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Abstract

The present thesis focuses on two interrelated research themes that deal
with interactions of biological and synthetic nanocomplexes with cell mem-
brane surfaces. Understanding the physical and chemical principles that
regulate these interactions is crucial to figure out how native peripheral
protein complexes function on the surface of cell membranes, and how
man-made nanoparticles with the desired properties can be utilized in the
vicinity of cell membranes. In order to provide the most accurate repre-
sentation of these phenomena by molecular level resolution, the research
presented in this thesis has been carried out using atomic and molecular
simulation methods.

The first part of the thesis focuses on the interaction of fibroblast growth
factor II (FGF2) with the plasma membrane. We studied the entry point
of FGF2 at the inner layer of the plasma membrane and the importance of
PI(4,5)P2 lipids in recruitment and oligomerization of FGF2 at the mem-
brane surface. Understanding how to regulate the secretion of FGF2 will
pave the way for biomedical applications as to the development of drugs
that can prevent tumor cells from secreting FGF2.

The second part of this thesis concentrates on the interactions between
gold nanoparticles and cell membranes. We first investigated the role of
temperature and lipid composition in regulating the intake of monopro-
tected gold nanoparticles into model membranes. Understanding this pro-
cess is critically important in the development of means to control the
translocation of man-made nanoparticles into a cell, related to the designe
of novel drug delivery vehicles with reduced toxicity. Second, we studied
how gold nanoparticles can be exploited in single-particle tracking measure-
ments to understand nanoscale membrane dynamics with optimal temporal
resolution.

Altogether, this thesis work provides novel insight into the interplay
between molecular complexes and cell membrane surfaces and underlines
the added value that emerges from the linking of computer simulations and
experimental techniques.
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PREFACE

The doctorate is not a speed race but rather an obstacle marathon. It
doesn’t matter getting there first or where you stop or if you give up. You
are the only participant, and whatever happens, you will be the winner in
one way or another. At the end of the day, what really matters is your
happiness and your health.

During a long marathon, there are several moments when you are ex-
hausted, when you think you can’t do it, and you would like to give up
everything. Fortunately, at the edge of the track, I always found many
people who cheered me on and supported me all the time with smiles and
vodka. This was my luck.

You cannot start running, and the next day hopes to complete a marathon.
You need to train yourself continuously and being passionate about what
you do. For this, I am grateful to Ilpo, my coach, for having always sup-
ported and guided me in all these years, giving me the freedom to work
where, when, and on what I liked.

I have never trained alone, and I owe this to the whole team; nobody
excluded. A special thanks, however, goes to Matti, Waldek, Hector, Giray,
and Maria, which I do not consider only team-mate but rather friends. I also
owe a lot to my roommate, Edouard, with whom I shared many memorable
moments. I also had the pleasure to meet Pavel, who joined the group as a
Finland Distinguished Professor and allow me to visit his group in Prague
during my studies. A hundred liters of olive oil would not be enough to
thank him.

Aside from the group members, a special thanks go to my friends who
visited me in Helsinki, despite the adverse Finnish weather as well as my
good friends Cristina and Francesco with who I toured Europe during
Easter breaks.

I am very grateful to Walter and Britta, and both their groups for the
opportunity and all the support they gave me during this year in Heidelberg,
where I felt as the Schrödinger’s cat – being a Post-Doc without a Ph.D.
degree.
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In the end, but not the least, I want to thank my parents and my brother
for their unconditional support, hoping they forgiven me for deciding to
leave a warm Sicily for a freezing Finland.

Finally, I am most grateful to my fiancée Alessandra for her uncondi-
tional love at all times, for having been there in my darkest and brightest
moments of all these years; for putting up with me despite my stubbornness
and drove away my anxieties.

”VodkanIsay”? Thank you all.

Saarbrücken, May 1st, 2020
Fabio Lolicato
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AA All-atoms

AuNPs Gold nanoparticles

CG Coarse-grained

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine

DSPG 1,2-distearoyl-sn-glycero-3-phosphoglycerol

ER Endoplasmic reticulum

FF Force field

FFT Fast Fourier transform

FGF2 Fibroblastic growth factor II

LJ Lennard-jones

MD Molecular dynamics

NpT Isothermal-isobaric ensemble

NVE Microcanonical ensemble

NVT Canonical ensemble

PBCs Periodic boundary conditions

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PI Phosphatidylinositol

PI(4,5)P2 Phosphatidylinositol 4,5-bisphosphate
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PIP2 Phosphatidylinositol 4,5-bisphosphate

PME Particle Mesh Ewald

PMF Potential of mean force

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

PS Phosphatidylserine

QM Quantum mechanical

RDF Radial distribution function

RF Reaction field
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SPR Surface plasmon resonance

SPT Single-particle tracking
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Chapter 1

Introduction

Cells are highly ordered systems characterized by a complex arrangement
of biological macromolecules and their complexes. They have the ability to
react quickly to external stimuli, detect changes in ambient conditions, and
receive and process signals from the surrounding environment. The interior
of a cell is separated from the extracellular space by a plasma membrane.
It protects the organelles (specialized subunits with specific functions) and
the nucleus of eukaryotic cells by, e.g., regulating the transport of matter
in the cell, and between the inside and outside of the cell [1]. The un-
derstanding of the physicochemical laws regulating cellular functions could
foster discoveries and the design of new pharmacological compounds for the
treatment of a variety of diseases.

Cell membranes can be imagined as soft interfaces made up of different
species of lipids that form a quasi-two-dimensional lipid bilayer. It is not an
isolated entity but rather an environment crowded with numerous carbo-
hydrates and membrane-associated proteins [2, 3]. Membrane-protein and
protein-protein interactions are largely responsible for most of the cellular
functions, such as signaling and transport [2, 4, 5]. Extensive work has been
done during the past decades to understand the role of lipids in regulating
the functions of membrane proteins. However, due to the nanometer and
nanosecond resolution needed to explore the fast dynamics of biomolecular
systems taking place in molecular spatial scales, significant gaps in the un-
derstanding of membrane functions remain to be resolved. Among the most
important challenges are to reveal the activation and function of periph-
eral proteins and the interactions of nanoparticles with membranes [6, 7].
Although these research topics may sound quite different, they do in fact
have a lot in common. Peripheral membrane proteins, despite their pivotal
role in many critical biological processes such as cell separation and tissue
regeneration, have been given much less attention compared to studies on
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2 1 Introduction

integral proteins. This stems largely from the difficulty to understand the
conformational complexity of proteins adsorbed to a two-dimensional mem-
brane interface: these proteins are partly water soluble, implying that they
have structures not influenced by lipids at all, but they are also character-
ized by structures influenced by weak binding to a cell membrane surface.
Since the electrostatic environments of the water phase and the vicinity
of the membrane surface are also distinctly different, the understanding of
peripheral protein behavior is far from a simple feat.

But then, how about nanoparticles that interact with cell membranes?
Here the challenge is partly of similar nature. Nanoparticles are often
functionalized by different groups that in part determine the nanoparticles’
chemical and also physical properties, and the conformational behavior as
well as protonation state (charge) of the nanoparticles is also dependent
on where they are: in the water phase, at the membrane-water interface,
or buried inside a membrane. Currently, the understanding of the molec-
ular processes underlying the interactions of metal nanoparticles with cell
membranes is quite weak [7]. Yet nanoparticles are involved in many cell
membrane functions with health-related implications, such as the design of
new diagnostic and therapeutic nanotools [8], and nanoparticles are used
as probes of membrane structure and dynamics.

In this thesis, the aim is to look for new insight to fill some of these gaps
in knowledge. To this end, we used atomistic and coarse-grained biomolecu-
lar simulations to explore the interaction of two membrane-bound biological
particles with lipid membranes: the peripheral protein known as Fibrob-
lastic Growth Factor II (FGF2) and gold nanoparticles (AuNPs). The first
part of this thesis sheds light on the unknown steps of the unconventional
secretory pathway of FGF2.

The findings presented in the thesis help to clarify the roles of the
sodium, potassium-transporting ATPase subunit α1 and phosphatidylinositol-
4,5-bisphosphate (PI(4,5)P2) in triggering the oligomerization of FGF2 at
the membrane surface. Further, this thesis contributes to the understanding
of how the interaction between gold nanoparticles and model membranes
takes place. The results in this context highlight the importance of lipid
composition in governing the AuNP intake mechanism into cell membranes.



Chapter 2

Background Knowledge

This introductory Chapter presents the main actors of this thesis. In par-
ticular, we focus on the plasma membrane and its complexity, which is the
key to understand the biological processes discussed in this work.

2.1 The Plasma Membrane

Biological membranes surround all our cells. They separate our cells from
the external environment and regulate the exchange of matter and chemical
substances between the inside and the outside of a cell [1]. The regula-
tory function is fundamental for our organisms because it selects nutrients
allowed to reach the inside of the cell, and prevents potentially harmful
substances from entering the cells [9, 10]. However, the plasma membrane
has a variety of other functions, too, which is not very surprising given that
it is a complex entity comprised of thousands of different lipid types and
associated membrane proteins. It is like a puzzle that is extremely chal-
lenging to decrypt. It is likely that no single piece is randomly placed in
a plasma membrane, but, instead, all of them have some specific and vital
functions [8]. Although a lot of effort has been made during the last decades
to reveal the functions of the plasma membrane, many questions remain
open, and the continuous changes due to nonequilibrium conditions makes
the studies of plasma membranes even more complicated [11]. To fully un-
derstand the complex nature of biomembranes and living cells, the synergy
arising from the interplay of theoretical and experimental research should
be exploited, since it is obviously one of the keys to better understand the
links between membrane structure, dynamics, and cellular function. The
mixing of computational simulations, theoretical models, and experiments
allows one to explore the same phenomena from different perspectives with
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4 2 Background Knowledge

different time and space resolutions.

Figure 2.1: Schematic representation of the cell membrane. The central
component of the plasma membranes are phospolipids which assemble into
a double-layered structure spontaneusly. The fluididy of the cell membranes
and their permeability is regulated by cholesterol. Glycospyngolipids act as
an additional barrier and are involved in signaling processes. About 30%
of the membrane surface is covered by proteins such as protein channels
(point 1), peripherical proteints (point 2) or integral proteins (point 3-4).

2.1.1 Current Paradigms of Cell Membrane Structure

The current view of cell membrane structure is largely based on the fluid
mosaic model proposed by Singer and Nicolson in 1972 [12]. They hypothe-
sized that the cell membrane is a lipid bilayer, in which proteins embedded
in the bilayer carry out most of the membrane functions [12]. The Singer-
Nicolson model assumes lipids and proteins to be randomly distributed in
a quasi-two-dimensional plane of the lipid bilayer structure. This random
distribution would then be responsible for the fluidity of the membrane,
since it would give enough freedom for the lipids and proteins to undergo
lateral and rotational diffusion.

The central components of cell membranes are phospholipids. These
are lipid molecules made up of a (hydrophilic) phosphate-based head group
and two (hydrophobic) fatty acid chains. The hydrophilic heads of phos-
pholipids orient themselves to face the water phase, while the hydrophobic
chains point inward towards the membrane center region. The amphiphilic
nature of lipids allows them to rearrange in a double-layered structure spon-
taneously as shown in Figure 2.1 [13].
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In addition to phospholipids, cell membranes contain a variety of other
lipids such as sterols, sphingolipids, and glycolipids. Nobody knows how
many different lipid types there are in cell membranes since this number
likely depends on cell type, diet, and many other factors, but there are
many, of the order of thousands or tens of thousands. One essential lipid
is cholesterol, which regulates the fluidity of the cell membranes and their
permeability (see below) [11]. Meanwhile, there are also carbohydrates
anchored to proteins and lipids on the extracellular leaflet, acting as an
extra barrier and involved in processes such as signaling [14]. While the
Singer-Nicolson model has been a very good starting point for investigations
of cell membranes, it fails to explain some vital membrane features. For
instance, it is not able to explain why cell membranes are heterogeneous,
asymmetric, and contain so many different lipids that specifically modulate
the activation and function of selected proteins.

Heterogeneity in the Plasma Membrane

In 1997, Simons and Ikonen proposed, based on significant experimental
and theoretical evidence, that cell membranes are characterized by specific
lipid-protein compartments [15]. They postulated that in fluid membranes,
there coexist both ordered and less ordered membrane domains, and the
existence of ordered domains is driven by some key lipids such as choles-
terol and sphingolipids. Because nature rarely leaves anything to chance,
it is legitimate to ask if these ordered domains (known as rafts) have bio-
logical functions related to formation of specific protein-lipid complexes. In
this context, the definition of a raft has evolved over the years, and nowa-
days they are considered as fluctuating functional nanoscale assemblies of
proteins and lipids [11].

The raft model, however, is challenged by the limitations of experimen-
tal techniques that do not yet have sufficient resolution to prove or disprove
the existence of nanoscale (10-20 nm) ordered lipid-protein domains. Only
recently studies with techniques such as super-resolution fluorescence cor-
relation spectroscopy have emerged, with potential to provide strong sup-
port for the raft hypothesis [16, 17, 18]. What is clear, however, is that
there are numerous membrane proteins whose activation and function is
modulated by lipids. There is ample experimental data to support this
view [11, 19, 20, 21, 22, 23, 24, 25, 26].
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Membrane Lipid Composition

Another aspect that is missed in the fluid mosaic model is the asymmetric
distribution of lipids between the two leaflets of a cell membrane [27]. Dif-
ferent lipids have different geometries and chemical environments, and there
are active processes transporting lipids between the two leaflets, thereby in-
fluencing the distribution of lipids across the membranes.

While the compositions of the membrane leaflets are different, the lack
of (or very slow) transmembrane diffusion also maintains the asymme-
try [27]. This results in a situation that in plasma membranes the ex-
tracellular leaflet is typically enriched of phosphatidylcholine (PC), sphin-
golipids like sphingomyelin (SM), and glycolipids, whereas the cytoplasmic
leaflet is mostly rich in (charged) lipids such as phosphatidylserine (PS),
phosphatidylethanolamine (PE), and phosphatidylinositol (PI). The trans-
membrane distribution of cholesterol is, however, unclear [28, 29]. Due to
its ability to regulate the fluidity of the membrane and protein-lipid inter-
actions, cholesterol plays an important and partly controversial role. The
asymmetrical distribution of lipids is also known to be crucial in promoting
specific interactions with proteins and other molecules, which triggers the
formation of protein oligomers and the emergence of transportation mech-
anisms across cell membranes [27]. A very good example of these processes
is the unconventional secretory pathway of FGF2, which is driven by its
specific interaction with PIP2 in the cytosol.

2.1.2 Membrane Proteins

Recent experimental studies have pointed out that, contrary to the fluid
mosaic model, proteins cover about 30% of the cellular surface [2, 30].
Proteins represent, indeed, the second principal component of biological
membranes and are responsible for many vital cell functions:

• Membrane receptors: specialized proteins triggering changes in the
cell function upon the interaction of external molecules (e.g., neuro-
transmitters and drugs).

• Transport proteins: they regulate the transfer of ions, lipids, drugs,
and macromolecules across biological membranes.

• Cell adhesion: responsible for the binding of cells with other cells and
the extracellular matrix.

Despite challenges to establish experimental conditions that can preserve
the correct function and conformation of proteins in vitro, without doubt,
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proteins are of exceptional importance in medicine. More than 50% of all
medical drugs target membrane proteins [4].

Membrane proteins can be classified in two large classes [31]. Integral
proteins typically span the membrane and can be classified based on their
structure inside the membrane: A) single transmembrane helices; B) trans-
membrane helix bundles or beta barrels that extend across the membrane
more than once; and C) proteins attached, permanently, to only one side
of the membrane [31, 32]. Peripheral proteins, instead, adhere only tem-
porarily to the membrane surface or to integral proteins with non-covalent
interactions. The reversibility of this process makes these proteins funda-
mental for many critical cellular functions such as cell signaling and lipids’
transport between cellular membranes [11, 33, 34, 35].

Membrane Protein Interactions

Membrane proteins alone do not establish a functional unit. The functional-
ity of a membrane protein derives from its interaction with its surroundings,
such as lipids and other proteins [11]. The raft concept, for example, high-
lighted the importance of the lipid environment in explicating protein func-
tion [15, 36]. Just think about the role of cholesterol, which indirectly regu-
lates the activity of proteins by modulating the fluidity of cell membranes,
or its direct influence on the activation of G protein-coupled receptors [37].
Furthermore, the fact that many protein structures have been resolved to-
gether with lipids that are strongly bound to the protein structure stresses
the importance to account for the environments that the proteins are ex-
posed to, when the mechanisms of cell functions are being revealed. Many
transmembrane proteins (e.g., CD95, EGFR) continuously look for part-
ners to oligomerize and become active – the oligomerization mechanisms are
strictly linked to membrane composition [38, 39, 40]. Meanwhile, peripher-
ical proteins (e.g., FGF2) need to bind specifically to the membrane surface
to express their function. Here, the membrane-protein binding occurs via
specific membrane-targeting structural domains: the protein must have a
specific binding motif for the head groups of the bonded lipid [41, 42, 43].
The importance of protein-protein and lipid-protein interactions for the
understanding of functional mechanisms in cell membranes is therefore ev-
ident.
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2.2 Unconventional Protein Secre-
tion

In the majority of mammalian cells, the conventional secretion process of
a protein depends on a signaling mechanism. A specific signaling protein
activates the secretory process after reaching the inner layer of the endoplas-
mic reticulum (ER). After the signal is transmitted, the secretory protein
travels to the cell surface through a complex series of vesicular transporta-
tion mechanisms [44, 45]. However, a few proteins can reach the plasma
membrane bypassing the ER-to-Golgi pathway [46, 47]. Fibroblast Growth
Factor II (FGF2) is one example of this class of proteins that do not need a
signal recognition peptide and can directly translocate through the plasma
membrane to reach the extracellular space [48, 49].

2.2.1 Fibroblast Growth Factor II

FGF2 is a member of the fibroblast growth factor family, and it is involved
in a broad range of vital functions such as cell growth, cell division, and
wound healing [50]. FGF2 also plays critical roles under pathophysiologi-
cal conditions promoting tumor cell growth and protecting tumor cells from
endure apoptosis [51, 52]. Such mechanisms seem to be the basis of cancer
cells’ resistance development to antitumor treatments such as chemothera-
pies [50, 53].

Knowing the mechanism that regulates the FGF2 translocation process
has vital importance for human health. The molecular understanding of
the FGF2 unconventional secretion process will drive the design of new
drugs and medical therapies that inhibit the biological function of FGF2
under pathophysiological conditions.

Current Understanding of the Molecular Mechanisms

Figure 2.3 encloses the current hypothesis of the FGF2 translocation mech-
anism. FGF2 has an experimentally known binding pocket (Figure 2.2,
highlighted blue residues) that is selective for the interaction with phos-
phatidylinositol 4,5-bisphosphate (PIP2) lipids [43]. Through the FGF2-
PIP2 interaction, the protein reaches the inner layer of the plasma mem-
brane [41]. The previous findings proposed, also, a role for the α1 unit in
unconventional secretion of FGF2 upon the observation that an inhibitor
of the Na,K-ATPase, ouabain, blocks the flow of FGF2 into the extracel-
lular space [54, 55]. The consideration that supported these findings is
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Figure 2.2: Key elements of unconventional secretory pathway of FGF2.
Residues shown in blue (K127, R128 and K133) are part of the bind-
ing pocket for PI(4,5)P2. The two surface cysteines required for FGF2
oligomerization are shown in yellow (C77 and C95) and the tyrosine residue
targeted by Tec kinase in red (Y81). The two surface lysines required for
FGF2/α1-subCD3 interaction are, instead, shown in green (K54 and K60).
Adapted from ref. [61].

that a mutant of the α1 unit, to which ouabain cannot bind, can restore
FGF2 secretion in the presence of ouabain [56]. It is still unclear, however,
what is the role of Na,K-ATPase, a sodium-potassium pump that regu-
lates the membrane potential, in the recruiting of FGF2 at the membrane
surface [57, 58, 59].

Once FGF2 molecules are recruited at the inner leaflet of the plasma
membrane, FGF2-PIP2 complexes are free to diffuse on the cell membrane
surface, allowing FGF2-FGF2 oligomerization [41]. In silico and in vitro
studies demonstrated that the building block of this oligomerization is the
covalent dimer via a C95-C95 disulfide bridge [41, 60]. The current hypoth-
esis suggests that the process takes place via the formation of a circular
oligomer which later evolves into a toroidal membrane pore [42, 61, 62].
After the formation of the membrane pore, the protein aggregate would
become disassembled upon FGF2 monomer extraction by heparan sulfate
proteoglycans [59, 63]. Heparan sulfate proteoglycans are heavily glyco-
sylated proteins with a few linear polysaccharide chains near the plasma
membrane surface [64]. The sugar chains are a strong competitor for PIP2
in binding FGF2. They extract, in a folded state, FGF2 from the mem-
brane pore one by one, thus forwarding the FGF2 unit to the FGF receptors
where they can express their functions [65, 66].
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Figure 2.3: The unconventional secretory pathway of FGF2. Unconven-
tional secretion of FGF2 is based on direct translocation across the plasma
membrane. This process involves sequential interactions of FGF2 with α1,
Tec kinase, and the phosphoinositide PI(4,5)P2 at the inner leaflet and
heparan sulfates at the outer leaflet of the plasma membrane. The mem-
brane translocation intermediate has been shown to be a membrane-inserted
FGF2 oligomer that is triggered through the interaction with PI(4,5)P2 and
forms a lipidic membrane pore with a toroidal architecture. Translocation of
FGF2 is completed through the action of heparan sulfate proteoglycans that
disassemble FGF2 oligomers at the outer leaflet. Adapted from ref. [61].

2.3 Gold Nanoparticles

During the last two decades, we have witnessed the rapid development of
nanoscience and nanotechnology involved in a wide range of applications.
Notably, the field of medical science has gained a huge step forward from
the use of metal-based nanodevices due to their biomedical applications.
Silver nano-derivates, for example, are known to be efficacious antibacte-
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Figure 2.4: Gold nanoparticles-membrane interaction. Figure adapted from
Article 3.

rial agents, whereas ironoxide-based nanoparticles or ferrites, due to their
magnetic properties, are used for magnetic resonance imaging [8, 67]. In
the recent years, the scientific and biomedical research communities have
focused to a significant extent on gold nanoparticles because of their ease
of being functionalized [68]. The possibility to modify the surface of gold
nanoparticles (AuNPs) provides flexibility to employ them in a wide range
of biomedical applications such as fluorescent markers, drug delivery, diag-
nostic assays, and cancer treatment [68, 69, 70].

2.3.1 Monoprotected Gold Nanoparticles

The chemical functionalization of gold nanodevices takes place by the re-
duction reaction of Au(III) salt solution with thiol compounds [71]. Thiolate-
protected gold clusters are considered very stable compounds with size-
dependent electromagnetic properties and cytotoxicity [72, 73, 74]. Actu-
ally, large nanoparticles with a diameter greater than 10 nm are generally
considered less toxic since they cross the cellular membranes by the endocy-
tosis pathway [75]. Large nanoparticles can accumulate in the liver, causing
oxidative stress and inflammation. On the other hand, small nanoparti-
cles (diameter < 10 nm) seem to be the most cytotoxic ones due to their
ability to directly translocate into the intracellular space [76]. Further-
more, in biomedical applications, AuNPs must be functionalized to pre-
vent their aggregation in aqueous solutions. The physicochemical prop-
erties of the organic ligands and their arrangement on the nanoparticle
surface influence the toxicity of AuNPs and their interaction with biologi-
cal environments [77]. To this end, AuNPs are usually functionalized with
anionic, cationic, neutral, or zwitterionic ligands to study their effects on
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the AuNP-membrane interaction. Experimental studies have shown that
charged AuNPs are the most toxic ones. The electrostatic interactions be-
tween AuNPs and lipid headgroups seem to induce a noticeable effect in the
permeation process [78, 79, 80]. The literature is yet controversial regard-
ing the role of the charge-types. Computational and experimental studies
have shown that both anionic and cationic AuNPs have similar cytotoxi-
city [81]. Only cationic AuNPs are, however, surmised to form transient
pores in the membrane surface and aggregate inside the hydrophobic mem-
brane core [73, 82, 83, 84, 85, 86, 87].

The mechanisms of membrane damage and pore formation are still
largely unknown [88]. A thorough understanding of the interactions be-
tween AuNPs and cell membranes is essential to develop means to control
the translocation inside the cell and to develop new drug delivery devices
with reduced toxicity.

2.3.2 Single-particle Tracking (SPT)

The size-and-shape-dependent electronic and optical properties, together
with the recent progress in the functionalization protocols, make AuNPs
an optimal tool to explore living cells and biomolecular diagnostic assays.
Optical microscopy, indeed, uses AuNPs to monitor the dynamics of lipids
and lipid-protein complexes in biological systems after the functionalization
with a fluorescent probe [89]. Moreover, surface plasmon resonance (SPR)
experiments, aimed at detecting biomolecular interactions, have shown that
AuNPs magnify SPR responses, increasing the time and size resolution [90].
Nowadays, the challenge in this field is to track individual molecules with
nanometer and nanoscale-time resolution. To this end, AuNPs represent
perfect candidates for single-particle tracking (SPT) experiments in live
cells. Due to their small size, AuNPs possibly do not modify the be-
havior of the molecule of interest, or at least not much, and they have
very photostable properties which ensure nanoscale space resolution in the
millisecond time scale. Recently, SPT techniques have reached the stage
where they can track an individual molecule with exceptional resolution.
Among all these techniques, the high-speed interferometric scattering (iS-
CAT) microscopy stands out for its incredible temporal and spatial reso-
lution [91, 92, 93, 94, 95]. iSCAT microscopy allows to track a wide range
of biomolecules including viruses, vesicles, lipid nanodomains, and single
lipids. To this end, iSCAT investigations often employ AuNPs (with a di-
ameter of 5-40 nm) as optical labels to track, e.g., how lipid molecules move
in membranes. The AuNP-iSCAT combination ensures a nanometer spa-
tial, and microsecond temporal resolutions, which can be directly compared
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with the results of computer simulations [96].

This possibility paves the way to design computer simulation models
that would match SPT experiments to investigate what precisely speaking
is measured in SPT experiments and how the nanoparticle-probes linked to
the lipids of interest affect the dynamics of these probe molecules compared
to non-labeled intact molecules.

2.4 Lateral Diffusion

The presence of a concentration gradient, a variation in concentration over
a distance, generates the movement of mass between two states. Diffusion
is the term describing this process, and the Fick’s laws (dated in 1855)
explain its dependence on the concentration (Φ) changes over time:

∂Φ

∂t
= ∇(D∇Φ), (2.1)

with D being the diffusion coefficient [97].
Meanwhile, Robert Brown discovered that diffusion does not only describe a
motion due to a concentration gradient [98]. The so-called ”Brownian” mo-
tion arises from thermal fluctuations that induce constant collisions between
the ”Brownian” (colloidal) particle and the surrounding solvent molecules,
which leads to a random walk like trajectory in time. Einstein re-formulated
the above equation in terms of the probability of finding a particle at a spe-
cific time t and position (distance from the origin) r [99], and this has a
solution in a two-dimensional space:

Φ(r, t) =
1

4πDt
e−

r2

4Dt . (2.2)

Here, the diffusion coefficient D then describes how rapidly the diffusing
particle samples its environment in a random walk like fashion. This can
be described as follows:

D = lim
t→+∞

1

2dt
MSD(t), (2.3)

MSD(t) = 〈(�r(t)−�r(t0))
2〉 =

∫ +∞

0
r2Φ(r, t)2πrdr, (2.4)

where d is the dimensionality of the motion, which, for 2D movement (lat-
eral diffusion) is equal to 2. The mean-squared displacement (MSD), the
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variant term of the above probability distribution function, can be used to
describe the diffusion of single particles, and it increases in time:

MSD(t) ∼ tα, (2.5)

with the exponent α being equal to 1 in the long-time limit. In lipid mem-
branes the limit of α = 1 is observed at long times if the diffusion is not
confined. At short times, one instead observes anomalous subdiffusive be-
havior (α < 1) due to dynamical correlations: the displacement of the
diffusing lipid at time zero is correlated with the displacement of the same
lipid at time t, if the time difference is very short. However, at long time
differences these correlations die out and the exponent reaches a value of
one, demonstrating Brownian like motion. In biological membranes charac-
terized by domain formation and protein-rich regions, the diffusion of lipids
is often confined, which implies that the times to reach α = 1 can be long,
even milliseconds [100].

In this thesis work, we explored the influence of streptavidin-functionalized
AuNPs on the diffusion of lipids bound to these nanoparticles. Computer
simulations were designed to mimic SPT experiments to understand the
role of the AuNP and its protein linker in the diffusion behavior of the
probe lipid. The grand aim was to understand what is really measured in
SPT experiments.

2.5 Reasons for Doing Computer
Simulations

The events taking place in biological processes are challenging to study
experimentally due to their very broad temporal and spatial scales. Local
changes of proteins, e.g., in loops and side chains take place in less than a
second (10−14 – 10−1 seconds) [102]. Rigid body movements, such as sub-
unit and domain adjustments, occur instead in the range of microseconds
and seconds, whereas protein folding and oligomerization take place in 10−7

– 104 seconds [103, 104]. To capture all of these movements, one would need
ultrafast techniques able to explore a portion of space in the range of 0.01
– 10 Ångströms, but also techniques able to look at large-scale behavior in
the range of seconds [105]. Furthermore, high-resolution measurements of
molecular structure are only possible for extremely rigid systems, and the
analysis of the atom-scale interaction energies involved in these processes
are difficult to quantify experimentally [106, 107, 108, 109].
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Figure 2.5: A schematic representation of temporal and spatial resolutions
involved in different simulation and experimental tecquiniques. CMD: clas-
sical molecular dynamics; AIMD: ab initio molecular dynamics; CDFT:
classical density functional theory; TDDFT, time-dependent density func-
tional theory. ESM stands, instead, for electrochemical strain microscopy.
Taken from ref. [101].

Figure 2.5 describes the spatial and temporal limitations of experimen-
tal techniques, showing why computational methods can be handy tools for
studies of biological systems.

While the list of simulation methods in Figure 2.5 is far from exhaus-
tive, it nonetheless demonstrates that there is a wide range of different sim-
ulation techniques able to cover spatial scales ranging from the quantum-
mechanical limit to continuum scales, and from scales of femtoseconds to
micro- and milliseconds, and also to longer time scales if the mesoscale or
continuum models are designed with great care.
On the other hand, one has to keep in mind that computational techniques
are not always just ”roses and chocolate”. Biological systems are very
complex environments where the chemical and physical processes can be
extremely complicated, leaving nothing to chance. Yet computer simula-
tions of model systems are always approximations of real biological systems,
and the extent of length and time scales go largely hand in hand. For in-
stance, studies of extremely detailed events including quantum-mechanical
degrees of freedom focus on the Ångström scale, but the systems are truly



16 2 Background Knowledge

small (a few tens of atoms together with their electrons) and also the time
scales are short, often in the range of picoseconds. Atomistic systems of
about 106 atoms can be simulated using classical simulation models (see
Chapter 3) but the simulation times cannot be currently easily extended
beyond ∼ 1 millisecond [110]. In these simulations the protonation state of
the molecules is also assumed to be, in most of the cases, constant during
the whole simulated time, therefore disregarding in part the effects of the
environment [111]. Further, while chemical reactions can be described in
classical MD simulations, they are treated in an operational manner instead
of including electronic degrees of freedom in a realistic fashion.

In the context of this thesis work, perhaps the greatest added value of
biomolecular simulations arises from the fact that in atomistic and molecular-
scale simulations one can investigate the structure and dynamics of individ-
ual molecules in full detail. In experiments, one can in certain cases reach
similar detailed data, but then the signals that are measured are averages
over a large collection of molecules. Interpretation of such data can be quite
complicated. In the analysis of simulation results, these complications do
not exist.

Both computational and experimental techniques have pros and cons.
Only the combination of the two methodologies can provide us with the
most accurate picture of the biological processes in action.



Chapter 3

Computational Methods

In this Chapter, we discuss the computational techniques employed in this
thesis. We focus on all-atom (AA) and coarse-grained (CG) molecular
dynamics simulations, as well as enhanced sampling techniques and protein-
protein docking studies that represent the core methodologies used in the
projects of this thesis.

3.1 Molecular Dynamics Simula-
tions

The fundamental idea behind the classical MD simulation approach is to
calculate the time evolution of particle positions and velocities through
Newton’s equations of motion. Electronic degrees of freedom are not taken
into account. This approximation may sound quite difficult but is justified
by the fact that In classical simulations, electronic degree of freedom are
not taken explicitly into account. This approximation may sound quite dra-
matic but is justified by simulation circumstances of classical MD simula-
tions, where the electronic state of the studied system is usually maintained
fixed. For instance, bonds are typically not broken, and protonation states
are usually kept fixed. Furthermore, since atomic nuclei are the heaviest
moieties of atoms, their motion is largely independent of the dynamics of
electrons. This is the core of the Born-Oppenheimer approximation [112]
which allows separating the motion of nuclei from electrons. Based on
this background, classical MD is used to numerically integrate Newton’s
equations of motion for all the particles in the system as follows:

�F = m�a. (3.1)

17
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Here, �F is the total force acting on the considered particle, whose mass is
m, and �a is the resulting acceleration. The acceleration can be described
as a change of velocity �v over time t:

�a =
∂�v

∂t
. (3.2)

The velocity in turn is directly linked to a change in the position of the
particle over time:

�v =
∂�r

∂t
. (3.3)

Obviously, the question is how to handle these calculations in practice. To
this end, one carries out the calculation using a fixed time step ((Δt)) and
repeats the process a large number of times, thus generating a trajectory
of motion for all the particles in a system over the explored time [113]. For
the sake of stability, the time step is chosen to be very small, related to
the fastest degree of freedom described in the system (e.g., the oscillation
of the oxygen-hydrogen bonds in all-atom simulations).

Once the size of integration step has been chosen and all the forces
acting on a selected particle have been calculated, many algorithms can be
chosen for integrating the equations of motion. The choice of the algorithm
is dependent on the type of dynamics one wants to study, e.g. dissipative
particle dynamics (satisfying conservation of momentum in particle-particle
interactions) may require a different integrator compared to dynamics in
which local momentum conservation is not considered crucial. MD simula-
tions carried out for this thesis used the leap-frog algorithm to perform the
integration steps [114]. The leap-frog name comes from the fact that, due
to the Taylor series expansion, the velocity �vi of each particle i is calculated
at half time steps, whereas the position �ri is computed at full steps:

�ri(t+Δt) = �ri(t) + �vi

(
t+

Δt

2

)
Δt, (3.4)

�vi(t+
Δt

2
) = �vi

(
t− Δt

2

)
+

�Fi(t)

2mi
Δt. (3.5)

3.1.1 Force Field

In classical MD simulations the total forces acting on the particles derive
from the negative gradient of the potential energy U :

�Fi(x) = −∇U i(x). (3.6)
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Figure 3.1: A schematic representation of the bonded forces acting on a
molecule: bond stretching, angle bending, and torsional rotations. Mean-
while, electrostatic and van der Waals terms describe non-bonded interac-
tions.

The sum of the intramolecular and intermolecular energy terms defines the
potential energy equation in MD simulations.

U = Intramolecular energies + Intermolecular energies. (3.7)

Figure 3.1 shows an overview of the bonded and non-bonded interaction
terms, which constitute a force field (FF) that is essentially the potential
energy function together with all parameters associated with the interac-
tion terms included in the potential energy function. There are many FFs
available for classical MD simulations. The choice of the FF is not always
a simple exercise, since some FFs are specifically designed for, for instance,
lipids or proteins or nucleic acids, and now if the system of interest includes
all of these molecular types, then which one of these different force fields
should be chosen? Another critical aspect related to the choice of the FF
is the availability of force field parameters for atoms/particles constitut-
ing the system of interest. This is a potential problem in, e.g., molecules
that include certain metal atoms. Currently, only a few of the commonly
used FFs provide parameters for a wide range of lipid types. In the studies
presented in this thesis, we largely used the CHARMM36 [115, 116] and
Martini 2.2 [117, 118] FFs that describe the potential energies for atomistic
and coarse-grained systems, respectively.

3.1.2 Bonded Interactions

Bonded interactions include bond stretching, bending potential, and tor-
sional interaction as follows.
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Figure 3.2: Bonded interaction for bond stretching. A harmonic potential
is used to keep the distance between two atoms, on average, at its reference
value (point 1). A force constant is used to control the strength of the
applied force and the deviation from its reference value (2).

Bond Stretching

The bond stretching between two (covalently) bonded atoms, separated by
a distance r, is defined using the Hooke’s law: a spring having a reference
value r0 links the two atoms together (Figure 3.2). The spring constant kb
characterizes the stiffness of the spring:

Vb =
1

2
kb(r − r0)

2. (3.8)

Bending Potential

The angle between three bonded atoms fluctuates in time, oscillating around
the reference angle Θ0 (Figure 3.3). Here, too, MD simulations use the
Hooke’s law to restrict the bending angle Θ to fluctuate around Θ0 in
terms of the force constant kΘ, which controls the rigidity of angle:

Va =
1

2
kΘ(Θ−Θ0)

2. (3.9)
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Figure 3.3: Bending potential. A harmonic potential is used to keep the
angle between three atoms at its reference value (point 1). A force constant
is used to control the strength of the applied force and the deviation from
the reference angle (case 2).

Torsional Interaction

The torsional interaction potential (see Figure 3.4) has a dual role. First,
quite often, despite the bond stretching, bending potential, and non-bonded
interaction terms (determined to be consistent with experimental data), the
total potential energy may differ from experiments or quantum-mechanical
calculations. To this end, force fields of classical biomolecular model sys-
tems use an additional potential energy to match the energetics of sim-
ulation model systems with experimental ones: the torsional potential.
Second, and more importantly, the torsional interaction potential forces
a molecule to settle into its known conformation. For example, it is used
to impose the cis-trans isomerism of a molecule, the planarity of aromatic
compounds, or the chirality of a stereospecific center. The torsional inter-
action potentials are typically described by dihedral angle potentials.

Four consecutive bonded atoms represent a proper dihedral angle which
constrains the rotation around a bond as exemplified in Figure 3.5 (left).
The improper dihedral, however, is based on three atoms which are con-
nected to a fourth ”central” atom; it is the angle between planes (i,j,k)
and (j,k,l) as Figure 3.5 (right) demonstrates. While the proper dihedral
potential is usually described with a periodic function (see Figure 3.4), the
improper ones employ an harmonic potential largely similar to Eq. (3.9),

Vd = kΦ(1 + cos(nΦ− Φs)), (3.10)
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where n controls the periodicity.

Figure 3.4: A proper dihedral (torsional) potential. In a sequence of four
atoms, the first three, and also the last three atoms constitute two planes,
whose relative angle is constrained to rotate in a manner that is controlled
by the torsional potential. This interaction is usually described with a pe-
riodic potential. In the shown example a periodic potential is employed to
keep the molecule in the trans-isomeric state (3). The transition to the cis-
state (1) is restricted by a high energy barrier, thus only small distortions
(2) are allowed.

Figure 3.5: Dihedral potentials. On the left (case 1) is shown a schematic
representation of a proper dihedral angle: Four atoms are constrained to
rotate around a bond j-k. On the right (case 2) is shown instead an im-
proper dihedral where three atoms (j, k, l) are attached to a fourth ”central
atom” i. Figure adapted from ref. [119].
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3.1.3 Non-bonded interactions

Once the forces acting on covalently bonded atoms are defined, the force
field still misses the description of the interactions between non-bonded
particles. These non-bonded interactions account for quantum-mechanical
repulsion at very short distances, van der Waals (vdW) attractive forces,
and electrostatic interactions. The parametrization of small molecules is
often based on fitting the above interactions to reproduce experimental
properties such as heat of vaporization and liquid density. The repulsion
takes place only when the distance between interacting atoms is less than
the sum of their vdW radii, and its decay is often assumed to be inversely
proportional to r12 (with r being the distance between the two particles).
Van der Waals attraction also takes place at short distances (from a few
Ångströms to about a nanometer) but decays rapidly with increasing dis-
tance (being usually proportional to r−4 or r−6). The reason for the vdW
attraction is the generation of transient dipoles between two adjacent par-
ticles [120], or the interaction between permanent and quite freely rotating
dipoles. The decay of these interactions also depends on the nature of the
formed dipole (e.g., permanent, spatially fixed, or freely rotating dipoles).
For simplicity, still maintaining a high degree of accuracy and efficiency,
they are usually described with the r−6 term in the 6-12 equation that is
commonly known as the Lennard-Jones (LJ) potential [121]):

VLJ =
C12

r12
− C6

r6
, (3.11)

where C12 and C6 control the degree of the repulsiveness and attractiveness,
respectively. The electrostatic interaction between two particles constitutes
the third class of non-bonded forces included in typical force fields. They
are described by the Coulombs law:

F = ke
q1q2
r2

, (3.12)

where ke is Coulomb’s constant, q1 and q2 are the magnitudes of the charges,
and r is the distance between the two charges. Contrary to the Lennard-
Jones potential, the electrostatic forces depend on 1/r2, so they do not
rapidly decrease with increasing separation between two particles, which
affects the performance of the simulations. To this end, the calculation
of the electrostatic interactions is sometimes truncated at a fixed distance
(cut-off).

However, in the studies presented in this thesis, the long-range electro-
static interactions were handled with the Particle Mesh Ewald [122] (PME)
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and the reaction field [123] (RF) methods for atomistic and coarse-grained
simulations, respectively.

RF and PME methods calculate all interactions within a given cut-off
radius explicitly. All the long-range information (corresponding to dis-
tances larger than the fixed cut-off) are instead lost in the case of RF,
where one assumes that the region at large distances can be described by
a uniform charge density. In PME, however, the long-range interactions
are described by charges assigned to a grid. The grid is then Fourier trans-
formed [124], and a single sum over the grid in the reciprocal k-space returns
the energy term associated with the long-range interactions (r > cut-off).

3.1.4 Periodic Boundary Conditions

A simulation box can be imaged as a tiny region, occupying a finite volume
of space that contains the particles of the simulated system. However, to
represent a realistic system, the simulation box is assumed to be surrounded
by periodic images of the box [125, 126]. When a particle leaves the box, it
is subject to what I call the Pac-Man effect: as in this famous game, when
the particle leaves the box to the right, it returns to the same box from the
left (and similarly along the other two directions). The periodic boundary
conditions (PBCs) effectively create an infinite system out of a single finite-
sized simulation system, and the calculation of the interactions is based on
using the closest images only (minimum image convention). PBCs play an
important role in maintaining the thermodynamic properties of the system
constant, and offering translational symmetry which guarantees the con-
servation of total momentum [113]. One of the significant advantages of
PBCs is evident in particular in studies of lipid membranes, since they al-
low one to explore properties of planar continuous lipid bilayers. However,
in considerations of curved membranes, PBCs should be used with great
care. Also, while PBCs allow one to simulate systems of infinite size, some
membrane properties remain dependent on the size of the simulation box,
such as, membrane undulations [127].

3.1.5 Simulation Ensemble

If the simulation system is not embedded to an external ”bath”, which
would control the simulation system’s temperature, pressure, etc., then the
simulation setup reproduces the microcanonical ensemble (NVE) charac-
terized by a constant number of particles, constant volume, and constant
total energy of the system. Although this is an excellent physical ensem-
ble for many purposes, it often does not match the conditions studied in
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experiments. In life science experiments, the physical variables that one
can control quite easily are temperature, pressure, and pH. For this reason,
the ensembles used in biomolecular simulations are also typically the NVT
ensemble (constant particle number, constant volume and temperature),
the NpT ensemble (constant particle number, pressure, and temperature),
and the constant-pH ensemble.

Temperature Coupling

The temperature in classical MD simulations is connected to the average
kinetic energy of the simulated particles, and therefore to their velocities.
The equipartition theorem gives the relation between these quantities:

K =
1

2

N∑
i=1

miv
2
i =

1

2

N∑
i=1

NfkBT, (3.13)

where Nf is the number of degrees of freedom, mi are the masses of the
particles, and kB is the Boltzmann’s constant.

From the above equation one can derive the temperature:

T =
N∑
i=1

miv
2
i

NfkBT
. (3.14)

Since Eq. (3.14) has been derived as a function of velocities, the tempera-
ture can be kept constant by simply rescaling the velocities. The Berendsen
thermostat [128] takes advantage of this idea. Using a reference tempera-
ture T0, the system temperature is kept constant by scaling the velocities
of the particles at a regular time interval τt:

dT

dt
=

T0 − T

τt
. (3.15)

The Berendsen thermostat is a simple but very robust algorithm, which
guarantees the stability of the simulations. However, it does not correctly
reproduce the canonical (NVT) ensemble. For this reason, it is preferable to
use it only during the equilibration phase. For the production runs, instead,
it is usually preferred to employ the Nose-Hoover thermostat [129, 130].
Then the basic idea is to couple the system with a thermal bath with mass
Q > 0 and use a frictional coefficient μ to control the particles’ velocities.
The Nose-Hoover thermostat is consistent with the canonical ensemble.
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Pressure Coupling

The pressure in MD simulations can be expressed with the virial theorem:

P =
NkB〈T 〉

V
+

1

3V

〈 N∑
i=1

�vi · �Fi

〉
, (3.16)

Here, too, the Berendsen approach [128] represents an easy way to keep the
pressure constant by rescaling the pressure to match the target value P0:

dP

dt
=

P0 − P

τp
. (3.17)

To rescale the pressure, the Berendsen barostat applies a coefficient μ3 at
a regular time interval τp to scale the simulation box. For a cubic system
of length l (isotropic system)

V = l3, (3.18)

the volume is multiplied for μ3 as follows:

Vnew = μ3V. (3.19)

Then by multiplying each side of the cube by μ:

lnew = μl. (3.20)

the position vector becomes

�ri = μ3�ri. (3.21)

Finally, μ can be derived as:

μ =

[
1− Δt

τp
P − Po

] 1
3

(3.22)

Just like in the thermostat, the Berendsen barostat does not reproduce
the correct NpT ensemble. It is, however, a very stable algorithm able to
handle fast and significant volume variations, e.g., during the equilibration
phase. For production runs, it is more appropriate to use more advanced
barostats such as the Parrinello-Rahman [131, 132] algorithm, which cor-
rectly reproduces the NpT ensemble. Depending on the type of the system,
the pressure coupling can be controlled in three different ways. For pure
liquid simulations, x-y-z dimensions of the box are usually scaled by the
same amount (isotropically). In the presence of a membrane, it must have
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the freedom to deform the x-y dimensions of the box independently of the
z dimension (semi-isotropically). Anisotropic pressure coupling can also be
applied for membrane simulations; however, it might cause box deforma-
tion.

3.1.6 Particle Resolution

If one aims for an atomistic representation of molecules that comprise the
simulated system, then each atom in the system must be parameterized one
by one. This may take time, but is possible. However, what might be less
possible is the ability of the simulated atomistic system to reach system sizes
and time scales that are biologically relevant in questions that one would
like to clarify. That is, in studies of various biologically exciting research
topics, atomistic simulations are not feasible. Here we briefly discuss ways
to overcome this problem.

All-atom models represent every atom with a single bead. Each of
the beads has its own set of parameters chosen to match reality, such as
atom size and mass. In the same spirit, also the connectivity between
atoms is taken from experiments, whenever possible, such as experimental
data based on spectroscopy or X-ray scattering measurements. If atomistic
accuracy is not crucial, one can simplify the description of the simulated
particles. The first one in a series of less detailed models is the united-atom
(UA) approach, which still largely maintains atomistic resolution. In this
approach, the description of all non-polar hydrogens is integrated to their
heavy atom. Here, let us stop for a moment and discuss the pros and cons of
these atom-scale simulation approaches. The natural choice for simulating
water-soluble proteins is the all-atom (AA) approach, whereas for protein-

Figure 3.6: Overview of coarse graining the molecular representation. Go-
ing from the left to the right, the resolution of a POPC lipid decreases,
going from a fully atomistic model to a united-atom, coarse-grained, and
super coarse-grained description.
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free lipid bilayers, one often has preferred the UA concept. However, due
to increasing computing power, the UA approach is becoming less and less
popular, and the most recent atom-scale FFs are now based on exploiting
the all-atom approach for proteins as well as lipids. Indeed, all-atom mod-
els can accurately describe atomic interactions between atoms, and these
fully atomistic models are appropriate to consider quite a few of the bio-
logically relevant (small) complexes. Currently, typical atomistic systems
that are simulated by MD have (of the order of) 1 million atoms, and the
simulated time scales extend up to 1-10 microseconds (each simulated sys-
tem being repeated about 3 times). Those simulation teams having access
to outstanding computer resources can consider similar system sizes over
time scales of the order of 1 millisecond.

While 1 millisecond is already an impressive time scale, it is yet quite
short compared to time scales of many biological events and functions
such as structural membrane reorganization or nanoparticle diffusion at the
membrane surface. Therefore, a decision has to be made to find the best
compromise between spatial resolution and temporal scale. In processes
such as large-scale diffusion, the knowledge of specific atom-atom interac-
tions is often unimportant, and an approximate model should suffice to
describe them. In this context, employing a coarse-grained (CG) model
is often the means of choice to study such processes. CG models reduce
the degrees of freedom of a system by clustering multiple atoms together,
thus describing several chemical units by a single physical bead. The UA
approach that we discussed above is a small-scale example of this idea but
the true added value of coarse graining is found when the simplifications
are more extensive. One can start by removing the fastest degrees of free-
dom that in AA simulations are represented by N-H and O-H bonds, which
then allows one to increase the integration time step without sacrificing
simulation stability, and then move on by replacing more and more atoms
by a single bead. A commonly used choice is the so-called 4-to-1 mapping,
where 4 atoms or atom groups are described by a new coarse-grained parti-
cle, which softens interparticle interactions and therefore also allows one to
increase the integration time step even further. Through these steps, the
simulations increase their performance compared to atomistic studies by,
on average, about 2-3 orders of magnitude.

The most common CG model used for biomolecular simulations is the
Martini model [133], which indeed is largely based on this 4-to-1 mapping.
Its vast selection of molecule types makes this model an appropriate choice
when coarse-graining an atomistic system. In practice, four heavy atoms are
usually described by one bead [117, 118]. Also in Martini, exceptional cases
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such as aromatic and ring-like structures require a more precise description
to reproduce the proper molecule shape. Overall, Martini has four types
of particles: charged, polar, non-polar, and apolar. Each particle type has
several subclasses to improve the chemical description of the model. Even
though the number of different kinds of beads is limited, it is extensive
enough to reproduce sufficient chemical specificity. The parametrization of
the Martini FF is based on the partitioning free energies between oil and
water. All the beads have the same mass, and the LJ interactions are cal-
culated employing an interaction matrix with ten fixed interaction levels:
from supra attractive to super repulsive [117, 118]. Despite the advan-
tages of the Martini FF, particular attention has to be taken care of when
studying protein-protein oligomerization with the Martini model. It suf-
fers from an overestimation of the strength of protein-protein interactions,
which lead to excessive aggregation characterized by a too large dimeriza-
tion free energy [134]. Furthermore, even if the free energy were correct,
the dimerization interface predicted by Martini may be incorrect [134].

3.1.7 Enhanced Sampling Techniques

The complete sampling of a biologically relevant process is jagged by several
local minima separated by free energy barriers. Spontaneous events to
overcome the barriers during a simulation are not always likely, in particular
if the free energy barrier is large compared to thermal energy: the challenge
in barrier crossing depends on the height of the barrier and it is temperature
dependent. The activation energy can be described through the Arrhenius
law [135, 136]:

k = Ae−
E
RT , (3.23)

where k is the reaction rate coefficient, A is the pre-exponential factor
for the reaction, R is the universal gas constant and T is the tempera-
ture. During the last decades, different methodologies have been developed
to promote the sampling of states that are not easily accessible. These
techniques include, e.g., umbrella sampling [137, 138, 139], metadynam-
ics [140, 141], random accelerated MD [142, 143], and replica-exchange
MD [144, 145] simulations. This thesis work used the umbrella sampling
technique to estimate the free energy of the gold nanoparticle-membrane
insertion process.
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Figure 3.7: Umbrella sampling as adapted to a protein-membrane system.
The image shows the division of a protein-membrane interaction pathway
to a large number of separate windows along the reaction coordinate ξ.
For each window, an umbrella potential (red curves) is applied to keep the
protein at a certain distance from the membrane surface. Based on the force
needed to restrain the protein inside each window, it is possible to reweight
the results and calculate the free energy associated with this path. Adapted
from ref. [146].

Umbrella Sampling

Unbiased MD simulations are a powerful tool for studying biological pro-
cesses. It is, however, hard to estimate thermodynamical properties from
them. The problem concerns the sampling of the considered event: for a
proper statistic, the same event must be observed multiple times during
a simulation. To this end, umbrella sampling employs a bias to populate
accessible and not-accessible free energy states along a reaction coordinate
ξ.

Ideally, the system is divided into windows that describe the motion of
the process of interest, as shown in Figure 3.7. For each window, an inde-
pendent simulation is performed with the system confined into a specific
position along the chosen reaction coordinate (e.g., the z component of the
distance between two molecules), using a harmonic potential. Based on the
force (or histogram of populations) needed to keep the system inside each
window, it is possible to reweight the results and calculate proper statis-
tics for events observed in the windows. The weighted histogram analysis
method (WHAM) is usually employed as the reweighting method [147].
The calculated weights are used later to calculate the potential of mean
force (PMF): the free energy along a specific reaction coordinate ξ.
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3.2 Docking Simulations

Molecular docking is a spontaneous process occurring in nature in living
cells. Every process which involves rearrangement of molecules in a precise
configuration to interact with a receptor is considered molecular docking.
In molecular modeling, docking is considered a branch of computational
techniques used to study how two molecular structures fit together.

”The lock and key” model was the first molecular docking theory, and
the paternity was of Emil Fisher back in 1894 [148]. As is shown in Figure
3.8 (upper panel), the substrate is considered as a key which solely fits
into a lock: the active site of a protein. This model assumes that every
biological lock has a unique stereochemical distinctiveness, which needs to
be satisfied to explicit its biological function. In 1958 Daniel Koshland
hypothesized the ”induced fit” theory, which postulates that both a ligand
and a substrate need to rearrange themselves before archiving optimal fit-
ting [148, 149]. The induced fit model takes into consideration only small
conformational changes. In 2003 the previous theory was revisited by Buy-
ong Ma et al., who suggested the possibility of significant conformational
changes. This idea leads to consider not only a single conformation state
but, instead, an ensemble of possible states of the macromolecule while

Figure 3.8: Molecular docking. At the top panel, there is a schematic
representation of ”the lock and key” model, the first molecular docking at-
tempt. A ligand is considered as a key which can fit and activate univocally
into a specific protein receptor having unique stereochemical distinctiveness.
At the bottom, there is a cartoon model describing the ”induced fit” theory,
which postulates that both a ligand and a protein receptor have to rearrange
before archiving optimal fitting. Adapted from ref. [148].
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performing molecular docking simulations [150, 151].

3.2.1 Docking Protocol

Nowadays, docking screening takes into account many different variables,
and the results depend on more complex features than simple fit models. A
docking software performs, first, a search of space to explore, in theory, all
possible protein-ligand combinations, taking into consideration both orien-
tation and conformation of the single molecules. Since it is computationally
not yet feasible, it is usually preferred to consider the whole conformational
space of the ligand only. The ligand conformation searches are often per-
formed by rotating every dihedral angle of the ligand in the vicinity of the
binding pocket of the protein receptor [152]. Protein conformations are,
instead, generally regarded as static and only the side chains’ movements
are taken into account. The main reason behind this choice is the large
number of degrees of freedom that have to be considered during the calcu-
lation (e.g., secondary and tertiary structure changes). One way to improve
the sampling of the protein is to repeat the docking protocol with the same
protein but in different conformations, obtained from simulations and ex-
periments. All the generated docked structures are often evaluated using
a scoring function, which is based on classical FFs. Docking software gen-
erates a score for each protein-ligand docked structure, which is the result
of multiple contributions such as solvent effects, internal rotations, confor-
mational changes, and the free energy difference between the bounded and
unbounded states [153].

3.2.2 Protein-Protein Docking

Nowadays, protein oligomerization is still a tremendous enigma for both
computational and experimental researchers. If there are stable dimeric
structures for the given protein complex, cryo-EM and crystallographic
techniques are usually able to resolve them. However, transient oligomer
structures are much trickier to catch. On the other hand, while atomistic
MD simulations are often a perfect tool to shed light on the atomistic de-
tails of oligomeric interfaces, it is quite possible that the oligomerization
process does not occur in a time scale that is accessible in AA simulations.
Furthermore, notwithstanding there are CG FFs able to overcome the time
limit problem, they often do not reproduce protein-protein interfaces cor-
rectly [134].

Given these problems, this thesis work used the ROSETTA [154] dock-
ing software package to first screen the most suitable protein-protein in-
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terfaces, which were next refined using MD simulations. The ROSETTA
software package employs Monte Carlo simulations to sample the possible
protein-protein interfaces. The proteins are first rotated and moved with re-
spect to each other with simple rigid-body movements. Simultaneously, the
software optimizes, through Monte Carlo minimization, the backbone dis-
placement and side-chains’ conformations. Each independent Monte Carlo
simulation leads to a sole protein-protein interface which is scored using an
energy function mostly governed by van der Waals interactions and hydro-
gen bonding formation probability [155, 156, 157].
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Chapter 4

Results and Discussions

In this Chapter, we highlight the new key findings and views that this dis-
sertation has created regarding the FGF2 unconventional secretory pathway
and the interaction of gold nanoparticles with lipid membranes.

4.1 FGF2 Unconventional Secre-
tory Pathway

The largely unknown aspects studied in this thesis are the roles of Na,K/
ATPase (Figure 4.1, case 1) and PIP2 (Figure 4.1, case 2) in recruiting
FGF2 at the inner layer of the plasma membrane, and the initial steps in
the oligomerization process which might lead to pore formation (Figure 4.1,
case 3). Here we discuss these two research topics in detail.

4.1.1 Entry Point of the Unconventional Secretory Pathway
of FGF2

ATP1A1, the α1-subunit of the Na,K-ATPase [158], has been previously
hypothesized having an indirect role in the FGF2 unconventional secre-
tion mechanism. Inhibiting Na,K-ATPase by ouabain has been shown to
block FGF2 transport into the extracellular space [54, 159]. In Article 1,
biochemical and NMR experiments defined a sub-domain (subCD3) in the
cytoplasmic part of the α1-subunit to be responsible for the binding of
Na,K-ATPase to FGF2. The stoichiometry of FGF2 and the cytoplasmic
domain of α1-subCD3 was found to be 1:1 via a chemical crosslinking ap-
proach. Furthermore, by employing NMR spectroscopy, two lysine residues
(K54 and K60) on the FGF2 surface were identified as the critical residues

35



36 4 Results and Discussions
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Figure 4.1: FGF2 unconventional secretory pathway. The main ques-
tions addressed in this thesis work are here highlighted: 1) FGF2 - Na,K-
ATPase interaction as an entry point for the unconventional secretory path-
way; 2) PI(4,5)P2 dependent FGF2 recruitment at the inner layer of the
plasma membrane; and 3) initial steps in FGF2 oligomerization. Adapted
from [65].

for the binding of FGF2 to α1-subCD3. Based on these findings, we per-
formed docking studies and MD simulations to clarify the detailed role of
K54 and K60, and to characterize the most probable FGF2/α1-subCD3
interaction interfaces. We employed protein-protein docking protocols to
scan possible interaction interfaces between α1-subCD3 and the region in
FGF2 exposing lysenins K54 and K60. The docking results were clustered
based on the root-mean-square deviation (RMSD) for FGF2 and the most
representative structures of the four largest populated clusters (systems
WT1-4) were refined employing MD simulations. For details of the simu-
lation systems and the simulation protocols, see the descriptions in Article
1.

Representative structures (WT1-4) of the four largest populated clus-
ters (Figure 4.2) suggest four different α1-subCD3 binding interfaces, where
FGF2 can bind through lysines K54 and K60. These structures, obtained
through extensive molecular docking protocols, were then tested and refined
with all-atom MD simulations. The simulations showed a stable FGF2/α1-
subCD3 interaction via lysines K54 and K60 only for the WT1 and WT4
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systems (Figure 4.3). The analysis suggests that the simulated WT1 cluster
has the most reliable FGF2/α1-subCD3 interface since it is strongly sta-
bilized by multiple electrostatic interactions between residues E525-K60,
E498-R30, K524-D27, D529-K74, and D560-K54. On the other hand, in
the WT4 system, K54 and K60 were found to play a crucial role since they
established about 25% of the whole contact interface between FGF2 and
α1-subCD3 unit. Although this interface is stabilized by four electrostatic
pairs (E397-K54, E542-K60, E542-K153, and E548-K153), the network of
molecular interactions in the WT4 system is not as broad as the one ob-
served in the WT1 system. Moreover, the snapshots proposed in Figure
4.4 provide direct evidence for the relevance of the lysines K54 and K60
in stabilizing the FGF2/α1-subCD3 interface. Importantly, the inversion
of the charges, by mutating the lysines into glutamates (FGF2-K54/60E),
caused a dissociation of the complex in all MD simulations.

Based on the simulations in this project, we can conclude that the
WT1 structure (representing the first cluster) is the most probable protein-
protein interaction surface between FGF2 and α1-subCD3 - it depends
on K54 and K60 and is characterized by a large number of electrostatic
interactions.

4.1.2 Initial Steps in the PIP2 Dependent FGF2 Oligomer-
ization

In this Section, we walk through the very first steps that lead to FGF2
oligomerization on the inner layer of the plasma membrane. The findings
discussed here are related to Article 2.

FGF2-PIP2 Interaction

Article 2 describes the leading stages of interaction of FGF2 at the inner
layer of the plasma membrane. It was found that the binding process
takes place by specific binding of FGF2 with PIP2. The first step in this
work was to validate our simulation model by reproducing the experimental
data for the FGF2-PIP2 binding motif, which in experiments has been
observed to involve the residues K123, R124, and K133. To this end, we
placed a monomer of FGF2 in an interaction distance from the surface of
a membrane comprised of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), cholesterol (30 mol%), and a single PIP2 lipid. We first observed
FGF2 to bind in a non-specific way to PIP2. In a microsecond time range,
however, FGF2 reoriented itself with respect to the membrane surface and
demonstrated binding to the experimentally known binding pocket residues
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Figure 4.2: In silico docking studies and atomistic molecular dynamics
simulations used to identify the binding interface between FGF2 and α1-
subCD3. The most representative structures of the FGF2/α1-subCD3 in-
terface (WT1-4) is shown based on the four largest populated clusters. The
human α1-subCD3 domain was aligned to residues T380-V597 of the crys-
tal structure of the α1 subunit of the Na,K-ATPase from Sus scrofa (PDB
ID: 3KDP). The sodium potassium pump is represented as an orange sur-
face with the α1-subCD3 domain highlighted using a darker shade. FGF2
is shown as a violet surface. The PI(4,5)P2 and phosphatidylcholine mem-
brane lipids are represented using van der Waals spheres with red and grey
colors, respectively. Figure adapted from Article 1.

(Figure 4.5A), thereby validating the simulation approach.

We next repeated the same in silico experiments by using a more real-
istic physiological concentration of PIP2 (5 mol%). Surprisingly, we found
that more than one PIP2 interacted with the known binding pocket, and
there were several residues in addition to the key residues responsible for the
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FGF2-PIP2 binding. Based on the data from all the simulation repeats, we
were able to cluster two different orientations of FGF2 with respect to the
membrane in the binding process. In the predominant orientation (high-
affinity, Figure 4.5B), we observed that all three experimentally known
binding residues were in contact with PIP2 with a probability of one (100%)
(Figure 4.5D). On the other hand, in the so-called low-affinity orientation
(Figure 4.5C) only R128 had a high probability of being in contact with
PIP2, thereforte demonstrating weaker binding to the membrane.

In conclusion, we consider that the high-affinity orientation is the only
thermodynamically stable FGF2-PIP2 interaction orientation. Meanwhile,
the low-affinity orientation is likely a transition step, which in our simula-
tions was not able to reach the high-affinity orientation due to the limited
simulation time scale.

FGF2 Dimerization

Once FGF2 is recruited at the inner layer of the plasma membrane, FGF2-
PIP2 complexes can diffuse on the surface of the membrane. Experimental
findings suggest that dimerization of FGF2 monomers takes place via for-
mation of a covalent disulfide bridge between the cysteines 95 (C95-95) or
77 (C77-C77) [62]. Although there is no bullet-proof evidence as to which
pair of cysteines is responsible for the covalent binding, the disulfide bridge
dimer is considered as the key factor in the formation of a more complex
oligomeric structure.

Based on single-molecule imaging and brightness analysis showed in
Article 2, the most abundant oligomer is a trimer. Starting from this as-
sumption, we placed three FGF2 monomers in the high-affinity orientation
on the surface of a model membrane comprised of POPC, cholesterol, and
PIP2 (13:6:1).

During the all-atom simulations, we observed two possible dimerization
interfaces via C77-C77 and C95-C95. We classified the C77-C77 interface
(Figure 4.6A) as a ”weak” interface for the following reasons. Even though
the interface is stabilized by three ion pairs, the PIP2 binding pockets of the
two monomers are close to each other. The excessive number of positive
charges in the region near the binding pockets gave rise to electrostatic
repulsion, which promotes dissociation. Furthermore, the distance between
the two C77 residues was never closer than 1 nm during the simulations,
showing a low probability for disulfide bridge formation. On the other hand,
in the C95-C95 interface (Figure 4.6B), the two cysteines were able to reach
a distance smaller than 0.3 nm, which suggests a higher probability for
making a covalent bond. Based on this evidence, we isolated the C95-C95
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dimer and carries out new simulations imposing the C95-C95 disulfide bond.
The analysis of these simulations shed light on the residues responsible for
the formation of the binding events, underlining the role of three ion pairs:
R80-D98, E86-K118, and R89-E99 (Figure 4.6C).

Based on these all-atom MD simulations, we showed that PIP2 drives
the FGF2 oligomerization on the membrane surface. Moreover, the in-
teraction of multiple PIP2 molecules with FGF2 stabilizes a high-affinity
orientation of the FGF2-PIP2 complex, which promotes C95-C95 depen-
dent FGF2 dimerization [41].
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Figure 4.3: The role of K54 and K60 in the molecular interface between
FGF2 and α1-subCD3 based on in silico docking studies and atomistic
molecular dynamics simulations. On the left, a pairwise contact map with
all residues characterized by a probability of contact of more than 50% is
shown for the WT1 and WT4 systems. On the right, the average struc-
ture of the FGF2/α1-subCD3 interface is shown for both systems. Figure
adapted from Article 1.
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Figure 4.4: All-atom MD simulations of the FGF2/α1-subCD3 interaction
interface based on the WT1 system. FGF2-wt/α1-subCD3 interface (left
panel) is stable during the whole simulation time (200 ns). FGF2-K54/60E,
however, dissociates rapidly from the α1-subCD3 domain (right panel) after
100 ns. Figure adapted from Article 1.
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Figure 4.5: FGF2-PIP2 interaction. FGF2-PIP2 recognition takes place in
the microsecond time scale. Experimentally observed PIP2 binding residues
(K123, R124, and K133, highlighted in blue in panels A-C) interact with
the head group of PIP2 (see panel D for the analysis of contacts). MD sim-
ulations identified two different FGF2-PIP2 orientations involved in mem-
brane binding. The predominant orientation (high-affinity, panels A and B)
shows persistent binding with all three key residues responsible for the bind-
ing motif (black and red lines, panel D). On the other hand, the so-called
low-affinity orientation has, instead, only R128 with a high probability of
being in contact with PIP2, showing weaker binding to the membrane (blue
lines, panel D). Figure adapted from Article 2.
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Figure 4.6: Dimerization interfaces. All-atom MD simulations revealed two
possible dimerization interfaces via C77-C77 and C95-C95 bridges. Three
ion pairs stabilize the C77-C77 interface (panel A); however, the PIP2 bind-
ing pockets of the two monomers are close to each other, causing electro-
static repulsion. Since in the C95-C95 interface (panel B) the two cysteines
reached a distance smaller than 0.3 nm, we created the C95-C95 disulfide
bond (panel C) and characterized the three ions pairs responsible for stabi-
lizing the interface (R80-D98, E86-K118, and R89-E99). Figure adapted
from Article 2.
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4.2 AuNP-Membrane Interaction

Articles 3 and 4 focus on the interaction of gold nanoparticles with lipid
membranes, but from two different viewpoints. Article 3 sheds light on
the role of lipid charges in modulating the intake of functionalized gold
nanoparticles. Article 4, instead, investigates the role of gold nanoparticles
in single-particle tracking experiments.

4.2.1 AuNP-Membrane Insertion Mechanism

Article 3 presents results based on neutron scattering experiments and in
silico studies for the effect of cationic gold nanoparticles on lipid bilayers.
For a pure DSPC lipid bilayer, the experiments show evidence for incor-
poration of AuNPs into a bilayer structure. In the presence of cationic
AuNPs, the insertion of AuNPs was achieved only if the temperature was
increased to be close to the liquid-gel phase transition temperature of the
lipid bilayer. The experiments point out that there is a free energy barrier
modulating the interaction between cationic AuNPs and the DSPC lipid
bilayer, and this was confirmed by biased MD simulations. In the presence
of a negatively charged DSPC/DSPG (3:1) bilayer, however, the neutron
scattering experiments revealed that AuNPs adsorb to a floating lipid bi-
layer due to an attractive interaction between the polar head groups of
AuNP chains and negatively charged lipid head groups. In contrast to the
pure DSPC case, AuNPs were in this case not stably encapsulated into the
floating bilayer, since they were expelled from the bilayer after annealing.
In this context, MD results for the DSPC/DSPG (3:1) lipid bilayer were
used to suggest a possible mechanism that could be responsible for the
observed lipid extraction.

To shed light on the nanoparticle-membrane interaction, we employed
small gold nanoparticles of ∼ 2 nm of diameter composed of a core of
114 gold atoms (Figure 4.7 A). The gold cluster is monolayer-protected by
46 cationic 11-mercaptoundecane-trimethyl-ammonium and 14 hydropho-
bic octane thiol ligands randomly distributed (Figure 4.7 B). The final
diameter of the cluster is ∼ 4 nm, with a net charge of +46. The AuNP-
membrane interaction mechanism was studied at two different temperatures
(343 K and 300 K) and membrane compositions (1,2-distearoyl-sn-glycero-
3-phosphocholine only, or a 3:1 mixture with 1,2-distearoyl-sn-glycero-3-
phosphoglycerol).

We started through all-atom MD simulations. The free energy profile
in Figure 4.8 shows the key steps of the insertion pathway of a cationic
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Figure 4.7: Structure of the monolayer-protected AuNP. Panel A shows the
∼ 2 nm large gold cluster composed of 114 gold atoms. The inset highlights
the geometry of the attaching sites of the protecting ligands. Panel B shows
the full 3D model of the monolayer-protected AuNP with 46 cationic 11-
mercaptoundecane-trimethyl-ammonium and 14 hydrophobic octane thiol
ligands randomly distributed.

gold nanoparticle into a 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
lipid bilayer. Without loss of generality, we imposed a value of 0 kJ/mol
at the equilibrium position in the water phase (point A). Moving towards
the membrane surface, the AuNP first opened a small circular patch at
the membrane surface. This process was characterized by a free energy
barrier of about 10 kJ/mol. After this phase, AuNP encountered a first
free energy minimum of ∼ 3 kJ/mol (see Figure 4.8 B and Figure 4.9).).
After this point, the AuNP faced a free energy barrier of ∼ 30 kJ/mol fol-
lowed by thermodynamically stable insertion into the membrane. In this
permeation process, the nanoparticle has to overcome a free energy barrier
to enlarge the circular patch and therefore make sufficient space for the
insertion into the hydrophobic core (starting at ∼ 2 nm from the mem-
brane center). Furthermore, it is obviously a costly process to transfer the
charged groups at the nanoparticle surface into the hydrophobic region of
the membrane. Once the free energy barrier was overcome, the nanoparti-
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cle begun its descent towards the membrane center, where the free energy
reached a minimum of about ∼ −200 kJ/mol. Here, the position inside
the membrane was characterized by rearrangement of AuNP chains: the
polar and charged head groups faced the water phase on both sides of
the bilayer (snorkeling effect) [160]. Here, there is reason to emphasize
that the absolute free energy values in this profile are largely meaningless.
Instead, it is more important to underline the importance of the trend,
which is backed up by neutron scattering experiments, whose results are
also shown and discussed in Article 3. The atomistic simulations pointed
out another significant observation. When the AuNP was situated on the
surface of the membrane, it induced lipid protrusions. As observed in our
simulations, these protrusions gave rise to lipid extraction from the bilayer,
followed by crawling of lipids to the surface of the AuNP. These findings
led us to wonder if the presence of crawling lipids on the surface of the
nanoparticle could somehow shield the positive charges of the nanoparticle,
fostering its aggregation on the membrane surface (Figure 4.10 B). Driven
by this idea, we decided to coarse-grain our atomistic model and place
16 nanoparticles on the surface of membranes with two different membrane
compositions: pure 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
DSPC/1,2-distearoyl-sn-glycero-3-phosphoglycerol(DSPG) (3:1).

The results for the radial distribution function (RDF) in Figure 4.9C
sum up the results of our in silico experiments: AuNPs oligomerize only in
the presence of DSPG. The oligomerization is triggered by the presence of
both DSPC and DSPG lipids crawling on the AuNP. The lipids, surround-
ing the AuNPs, act as an electrostatic wall, screening the positive charges
and fostering AuNP oligomerization.

Atomistic and coarse-grained MD simulations provided additional molec-
ular insights for the AuNP-membrane interaction. The studies therefore
shed light on the pathway of AuNP-membrane insertion into DSPC bilay-
ers, a mechanism for lipid extraction of adsorbed AuNP, and a potentially
harmful AuNP aggregation effect for bilayers containing negatively charged
lipids.
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Figure 4.8: Free energy profiles associated with AuNP intake. The free en-
ergy at its equilibrium position in the water phase is chosen to have a value
of 0 kJ/mol (point A). Point B represents the first free energy minimum at
∼ 3 kJ/mol and shows a stable position on the membrane surface after a
small circular patch has opened at the membrane surface. Next, the AuNP
has to overcome a free energy barrier of ∼ 30 kJ/mol (C) before its in-
take in the membrane core (D). The AuNP has to overcome a free energy
barrier to enlarge the circular patch and insert its charged groups into the
hydrophobic region of the membrane. Once the free energy barrier has been
overcome, the AuNP ends up in the membrane and rearranges its charged
head groups to face water on both sides of the bilayer (D). The black line
shows the PMF profile, whereas the blue line depicts the number of contacts
(cut-off< 0.6 nm) between the AuNP and the membrane. Figure adapted
from Article 3.
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Figure 4.9: AuNP-membrane surface interaction. AuNP encounters a first
free energy minimum at ∼ 3 kJ/mol after opening a small circular patch on
the membrane surface. The AuNP sits on the membrane surface (panel A)
by moving the lipid head groups on its side. The results have been quantified
by calculating the 2D partial density profile of the phosphate atoms of DSPC
lipids (panel B). Figure adapted from Article 3.
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Figure 4.10: AuNP oligomerization. The 2D partial density profile of
AuNPs (panel A) shows AuNP oligomerization on the surface of the DSPC-
DSPG membrane. A snapshot of an AuNP oligomer is shown in panel B.
The RDF analysis (panel C) points out, instead, that oligomerization does
not occur in a membrane composed of DSPC lipids only, highlighting the
importance of negatively charged lipids. Figure adapted from Article 3.
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4.2.2 Single-Particle Tracking Diffusion

In Article 4, the aim is to understand what is actually measured in single-
particle tracking (SPT) experiments when they are applied to study lateral
diffusion using gold nanoparticles linked to lipids. In this work, we focused
on lipids whose headgroup is attached to biotin. Biotin, in turn, is bound
to streptavidin (sAv) tetramers which are grafted to the surface of a gold
NP. The dynamics of the probe molecule is then tracked with nanoscale
spatial resolution by following the trajectory of the AuNP.

Our results show that the diffusion of the probe molecules depends on
two key factors. The first one is not related to the nanoparticle but the
affinity of the streptavidin linker to the membrane. Figure 4.11 shows that
the streptavidin linker interacts favorably with the lipid membrane. As it is
shown in Figure 4.11 A-B, streptavidin binds to about a dozen lipids that
are in the immediate vicinity of the streptavidin tetramer, residing just
below it. The protein complex then moves together with these neighboring
lipids. Since the biotinylated probe lipid is bound to streptavidin, it obvi-
ously moves slowlier compared to bulk lipids far from the protein. Further,
based on fluid dynamics, a particle next to a non-moving interface is also
immobile in the direction that is parallel to the interface, which suggests
that the lipids that are neighbors to the biotinylated probe lipid also move
slowlier compared to bulk lipids. Altogether, these assumptions give rise to
an idea that the diffusion of the streptavidin-lipid complex (sAv-POPC) is
significantly slowed down compared to non-labeled native lipids. Our data
confirms that this is the case (see Figure S11 B and Table 2 in Article 4).

The effect of the second factor depends, however, on the AuNP and
its size. The AuNP moves in water, which is a viscous medium charac-
terized by friction drag. The motion of the AuNP therefore depends on
its hydrodynamic radius: the larger it is, the slower the motion (Figure
4.12 B). Furthermore, our study supports the use of small nanoparticles (in
the range of ∼ 5 nm), since the dynamical lateral motions of the probe lipid
and the AuNP are not correlated, or the correlation is weak, at time scales
shorter than about 1-10 microsecond (Figure 4.12 C). The correlation be-
tween the motion of the probe lipid and the AuNP is evident only at time
scales of about 1 microsecond (for nanoparticles about 5 nm in size), and
this threshold time scale increases for increasing nanoparticle size (Figure
4.12 C). In essence, these results highlight that the trajectory of the AuNP
that is tracked in SPT experiments can describe the motion of the probe
lipid only if images are taken at a sufficiently slow rate (Figure 4.12 C).

Our results point out that the most accurate temporal resolution can
be achieved with small AuNPs (∼ 5 nm in size), in which case images could
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be recorded at a frequency of about once every microsecond. If the AuNP
size is increased or the images are taken too often, the temporal resolution
decreases.
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Figure 4.11: Streptavidin-membrane interaction. (A) The membrane affin-
ity of the streptavidin complex slows down the diffusion of the probe lipid due
to the interactions with a number of lipids right under the protein complex.
(B) The analysis of the number of lipids in time shows that the streptavidin
tetramer covalently bonded with the probe lipid moves together with a dozen
of neighboring lipids, which slow down the diffusion of the probe lipid to a
significant extent. (C) The average in-plane displacements of lipids as a
function of distance from the probe lipid. These data reveal that, as an op-
erational definition, one can consider the streptavidin-multi-lipid complex
to have a size of about 2x3 nm. This matches the number of lipids in the
cluster that is about 12 (Figure 4.11 B), which is not dependent on AuNP
size (Article 4). Shown are the results for the streptavidin-lipid complex
only (sAv-POPC, black line) and in complex with a ∼ 5 nm (NP5-POPC,
red line) or ∼ 10 nm (NP10-POPC, blue line) gold nanoparticle. Figure
adapted from Article 4.
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Figure 4.12: AuNP size-dependent effects. (A) Snapshots of a probe lipid
labeled with streptavidin-functionalized AuNPs of 5 (left) and 10 (right) nm,
respectively. (B) The mean-squared displacements of label-free and labeled
lipids as a function of lag time Δt highlight that the lateral motion of the
AuNP is size-dependent. (C) The correlation between the displacements of
the probe lipid and the AuNP shown as a function of lag time Δ (semilog
plot), revealing that the trajectory of the AuNP can match the trajectory of
the probe lipid only if images are recorded at a sufficiently slow rate that is
(roughly) once every 1-10 microseconds.
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Conclusions

Understanding the physical and chemical principles that regulate the in-
teraction of molecular complexes with the plasma membrane is crucial to
figure out cell membrane structure and dynamics. Although many efforts
have been made during the last decades to reveal the functions of the
plasma membrane, many important aspects remain unclear. Due to the
nanoscale size and the fast dynamics of biological macromolecules, most
of the processes associated with the interplay of individual molecules are
challenging to study through experimental methods. Meanwhile, atom-
istic and molecular simulation techniques are useful tools to complement
biomolecular experiments, as they can provide full atomistic details of the
processes in question. The studies presented and discussed in this the-
sis have resulted from a fruitful collaboration between experimental and
computational teams.

First, for the identification of the Na,K-ATPase-FGF2 interaction inter-
face, we used molecular protein-protein docking and atomistic simulations
to address this question. Based on biochemical studies, a subunit of Na,K-
ATPase is responsible for the Na,K/ATPase-FGF2 interaction. Bioinfor-
matic and NMR studies have observed the potential role of lysines K36/K60
at the molecular surface of FGF2 in the binding to this channel. The work
in this thesis focused on the characterization of the most probable interac-
tion surface between α1-subCD3 and FGF2. In silico results suggested the
WT1 cluster as the most probable protein-protein interaction surface be-
tween FGF2 and α1-subCD3. It was found to depend on K54 and K60 and
to be stabilized by three ion pairs. Furthermore, simulations of the mutated
FGF2-K54/60E case provided further support for this finding by showing
complete dissociation from the α1-subCD3 unit. Next, we studied the ini-
tial steps of FGF2 oligomerization, where we first assessed the validity of
our computational model by reproducing the specificity of the FGF2-PIP2

55



56 5 Conclusions

binding motif. Moving on, we observed simultaneous interaction of mul-
tiple PIP2 molecules with FGF2 to stabilize a high-affinity orientation of
the FGF2-PIP2 complex at the membrane surface, promoted by C95-C95
dependent FGF2 dimerization. The primary FGF2 dimerization interface
that was identified in this work takes place through the C95-C95 disulfide
bond.

We next carried on to unravel the interaction between lipid membranes
and gold nanoparticles. We studied the role of lipid composition in regula-
tion of the intake of functionalized cationic gold nanoparticles into model
membranes. We showed through atomistic simulations and neutron scatter-
ing experiments that there is a quite complex free energy profile modulating
the interaction between cationic AuNPs and a pure DSPC lipid bilayer, and
as a part of this profile there is a free energy barrier that however can be
overcome by temperature annealing, leading to AuNP incorporation into
the lipid bilayer. We also observed how extraction of lipids to the adsorbed
AuNP takes place via selected lipids’ electrostatic screening of AuNPs’
positive charges, thus promoting potentially harmful AuNP aggregation to
bilayers that contain negatively charged lipids.

Finally, in our work on single-particle tracking, we resolved how gold
nanoparticles attached to biotinylated lipids via streptavidin bridges inter-
fere the diffusion of the host lipids. We showed that the diffusion is slowed
down by two different factors. First, already the binding of streptavidin
to the biotinylated lipid slows down the motion significantly. This effect is
further amplified by the gold nanoparticle when it is bound to the strep-
tavidin complex, since AuNP moving in a viscous medium is subject to
frictional drag, and this slowing down effect is size dependent. The simu-
lation results suggest that the best temporal resolution for single-particle
tracking experiments is achieved with small AuNPs that are (∼ 5 nm) in
size.

All in all, our results help understand the interaction between molecular
complexes and membrane surfaces. On the one hand, understanding how
to regulate the secretion of FGF2 will pave the way for biomedical appli-
cations with the development of drugs that could prevent tumor cells from
secreting FGF2. On the other hand, a solid understanding of the inter-
actions between AuNPs and cell membranes would be critically important
to develop means to control the translocation of nanoparticles insidea cell,
and to develop new drug delivery vehicles with reduced toxicity.
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interactions. FEBS Lett. 98, 211–223 (1979).
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