

donors quenched by acceptors. To evaluate the resolution of MC-FRET, a parameter called

RES is introduced[105]:
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RES = Yiz1 abS(FDA,hamo(ti)_FDA,hetero(ti)) x 100 (13)

Fpahomo(ti)n

This parameter quantifies the difference between the time-resolved fluorescence decays
recorded under two conditions: one where nanodomains are absent, represented by Fpa,homo(t;)
(for a homogeneous probe distribution), and one where nanodomains are present, represented

by Fpa,hetero(t;) (for a heterogeneous probe distribution).
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Figure 15 The resolution of MC-FRET in detecting membrane nanodomains, as a function of
both the nanodomain radius and the fractional area they occupy, is presented for different
Kps. The resolution is quantified using the parameter RES, as defined in the text. (A) When

Kp (D) = Kp (A), (B) when Kp (D) > 1 and Kp (A) < 1. Adapted from [104]

In Figure 15, RES is plotted against the average nanodomain radius (R) and the fractional area
occupied by nanodomains (A), for three different cases: both D and A have pronounced affinity

to nanodomains (Kp(D/A) > 1; case I), both D and A have low affinity to nanodomains
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(Kp(D/A) < 1; case II), and Ds have increased affinity to nanodomains (Kp(D) > 1) whereas
As are excluded from them (Kp(A) < 1; case III). The interpretation of RES is as follows:

When RES < 10% (shown in red on the colormap in Figure 15), the decays for homogeneous
and heterogeneous probe distributions are nearly identical. This corresponds to less than a 10%
change in both steady-state donor intensity, (Fpa,hetero)/{FDA,homo), and the average fluorescence

lifetime, (TDA hetero)/{TDA homo), making MC-FRET analysis difficult in these conditions.

For RES in the range [10%, 20%] (yellow on the colormap), MC-FRET can detect
nanodomains, with changes in (FDahetero)/{FDAomo) greater than 10% and changes in

(TDA,hetero)/ (TDA,hOmO) of less than 10%.

For RES between [20%, 30%] (green on the colormap), the decays are clearly distinguishable,
with changes in (Fpa hetero)/(FDAhomo) Up to 20% and changes in (DA hetero)/{TDA homo) €Xxceeding

10%.

WhenRES is between [30%, 60%] (cyan on the colormap), the change in (Fpa hetero)/{ FDA homo)

can reach up to 40%, with changes in (TpA hetero)/{TDA homo) greater than 10%.

Finally, when RES> 60% (shown in blue on the colormap), the change in (Fpa hetero)/{ FDA homo)

exceeds 30%, and the change in (TDA hetero)/{TDAhomo) 1s greater than 20%.

Upon analyzing the Figure 15, it becomes evident that high probe affinity to either the
nanodomains or the regions outside of them (characterized by Kp(D/A) = 1000 or Kn(D/A) =
0.001) results in excellent resolution for most combinations of (R) and (4). To identify the best
case for resolution, we generated diagrams for Kp(D/A) = 10 and Kp(D/A) = 1/10. Based on
this comparison, Case III (Kp(D) > 1 and Kp(A) < 1) offers the best resolution, followed by
Case I (Kp(D) > 1 and Kp(A) > 1), with Case II (Kp(D) <1 and Kp(A) < 1) yielding the lowest
resolution. However, even for low and physically realistic values of Kp(D/A), sufficient

resolution is achieved across all cases[105].

Strong tendency of gangliosides to aggregate both in the bulk and in lipid membranes
The inherent tendency of gangliosides to segregate and form nanodomains is driven by their

structural attributes at three distinct levels: the hydrophobic tails, the interface between water
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and lipid, and the substantial sugar headgroups. The following section of this thesis focuses on
a detailed exploration of the role of ganglioside headgroups in shaping nanodomain formation
and it is divided in two parts:

Part I Reduction of the GM1 headgroup by removing single sugar moieties from the
headgroup (Paper 1)

Part II Modification of the GM1 headgroup by adding or removing sialic acid (SA) moieties
(Paper 3)

We use MC-FRET as the main experimental approach with the goal to overcome the limitations
in lateral and trans-bilayer resolution inherent in fluorescence microscopy-based techniques,
which have hindered the detection and detailed characterization of subwavelength lipid
nanodomains recently identified in the plasma membranes of living cells[63]. MC-FRET
enables us to detect membrane nanodomains as small as a few nanometers, and, crucially, to

determine their size and surface density with greater precision.

Reduction of the GM; headgroup by removing single sugar moieties from
the headgroup (Paper 1)
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Figure 16 Structural representations of sphingolipids, arranged from left to right: ceramide
(CER), sphingomyelin (SM), and monosialogangliosides GM3, GM>, and GM.. The last panel
presents an illustrative breakdown of GM, including its ceramide backbone and intricate
sugar headgroup. Various sugar residues, including glucose (Glcl), galactose (Gal2 and
Gals), sialic acid (Sia3), and N-acetylgalactosamine (GalNAc4), are distinctly highlighted in
this depiction.
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The elimination of individual sugar units from the headgroup of GM. is resulting in the creation
of simpler monosialogangliosides (refer to Figure 16), and this inevitably alters the tendency of
these GSLs to cluster in an aqueous solution [106]. Specifically, the removal of the terminal
galactose (Gal5) gives rise to the ganglioside GM2, which spontaneously arranges into micelles.
Further elimination of the additional GalNAc4 residue produces GM3, which, in contrast to the

more substantial GM1 and GM2, undergoes self-assembly into vesicles [106, 107].
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Figure 17 Analysis of the nanoscopic segregation of gangliosides in lipid bilayers with
varying lipid compositions. The top panel displays distributions of nanodomain sizes, while
the bottom panel shows distributions of relative surface area coverage for bilayers containing
5 mol% of GM1 (blue), GM> (orange), or GM3 (green). MC-FRET analysis has been
conducted individually for each imaged GUV. The distributions consider 5 to 15 GUVs,
depending on variability, and the inset values indicate the average radius and average
surface coverage corresponding to each distribution.

Incorporating 5 mol% of GM1, GM2, and GM3 into simple DOPC membranes induces the
development of nanoscopic domains

Our experimental results showed (Figure 17) that gangliosides form nanodomains within
simple DOPC bilayers, characterized by a consistently narrow average size ranging from 7 to
19 nm in radius. Notably, despite their diminutive size, these ganglioside nanodomains cover
over half of the membrane surface (with an average surface area coverage (4) of 58-61%). This
distinctive behavior is absent when the sugar headgroup is entirely substituted by PC, as

observed with SM. The MC-FRET analysis of DOPC/SM (90/10) vesicles reveals two identical
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minima in the average nanodomain radius (R) and the average surface area coverage (A4)
occupied by the nanodomains, centered at R=8+1;1243 nm and A4=37+10;55+10%,

respectively.

The role of sphingomyelin in the formation of ganglioside nanodomains

In membranes with a more intricate lipid composition, notable differences in the sizes of
nanodomains formed by individual gangliosides were observed. Figure 17 illustrates that the
replacement of 10mol% of DOPC with sphingomyelin (SM) (DOPC/SM (90/10))results in an
enlargement of GM1 nanodomains compared to DOPC alone, with an average radius (R) of 23
nm and a reduction in surface area from (4)=61% in DOPC to (4)=47%. GM: exhibits a more
significant increase in nanodomain size from (R)=19 nm to (R)=75 nm and a decrease in surface
area from (4)=58% to (4)=47% upon SM incorporation. Interestingly, no significant effect on
GM3 nanodomains is observed upon SM incorporation (DOPC/SM (90/10)) or with an
additional 5 mol% of SM (DOPC/SM (85/15)).

The sensitivity of GM2 nanodomains to SM presence is noteworthy since it displayed the largest
variance among results from individual vesicles, likely due to slight variations in GUV
compositions. While the variance is minimal for GMs3, it is more pronounced for GM1 and
reaches its peak for GM2, with the most prevalent values at R = 13 nm and R = 120 nm. This
experimental observation aligns with MD simulations, suggesting that headgroup interactions

of GM: are less dominant compared to GM1 and GM3.

The role of cholesterol in the formation of ganglioside nanodomains

When 25 mol% of DOPC is replaced by cholesterol (DOPC/Chol (75/25) bilayers) to mimic
conditions closer to the plasma membrane, a significant increase in nanodomain size is observed
for both GM1 ((R)=7 nm to (R)=120 nm) and GM2 ((R)=19 nm to (R)=99 nm) compared to
DOPC. This is accompanied by a decrease in surface area from (4)=61% to (4)=50% for GM
and from (A4)=58% to (4)=47% for GM2. However, similar to SM, cholesterol did not induce
the growth of GM3 nanodomains.

To recapitulate, the growth of ganglioside nanodomains from small (R < 20 nm) to large (R >
20 nm) can be independently promoted by cholesterol and sphingomyelin for GM1 and GMz,
but not for GM3. Comparing the clustering propensity of gangliosides with SM in DOPC/Chol

(75/25) membranes to our previous work, we find that lipid nanodomains formed upon the
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addition of 5 mol% SM to previously homogeneous membranes are smaller ((R)=9 nm and

(A)=45%) than the ganglioside domains observed in this study.

Ganglioside nanodomains in the co-presence of Cholesterol and Sphingomyelin

In the co-presence of 10 mol% SM and 25 mol% Chol, ganglioside nanodomain size is
approximately 100 nm, buffering microscopic phase-separation. The comparison with pure
DOPC/Chol/SM bilayers indicates that the presence of gangliosides mitigates microscopic

phase separation.

Applying MC-FRET in vesicles containing both Chol and SM (DOPC/Chol/SM (65/25/10)),
we observed that the presence of Chol and SM does not induce a further increase in the size of
GM 1 nanodomains compared to the effect of Chol alone, suggesting Chol as the primary cause
of domain growth. For GM2, the presence of SM and Chol has negligible effect. However, GM3
exhibits a significant difference, leading to the formation of larger nanodomains ((R)=78 nm
and (4)=47%). The GM3 nanodomains remain the smallest, similar to other binary
compositions, with a distribution of radii broadening akin to GM2. In DOPC/Chol + 5 mol%
SM, the DOPC/Chol/SM (65/25/10) membrane is highly heterogeneous at the nanoscale in the
absence of gangliosides, with lipid nanodomains having an average radius and surface coverage
of (R)=9 nm and (A4)=45%, respectively. Moreover, in mixtures of DOPC/Chol/SM (60/25/15),
GUVs are microscopically phase-separated, and at (63/25/12), a small but significant fraction
of GUVs have microscopic domains. Thus, the additional 5 mol% of SM added to
DOPC/Chol/SM (60/25/10) GUVs drives phase separation, while 2 mol% more brings
instability. Overall, addition of an extra 5 mol% of GM1, GMz2, or GM3 in the DOPC/Chol/SM
(65/25/10) membranes only leads to the growth of nanodomains to a maximum size of (R)=120
nm. Evidently, ganglioside headgroups seem to buffer microscopic phase-separation in
membranes with compositions at the borderline of spontaneous phase separation, as supported

by earlier experimental findings and MD simulations.

Molecular reasons for the clustering of gangliosides: Insights by Molecular Dynamic
Simulations

Due to the impracticality of representing the complete size of nanodomains in all-atom
simulations, we opted for two extreme scenarios to simulate the lipid bilayer. In the diluted
mode, the bilayer comprises DOPC with 4 mol% of GMi (i = 1-3), mimicking the membrane

state before nanodomain formation. Conversely, in the concentrated mode, the ganglioside
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content was 20 mol% in DOPC/Chol/SM (45/25/10) bilayers. These conditions were selected
to simulate the experimentally observed nanodomains. Under these conditions, each
ganglioside molecule is in contact with at least one other ganglioside, forming a network

associated with the formation of ganglioside nanodomains.

GM, GM, GM,

»
>

20.0 nm
painjig

4
<

»
>

16.0 nm

p3aipi3uaduo)

B GM;

SM H Chol

Figure 18Top-down view of the membrane in both simulation modes after 1000 ns. In the
diluted mode (top row), the bilayer comprises DOPC with 4 mol% GMi, simulating the
conditions before nanodomain formation. In the concentrated mode (bottom row), where
ganglioside concentration is 20 mol% in DOPC/Chol/SM (45/25/10) bilayers, the simulation
mimics the interior of ganglioside nanodomains. Each simulation box is presented in four
adjacent copies to illustrate the connectivity of aggregates across box boundaries. It is
noteworthy that even in the diluted mode, gangliosides already form clusters. Courtesy of
Michael Owen

In the concentrated simulation mode, MD simulations reveal that the inclination of gangliosides
to segregate into nanodomains is influenced by interactions among three structural subgroups:
the hydrophobic tails, the subgroup situated at the water-lipid interface, and the glycan
headgroups. To assess the individual contributions of each subgroup to the stabilization of
nanodomains, we initially computed pairwise interaction enthalpies (H) between GMi
molecules and between GMi and other lipids in the concentrated mode (refer to Table 1).
Subsequently, we dissected these contributions into elementary interaction energies involving

the ganglioside headgroup (HG), interface (I), and acyl chain region (AC) for each lipid type.
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To adjust for the impact of the actual quantity of each lipid type on the calculated energy, these
contributions were normalized based on the number of the second lipid molecule in the pair

([H"™|, as detailed in Table 1).

Table 1 The normalized pairwise interaction energies |H"™| are calculated for the
ganglioside headgroup (HG), interface region (1), and acyl chains (AC) concerning the
surrounding gangliosides (GMi), sphingomyelin (SM), DOPC, and cholesterol (Chol) in the
concentrated simulation mode. The values are provided with the corresponding standard
errors of the mean. Each pairwise interaction is normalized based on the second lipid in the
pair, as indicated in the respective row. Courtesy of Michael Owen

Normalized Interaction Enthalpies |[H™™|(kJ mol ')

GM; % SM % DOPC % Chol %
HG -1663+29 669 -104.2+£0.8 48.8 -96.2+ 1.8 56.8 -2.1+0.1 5.0
I -20.8+0.5 8.4 -5.7+04 2.7 -3.1+0.1 1.8 -0.8+0.0 1.9
oM AC -61.5+13 24.7 -103.8+1.7 48.6 -699+1.5 41.3 -39.0+£0.3 93.1
Total -248.6+4.7 1000 -213.7+29 1000 -1693+3.4 100.0 -41.9+04 100
HG -1341£26 56.7 -99.4 £0.5 50.4 -81.6+ 1.0 50.5 -1.7+0.1 43
I -25.7+0.5 10.9 -54+0.2 2.7 -3.3+0.1 2.1 -0.5+0.0 1.3
CM: AC -76.7+ 1.5 324 -92.6+1.4 46.9 -76.1+2.2 473 -37.6 £ 0.7 94.5
Total -236.5+4.6 1000 -1974+2.1 1000 -160.9+3.3 100.0 -39.8+0.8 100.0
HG -1192+30 652 91.3+1.1 543 -60.1£1.3 44.7 -2.6+0.1 6.1
I -46+04 2.5 -33+0.3 2.0 -3.1+0.1 23 -0.6 £ 0.0 1.4
M AC -59.1+£1.2 323 -89.8+£ 1.6 433 -60.5+2.7 45.0 -393+1.1 92.0
Total -1829+4.6 1000 -184.4+3.0 1000 -123.7+4.1 100.0 425+1.2 100

Ganglioside molecules exhibit the strongest interactions among themselves, followed by
interactions with sphingomyelin, DOPC, and cholesterol. Notably, the primary driver behind
ganglioside clustering is attributed to the headgroups, responsible for over half of the interaction
energy between gangliosides, as outlined in Table 1. However, for GM2, only 57% of the
interaction energy originates from headgroup interactions, in contrast to GM1 and GM3, where
this value ranges from 65% to 67%. This suggests that the headgroup of GM2 contributes the
least to the stabilization of ganglioside nanodomains. Concurrently, the total normalized
enthalpy [H™™(GMi-GMi)| decreases with the headgroup size, and for GM3, it reaches a value
similar to [H*™(GM3-SM))|.

Regarding GMi-SM and GMi-DOPC interaction energies, approximately half of the energy
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arises from the GMi headgroup, while the other half comes from the acyl chain region.
Ganglioside tails exhibit stronger interactions with SM, less so with DOPC, and least with other
gangliosides, likely due to steric hindrance from the glycan headgroup, hindering close contact
between ganglioside acyl chains. As anticipated, cholesterol predominantly interacts with

ganglioside tails.

For comparison, the interaction enthalpies of SM with gangliosides follow the order GM >
GM2> GMs (Table 2). Significantly, SM-GMi interactions are considerably stronger than SM-
SM interactions. A similar trend is observed with DOPC, where exceptionally high DOPC-GMi
enthalpies result in the strongest interactions, followed by DOPC-SM, DOPC-Chol, and finally,
DOPC-DOPC. Thus, purely from an energetic perspective, the localization of both DOPC and

SM within ganglioside nanodomains is favored.

Table 2 Interaction energies among various neighboring molecular pairs in the concentrated
simulation mode. All energies were computed considering the specific number of molecules in
the simulation, normalized based on the second molecule in each pair. Courtesy of Michael

Owen

Interacting Normalized Interaction Energies |H™™| / kJ mol™!
Pair GM, GM, GM;
GM; - GM,; -248.6 £4.7 -236.5+4.6 -182.9+£3.0
GM,; - SM -213.7+2.8 -197.4+ 1.6 -184.4+3.6
GM; - DOPC -169.3+2.1 -160.9+ 1.3 -123.7+1.4
GM; - Chol -41.9+0.3 -39.8+0.6 42.5+1.2
SM - GM; -103.2+1.3 -953+0.8 -89.0+ 1.8
SM - SM -29.8 +£4.7 -39.2+4.9 -33.7+4.9
SM - DOPC -39.6+0.5 -36.5+0.5 -384+0.5
SM - Chol -18.1+0.4 -26.2+0.7 -22.24+0.8
DOPC - GM; -379.4+4.6 -360.7 + 3.0 2772 +3.1
DOPC - SM -183.9+2.5 -169.7 +2.1 -178.2+2.2
DOPC - DOPC -84.7+4.9 -91.0+4.6 -87.2+4.5
DOPC - Chol -108.1+1.2 -97.7+0.5 -108.8 £ 0.8
Chol - GM; -52.0+0.4 -49.4+£0.7 -52.7+1.4
Chol - SM -46.5+1.0 -67.5+1.8 -57.2+2.1
Chol - DOPC -59.9+0.7 -54.1+0.3 -57.0+0.5
Chol - Chol -18.0£0.0 -19.7+0.1 -15.1+0.1
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Hydrogen bonding facilitates formation of ganglioside nanodomains

In comparison to other lipids, gangliosides exhibit a pronounced propensity to form hydrogen
bonds with each other, thereby contributing significantly to the stabilization of ganglioside
nanodomains. The largest number of hydrogen bonds was observed between GMi-GMi,

followed by GMi-SM, GMi-DOPC, and GMi-Chol (as detailed in Table 3).

Table 3 The average number of hydrogen bonds between various molecular pairs in the
concentrated simulation mode. All numerical values were computed considering the quantity
of each lipid type in the simulation, with each value normalized based on the second molecule

in the pair. Courtesy of Michael Owen

Interacting Average No. of Hydrogen Bonds
Pair GM, GM, GM;
GM; - GM; 6.0 4.9 4.7
GM,; - SM 1.7 1.6 1.3
GM, - DOPC 1.7 1.7 1.3
GM; - Chol 0.1 0.1 0.2
SM - GM; 0.8 0.8 0.6
SM - SM 0.5 0.5 0.5
SM - DOPC 0.1 0.1 0.2
SM - Chol 0.1 0.2 0.2
DOPC - GM; 22 22 1.6
DOPC - SM 0.3 0.3 0.4
DOPC - DOPC 0.0 0.0 0.0
DOPC - Chol 0.2 0.2 0.2
Chol - GM; 0.2 0.1 0.2
Chol - SM 0.1 0.2 0.2
Chol - DOPC 0.2 0.2 0.2
Chol - Chol 0.0 0.0 0.0

Remarkably, the number of hydrogen bonds between GMi-GMi does not consistently decrease
with the diminishing size of the headgroup (refer to Table 4). This trend is disrupted by GM2,
which forms the fewest hydrogen bonds among all gangliosides in the diluted mode and
approximately the same number of hydrogen bonds as GM3 (despite having one less sugar, as

illustrated in Figure 1) in the concentrated mode.
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For GM3, the reduction in the number of hydrogen bonds due to the absence of Gal5 and
GalNAc4 is compensated by an increase in the number of hydrogen bonds on the terminal Sia3
and the newly exposed Gal2. Conversely, the removal of Gal5 from GM (resulting in GM2)
does not enhance hydrogen bonding on the terminal sugars GalNAc4 and Sia3. Instead, it is
accompanied by a reduction in hydrogen bonding on Sia3 but not on GalNAc4. Since GM:2 and
GM3 differ only in the presence of the GaINAc4 moiety, this moiety is expected to have a
disruptive effect on the overall number of hydrogen bonds formed. This observation is also
reflected in the previously mentioned smaller contribution of headgroup interactions to the
overall interaction energy for GMz, indicating a lower affinity between individual headgroups

in GM2 compared to GM1 and GM3.

Table 4 The average number of hydrogen bonds for each sugar unit per ganglioside
molecule in diluted and concentrated modes. Courtesy of Michael Owen

Average Number of Hydrogen Bonds per Ganglioside Sugar

System
Gals GalNAc4 Sia3 Gal2 Glcl Total
Diluted mode
GM, 0.8+0.3 1.1£0.2 21+04 0.3+£0.1 0.3+0.1 4.6
GM,; - 1.2+03 1.1+0.3 03+0.1 0.3+0.1 29
GM; - - 1.8+£0.4 1.2+0.2 0.5+£0.2 35
Concentrated mode
GM, 1.5+£0.1 1.0+0.1 22+0.1 0.7+0.1 0.6+0.1 6.0
GM; - 1.4+0.1 22+0.2 0.7+0.1 0.6+£0.1 4.9
GM; - - 26+0.2 1.4+0.1 0.7+0.1 4.7

The analysis of radial distribution functions around individual ganglioside molecules

To provide a more detailed insight into the specific interactions among the studied gangliosides,
we computed their radial distribution function, denoted as g(r). The amplitude of g(r) is directly
proportional to the likelihood of locating a particle at a given distance from a reference particle.
In this context, the reference particles correspond to the central atoms of each lipid, with
detailed information provided in the Methodology section.

The ganglioside nanodomains, as depicted in Figure 19, constitute more than half of the bilayer
area in the majority of cases, despite ganglioside molecules constituting only 5 mol% of all

lipids in the membrane.
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Figure 19 Radial distribution functions, denoted as g(r), derived from simulations conducted

in the diluted mode are presented. The g(r) functions illustrate the distribution of gangliosides

around themselves (Panel A), and the distribution of DOPC around each ganglioside (Panel
B). Courtesy of Michael Owen

Consequently, the formed nanodomains must include other lipids beyond the gangliosides. In
the context of DOPC/ganglioside compositions, it is clear that the additional nanodomain
component is primarily composed of DOPC, as supported by the radial distribution function,
g(r), illustrated in Figure 19B. In binary or ternary lipid mixtures, the inclusion of both Chol
and SM also merits consideration. To gain insights into how lipids are distributed around each

ganglioside within more complex membranes, we calculated their g(») functions in the

concentrated mode, as shown in Figure 20.
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Figure 20 Radial distribution functions, denoted as g(r), derived from simulations in the
concentrated mode. The panels display g(r) functions depicting the distribution of
gangliosides around themselves (Panel A), SM around itself in the presence of each
ganglioside (Panel B), and the distribution of DOPC, Chol, and SM around GM (Panel C),
GM: (Panel D), and GM3 (Panel E). Courtesy of Michael Owen

A g(r) value of 1 represents an isotropic distribution of lipids, while a value exceeding 1
indicates lipid accumulation. Notably, the g(r) functions exhibit distinct maxima for all three
GMi-GMi pairs (as illustrated in Figure 20A), affirming the mutual affinity of GMi gangliosides
in the diluted mode. However, it is worth to note, that the maxima are considerably sharper for

GM1 and GM3 compared to the flat distribution obtained for GMo.

Consistent with the analyses of interaction energies and the hydrogen bonding network, the
calculated g(r) functions suggest a lower affinity between GM2 molecules when compared to
GM and GM:. Furthermore, the data reveals a small peak for DOPC lipids, indicating a locally
increased affinity to ganglioside molecules and confirming the participation of DOPC in

ganglioside nanodomains (depicted in Figure 19B).
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Analysis of the g(r) functions computed for the GMi-GMi pairs in the concentrated mode
(Figure 20A) revealed distinct peaks at approximately 0.5 nm, accompanied by smaller
shoulders at around 0.6 nm from the reference atoms. Each function exhibited undulations at
greater distances from the respective reference atoms. A comparable yet diminished peak was
observed in the g(») functions calculated for SM in proximity to other SM molecules (Figure
20B), corroborating a mutual affinity among SM molecules in the studied mixtures. In contrast,
the g(r) functions for Chol-Chol and DOPC-DOPC (Figure 21) displayed notably flatter

dependencies, resembling typical g() functions for homogeneously distributed lipids in a lipid

bilayer.
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Figure 21 Radial distribution functions, g(r), of DOPC around DOPC (left) and cholesterol
around cholesterol (right) in the presence of each ganglioside in the concentrated mode.
Courtesy of Michael Owen.

The content of DOPC, Chol and SM in ganglioside nanodomains

The distribution of DOPC, Chol, and SM around GMi gangliosides is illustrated in Figure 20C-
E. Generally, the amplitude of the peaks followed the order of SM > DOPC > Chol,
substantiating (i) the preference for interactions between GMi and SM, leading to the
accumulation of SM in ganglioside nanodomains, and (ii) the localization of both Chol and
DOPC within the nanodomains. Notably, the preference between gangliosides and SM
exhibited a decreasing order of GM 1> GM2> GMs.

From these results, it can be deduced that GMi nanodomains are significantly enriched in SM.
However, the extent of DOPC lipid accumulation within the nanodomains remains uncertain.
To address the localization of DOPC lipids within ganglioside nanodomains, we also conducted
FRET experiments utilizing structurally similar fluorescently labeled DOPE-Atto488 donors
and DOPE-Atto633 acceptors. GUVs composed of DOPC/Chol (75/25) were prepared both in
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the presence and absence of 4 mol% unlabeled gangliosides, representing bilayers with and
without ganglioside nanodomains, respectively. Both the donor and acceptor were incorporated
at 0.5mol% each of total lipid concentration. In this experiment, we assessed the efficiency of
FRET between a homogeneous bilayer and a nanoscopically heterogeneous bilayer, finding no
change with nanodomain formation (Figure 22). This implies that neither the redistribution of
DOPE donors nor acceptors occurred, thereby allowing us to infer that no significant
redistribution of the structurally related DOPC molecules took place as nanodomains were
formed. Consequently, DOPC lipids are likely uniformly distributed between the domain and

non-domain regions of the bilayer.
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Figure 22 Fluorescence decays for DOPE-Atto488 donors recorded in the presence of
DOPE-Atto633 acceptors, both before and after GMi nanodomains formation in DOPC/Chol
(75/25) vesicles. The vesicles contained GM| (on the left), GM: (in the center), or GM3 (on the
right), and nanodomain formation was induced by incorporating 4 mol% of each ganglioside

into the DOPC/Chol (75/25) vesicles.

The localization of cholesterol relative to ganglioside nanodomains is less certain

The situation becomes more intricate for Chol due to differences between the fluorescently
labeled variants and the natural form. Thus, the described FRET experiments for DOPC are not
applicable to Chol. However, considering the similar profiles in the g(r) functions for DOPC-
Chol, SM-Chol, and GMi-Chol (Figure S4), it is reasonable to exclude the possibility that Chol
is entirely excluded from either the domain or non-domain bilayer part. Consequently, we posit
that Chol is also localized within the ganglioside nanodomains, akin to DOPC and SM,

potentially extending to some degree outside these domains.

Based on these findings, we estimated the number of each lipid in the nanodomains, as

summarized in Table 5.

Table 5The number of lipid molecules within each nanodomain (considering both leaflets) was
calculated under the assumption that SM and GM| gangliosides are exclusively localized in the
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nanodomains, while DOPC is evenly distributed throughout the entire bilayer. Calculations
considered both scenarios for cholesterol distribution. These calculations were derived from
results obtained via Monte Carlo-Forster resonance energy transfer (MC-FRET). All lipid
compositions included 4 mol% GM 1 and 1 mol% of the fluorescent analogue of GM1. Courtesy
of Michael Owen

Number of molecules in the domains

GMi DOPC SM ChOlin ChOlin&out GMi
GM, 424 ; _ _ 35
?OC;)PC GM, 3127 ) _ _ 270
GM; 3127 ; _ _ 256
GM, 4124 975 _ _ 487
1;(211;0 M GM, 43852 10367 ] _ 5183
GM; 1318 232 _ _ 116
GM, 93550 _ 62367 31183 12473
17)5?21)50 Chol GM, 63673 _ 45158 21224 9032
GM; 1878 ] 1043 626 209
GM, 75762 21992 54980 29139 10996
17)5‘/)21)5?1’51“’" SM- - 6m, 66394 27083 67707 25729 13541
GM; 34255 11213 28032 13175 5606

This estimation assumes exclusive localization of SM and gangliosides in the nanodomains,
with DOPC distributed equally throughout the entire bilayer. Due to uncertainty regarding the
localization of Chol, both scenarios are considered for Chol in Table 5. Despite being referred
to as ganglioside nanodomains, gangliosides constitute only a minor portion, with nanodomains
primarily composed of DOPC, followed by Chol and SM. However, despite their relatively

lower abundance, GMi molecules primarily drive the existence of the nanodomains.

Fluid and disordered character of ganglioside nanodomains

The localization of fluorescent probes within nanodomains is largely influenced by the fluidity
and order of these domains. Previously it was shown that the fluorescent lipid analogue DiD
exhibits a higher affinity for the liquid-disordered phase[103]. This intrinsic characteristic of
DiD, along with the known localization of fluorescent GM1 within ganglioside nanodomains,
allowed for the investigation of nanodomain fluidity and order using FRET. Using fluorescent
analogue of GM1 molecules as donors and DiD molecules as acceptors, two scenarios can
occur:

1) If liquid-ordered nanodomains form, there will be a decrease in FRET efficiency, leading to
slower donor deexcitation in the presence of acceptors;

2) If liquid-disordered nanodomains form, FRET efficiency and fluorescence decays will
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remain unaffected, as the relative distribution of acceptors around donors does not change due

to nanodomain formation.

For this experiment, GUVs composed of DOPC/Chol (75/25) and DOPC/Chol/SM (65/25/10)
were prepared, with and without 4 mol% of unlabeled ganglioside. The donor-to-lipid ratio was
1:1000 (0.1 mol%), and the acceptor-to-lipid ratio was 1:200 (0.5 mol%). It is important to note
that the incorporation of 4 mol% of each ganglioside is sufficient to induce nanodomain

formation in DOPC/Chol systems.
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Figure 23Time-resolved fluorescence intensity measurements of PalmGM1-g, PalmGM2-g,
and PalmGM3-g in the presence of DiD acceptors were conducted in DOPC/Chol (75/25, top
row) and DOPC/Chol/SM (65/25/10, bottom row) vesicles. These vesicles either contained 4
mol% of unlabeled GM1 (4, D), GM: (B, E), or GM; (C, F) to form nanodomains, or were

homogeneous without the inclusion of gangliosides.

Figure 23 demonstrates that the formation of nanodomains induced by GM1, GM2, or GM3 does
not significantly impact the observed fluorescence decays. This finding supports the conclusion
that these nanodomains exhibit a liquid-disordered nature, even within the more complex

mixture that includes SM.
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Modification of the GM; headgroup by adding or removing sialic acid
(SA) moieties (Paper 3)

This segment of the thesis is devoted to the impact of the number and position of sialic acid
residues in gangliosides’ structure on their clustering and aggregation in synthetic bilayers with
gradually decreased complexity. We used MC-FRET to investigate the nanoscopic arrangement
(the nanodomains' size - radius (R) and their membrane surface coverage - area fraction
occupied by nanodomains (A)) of five different GSLs(asialoGM devoid of Sia, followed by
GM1, GD1a, GTib, and GQ1b with one to four Sia residues, respectively).
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Figure 24 A graphical illustration of the studied gangliosides. Detailed structure of
ganglioside GM (top), consisting of galactose (Gal), N-acetylgalactosamine (GalNAc),
glucose (Glc), sialic acid (Sia), and ceramide (Cer). Five studied gangliosides (bottom) have
Cer as the lipid backbone and differ in the number of Sia residues, from zero (asialoGM|, left)
to four (GQi», right).

Asialo-GM: devote of sialic acid moieties does not cluster in simple DOPC lipid mixtures
Results of MC-FRET for DOPC/Chol/SM/GSL bilayers (Figure 25 left panel) showed that each

of the five types of examined GSLs formed nanodomains, ranging from 91 to 122 nanometers

50



in size on average. These nanodomains cover about 45% to 54% of the total surface area. This
suggests that this mix of lipids might be too intricate to spot variations in how different GSL
species behave. Interestingly, we noticed that sphingomyelin, another type of lipid, could be a
significant factor in evening out the differences in behavior between GSL nanodomains. This
could be due to its high concentration within nanodomains and its tendency to interact more

with gangliosides compared to other lipids.
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Figure25 Frequency distribution graphs were generated to illustrate the size of nanodomains
(at the top) and their respective coverage of the surface area (at the bottom) for the five GSLs
studied in GUVs with varying compositions. These compositions included bilayers containing
4 mol % of asialoGM| (shown in gray), GM1 (blue), GD1a (orange), GTi» (green), or GQ1»
(red), along with an additional 1 mol % of the GM1 FRET pair (consisting of 0.5 mol %
Bodipy-FL-C5 and 0.5 mol % Bodipy-564/570-C5 conjugated GM1). Each GUV that was
imaged was analyzed using MC-FRET. Depending on the level of variability, a total of 5 to 10
GUVs per lipid composition were imaged. The inset values provide the average nanodomain

radius and the average surface coverage for the corresponding distributions.

In the absence of SM (central panel of Figure 25), the nanodomain size and coverage of the
membrane surface across all gangliosides did not significantly differ compared to membranes
composed of DOPC/Chol/SM/GSL, except for asialoGMi. However, asialoGM1, was notably
affected by the absence of SM. In fact, without SM, the nanodomain size decreased dramatically
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from 122 nanometers down to only 15 nm, while the average surface area covered by these
domains slightly increased from 45% to 55%. This highlights a key difference between GSLs
with at least one Sia residue and asialoGMi, which lacks Sia. Interestingly, asialoGMi's
behavior in this regard resembles that of sphingomyelin in DOPC/Chol/SM (70/25/5)
membranes, where sphingomyelin forms nanodomains with an average radius of 9 nanometers
covering 45% of the membrane area. Similar characteristics are also seen in nanodomains
formed by ganglioside GM3, which contains one Sia group but has a much smaller sugar head,

consisting only of Gle-Gal2-Sia3 sugar residues.

To further test the stability of the nanodomains, the cholesterol was removed from the
membrane, simplifying it to only the bulk lipid DOPC and the specific ganglioside
(DOPC/GSL). The MC-FRET analysis (Figure 25, right panels) showed that all GSLs
containing Sia still formed nanodomains in these simplified DOPC/GSL bilayers, with an
average radius of about 5 nm. In contrast, asialoGM did not form any nanodomains ({4) close
to 0), which is consistent with the behavior seen for sphingomyelin. Furthermore, in these
simple membranes, the previously noted similarity between asialoGM1 and ganglioside GM3
disappeared, as GM3 continued to organize into nanodomains ((R) = 19 nm, and (4) = 61%)
even in pure DOPC vesicles. Despite asialoGM1 having four sugars in its glycan headgroup, it
surprisingly clusters in a manner more similar to sphingomyelin, where the headgroup is
completely replaced by phosphatidylcholine (PC), rather than resembling the behavior of
closely related gangliosides like GM1 or structurally similar GM2 and GMs.

Sialic acid moiety dominates hydrogen bond formation

To understand why asialoGM clusters differently from other GSLs, atomistic MD simulations
were used to study the organization of these clusters. In Part I of this thesis, it was showed that
the stability of ganglioside nanodomains is closely linked to the GSLs' ability to form
intermolecular interactions. Therefore, in this part, the focus is on analyzing hydrogen bonds
between individual gangliosides. We performed MD simulations for asialoGM1, GM1, and
GD1a within DOPC/Chol/SM/GSL (65/25/10/5) membranes. However, only the bilayer portion
that closely resembles the interior of the ganglioside nanodomains was considered, as the full

size of nanodomains is too large to be accurately reproduced in all-atom simulations.

Table 6 Average number of hydrogen bonds per GSL sugar moiety forGD 1a, GM1, GM3 and
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asialoGM 1 in DOPC/Chol/SM bilayers. Courtresy of Mercedes Kukulka

GSL Sia6 Gals GalNAc4 Sia3 Gal2 Glcl Total Ssl\l\/f[_
GD1. 2.5+0.0 1.6+£0.0 1.1+£0.0 2.2+0.1 2.1+0.0 0.5+0.0 10.0 1.0
GM, - 2.0+0.1 1.1£0.0 2.1£0.1 0.44+0.0 0.6+0.0 6.2 1.0
GM; - - - 2.6£0.2 1.4+0.1 0.7+0.1 4.7

asialoGM; - 1.0+£0.0 0.9+0.0 - 0.4+0.0 0.5+0.0 2.8 1.0

The calculated average number of hydrogen bonds between GSL molecules showed that the
total number of interactions increases with the number of sialic acid (Sia) moieties (Table 6).
Detailed analysis revealed that the Sia moiety is responsible for the highest number of molecular
interactions in all studied systems, contributing with about two hydrogen bonds per Sia residue.
In contrast, the glucose (Glc) and galactose (Gal) groups form between 0.4 and 0.7 hydrogen
bonds each. Additionally, the N-acetylgalactosamine (GalNAc) group also affects the number
of hydrogen bonds formed. Comparing GM1 and GM3 (with and without GalNAc, respectively)
shows that GalNAc reduces the number of hydrogen bonds on the Gal and Sia groups.

AsialoGM: is at a disadvantage in forming hydrogen bonds because it lacks the Sia moiety and
contains a GalNAc group, which inhibits hydrogen bond formation. Consequently, asialoGM 1
forms significantly fewer hydrogen bonds with neighboring GSLs compared to GM1 (2.8 vs.
6.2). Even though asialoGM has four sugar groups, it forms fewer hydrogen bonds (2.8) than
GM3 (4.7), which has only three sugar groups. Surprisingly, asialoGM1's hydrogen bonding
(2.8 bonds on average) is more similar to SM, which forms only one hydrogen bond, than to

GM..

To support these findings, we computed the interaction energy between GSLs with different
numbers of Sia groups (Table 7). The presence of Sia significantly increases the interaction
energy, making it more negative. This trend is evident despite the variability in the data due to
the diverse ganglioside clusters in the MD simulations. Specifically, adding a Sia moiety to
asialoGM1 (forming GM1) increases the interaction energy by about 60%, although Sia is only
one of the five sugar moieties in the headgroup. This effect is not purely additive, as adding two

Sia residues to GD1a, which has six sugar units, increases the interaction energy by an average
of 46%
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Table 7 The average interaction energies (measured in kilojoules per mole) between the GSL
sugar headgroups themselves (homogeneous interactions) and between the GSL sugar
headgroups and the surrounding bulk lipids (heterogeneous interactions) in the simulated
membranes. Courtesy of Mercedes Kukulka Lukasz Cwiklik

Homogeneous interaction Heterogeneous interactions
GSL OOV GsL/GSLm  DOPC PO SM SMym ol Choluu
GD1a -51 -4.3 -298 -3.3 -86 -3.3 -78 -1.2
GM; -56 -4.7 -247 -2.7 -123 -4.7 -83 -1.3
;;ilal"c 35 2.9 2267 30 <101 -39 -88 -14

We also calculated standardized pairwise interaction energies per lipid to compare the
interaction energies between homogeneous GSL/GSL pairs and heterogeneous GSL/bulk
DOPC, Chol, or SM pairs (Table 7). AsialoGM: showed a notable difference in this
comparison. The interaction energy values for asialoGM1/asialoGM pairs were similar to
those for asialoGM1/DOPC or asialoGM1/SM pairs, suggesting that homogeneous interactions
are not exclusively responsible for the stability of GSL nanodomains. This contrasts with the
interaction energies for GM1/GM1 or GD1a/GD1a, where the homogeneous interactions were

significantly more negative than the heterogeneous interactions with DOPC.

These findings indicate that the ability of gangliosides to form nanoscopic domains is closely
linked to the Sia moiety's enhanced capacity to form hydrogen bonds. AsialoGM1, lacking the
Sia group, is at a significant disadvantage compared to gangliosides with at least one Sia group,
both in the number of hydrogen bonds and in the interaction energy, which is much lower for

asialoGM.

Accessibility of the ganglioside headgroup towards the bulk water

As gangliosides in general and specifically the Sia moiety act as receptors for membrane
binding proteins, we were further interested in how the molecular structure of the investigated
ganglioside influences their ability to form hydrogen bonds with the surrounding bulk water.
Specifically, we measured the number of hydrogen bonds among water, Sia groups, and the
entire sugar headgroup (Table 8). The average number of hydrogen bonds between Sia groups
and water per GSL in the nanodomains is about 12, which constitutes slightly more than 50%
of all hydrogen bonds formed by the core sugar headgroup (excluding Sia). AsialoGM1, which

lacks the Sia group, forms 33% fewer contacts with water than GM1, which has one Sia group,
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and only half as many as GD1a, which has two Sia residues. These values contrast sharply with
the number of hydrogen bonds between the SM headgroup and water, which is only 4.5. Thus,
the Sia group plays a crucial role in mediating interactions with the environment, significantly
contributing to both the stability of ganglioside nanodomains and the formation of hydrogen

bonds with surrounding water molecules.

Table 8 The average number of hydrogen bonds between the sialic acid (Sia) group and
water, as well as the total number of hydrogen bonds between the entire headgroup and water
per GSL molecule. Courtesy of Mercedes Kukulka and Lukasz Cwiklik

GSLs in nanodomains One isolated GSL molecule
GSL h;l;o‘;in forfr:.:; tti)(;nSia h)lj;;o(;fen f orl:rf:c: tli)(;'nSia
bonds bonds

Head group 435+04 - 446+04 -
GD1a Sial 12.1£0.1 27.8 12.6 £0.2 28.3

Sia2 12.6 £ 0.0 29.0 13.5+0.2 30.3
GM, Head group 32.6+0.1 - 343+£0.2 -

Sial 12.2+0.0 37.4 13.1£0.1 38.1
asialoGM; Head group 220+04 - 229+0.7 -
SM Head group 43+0.0 - 45+0.0 -

The previous analysis of hydrogen bonds formed by gangliosides within nanodomains (left part
of Table 8) was extended to include hydrogen bonds for an isolated ganglioside molecule in a
lipid layer with the same composition (right part of Table 8). This allowed for the assessment
how nanodomains affect the accessibility of gangliosides to ligands from the bulk solution.
Interestingly, when one GSL molecule was isolated in the lipid bilayer, the number of hydrogen
bonds between the headgroup and water remained almost unchanged. We further compared
calculated normalized partial density profiles of specific ganglioside moieties for both the GSL

in nanodomains and the isolated GSL molecule (see Figure 26for details).
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Figure 26 Left: Normalized partial density profiles for DOPC and individual moieties of
ganglioside molecules located in the nanodomains (A) and for an isolated ganglioside
molecule (B), averaged for the top and bottom leaflets. Right: Histogram of cos(8), describing
the tilt angle of the sialic acids in relation to the normal of the membrane, both in the
concentrated (C) and diluted (D) mode. The results are presented for GD 14 in the
DOPC/SM/Chol bilayer. Insets: Representative structures of the GSL tilt angle. The blue and
green lines indicate the vectors between the O1 atom of Glcl moiety and the Sia3 and Sia6
nitrogen atoms, respectively. Courtesy of Mercedes Kukulka Lukasz Cwiklik

These results indicate that while the terminal groups of gangliosides in nanodomains are
stretched, this does not enhance the accessibility of the glycan group to surrounding water.
Thus, the previous conclusion for gangliosides GM1—GM3s—that the biological role of
ganglioside nanodomains is to provide a nanoscopic platform with a higher local concentration
of ganglioside receptors, rather than to expose Sia more efficiently to the solvent—can be

extended to the gangliosides studied here.
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Discussion & Conclusions

This thesis provided a detailed study into the effects of glycan headgroups on the lateral
segregation of gangliosides within lipid bilayers. Using a combination of molecular dynamics
simulations and experimental approaches involving fluorescence microscopy, specifically, we
showed that the carbohydrate moiety significantly influences the nanoscopic clustering of
gangliosides. The specific interactions between the oligosaccharide chains and the lipid acyl
chains, including hydrogen bonding and electrostatic interactions, appear to drive the
segregation of gangliosides into distinct nanodomains. These findings highlight the critical role
of the glycan headgroup in stabilizing ganglioside-rich domains, which may be pivotal for the
formation of functional lipid domains involved in signaling, membrane trafficking, and cell-

cell communication.

A key aspect of this work was the observation that the sugar composition, not just the lipid tail,
influences domain morphology. This suggests that glycosylation status can modulate the lateral
distribution of gangliosides in a way that goes beyond simple hydrophobic interactions,
potentially altering the functional properties of these membrane domains. Importantly, the
ability to manipulate the glycan headgroup offers a potential path for modulating nanodomain
structure and membrane behavior, an area that warrants further studies in the context of cell
signaling and membrane trafficking.

Next, we address the fundamental question: which molecular features of gangliosides are
responsible for their ability to form stable nanodomains. Through a combination of
experimental studies and theoretical simulations, we demonstrate that the ganglioside's
headgroup moiety, particularly the sialic acid residues, plays a pivotal role in driving domain
formation. This work builds on earlier studies and provides a deeper understanding of how
specific functional groups within the glycan headgroup contribute to the thermodynamic

stability of these structures.

This research indicates that gangliosides, particularly those with more complex oligosaccharide
chains, are more likely to form distinct, stable nanodomains. The presence of the sialic acid
residues in the glycan headgroup enhances electrostatic interactions between gangliosides and

other membrane lipids, thereby promoting the segregation into domains. This finding is
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important because it challenges the traditional view of lipid domain formation, which
emphasized hydrophobic interactions between lipid tails. The role of the glycan headgroup
highlights a more nuanced picture of membrane domain organization, in which carbohydrate-
based interactions are just as important as hydrophobic forces in determining lipid domain
behavior.

Finally, we highlighted the challenges in resolving interleaflet nanodomain organization using
FRET, pointing to the potential need for better experimental techniques to probe membrane.
We showed that MC-FRET is a powerful biophysical tool that can successfully face challenges
in accurately detecting nanodomain structures in membranes that are asymmetrically organized
between the inner and outer leaflets of the lipid bilayer. The use of FRET in membrane
biophysics is commonly employed in membrane biophysics studies, but its inability to resolve
trans-bilayer interactions complicates the assessment of nanodomain organization in a more

physiologically relevant context.
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