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Abstract:

In this thesis, we start with the description of the biophysical properties of the
plasma membrane models upon signaling processess. Calcium signaling is char-
acterized by a rapid increase of its cytosolic concentration. We identify calcium
binding sites and characterize the binding in the plasma membrane models of
increasing complexity from pure phospholipid bilayers, through cholesterol and
peptide rich lipid membranes, to membranes extracted from HEK293 cells. We
use Time-Dependent Fluorescent Shift method, which provides direct informa-
tion on hydration and mobility in defined regions of a lipid bilayer, accompanied
with molecular dynamic (MD) simulations, which give molecular details of the
studied interactions.
The initial step of signaling mediated by PAG protein is its double palmitoylation.
We investigate changes of the biophysical properties of both the lipid membrane
and the peptide itself upon the incorporation of the palmitoyls. Employing all
atom MD simulations, we study inter- and intramolecular interactions as well as
changes in membrane hydration, thickness, or lipid ordering.
The second part of the thesis, realized in a direct collaboration with a pharma-
cological company, is focused on the tear film (TF) of the human eye and related
pharmacological issues. We use extensive coarse grain MD simulations to mimic
big patches of the TF and investigate the molecular mechanism of the TF stabi-
lization upon addition of surfactant molecules, which are being developed for the
treatment of dry eye disease.
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Introduction
Formation of a membrane separating the inner volume from the surroundings
was probably a crutial step for the formation of the first cell [Russell et al., 1993,
Deamer, 2017]. During the evolution, cellular membranes adopted a wide variety
of functions. Membranes are external boundaries of cells, they regulate molec-
ular traffic in and out of the cell, they contain receptors for extracellular com-
munication and transmit the external stimulli into intracellular signaling [Nelson
and Cox, 2005]. In eukaryotic cells, membranes divide the intracellular space
into compartments, hence, segragate crucial cellular processes into specialized or-
ganelles: metabolism, transport of nutrients and ions, storing and transmission
of genetic information, and replication of nucleic acids [Nelson and Cox, 2005,
Deamer, 2017].

One of the main roles of the outer membrane of an eukaryotic cell, the plasma
membrane, is the recognition of the external stimulli to the cell and transduction
of the signal into intracellular signaling cascades. Endocrine signaling is the most
common way of signaling in between cells, during which an organism releases a
signal molecule to the blood stream of an animal or to the sap of a plant. A
less general type of such events is the paracrine signalization, during which the
signal molecules diffuse by some local mediator to the surrounding cells. This
type of signalization is mostly used in the regulation of local inflammation at
the place of infection, or in the cell proliferation during wound healing. The
third type of signalization is the communication between neurons. The signal
is transduced in between the neural cells in neural synapses by the release of a
neurotransmitter. The release of the neurotransmitter is triggered by the fast
increase of Ca2+ concentration in the synapse. Finally, the forth way of the
intercellular communication is a direct contact through the signal molecules in the
plasma membranes of the involved cells. Direct interaction between the signaling
molecule and the receptor molecule is the most efficient way of signaling, and it
acts on the shortest distance. This type of communication does not require a
release of any molecule [Alberts et al., 2002].

Receiving a signal from the outside triggers signaling cascades in the cell,
which can activate a whole range of possible signaling pathways leading to cell
survival, division, differenciation or programmed death [Alberts et al., 2002, Pani
and Singh, 2009]. One of the simplest signaling agents are Ca2+ ions. Ca2+

manages a host of vital cell functions including regulation of cell growth or cell
differentiation [Pani and Singh, 2009, Orrenius et al., 2003], Ca2+ also has the
central role in the regulation of the cell death as it can activate distinct parts of the
cell death programme [Orrenius et al., 2003]. The physiological functions of cells
are tightly regulated by changes of cytosolic Ca2+ concentration. Rapid changes
can be achieved by the influx of Ca2+ via transmembrane channels, or release of
Ca2+ from the internal stores [Pani and Singh, 2009, Orrenius et al., 2003]. Key
proteins involved in Ca2+ signaling are localized in plasma membranes, hence,
we describe the interactions of Ca2+ ions with models of the plasma membrane
with increasing complexity going from the pure phospholipid membranes to the
extracts from the human HEK293 cells.

Posttranslational modifications of proteins are another example of the in-
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tracellular signals. We study the activation of Phosphoprotein associated with
glycosphingolipid-enriched microdomains (PAG), or alternativelly called Csk-
binding protein [Svec, 2008]. PAG natively rests in the plasma membrane in
its passive form and is activated by incorporation of the two specific palmitoyla-
tions on its cysteine residues. Modification by palmitoyl chains targets PAG to
lipid domains [Svec, 2008] which is followed by the recruitment of Csk, a major
suppresor of Src-family kinases, and the linkage of the lipid domain to the cy-
toskeleton [Svec, 2008, Hrdinka and Horejsi, 2014]. Our focus lays on the changes
in membrane biophysics upon incorporation of these palmitoyls.

Similar structures to phospholipid bilayers, phospholipid monolayers, are
present at the surface of the lungs (lung surfactant) and the eyes (tear film).
Being directly exposed to the environment, the human eye needs to be protected
from various external risk factors such as changes of the air temperature and
humidity, air pollutions, or infectious organisms and viruses [Cwiklik, 2016]. In
the last part of this thesis, we focus on the modeling of the tear film of the
human eye and the related pharmacological issues.
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1. Biological membranes and
their models for biophysical
studies
Biological membranes can be with some modifications described by Singer-
Nicolson fluid mosaic membrane model [Singer and Nicolson, 1972]. This
model can be imagined like a sea of constantly moving lipids with integral and
membrane-spanning proteins [Singer and Nicolson, 1972, Mouritsen, 2011]. The
lateral and rotational freedom of the molecular components in the membrane,
originally predicted in Singer-Nicolson model, is however not unrestricted. Lipids
and proteins might not be distributed randomly but rather in lateral domains
[Singer and Nicolson, 1972, Vereb et al., 2003]. We still do not know the sizes
of such domains, but since 2003 the view point has changed and now we rather
think of nanoscale [Cebecauer et al., 2018]. Such compartmentalization occurs to
be as important for the effective signal transduction as is the membrane fluidity
[Vereb et al., 2003]. The fluidity of the membrane allows for lateral movement
for membrane proteins and lipids and, hence, their direct interaction during
signalization events. It allows for distribution of membrane lipids and proteins
by diffusion after their incorporation in the membranes to other places within
the cell. It also allows for membrane fusion and ensures uniform distribution
of membrane molecules in the cell division [Alberts et al., 2002]. Considering
the non-random distribution of the membrane components and its major role in
cellular signaling, the fluidity also permits for continuous, dynamic restructuring
of the molecular clusters within the membrane according to the needs of the cell
[Vereb et al., 2003].

The complexity of biological membranes is high consisting of mainly lipids
and proteins. The main classes of lipids in eukaryotic cells are phospholipids,
sphingolipids and sterols, however, each type of membrane has characteristic
lipids and proteins with varying of their relative proportions [Alberts et al., 2002,
Nelson and Cox, 2005].

Study of biological membranes in vivo is often challenging as living cells are

Figure 1.1: Membrane models. a) Vesicle, and b) Lipid bilayer. Taken from
[Nelson and Cox, 2005].
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dynamic entities with metabolism, self-repairing systems and both active and pas-
sive transport through the membranes and within the cell [Alberts et al., 2002,
Nelson and Cox, 2005]. Hence, to get insight into individual processes in the
membranes we need to study their simplified models. One of the most simplified
models of a biological membrane is a lipid bilayer. Such model can be step by
step enriched by new components including different kinds of lipids, proteins, or
glycolipids and glycoproteins. Lipid bilayers can be experimentally prepared in a
form of vesicles of various sizes (from <100 nm to >1000 nm in diameter), either
unilamellar or multilamellar, being the simplest models of closed cell membranes
[Mouritsen, 2011]. For the spectroscopic studies we use large unilamellar vesicles
(LUVs, Figure 1.1a) with the size of 150 nm in diameter. The size of the vesicles
is so large that for the studied ions and their binding the membrane appears to
be locally flat. Hence we can directly relate the results obtained in the experi-
ments with molecular dynamic (MD) simulation models where we use flat bilayers
(Figure 1.1b) with the same composition as in the experiments. In such artificial
system we can study the concrete interactions in between ions, lipids, proteins or
other entities present in our model. An intermediate step towards real cellular
membranes is usage of cellular extracts for the vesicles preparation. This way, we
can maintain the complexity of the real biological membrane and still avoid the
interactions with the cell environment.

1.1 Bilayer models of the inner leaflet of the
plasma membrane

The main phospholipid components of the plasma membrane are phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phos-
phatidylinositol (PI) and its phosphorylated forms and phosphatidic acid (PA).
Other highly represented lipids are sphingomyelin (SM) and cholesterol [Alberts
et al., 2002, Nelson and Cox, 2005]. The distribution of lipids between the in-
ner and outer leaflet of the plasma membrane is highly assymetric. Choline-
containing lipids (PC, SM) are typically found more in the outer (extracellular)
leaflet, whereas the PS, PE, PA and PI with its phosphorylated forms are more
common in the inner (cytoplasmic) leaflet [Alberts et al., 2002, Nelson and Cox,
2005]. Note that the lipids in the inner leaflet are usually negatively charged
(PI, PS), and they often have a smaller headgroup (PE, PA) inducing a negative
curvature of the membrane.

The structure and flexibility of the lipid membrane depends on many factors,
among which the strongest are the lipid headgroup and acyl tail composition,
and temperature. The acyl tails influence the fluidity of the lipid membrane
especially strongly as the melting temperature of the liquid ordered phase has
a characteristic dependence on the length and the degree of saturation of the
tails. The fatty acyl chains composition in the plasma mebrane is ideal to keep
the membrane in fluid phases, while two fluid phases, liquid-ordered and liquid-
disordered, with different physical characteristics, can coexist within a single
membrane [Feigenson, 2006, 2007]. It is thus crucial to choose the proper fatty
acyl chain composition to correctly model the native fluid membrane. In mammal
cells, the majority of phospholipids in the plasma membrane have 16 or 18 carbons
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long acyl chains, with one of the two acyl tails usually unsaturated [Cotman
et al., 1969, Han and Gross, Richard, 1994]. Present are also lipids combining
one acyl chain with the length of 16 or 18 carbons and the other consisting of
20 or 22 carbons, the latter one usually with a higher degree of unsaturation
[Cotman et al., 1969, Han and Gross, Richard, 1994]. In the model membrane
studies, we choose the representative lipids with saturated palmitic acid (16:0)
and unsaturated oleic acid (18:1).

In mammal cells the fluidity of the membranes is also buffered by the presence
of cholesterol [Vereb et al., 2003, Mouritsen, 2011, van Meer et al., 2008]. Choles-
terol is one of the key components of the plasma membrane. It is prominent
there although barely deteclable in membranes of mitochondria or endoplasmic
reticulum [Nelson and Cox, 2005, van Meer et al., 2008].

In this thesis we employ mimics of the inner leaflet of the plasma membrane,
where cellular signaling triggered by Ca2+ ions or PAG protein palmitoylation
take place. We use a lipid bilayer consisting of only PC molecules, namely 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) with both unsaturated chains and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) with one unsaturated
acyl tail as the simplest model allowing us to concentrate on details of ionic or
palmitoylation influence on different parts of phospholipid molecules. The addi-
tion of phosphatidylserine (PS) or phosphatidylglycerol (PG) in concentration of
20 mol% gives the physiologically relevant negative charge to the model. We again
use 1,2-dioleoyl- and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (DOPS and
POPS) molecules in a case of PS, and only once unsaturated 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoglycerol (POPG) in a case of PG.

To increase the complexity of the model and to get closer to the real plasma
membrane of a living cell we add cholesterol and transmembrane peptides to our
model. Since, the plasma membrane can contain up to 30 mol% of cholesterol,
hence we add 10, 20, and 30 mol% of cholesterol to obtain trends of its influence
in this range. The proteins are present in the plasma membrane in the non-
negligible amount of about 50% of mass [Alberts et al., 2002, Nelson and Cox,
2005]. However, since the weight fraction counts whole proteins, i.e., also their
cytoplasmic parts, we estimate the physiological amount of the transmembrane
domains to be lower, approximately 3 mol%.

1.2 Model of the tear film of the human eye
The human eye is covered by several distinct layers which together form the so-
called tear film (TF). There is an aqueous layer in a direct contact with the eye
cornal epithelium, on top of which is the layer of lipids, the so-called tear film
lipid layer (TFLL).

The TF topology is depicted in Figure 1.2 and described in [McCulley and
Shine, 1997, Olson et al., 2003, Foulks, 2007, Cwiklik, 2016, Willcox et al., 2017].
The surface of cornea is covered by a layer of mucin, between 2.5 to 5 µm thick.
This layer is anchored to corneal epithelium and is composed predominantly of
sugar-rich glycosylated proteins produced by epithelial cells. Such a structure
makes the surface of the epithelial cells wettable and, hence, assists in water
re-spreading after each blink of the eye.

On top of the mucin layer, there is a 4 µm thick aqueous layer. Except of
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Figure 1.2: Scheme of the tear film (TF) structure. Corneal epithelium cells are
covered by a mucin layer which makes the surface of the epithelial cells wettable.
Mucus layer is covered by a thick aqueous layer with many water soluble and
insoluble molecules and ions. The most outer layer is made of lipids, the tear film
lipid layer (TFLL). Figure taken from [Cwiklik, 2016].

water it contains numerous water soluble and also insoluble components such
as electrolytes, proteins, peptides and small molecule metabolites. The main
function of the aqueous layer is to provide an optically smooth surface for light
refraction. It also lubricates the eye surface during blinks and eye movements,
prevents eye surface dehydration, protects against pathogens and pollutants from
air, and provides nutrition to corneal cells.

TFLL is the most outer layer of the TF. It is a relatively thin, 0.015 to
0.160 µm, layer of lipids [Cwiklik, 2016], which prevents loss of the aqueous layer
through overspill and evaporation [Willcox et al., 2017], it reduces surface tension
to approximately two-thirds of that of water stabilizing the TF at the cornea
surface [Cwiklik, 2016], and has an antimicrobial activity against both Gram-
positive and Gram-negative bacteria [Mudgil, 2014].

The lipids in TFLL are organized in a multi-layered fashion (see Figure 1.3)
[McCulley and Shine, 1997, Olson et al., 2003, Foulks, 2007, Cwiklik, 2016, Will-
cox et al., 2017]. The interface between the aqueous layer and the lipid layer is
formed by a thin sub-layer of polar amphihilic lipids. These lipids make a mono-
layer topped with a bulky layer of non-polar hydrophobic lipids. The thickness
of the polar monolayer is estimated to be 2-9 nm [Butovich, 2009], whereas the
non-polar phase is 33-40 nm thick [Cwiklik, 2016].

We investigate the role of the lipid layer on the stability of the TF, especially
related to the dry eye disease (DED). DED is associated with the loss of anti-
evaporative properties of the lipid layer. We use MD simulations to observe
molecular-level interactions between lipid film components and possible drugs for
DED treatment. The stability and spreading of the TF are heavily influenced
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Figure 1.3: Scheme of the tear film lipid layer (TFLL) structure. TFLL consists
of a monolayer of polar lipids topped by a thicker non-polar lipid layer. The
non-polar phase is exposed to the gas phase. Figure taken from [Cwiklik, 2016].

by the molecular lipid composition. The lipid composition of TFLL is however
also varying with gender, age and eye blinking patterns [Brown et al., 2016,
Butovich, 2009]. Overall, the non-polar lipids consist of 30-45 mol% cholesterol
esters with long acyl chains (C22:1-C34:1), and ∼30-50 mol% wax esters with
mostly 18:1 fatty acyl chains mixed with C18-C30 alcohol chains. The lipid layer
contains also 4 mol% of (O-acyl)-ω-hydroxy fatty acids. The biggest part of the
polar lipids are phospholipids, mainly glycerophospholipids, lysophospholipids,
and sphingomyelins. The majority of phospholipids are phosphatydilcholines (PC,
>60 mol%), followed by phosphatidylethanolamines (PE, ∼15 mol%) [Cwiklik,
2016].

In our computational modeling, we approximate the polar monolayer of TFLL
consists from 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC), 1-palmitoyl-
2-oleoyl-phosphatidylethanolamine (POPE), N-palmitoyl-d-erythrosphingosine
(PPCE), and N-palmitoyl-d-erythrosphingosylphosphorylcholine (PPCS) in
molar ratios derived from the lipidomic studies [Rantamäki et al., 2011]. The
simplified model of the non-polar layer is built as an equimolar mixture of glycer-
ine trioleate (TO) and cholesteryl oleate (CO). The representative configuration
of the computational model of the TFLL used in our MD simulations is depicted
at Figure 1.4. A thick layer of water, representing the aqueous phase of the
TF, is covered by a monolayer of polar lipids from both bottom and top. From
the other side, these monolayers are surrounded by the layer of non-polar lipids
exposed to the gas phase, representing the TFLL-air interface.
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Figure 1.4: Representative snapshot of the tear film model using MARTINI force
field [Marrink et al., 2007]. Water molecules (cyan) are in the middle of the
simulation box. Monolayer of polar lipids is formed at the water-lipids interface.
The polar lipids layer consists of POPC (grey), POPE (black), PPCE (orange),
and PPCS (yellow). The non-polar lipid layer is an equimolar mixture of CO
(blue) and TO (violet). The non-polar subphase of the TFLL is exposed to the
gas phase.
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2. Advanced fluorescence
techniques
To investigate the biophysical properties of biological membranes we use the phe-
nomena of fluorescence. Fluorescence, as a form of luminiscence, is the emission
of light from an electronic excited state. Such states are typically reached by
photoexcitation. The excited molecules relax in the order of 10−12 −10−10s to the
first electronic excited state. After some residual time a photon is spontaneously
emitted, the molecule looses the energy and returns to one of the vibrational
states of the electronic ground state. The individual residual times vary since the
process of photon emission is stochastic. The energy of the emitted photon is
always lower than the energy needed for the excitation because of the fast relax-
ation processes in the excited states, which happen before the emission [Lakowicz,
1999].

Fluorescence lifetime of a fluorophore is the time between the absorption and
emission events. During that time the fluorophore interacts with its environment
which influences its emission. The fluorescence lifetime is characteristic for each
molecule and reflects its average time spent in the excited state before returning to
the ground state. Typical fluorescence lifetimes are in the orders of 10−8 − 10−9 s
[Lakowicz, 1999].

The lifetime, τ , is determined by the rate constants of radiative, Γ, and non-
radiative, knr, processes, both depopulating the excited state:

τ = 1
Γ + knr

(2.1)

The fluorescence lifetime can be obtained from time resolved measurements
of fluorescence intensity decays by fitting the data with the function:

I(t) = I(0)
∑

i

αiexp
(−t

τi

)
(2.2)

where I(t) is the fluorescence intensity dependence in time t, I(0) the fluo-
rescence intensity in time t = 0, and αi are preexponential factors [Lakowicz,
1999].

The decays are obtained after exposition of the sample to a laser pulse shorter
than the decay time of the fluorophore. The decays can be recorded statistically
by the time correlated single photon counting (TCSPC) procedure. The experi-
mental setup for this procedure uses such a laser intensity which excites ideally
only one fluorophore at a time. The software waits until the emmited photon
reaches the detector and records the time the fluorophore spent in the excited
state. Such emmision times are recorded for thousands of photons providing
enough statistics for the reconstruction of the fluorescence decay curve.

2.1 Time dependent fluorescent shift
Time dependent fluorescent shift (TDFS) method is based on the modulation
of the fluorescence intensity decays of a fluorophore by the relaxation of the
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surrounding molecules.
Upon electronic excitation the electric dipole moment of the fluorophore

changes rapidly ( 10−15 s). The fluorophore’s solvation shell responds to this
change by the reorientation of the polar molecules in the surroundings. As
the solvation shell relaxes, the energy of the fluorophore’s excited state lowers
shifting the emmited wavenumber, ν(t), to lower energies (Figure 2.1).

The total amount of the shift, ∆ν = ν(0) − ν(∞), is directly proportional
to the polarity of the solvation shell [Horng et al., 1995, Jurkiewicz et al., 2005].
The kinetics of the relaxation process is characterized by the correlation function,
C(t), also called the spectral response function,

C(t) = ν(t) − ν(∞)
ν(0) − ν(∞) (2.3)

A simple measure of the TDFS kinetics can be obtained from C(t) by fitting
it to one or more exponential functions, or by its numerical integration over time,

τr =
∫ ∞

0
C(t)dt (2.4)

In a viscous medium, the solvent molecules reorient only slowly, hence, the
time of their relaxation is longer. Integrated relaxation time τr is closely pro-
portional to the viscosity of the solvent surrounding the fluorophore [Arzhantsev
et al., 2003, Ingram et al., 2003, Ito et al., 2004, Jurkiewicz et al., 2005]. This
parameter, defined in equation 2.4, gives only an approximate measure of the
solvation kinetics. A more precise fitting of the correlation function C(t) gives
more accurate evaluation of the relaxation time τr. The C(t) function reflects
the process of the solvent relaxation, which is not monoexponential, especially in
such an anisotropic media as phospholipid bilayers, where the fitting model for
C(t) should generally contain multiple exponential components [Jurkiewicz et al.,
2005].

The C(t) function can be determined by the spectral reconstruction from the
set of emission decays recorded at different emission wavelengths spanning the full
range of possible emission wavelengths of the fluorophore, and the corresponding
steady-state emission spectrum S(λ). The decays are fitted by a sum of exponen-
tial functions to obtain a parametric form of the intesity decay D(λ, t) at each
wavelength. The time resolved emission spectra, S(λ, t), i.e., emission spectra at
any time after excitation, can be then reconstructed,

S(λ, t) = D(λ, t)S(λ)∫∞
0 D(λ, t)dt

(2.5)

The time resolved emission spectra are then transformed into the wavenumber
domain and fitted by a log-normal line shape function approximating the broad
assymetric electronic emission bands. We obtain a time-dependent position of the
spectrum, ν(t), which is then used to obtain parameter τr according to equations
2.3 and 2.4.
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Figure 2.1: Schematic representation of solvent relaxation process. In the ground
state the solvent molecules are oriented according to the electric dipole moment
of the fluorophore. They cannot immediatelly react on the fast reorientation
of the fluorophore’s electric dipole moment upon it’s excitation (Franck-Condon
state). Solvent relaxation processes then follow lowering the energy of the excited
state (Partially relaxed states, and Relaxed state). Fluorescence occurs through-
out this process, hence, we observe a gradual shift in the energy of the emitted
wavelengths. After the deexcitation of the fluorophore, its electric dipole moment
changes again followed by the solvent relaxation to the ground state.

TDFS method probes the dynamics of the surrounding of a fluorophore. For
the membrane studies various probes with the defined location of their fluo-
rophores within the phospholipid bilayer are available (Figure 2.2) [Jurkiewicz
et al., 2005]. In this thesis, we probe the ionic effects in the membrane models of
the inner leaflet of the plasma membrane. Ions are expected to influence mainly
the outer parts of the membrane and can penetrate down to the carbonyl level.
Suitable probes for such studies are Laurdan and Dtmac, located at sn-1 car-
bonyls and phosphate groups, respectively, of both 1,2-dioleoylphosholipids and
1-palmitoyl-2-oleoylphospholipids [Jurkiewicz et al., 2005]. In such an environ-
ment, the parameters obtained from TDFS measurements with these dyes, ∆ν
and τr, reflect the polarity and mobility of the hydrated lipids. In many cases,
the polarity directly representa the hydration level in the probed region of the
membrane. However, interpreting the ionic effects on membranes from such ex-
periments is complicated by the presence of the ion itself, which can also directly
influence the local polarity around the fluorophore.
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Figure 2.2: Position of the fluorescent probes relative to the dioleoylphosphatidyl
choline (DOPC) molecule. From the left: DOPC,
11-((5-dimethylaminonaphthalene-1-sulfonyl)amino)undecanoic acid (Dauda),
6,8-difluoro-4-heptadecyl-7-hydroxycoumarin (C17DiFU),
4-[(n-dodecylthio)methyl]-7-(N,N-dimethylamino)-coumarin (DTMAC),
N-palmitoyl-3-aminobenzanthrone (ABA-C15),
6-propionyl-2-dimethylaminonaphthalene (Prodan),
6-lauroyl-2-dimethylaminonaphthalene (Laurdan),
6-hexadecanoyl-2-(((2-(trimethylammonium)ethyl)methyl)-
amino)naphthalenechloride (Patman),
2-(9-anthroyloxy)stearic acid (2-AS),
9-(9-anthroyloxy)stearic acid (9-AS),
(16-(9-anthroyloxy)palmitoic acid (16-AP)
DOPC.
Figure taken from [Jurkiewicz et al., 2005].
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3. Classical molecular dynamics
simulations
We employ the fluorescent techniques to get the experimental evidence of the
studied phenomena. However, the interpretation of the results is often not definite
as the experiments provide only mediated results. We observe changes in response
of a fluorescent probe and we try to determine what is the reason for this change.
Employing molecular dynamic (MD) simulations gives us the molecular level view
on the studied system and thus helps with the interpretation of the experimental
results. MD simulations are free from a possible influence of a fluorescent probe
on the studied system. They are on the other hand burdened by errors arising
from the usage of available force fields.

Within this thesis we concentrate on behavior of biological membranes, in-
teractions between membrane components as well as interactions of lipids and
proteins with water molecules and ions. For these purposes we can neglect quan-
tum effects and calculate the progression of the system of interest using classical
Newton’s equations of motion.

In classical MD simulations the system of interest is propagated step by step
by solving Newton’s equations of motion in discrete timesteps. The basic ap-
proximation used for classical MD is Born-Oppenheimer approximation. Each
particle, usually representing an individual atom, is described by the position of
its nucleus and its velocity. The nuclei move in an averaged field of electrons and
the nuclear movement is separated from the motion of electrons [Allen and Tildes-
ley, 1987]. The result of an MD simulation is a trajectory, i. e., positions and
velocities of atoms in time, which we can use to obtain structural and dynamical
properties of the simulated system.

3.1 Empirical force fields
The interactions between particles, used as the forces applied on each particle
in Newton’s equations of motion, are described as an approximate interaction
potential, a force field.

Historically, empirical force fields was derived so that their properties fit-
ted well on various experimental results. This approach is often combined with
quantum mechanical calculations to improve the accuracy of the modern force
fields [Foloppe and MacKerell, 2000, Mackerell et al., 2004]. Empirical force fields
are computationally efficient allowing us to simulate large systems as liquids or
biomolecules (∼nm or ∼ µm in size) on long timescales (∼ µs or even ∼ ms).
They however require an assumption of a model, and they are only approximate.
Moreover, the parameters can be affected by the expetimental errors arising from
the partial fitting of the model to the experimental results. Up to date, it is
however not possible to calculate exact potential from the first-principle methods
directly during the simulations for such big systems as biomolecules or biomem-
branes. Methods based on direct calculation of many-body potential during the
simulation run are for example Car-Parinello [Car and Parrinello, 1985, Tucker-
man, 1996] MD or ab initio MD [Sprik et al., 1996, Bockstedte et al., 1997]. They
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are computationally highly demanding and hence the simulation is limited in the
system size, simulation time, and statistics. Hence, only empirical force fields are
used within this thesis.

The interaction potential, U , is composed of the terms each describing a
different model interaction:

U =
∑

bonds

Kb(b − b0)2 +
∑

angles

KΘ(Θ − Θ0)2+
∑

dihedrals

KΦ[1 + cos(nΦ − δ)]+

∑
nonbonded

4ϵij

⎡⎣(Rminij

rij

)12

−
(

Rminij

rij

)6
⎤⎦+

(
qiqj

ϵrij

)
.

(3.1)

The individual terms in the Equation 3.1 correspond to the potentials repre-
senting chemical bonds, valence angle, dihedral angle and to non-covalent inter-
actions, respectively. The first term in the Equation 3.1 describes the covalent
forces that tightly bind the atoms together within the molecule and thus form
chemical bonds [Israelachvili, 2011]. The bond potential can be in the first ap-
proximation described as a harmonic oscillator. Kb stands for the stiffness of a
chemical bond, b0 is the equlibrium distance between the atoms connected with
the bond of the length b. The harmonic potential represents the chemical bond
accurately only near the equilibrium length of a chemical bond where the poten-
tial is not anharmonic. Anharmonicity has to be introduced to correctly represent
nonequidistant energy levels or possibility of bond dissociation.

The second term in the Equation 3.1 analogically describes the potential of
valence angles. KΘ is a harmonic force constant, Θ and Θ0 are the instantaneous
and equilibrium angles, respectively.

Torsion (dihedral) angle potential (the third term in Equation 3.1) accounts
for rotational torsion potential around a bond axis. KΦ stands for the dihedral
force constant (the energy barrier to rotation), n is the number of energetic
minima, Φ is a torsion angle, and δ is an angular offset, or a phase shift. The
energetic minima and maxima depend on the architecture of the given molecule,
e. g. the rotation of C − C bond in an isolated molecule of ethan, CH3 − CH3,
has 3 minima corresponding to hydrogen atoms at the two carbons pointing to
the same direction. More complicated systems often require a set of such terms
with different symmetry numbers and force constants.

The last terms in the Equation 3.1 describe nonbonded interactions in the
system. Nonbonded interactions can be divided into long-ranged (electrostatic)
and short-ranged (dispersion) forces. The largest contribution to the long-ranged
forces arises from the electrostatic interactions in between charges, dipoles and
also higher multipoles.

Considering electrostatic interactions we also have to account for polarization
effects. An ion or a polar molecule induces dipole moment in the surrounding
atoms and molecules. The common form of the empirical force fields (Equation
3.1) account only for the polarization of nuclei, however, the polarization of elec-
trons is neglected. This part of polarization, the electronic polarization, arises
from the displacement of its negatively charged electron cloud relative to the
positively charged nucleus upon the interaction with the external electric field
[Israelachvili, 2011]. Compared to electrostatics, polarization forces are always
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attractive but are in general in shorter range than electrostatic forces which can
be both attractive and repulsive.

The shortest-range forces are van der Waals interactions describing the Lon-
don dispersion forcesrising from the interaction of induced dipoles. Such forces are
induced as a result of uneven distributions of electrons of an atom. The electrons
thus create an instantaneous dipole which can induce a dipole in a neighboring
atom, causing a force [Israelachvili, 2011]. Similarly to the polarization they are
only attractive.

The nonbonded interactions in the Equation 3.1 are described by the Lennard-
Jones potential and a Coulomb interaction term for charge-charge electrostatics.
The Lennard-Jones potential in the square brackets consists of a long-distance
attractive interaction proportional to (1/r)6 and a short-distance repulsive inter-
action proportional to (1/r)12. The attraction part of this potential describes the
action of van der Waals interactions, the repulsive forces arise from the overlap
of the elctron clouds at very small interatomic distances [Israelachvili, 2011].

3.2 Atomistic, united-atom, and coarse grained
models of biological membranes

Empirical force fields for biomolecules can be sorted to three main groups, which
differ in the level of description – atomistic (each atom is represented as a separate
particle), united-atom (hydrogen atoms included into their functional groups),
and coarse grained (usually whole functional groups represented as a particle).
We used a representative popular force field for each such category, and high-
lighted their respective level of detail on a common phospholipid molecule in
Figure 3.1 on an example of a POPC molecule. Popular atomistic force fields
for lipids description are Slipids [Jämbeck and Lyubartsev, 2012b,a], CHARMM
[Tieleman et al., 2006] or Lipid14 [Dickson et al., 2014]. Each atom in these mod-
els is represented by a single particle achieving an atomistic level of description.
Berger lipids [Berger et al., 1997] is a united-atom model, in which the hydro-
gen atoms are not described explicitly. Parameters accounting for their presence
are included in the parameters describing the nearest non-hydrogen atom. Such
a simplification of the molecular description enhances the computational speed
and efficiency of the united-atom models compared to the atomistic models at
the cost of losing the accurate positions and interactions of the hydrogen atoms.

In the research field of biological membranes, atomistic and united-atom mod-
els have provided new insights into the conformational dynamics of membrane
constituents as well as protein-ligand, protein-protein, and protein-lipid interac-
tions [Friedman et al., 2018]. For large systems, in which we are rather interested
in the mesoscopic and large-scale behaviour, the use of coarse grained models is
often justified [Marrink and Tieleman, 2013]. A popular example of such a model
is MARTINI [Marrink et al., 2004], in which 2-5 heavy atoms are represented as
a single particle. Generally, the usage of coarse grained methods gives us fewer
interaction sites and thus less computational burden. Additionally, the kinetics
in such models are faster thanks to the smoother energy landscapes which arise
from the reduced dimensionality of the system [Friedman et al., 2018, Hakobyan
and Heuer, 2013]. This effect is observed in the work comparing the performance

16



Figure 3.1: Representation of POPC molecule by all-atom Slipids (left), united-
atom Berger (middle), and coarse-grained MARTINI (right) force field. In Slipids
and Berger, carbon atoms are depicted in light blue, oxygen in red, phosphorus in
golden, nitrogen in dark blue. Hydrogens presented in Slipids are colored white.
MARTINI beads involve group of few atoms. The colors correspond to heavy
atoms inside of the bead analogically to Slipids and Berger. The purple bead
represents the carbons around the double bond in the oleoyl chain.

and accuracy of a united-atom (Berger) and a coarse grained (MARTINI) force
field were compared at the example of lipid demixing in ternary lipid mixtures
[Hakobyan and Heuer, 2013]. In the coarse grained model full lipid demixing
was reached already after 1 µs of the simulation, whereas for the united-atom
approach a simulation time of 9 µs is too short to reach this state. The structural
behavior and the phase separation process are similar, although minor differences
can be observed. The coarse grained models thus can be used to observe struc-
tural features and overall behavior of macromolecules. The apparent drawback
of the coarse grained models is their lower resolution compared to the atomistic
or united-atom models. We can combine the advantages of both approaches by
back-mapping the coarse grained model to an atomistic representation [Wasse-
naar et al., 2014], or by employing hybrid multiscale simulations in which parts
of the system are represented on a coarse grained level while other parts have
atomistic resolution [Genheden and Essex, 2015, Kar and Feig, 2017, Kuhn et al.,
2015].

3.3 Effective inclusion of polarization effects in
ions via Electronic continuum correction

For an accurate description of ion-membrane interactions the model of the ions
is equally important as the model of the lipid molecules. In our studies, we
use ion models with the electronic continuum correction (ECC) [Kohagen et al.,
2014, 2016]. ECC accounts for polarization effects within nonpolarizable simula-
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tions via rescaling ionic charges by a factor of 0.75 [Leontyev and Stuchebrukhov,
2011]. ECC leads to significant improvements in the description of ions, particu-
larly multivalent ions like calcium cations [Kohagen et al., 2014]. The correction
prevents an excessive ion clustering present in simulations with full-charge ions,
which overestimate the strength of ion-ion interactions with respect to ion-water
interactions [Kohagen et al., 2014]. So far the ECC parameters for calcium,
sodium, lithium, and chloride ions [Kohagen et al., 2014, 2016] were developed.
Recently, ECC has been also applied to headgroups of POPC [Melcr et al., 2018]
improving the description of ion-lipid interactions even further. The combination
of ECC-POPC and ECC-ions was able to correctly reproduce the experimental
results such as X-ray scattering form factors, and headgroup order parameters
gained from nuclear magnetic resonance measurements.

3.4 Force fields and models employed in this
work

Within the presented thesis, several models were employed to study the effects of
ions on membranes, inter- and intramolecular interactions in models consisting
of phospholipids, cholesterol, and peptides, impact of palmitoylation of a protein
on membranes, or structure of the healthy and polar lipid deficient tear film (TF)
mimicking the dry eye disease (DED) condition as well as the influence of topical
drugs used for DED treatment on the TF.

At the first part of the research presented in this thesis we describe lipids
using united-atom Berger force field ([Berger et al., 1997]; chapters 4.1 and 4.3,
and corresponding papers [Melcrova et al., 2016, 2019b]). This force field was
proved to well reproduce many relevant structural parameters of biological mem-
branes such as area per lipid, lipid headgroup orientation, lipid order parameters,
density profiles, membrane thickness, lipid and water diffusion, or electrostatic
potential and dipole moment [Berger et al., 1997, Siu et al., 2008]. For the correct
water dynamics close to the membrane surface Berger force field is paired with
SPC water model [Chen and Smith, 2007, Siu et al., 2008]. Berger force field pa-
rameters were recently used for example for description of an asymmetric plasma
membrane [Vácha et al., 2009], interaction of bilayers with ions [Böckmann and
Grubmüller, 2004a, Jurkiewicz et al., 2012], effect of lipid acyl chain saturation
on membrane biophysics [Martinez-Seara et al., 2008, 2009], cholesterol effects on
lipid membranes [Ferreira et al., 2013], or formation and rupture of an aquaeous
pore over the membrane [Hub and Awasthi, 2017]. Berger lipids have the advan-
tage of a smaller computational demand compared to all atom models, however
they suffer from some inaccuracies; Berger lipids overestimate the membrane or-
dering effect of cholesterol for cholesterol concentrations above 30 mol% [Ferreira
et al., 2013]; the acyl chains of phospholipids interact too strongly with peptides
in this model [Tieleman et al., 2006] resulting in membrane condensation; lipid
headgroups interact too strongly with the ions [Catte et al., 2016]; or free en-
ergy barrier for pore formation by antimicrobial peptides is strongly modulated
[Bennett et al., 2016].

In 2016, an open source project at the platform nmrlipids.blogspot.fi released
a publication comparing different all-atom and united-atom force fields in terms
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of their accuracy in the description of ions-lipid interactions [Catte et al., 2016]. It
was shown that Berger lipids overestimate the penetration depth of the ions to the
membrane. As we are interested in knowledge about detailed interactions between
ions and lipids we shifted with our later studies (chapters 4.2 and 4.6, and papers
[Melcrova et al., 2017, 2019a]) to all-atom Slipids force field. The Slipids force field
was shown to well describe the features of bilayers consisting of phospholipids,
sphingolipids and cholesterol [Jämbeck and Lyubartsev, 2012a, 2013]. Compared
to the Berger, the Slipids force field improves the overestimated interaction of
the phospholipid headgroups with the adsorbed ions as the structural features
of the PC headgroups and that of the adsorbed ions are in a better agreement
with experiments especially with the ECC-ions (Supporting information of [Catte
et al., 2016]). The Slipids force field was recently used for example to describe
modeling of transmembrane potential [Melcr et al., 2016], binding of ions to
curved membranes [Magarkar et al., 2017], or mechanism of binding of a soluble
protein to the phospholipid membrane [Enkavi et al., 2017].

In the TF structure project we aim at observing the remodeling of a healthy
and a dry eye TF after a blink of an eye, as well as the embedding of drug
molecules to the TF. A realistic model of the TF of the human eye requires a
simulation of a patches of the TF at lateral sizes between 25 x 25 nm2 and 34
x 34 nm2, making it a suitable for a coarse grained model description. Usage of
all-atom or united-atom force fields would be highly computationally demanding
as we simulate 6-25 thousand lipids and 360-1400 thousand water molecules for
times of ∼ µs. Moreover, large-scale structure of such molecular assemblies can
be captured with a simplified, less detailed, coarse grained models like MARTINI
[Marrink et al., 2004, 2007]. In MARTINI, typically a four-to-one mapping is
used, i.e. on average four atoms are represented by a single interaction center, a
MARTINI bead. The rule applies to all types of molecules including water, for
which one MARTINI bead represents four water molecules. The beads are then
considered as interaction sites interacting according to forces described in 3.1.
Coarse graining allows for not only simulations of bigger molecular assemblies
but also for longer timescales as the time step can be prolonged from 2 fs typical
for all-atom simulations up to 30-50 fs in MARTINI runs. For instance, current
computational resources make it possible to perform simulations of membrane
patches typically consisting from 128 phospholipids and embeded in ∼5000 water
molecules at the time scales of hundreds of nanoseconds or microsecond using all-
atom or united-atom description. In contrast, using the coarse grained MARTINI
force field enables us to calculate micro- or even miliseconds long trajectories for
thousands of lipids, i.e., millions of MARTINI beads [Marrink and Tieleman,
2013]. MARTINI force field was developed with the aim for a broad range of
applications without the need of reparametrization of the model each time. The
MARTINI model can be used to model a wide range of biological events requiring
action of large complexes such as modelling of the whole lipid vesicles [Marrink
and Mark, 2003b, Risselada and Marrink, 2009a,b, Risselada et al., 2008, Leung
et al., 2012], lipid flip-flop and lipid desorption [Bennett et al., 2009, Ogushi
et al., 2012], deformation of asymmetric membranes [Esteban-Mart́ın et al., 2009,
Yoo and Cui, 2009, Yesylevskyy and Demchenko, 2012, Maftouni et al., 2013],
membrane permeation of drugs and amphiphiles [Pickholz and Giupponi, 2010,
Notman et al., 2007], lipid phase behavior including modelling of spontaneous
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formation of liquid-ordered and liquid-disordered domains in bilayers [Risselada
and Marrink, 2008], predicting binding modes of proteins to membranes and
adaptation of membranes around proteins [Klingelhoefer et al., 2009, Balali-Mood
et al., 2009, Lumb and Sansom, 2013, Qin et al., 2013, Tjörnhammar and Edholm,
2013], self-assembly of proteins [Periole et al., 2007, Frederix et al., 2011, Sørensen
et al., 2011] or lipoprotein particles [Shih et al., 2007, Catte et al., 2008, Murtola
et al., 2011, Vuorela et al., 2010], and membrane fusion [Marrink and Mark,
2003a, 2004, Kasson and Pande, 2007, Kasson et al., 2006].
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4. Signaling events studied in
model membranes
In this chapter we summarize the results from the investigation of two distinct
signaling triggers in the plasma membrane, namely Ca2+ ions and palmitoylations
of a transmembrane protein.

Calcium signaling events are characterized by a fast influx of Ca2+ into the cell
interior via calcium channels [Berridge et al., 2003]. We describe the interactions
of such cations with plasma membrane models with increasing complexity going
from pure phospholipid bilayers to membrane extracts from human HEK293 cells.
In Chapter 4.1 and paper [Melcrova et al., 2016], we focus on identification of the
local binding sites of Ca2+ ions in phospholipid bilayers, and on the global changes
in the biophysical properties of the membrane upon Ca2+ binding. We increase
the complexity of the plasma membrane model by adding cholesterol observing
its influence on calcium ions interaction with the membranes in Chapter 4.3 and
paper [Melcrova et al., 2019b]. Our results from cholesterol-containing model
membranes were also compared with the membranes isolated from HEK293 cells.
We further enriched the plasma membrane model with the trasmembrane peptides
to better mimic the real protein-rich plasma membrane. With such a model, we
have investigated the impact of the transmembrane peptides presence on the
affinity of the membrane for calcium as well as the biophysical properties of the
lipid bilayer itself (Chapter 4.5).

In mammalian cells the most abundant metal cation is however not Ca2+, but
the monovalent cations Na+ and K+ with resting concentrations of 100-150 mM
in extracellular and cytosolic compartments, respectively. Global changes in the
distribution of these cations during the cell homeostasis trigger changes in the cell
volume, osmotic balance regulation, and electrostatic potential [Sten-Knudsen,
2002, Jentsch, 2016]. Although divalent Ca2+ ions are present in much lower
concentrations (1-2 mM) than monovalent cations, they adsorb more efficiently to
both zwitterionic and negatively charged membranes [Binder and Zschörnig, 2002,
Porasso et al., 2009, Catte et al., 2016, Melcr et al., 2018]. We discuss different
behavior of the adsorption of Na+ and Ca2+ cations to zwitterionic membranes in
Chapter 4.2 and paper [Melcrova et al., 2017], and we also investigate the effects
a variety of monovalent cations, Cs+, K+, Na+ and Li+ on negatively charged
membrane models and membranes of HEK293 cells in Chapter 4.4 and paper
[Melcrova et al., 2019b].

Another way of intracellular signal transduction is the activation of proteins
in the plasma membrane. One such activation mechanism can happen through
palmitoylation of certain recognized protein residues. This is also the activation
mechanism of the phosphoprotein associated with glycosphingolipid-enriched mi-
crodomains in the plasma membrane (PAG), which natively exists in the plasma
membrane, and has a major role in the initiation step of many signaling pathways.
It is an adaptor protein recruiting the cytoplasmic tyrosine kinase Csk, the major
negative regulator of Src-family kinases, to place of signaling and modificates cy-
toskeleton [Hrdinka and Horejsi, 2014]. PAG can be switched between an active
and passive form by two palmitoylations on its cytoplasmic membrane–proximal
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cysteine residues [Brdicka et al., 2000, Svec, 2008, Hrdinka and Horejsi, 2014].
The biological function of the protein can be read elsewhere [Svec, 2008, Hrdinka
and Horejsi, 2014]. In this work, we focus on the structural consequences of the
two palmitoylations on the surrounding lipid bilayer. The results are summarized
in Chapter 4.6 and paper [Melcrova et al., 2019a].

4.1 The complex nature of calcium cation inter-
actions with phospholipid bilayers

Resting intracellular concentration of Ca2+ is only 1-2 mM. The calcium-triggered
signalling events are, however, connected with rapid spikes of Ca2+ concentration
caused by an influx of the Ca2+ into the cytosol via calcium channels [Berridge
et al., 2003]. Ca2+ concentration can be locally and temporally up to 100-fold
higher during such events. Global changes induced by the presence of Ca2+

ions at higher concentrations near cellular membranes are highly physiologically
relevant as well as the identity of the local binding sites. This section focuses
on identification and characterization of Ca2+ binding sites within the plasma
membrane (published in paper [Melcrova et al., 2016]).

We use PC/PS (80/20, mol/mol) bilayers to model the inner leaflet of the
plasma membrane. In such membranes, three possible binding sites can be dis-
tinguished: carboxyl groups of PS, phosphate groups of PC and PS, and car-
bonyl groups of PC and PS. To date, the studies on the binding sites of Ca2+

ions were incomplete and often inconsistent [Herbette et al., 1984, Huster et al.,
2000, Binder and Zschörnig, 2002, Böckmann and Grubmüller, 2004b, Peder-
sen et al., 2006, Rodŕıguez et al., 2007, Uhŕıková et al., 2008, Porasso et al.,
2009, Mart́ın-Molina et al., 2012, Tsai et al., 2012]. In this work, we have probed
Ca2+-membrane interactions by a combination of spectroscopic methods and MD
simulations to gain a complex molecular-level picture on Ca2+ binding to lipid
bilayers. In the MD part of this study we use an ionic force-field which implicitly
accounts for polarization effects (ECC ions). This improvement overcomes lim-
itations of previously used force-fields where ion-lipid binding interactions were
overshoot [Kohagen et al., 2014]. The experimental techniques include Time-
dependent fluorescence shift (TDFS), Dynamic light scattering (DLS) and zeta
potential measurements of large unilamellar vesicles (LUV) and Vibrational sum
frequency spectroscopy (VSFS) performed on Langmuir monolayers.

DLS and zeta potential measurement of DOPC and DOPC/DOPS (80/20,
mol/mol) vesicles reveal the macroscopic changes induced by Ca2+ ions (Figure
4.1). In previous studies it has been shown that calcium can lead to aggregation
or fusion of negatively charged lipid vesicles [Wilschut et al., 1981, Nir et al.,
1983]. For most of the DOPC samples unimodal distributions of liposome hydro-
dynamic diameters centered near 150 nm were obtained (Figure 4.1A). Vesicle
aggregation with large aggregates of size ∼5 µm was only induced at 1 M CaCl2.
Reversible polydispersity was observed in DOPC/DOPS vesicles (Figure 4.1B).
They aggregate in 5 to 30 mM CaCl2 concentration range with largest detectable
particles of size >5 µm, and become monodisperse again at 50 to 1000 mM CaCl2.
The reversible nature of this process and no indications of any persistent growth
of the liposomes suggest that Ca2+ ions are able to bridge the lipid bilayers of
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Figure 4.1: Dynamic light scattering (A,B) and zeta potential (C) measurements
of large unilamellar vesicles (LUVs) composed of wither DOPC and DOPC/DOPS
(80/20, mol/mol) for DLS measurements, or POPC and POPC/POPS (80/20,
mol/mol) for zeta potential measurements. The LUVs were dispersed in 0.1 mM
EDTA, or in CaCl2 solutions of concetrations 1-1000 mM. Measured at 283 K.
Standard deviations are depicted. Zeta potential data were fitted with Langmuir-
Freundlich adsorption model [Sips, 1950]. Figure taken from [Melcrova et al.,
2016].

neighboring vesicles, and that this process is reversible.
Zeta potential measurements (Figure 4.1C) then clearly show adsorption of

Ca2+ ions on both POPC and POPC/POPS (80/20, mol/mol) vesicles. For
instance, 200 mM CaCl2 is sufficient to overcharge originally negatively charged
POPC/POPS vesicles by adsorption of Ca2+ ions. The observed polydisperse
character of DOPC/DOPS vesicles at intermediate CaCl2 concentrations is thus
the consequence of the bridging of neighboring vesicles by the ions, whereas at
higher CaCl2 concentrations this effect is overcome by the electrostatic repulsion
of the subsequently positively charged vesicles.

Laurdan and Dtmac probes were used for TDFS measurements of calcium-
induced changes at the carbonyl and phosphate levels of PC and PC/PS (80/20,
mol/mol) membranes (see Figure 4.2A). The integrated relaxation time, τ , of
Laurdan shows an overal slowdown of the lipid mobility at the carbonyl level of
the phospholipids induced by the increasing concentation of CaCl2 (Figure 4.2B).
Three regions with a different slope of the τ response can be distinguished. First,
there is a fast decrease in the lipid mobility at 0-5 mM CaCl2 concentrations,
followed by a plateau between 5-50 mM CaCl2, and another decrease of the
lipid mobility (i.e., increase of τ value). The initial increase corresponds to the
binding of Ca2+ ions into the bilayer deeply into the carbonyl region. The seeming
saturation of this process at 5-50 mM CaCl2 concentrations can be explained by
bridging of the opposing vesicles by Ca2+ ions as proved by DLS and zeta potential
measurements. The further increase of CaCl2 concentration provides additional
binding of the ions, consequent electrostatic repulsion of the overcharged vesicles
and further rigidification of the bilayer.
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Figure 4.2: Time dependent fluorescence shift (TDFS) of Laurdan and Dtmac
probes. A) Location of the probes with respect to DOPC and DOPS phospho-
lipids in membranes. B) Integrated relaxation time, τ , and C) total spectral
shift, ∆ν, measured at large unilamellar vesicles (LUVs) composed of DOPC or
DOPC/DOPS (80/20, mol/mol) with 1 mol% of the probe. The LUVs were
dispersed in 0.1 mM EDTA, or in CaCl2 solutions of concetrations 1-1000 mM.
Measured at 283 K. Standard deviations are depicted. Figure taken from [Mel-
crova et al., 2016].

Dtmac probe, located at the phosphate level of the phospholipids, does not
show such dramatic effect of the increasing CaCl2 concentration. Being exposed
to the bulk water, Dtmac probes not only the relaxation of the phospholipid
headgroups but also the fast relaxation of the bulk water itself buffering the
effects induced by Ca2+. Apparent changes were observed only for the negatively
charged DOPC/DOPS vesicles dispersed in 1 M CaCl2 solution (Figure 4.2B).

The total spectral shift, ∆ν, shows only slight dehydration at the carbonyl
level (probed by Laurdan) at 200 mM and 1 M CaCl2 in DOPC/DOPS system
(Figure 4.2C). Note that ∆ν reflects the polarity of the local environment rather
than hydration. The presence of the ion itself changes the local polarity around
the fluorescence probe and thus contributes to the relaxation process increasing
∆ν. Thus, the presence of Ca2+ ions can compensate for the dehydration effect
possibly shown by a decrease of ∆ν. A slight dehydration of the phosphate level
(probed by Dtmac) is observed for 0-100 mM CaCl2 solutions. The decreasing
trend of ∆ν is reversed for 200 mM and 1 M concentrations, which can be again
a consequence of the ion presence in the vicinity of the Dtmac probe.

We complemented our experimental findings by MD simulations of POPC
and POPC/POPS (80/20, mol/mol) bilayers. Note that TDFS measurements of
POPC and POPC/POPS vesicles show the same trends of τ and ∆ν as those
obtained at LUVs composed of doubly unsaturated DOPC and DOPS. The rigid-
ifying effect of Ca2+ ions is demonstrated as a gradual decrease of the area per
lipid (APL) in both POPC and POPC/POPS membranes upon the addition of
100-600 mM CaCl2 to the system (Figure 4.3A,B). Up to 600 mM CaCl2, all Ca2+
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Figure 4.3: Area per lipid (A, B) and thickness (C) of the bilayers. (A) Area per
lipid of the POPC bilayer during five MD simulations, each 200 ns long, with the
increasing CaCl2 concentration. Legend shows the bulk CaCl2 concentrations at
the beginning of the respective simulation run. Average area per lipid (B) and
bilayer thickness (C) of POPC and POPC/POPS bilayers (80/20 mol/mol) in
pure water and in 0.1 and 0.7 mM CaCl2 solutions. Data for 0.15 NaCl and KCl
are taken from additional 200 ns-long simulations calculated for comparison with
CaCl2. Error bars for APL are based on block analysis. The bilayer thickness is
calculated from the density profiles as the phosphate–phosphate distance. The
error bars represent the inaccuracy of the estimation of the peak positions. Figure
taken from [Melcrova et al., 2016].

Figure 4.4: Density profiles calculated along the bilayer cross-section for nitrogen
(N), phosphorous (P) and sn-2 carbonyl oxygen (C=O) atoms of POPC and
POPS, carboxylate groups (Ccarbox) of POPS, calcium (Ca2+) and chloride (Cl−)
ions, and water molecules. Averages of the density profiles from both bilayer
leaflets are depicted. Figure taken from [Melcrova et al., 2016].
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Lipid bilayer [CaCl2]
Ca2+ coordination numbers
PO4 C=O COO−

POPC 100 mM 3.0 ± 0.5 2.5 ± 0.5 —
700 mM 2.6 ± 0.5 2.1 ± 0.5 —

POPC/POPS
(80/20, mol/mol)

100 mM 2.0 ± 0.5 1.8 ± 0.5 3.0 ± 0.5
700 mM 2.2 ± 0.5 1.3 ± 0.5 1.5 ± 0.5

Table 4.1: Average numbers of the considered groups in the first coordination
shell of an absorbed Ca2+ ion. Standard deviations are given. Table taken from
[Melcrova et al., 2016].

ions were adsorbed to the bilayers resulting in the effective 0 mM CaCl2 concen-
tration in the bulk water. No desorption events of the ions were observed during
the whole 200 ns long simulations. Further increase of the bulk CaCl2 to nomi-
nal concentration of 700 mM did not promote any additional changes in APL. A
dynamic equilibrium between bulk and membrane-bound Ca2+ ions was reached,
with the effective bulk concentration of 180 mM, i.e. comparable to the exper-
imentally explored samples. Reduction of APL is likely caused by co-binding
of a single Ca2+ ion between a few neighboring lipids. The lateral membrane
compression is accompanied by the increase of bilayer thickness (Figure 4.3C).

The thickening effect can be also seen as a shift of all the nitrogen, phosh-
porous, and carbonyl peaks in the density profiles along the membrane normal
in Figure 4.4. The density profiles show the different regimes of calcium binding
at low (Figure 4.4A,C) and high (Figure 4.4B,D) nominal CaCl2 concentrations.
At low concentration, Ca2+ ions penetrate deep into the POPC bilayers, close to
the carbonyl level (Figure 4.4A), the Ca2+ location is however shifted towards
the water phase after reaching the bilayer saturation with ions (Figure 4.4B). In
the mixed POPC/POPS bilayers the ions are located in between carbonyls and
phosphates in both studied concentrations (Figure 4.4C,D). The mean distance of
Ca2+ ions from the bilayer center increases only due to the membrane thickening.

The dehydration effect probed by TDFS measurements was also investigated
by the MD simulations. We calculated the numbers of water molecules in the
first solvation shell of the carbonyl oxygens and phosphate phosphors. In calcium
saturated system (0.7 M CaCl2 solution), the number of water molecules in the
phosphate region is about 30% lower than in the 0.1 M CaCl2 solution in both
POPC and POPC/POPS systems. The dehydration of the carbonyl region is
almost 40% and 20% for POPC and POPC/POPS systems, respectively.

To evaluate the binding of Ca2+ ions to individual atomic groups of phospho-
lipids we calculated the average number of Ca2+ ions in the first coordination
shell of the several functional groups (Table 4.1). These numbers are schemat-
ically visualized by the thickness of the red lines at Figure 4.5. In the POPC
bilayers, the coordination numbers show a slight preference for PO4 in compari-
son to C=O even at low CaCl2 concentration, where the ions are located deeper
in the membrane, close to the carbonyls (Figure 4.5A). Ca2+ ions shift towards
the water phase (Figure 4.5B) with the increased CaCl2 concentration preserving
the ratio of 20% more ions bound to PO4 than to C=O.

In a mixed POPC/POPS system, the negatively charged carboxylate group of
POPS increases the complexity of the calcium binding. In the low concentration

26



Figure 4.5: Scheme of calcium ions binding to POPC (A, B) and POPC/POPS
(C, D) bilayers at low (A, C) and high (B, D) CaCl2 concentrations. Nominal
bulk CaCl2 concentrations were 100 and 700 mM, resulted in 0 and 180 mM in
the bulk water after equilibration of the binding process. The thickness of the
red lines reflects the average number of Ca2+ ions in the first coordination shell
of a given group. Final bulk Ca2+ concentrations are given in blue. Ratios of
bound Ca2+ ions per phospholipid for each system are depicted in brown. Figure
taken from [Melcrova et al., 2016].

regime, Ca2+ ions bind predominantly to COO− followed by PO4 and C=O.
At high CaCl2 concentration, the binding to PO4 is strenghtened (Figure 4.5D).
Interestingly, almost all the binding at carbonyl level occurs only to the carbonyls
of the palmitoyl (sn-2) chains of both POPC and POPS. Oleoyl (sn-1) carbonyls
are somewhat unattractive for the ions.

Ca2+ ions can be bound simultaneously to all the considered cation-binding
groups (i.e., COO− and PO4 or C=O groups) of the same molecule. They are
also concurrently bound to more than one lipid molecule, typically 2-3, at a
time. The calculated binding capacity of the membrane for Ca2+ ions is 1 ion
per 3 lipids for POPC and 1 ion per 2 lipids for mixed POPC/POPS membranes.
Recent developements of the lipid force-fields however showed that these results
are likely overestimated even with the usage of ECC ions [Catte et al., 2016,
Melcr et al., 2018]. Moreover, the increased probability of Ca2+ ions close to the
carbonyl region is likely an artefact of the Berger force-field used in our study
[Catte et al., 2016]. Either way, any of these simulation models can be used to
interpret our experimental finding from TDFS measurements, where the effects
of ions in the carbonyl region is evidenced. Hence, only the precise balance of the
Ca2+ binding sites and the binding capacity of the membrane remain unclear.

The overestimated depth of the Ca2+ ions placement in the membrane can be
the cause of the small discrepancy in the comparison between TDFS, MD simula-
tion results and the VSFS experiments [Melcrova et al., 2016]. VSFS experiments
were used to investigate binding to carboxylate, phosphate and carbonyl groups
in Langmuir monolayers. The carboxylates and phosphates are largely affected by
the Ca2+ binding. The shifts in the corresponding VSFS spectral peaks indicate
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Figure 4.6: Integrated relaxation time, τ , from TDFS measurements. Measured
at LUVs composed of POPC or POPC/20mol%chol (80/20, mol/mol) with 1
mol% of the probe. The LUVs were dispersed in EDTA, 0.1 mM, or in NaCl
or CaCl2 solutions of concetrations 150 and 1000 mM. Measured at 310 K. The
percentage values show the relative increase of τ upon the addition of 1M salt.
Error of a single measurement is ∼0.05 ns. We estimate the total error for the
relative increase to be ∼10 percentage points. Figure taken from [Melcrova et al.,
2017].

direct contact of Ca2+. The changes induced in the carbonyl region are visible
but smaller. Hence, the carbonyls are probably directly less occupied by the
Ca2+ ions than calculated by the MD simulations. Their mobility and dynamics
is however indeed affected as evidenced by both TDFS and VSFS measurements.

4.2 Two cations, two mechanisms: interactions
of sodium and calcium with zwitterionic
lipid membranes

Under the physiological condition, both extracellular and cytosolic compartments
of cells are contain various salts. Hence, we investigate the impact of other bio-
logically relevant ions on biophysical properties of cellular membranes. The most
common monovalent cation at the extracellular space is Na+ (at concentrations
of 100-150 mM). In this section, we describe the different behavior of monovalent
Na+ and divalent Ca2+ when acting on zwitterionic plasma membrane models.
The results of this study were published in [Melcrova et al., 2017].

We have studied the mechanism of Ca2+ and Na+ interaction with the mem-
brane surface using TDFS technique and MD simulations. Fluorescence experi-
ments were measured at LUVs composed of either POPC or POPC/20mol%chol
(80/20, mol/mol) at different salt concentrations with 1 mol% of Laurdan probe.
We performed the measurements at 310 K (Figure 4.6), and also 288 K and 298
K obtaining similar trends for all the temperatures. Decreasing the temperature
or adding cholesterol increases the relaxation time, τ (red lines in Figure 4.6)
making the membrane more rigid. The addition of Na+ ions, however, does not
have any significant effect on either POPC (∆τr = 5%) or POPC/20mol%chol
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(∆τr = 11%) membranes (black lines in Figure 4.6). The observed increase in
the relaxation time is within the error estimate. The Na+ ions thus do not pen-
etrate to the membranes and do not affect the relaxation of Laurdan resting
at the carbonyl level of the phospholipids. The rigidification induced by Ca2+

ions arises from the bridging of neighboring lipid molecules and consequent lat-
eral membrane compression as discussed in Chapter 4.1. Cholesterol presence
enhances the Ca2+ influence on the studied membranes, ∆τr = 34% and 62%
for POPC and POPC/20mol%chol membranes, respectively (red lines in Figure
4.6). Consistently, MD simulations reveal the increased adsorption of Ca2+ ions
to the cholesterol containing membranes [Melcrova et al., 2017]. These additional
ions cause further bridging of the lipids and consequently lower the lipid mobility
around Laurdan.

The binding of Ca2+ and Na+ to lipid membranes is of a remarkably different
nature as was consistently shown in both experiments and simulations. Na+ ions
interact only weakly with the membrane surface and their binding sites are thus
of a rather transient character. The Na+ ions do not compete for the binding
and the number of bound ions is determined only by the number of the available
binding sites, i.e. PC headgroups. In contrast, the Ca2+ ions exhibit a compet-
itive behavior. Their binding energy is much higher making the Ca2+ binding
nearly irreversible. Under these conditions the membrane surface is completely
covered by Ca2+ ions. In our systems, the cholesterol acts as a spacer in between
the phospholipids, and increases the membrane surface available for the ions.
Cholesterol presence thus increases the Ca2+ ions adsorption even that it does
not interact with the ions in any ways. Detailed study of the cholesterol impact
on model membranes and its influence on Ca2+ binding capacity is described in
detail in Chapter 4.3.

4.3 Simultaneous compression of lipid mem-
branes by calcium and cholesterol

Cholesterol as a major membrane constituent of the eukaryotic organisms should
not be excluded from the model of the plasma membrane. Cholesterol is known
to compress the lipid bilayer as it induces lateral pressure. Moreover, it increases
membrane stability and reduces its permeability for small solutes including salt
ions [Rawicz et al., 2008]. On the molecular level, cholesterol is located in the hy-
drophobic region of the bilayer with the tendency to minimize the non-favorable
contacts between its methyl groups and the double bonds of the acyl chains of un-
saturated lipids as well as direct interactions with other cholesterol moieties [Chiu
et al., 2002]. We investigate the interaction of calcium ions with the cholesterol-
containing membranes and compare the data with the plasma membrane frag-
ments extracted from HEK293 cells. Such approach gives us the possibility to
directly evaluate the biological relevance of the observed interactions. Results of
this study were submited for publication as [Melcrova et al., 2019b].

Figure 4.7 summarizes the results of our fluorescence experiments. The re-
sults of the TDFS measurements are in agreement with our previous studies about
binding of Ca2+ to lipid membranes (Chapters 4.1 and 4.2, [Melcrova et al., 2016,
2017]). The relaxation time, τ , of Laurdan increases with the addition of CaCl2
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Figure 4.7: Time dependent fluorescence shift (TDFS; A, B) and General
polarization (GP; C, D) of Laurdan. Results of experiments performed in
POPC/POPS liposomes without (yellow lines) and with 10 or 20 mol% choles-
terol (orange and red lines, respectively) at 37 ◦C, and membranes isolated from
HEK293 cells (black lines) at 40 ◦C in the absence (dashed lines) and presence
(solid lines) of CaCl2 are presented. A) Examples of the measured position of
the maxima of Time-Resolved Emission Spectra in time after electronic excita-
tion in the TDFS experiment; Laurdan location in the lipid bilayer schematically
depicted in the inset. B) integrated relaxation time, τ (upper panel), and total
emission shift, ∆ν (lower pannel), as a function of bulk CaCl2 concentration. C)
Examples of steady-state emission spectra; 440 and 490 nm peaks characteristic
for the emission from the solid and liquid disordered phases, respectively, marked
by vertical dotted lines. D) GP calculated from the fluorescence intensities emit-
ted at 440 and 490 nm as a function of bulk CaCl2 concentration (upper panel)
and the GP difference, ∆GP, upon CaCl2 addition (lower panel). Solid lines rep-
resent best fit to Langmuir adsorption model [Langmuir, 1918] and dashed line
– to Langmuir-Freundlich model [Sips, 1950] which better describes roughness of
highly inhomogenious surface of HEK293 membranes.
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Figure 4.8: Results of MD simulation of POPC/POPS (80/20, mol/mol) bilayers
without and with 10 or 20 mol% cholesterol exposed to CaCl2. A) Representative
snapshot of the simulation box for POPC/POPS/20mol%chol system (phospho-
lipid molecules in grey, cholesterol in red, adsorbed Ca2+ ions in dark green and
Ca2+ ions in bulk water in light green), B) Number density profiles along the
bilayer normal, C) Deuterium order parameters of sn-1 (upper panel) and sn-
2 (lower panel) acyl chains of POPC, D) Radial distribution function (RDF)
between lipid phosphorus atoms, E) Area per phospholipid, F) Areal density -
total mass of phospholipids and cholesterol divided by membrane surface area,
G) Membrane thickness measured as phosphate-phosphate distance.

31



in all PC/PS, POPC/POPS/10%chol, and POPC/POPS/20%chol systems (Fig-
ure 4.7 upper panel) showing rigidification of the membranes caused by Ca2+

ions. The Ca2+ effects are observable already at 2 mM CaCl2 concentration and
saturate for larger concentrations. 10 mol% of cholesterol shifts the τ values up
comparably to the increase of CaCl2 concentration from 0 to 200 mM. Evidence
that these two factors have a comparable rigidifying effect on the membranes can
be read also from the Laurdan emission spectra (Figure 4.7C), where the shift
of the steady state Laurdan emission spectrum to lower wavelengths reflects the
change in the membrane rigidity as the peaks at 440 and 490 nm are character-
istic for the emission from the solid and liquid-ordered phase, respectively. The
changes in the steady state spectra can be evaluated by Generalized Polarization
(GP) values, defined as GP (λEX) = (I440 − I490/(I440 + I490), where I440 and I490
are the fluorescence intensities at emission wavelengths of 440 nm and 490 nm,
respectively, upon excitation at λEX . Reported GPEX values were averaged over
λEX range of 320-400 nm. Noticebly, the addition of both cholesterol and cal-
cium increase the intensity of fluorescence emitted at 440 nm, however only the
simultaneous addition of 20 mol% cholesterol and 200 mM CaCl2 makes the 440
nm peak dominate over the 490 nm one. Since the changes in polarity, depicted
by total spectral shift, ∆ν, are minor (Figure 4.7B, lower panel), the observed
changes in GP values upon CaCl2 addition (Figure 4.7D, upper panel) can be
interpreted as the hindrance of mobility of lipid carbonyls rather than their de-
hydration. To better compare the GP results of the studied systems we present
GP changes also in the form of ∆GP = GP − GP ([CaCl2] = 0) (Figure 4.7D,
lower panel). The similarity of the ∆GP curves obtained for the three studied
model membranes shows that the presence of cholesterol does not influence the
GP increase caused by CaCl2. This suggests that the hindrance of local lipid
mobility caused by cholesterol and calcium is likely independent from each other.
We corroborate this finding with MD simulations. The results are sumarized
in Figure 4.8 with a snapshot of the equilibrated POPC/POPS/20%chol lipid
bilayer embedded in CaCl2 solution depicted in Figure 4.8A.

The hindrance of lipid mobility evidenced by τ parameter and GP values in
TDFS and by steady state experiments, respectively, can be linked to the mem-
brane compression given by area per lipid (APL). Here, we quantify the mem-
brane compression by two different parameters, area per phospholipid (APP)
and areal density. APP represents the total area of the membrane divided by
the number of phospholipid molecules, disregarding cholesterol molecules, hence
giving a measure of distance between phospholipids. Without the action of Ca2+,
cholesterol causes only slight decrease of APP (Figure 4.8E), whereas the ad-
dition of CaCl2 clearly reduces the distances between the phospholipid moi-
eties as the headgroups are bridged by Ca2+ ions. Interestingly, once reduced
by calcium, APP can only be increased by the cholesterol addition, which is
clearly seen in the increase of APP when going from POPC/POPS system to
POPC/POPS/20%chol. Lipids in POPC/POPS bilayer seem to be compressed
by Ca2+ ions to the point where steric effects of the cholesterol addition domi-
nate over its condensing tendencies (Figure 4.8E). Surprisingly, the distances in
between phosphorus atoms of the neighboring lipids are decreased as evidenced
in the radial distribution functions (RDF) showing distances between phosphorus
atoms of phospholipids (Figure 4.8D). In the presence of CaCl2, the first RDF
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maximum for POPC/POPS/20%chol is shifted to lower distances (∼0.45 nm)
compared to that of POPC/POPS (∼0.48 nm). A similar trend, however much
less pronounced, was observed in the RDF between phospholipid carbonyls ??.
Thus, even though the APP results suggest an increase of the mean area occu-
pied by a phospholipid, the phospholipid headgroups are closer to each other ,
which can be explained by a directional reorientation of the headgroups to a more
favorable manner.

In the absence of CaCl2, cholesterol significantly increases the areal density,
i.e., the total mass of phospholipid and cholesterol molecules divided by the total
membrane area (Figure 4.8F). Also, the CaCl2 addition increases this parameter
in accordance with the bilayer compression evidenced by APP reduction. At
high CaCl2 concentrations, we observe saturation of the areal density caused by
cholesterol addition. Such results lead us to a conclusion that both Ca2+ ions
and cholesterol increase the packing of POPC/POPS membranes in an additive
manner, but together, in sufficient amounts, they reach the limit of membrane
compressibility. Similarly, we see saturation in the increase of thickness induced
by calcium and cholesterol (Figure 4.8G).

oOrdering of the lipid acyl chains is closely related to the increased membrane
packing and thickness as is depicted in Figure 4.8C, which shows deuterium order
parameters calculated for the carbon atoms of sn-1 and sn-2 chains of POPC
molecules. Both cholesterol and Ca2+ increase the order of the whole acyl chains.
The presence of Ca2+ thus does not diminish the well known ordering effect
[Chong et al., 2009, Róg et al., 2009, Martinez-Seara et al., 2010, Almeida et al.,
2011] of cholesterol. Interestingly, although the Ca2+ ions are adsorbed in the
headgroup region, they indirectly elevate the order of the whole acyl chains. The
ordering of acyl chains also reaches its limits in the presence of both cholesterol
and calcium.

Despite the MD simulations and fluorescence experiments are in a good agree-
ment, we noticed a different saturation behaviour of the simultaneous effects of
calcium and cholesterol in these two methods. While the structural effects ob-
served in MD simulations show clear saturation, the saturation of ∆GP observed
at large CaCl2 concentrations is not influenced by cholesterol addition up to 20
mol%. Hence, the effects of cholesterol and calcium on bilayer structure and
kinetics are additive within certain limits. When the bilayer cannot be further
compacted and ordered, i.e., the changes of structural parameters are saturated,
the lipid mobility is still slowing down with the further addition of cholesterol
and Ca2+.

The analysis of the binding sites in membranes enriched with cholesterol re-
vealed no direct interaction of Ca2+ with cholesterol moieties. The number and
character of the binding sites (Chapter 4.1, Figure 4.5) is not altered by the ad-
dition of neither 10 nor 20 mol% of cholesterol. The most potent binding sites
are PO4 groups of both POPC and POPS followed by COO− of POPS and sn-2
carbonyls of all phospholipids. The relative occupancy of PO4 and C=O regions
remains the same reagardless of the cholesterol content, although the average to-
tal number of the adsorbed Ca2+ ions slightly increases (Table 4.2). A detailed
analysis of MD trajectories revealed that cholesterol hydroxyl group resides in
the proximity of sn-2 C=O of phospholipids, which is a Ca2+ binding moiety.
Cholesterol, however, interacts with the carbonyls from the hydrophobic part of
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Lipid bilayer Number of Ca2+ coordination numbers
adsorbed Ca2+ PO4 C=O COO−

PC/PS (80/20) 0.45 ± 0.01 0.44 ± 0.01 0.20 ± 0.01 —
PC/PS/10%chol
(72/18/9) 0.46 ± 0.01 0.43 ± 0.01 0.16 ± 0.01 0.01 ± 0.2

PC/PS/20%chol
(67/17/17) 0.49 ± 0.01 0.45 ± 0.01 0.16 ± 0.01 0.01 ± 0.01

Table 4.2: Average number of adsorbed Ca2+ ions per phospholipid, and average
numbers of the adsorbed Ca2+ ions in the first coordination shell of the given
groups. Standard deviations are given.

the membrane whereas Ca2+ ions bind from the outside. Hence, even though
Ca2+ and cholesterol share an interaction site they do not compete nor interfere
with each other. The minor increase of Ca2+ binding upon adding cholesterol
(Table 4.2) is thus not caused by any direct interaction between cholesterol and
the ions, but rather by a slightly bigger membrane area (as suggested in Chapter
4.2 and paper [Melcrova et al., 2017]).

The effects of calcium on plasma membrane-enriched fractions (PMFs) ex-
tracted from HEK293 cells were then investigated. PMFs are far too complex
for TDFS experiments and proper MD simulation. Instead, we analyze them
using the GP approach. In Figure 4.7C, there is an example of Laurdan emission
spectra measured at HEK293 PMFs. We observe a shift towards the peak at
440 nm suggesting the rigidifying effect upon addition of CaCl2. The changes in
GP, resp. ∆GP, (Figure 4.7D) show that the influence of calcium on HEK293
membranes is much smaller than on the synthetic model membranes. The results
indicate that biological membranes are indeed protected from rigidification by
calcium, however cholesterol does not play this role. As the responsible compo-
nent could be the proteins, we address the influence of transmembrane peptides
on calcium-membrane interaction later in Chapter 4.5.

4.4 Influence of monovalent ions on cholesterol-
containing membranes

Further, we tested action of other physiologically relevant ions, namely Cs+,
K+, Na+ and Li+, in POPC/POPS and POPC/POPS/cholesterol membranes
as well as PMFs from HEK293 cells. The impact of monovalent salts in the
concentrations of 0.2, 0.4, and 0.8 M was compared with 0.05, 0.1, and 0.2 M of
CaCl2 in systematic GP measurements (results are sumarized in Figure 4.9). The
concentrations were chosen to match the ionic strength directly at the membrane
where we can exclude the strength of chloride ions which are not adsorbed to the
membrane.

All studied cations rigidify the studied model membranes (Figure 4.9A). The
effects of the monovalent ions follow reversed Hofmeister series and are much
smaller compared to the effects of Ca2+ (even at four times higher concentrations).
The addition of cholesterol increases the measured GP values independently of the
kind of salt present in the solution. Increased salt concentration further rigidifies

34



Figure 4.9: Laurdan Generalized Polarization (GP) experiments obtained for the
adsorption of Cs+, K+, Na+, Li+, and Ca2+ to POPC/POPS vesicles without
(yellow) and with 10 or 20 mol% of cholesterol (orange and red, respectively) at
37 ◦C, and membranes isolated from HEK293 cells (black) at 40 ◦C. Data for
monovalent ions at HEK293 membranes are obtained from [Vošahĺıková et al.,
2014]. Standard deviations are presented. A) Absolute GP values measured
without any salt, and in the presence of CsCl, KCl, NaCl, and LiCl or CaCl2
at 3 various concentrations (see the legend below the x-axis). B) GP difference,
∆GP, upon the addition of either 0.8 M of monovalent salt solution or 0.2 M of
CaCl2. C) Examples of the GP values as a function of salt concentration fitted
with Langmuir adsorption model [Langmuir, 1918] (solid lines) and their initial
slopes represented by black dashed lines. D) Initial GP slopes obtained for the
model systems as shown in panel C.
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the membranes. Contrary to CaCl2, adding cholesterol slightly but systematically
enhances the effects of monovalent salts as evidenced by the increase of ∆GP
values (Figure 4.9B). The magnitudes of the measured differences are, however,
mostly within the error of the measurements. Note that in the case of CaCl2,
cholesterol presence does not change ∆GP values.

To estimate the ion specifity also at low salt concentrations we fitted the GP
data with Langmuir absorption model, and determined initial GP slopes (Figure
4.9C,D). The differences in the initial GP slope between the monovalent ions are
minor, even smaller than in ∆GP values.

Interestingly, in the neutral membranes (PC) the number of adsorbed Ca2+

ions, but not Na+ ions, increase with the addition of cholesterol (Chapter 4.2,
[Melcrova et al., 2017]). Here we show that in negatively charged POPC/POPS
membranes the number of adsorbed monovalent ions increases with the addition
of cholesterol as well.

As for PMFs from HEK293 cells, the trends for different ions are qualitatively
the same however much smaller when compare to the model systems. Interest-
ingly, Ca2+ does not stand out from the monovalent ions which leads us to con-
clusion that the response of the real plasma membrane in comparison to model
membranes is much ßmore diminished for Ca2+ than for monovalent ions. This
buffering against the influence of ions is however also present for monovalent ions
and is not caused by cholesterol presence but rather another plasma membrane
component.

4.5 Influence of transmembrane domain of
membrane proteins on calcium-membrane
interaction

Approximately 50 % of the mass of cellular plasma membrane consists of mem-
brane proteins [Alberts et al., 2002, Nelson and Cox, 2005]. The estimated frac-
tion of the transmembrane domains in the plasma membrane is about 3 mol%.
Hence, we took another step in improving our model of the inner leaflet of the
plasma membrane by incorporating transmembrane peptides. We designed the
peptide as a single transmembrane helix with either zero total charge or with
a mild amount of positive charge. The positively charged peptide follows the
so called positive-inside rule stating that the excess positive charge of helical
TM proteins resides at the cytoplasmic side of the plasma membrane [Pogozheva
et al., 2013, Charneski and Hurst, 2013, Ulmschneider et al., 2005]. Hence, in the
context of mimicking the inner leaflet of the plasma membrane it is biologically
relevant to study peptides with the excessive positive charge. The positive charge
is however expected to repel the calcium ions.

The design of the peptides used in this study is depicted in Figure 4.10. The
artificial peptides referred as WALP-KD and WALP-KK2+ have a (Leu-Ala)n

sequence forming their hydrophobic core surrounded by two Tyr residues. The
crucial difference between the two peptides are the two residues neighbouring
the Tyr-Tyr residues. WALP-KD has a zwitterioninc Lys-Asp sequence, while
WALP-KK2+ has a positively charged Lys-Lys pair resulting in the additional
+2 charge at both N and C termini of the peptide. In our symmetric membrane
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Figure 4.10: Illustration of the secondary structure of the artificial transmem-
brane peptides WALP-KD and WALP-KK2+.

models, the positive charge is evenly distributed on both sides of the membrane,
i.e., in both leaflets of the symmetric lipid bilayers. Full amino-acid sequences of
the two peptides are the following:

WALP-KD GTSTSKDWW(LA)8LWWKDFSTS
WALP-KK2+ GTSTSKKWW(LA)8LWW.KKFSTS

Such a design of the peptides gives us the possibility to reproducibly investi-
gate the influence of a transmembrane α-helix on the Ca2+ binding to the mem-
branes, as well as the impact of the positive charge of the peptide on the cations
binding.

We measured the influence of Ca2+ on zwitterioninc POPC and negatively
charged POPC/POPS (80/20, mol/mol) membranes using the TDFS technique
(Figure 4.11). The results without action of the Ca2+ ions (4.11, light blue and
light green for POPC and POPC/POPS respectively) indicate a clear rigidifying
effect of both studied peptides on the studied membranes (evidenced by higher
relaxation times, τ , upon peptides incorporation, Figure 4.11A). Note that the
rigidifying effect of the positively charged peptide, WALP-KK2+, is always higher.
The two peptides are not different in their sequence at the carbonyl region probed
by Laurdan, however the differences in integrated relaxation time τ are visible
at this level. The positive charge of WALP-KK2+ is located in a close vicinity
of the water-membrane interface, hence we expect the headgroup region of the
phospholipids to be affected even more.

The total spectral shift parameter, ∆ν, (Figure 4.11B) shows no significant
change in the hydration of the membranes with and without the peptides.

Ca2+ further rigidifies all the studied membranes (Figure 4.11A, darkening
color depicts the increasing Ca2+ concentration). Interestingly, the percentual
increase of τ is the same regardless of the peptide presence or its charge. Hence,
Ca2+ binding seems to be unaffected by the presence of either of the peptides.
From the ∆ν parameter (Figure 4.11B), we can observe a slight dehydration effect
upon the Ca2+ binding for the POPC/POPS systems. Neither this behavior is
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affected by the peptides presence.
The amount of bound Ca2+ can be indirectly evaluated by zeta potential

measurements. This technique gives us the electric potential at the electrical
double layer formed around the vesicles. The results are summarized in Figure
4.12. POPC membranes without the peptides do not have any charge nearby their
surface. The charge neutrality is maintained upon the addition of the zwitterionic
WALP-KD peptide, whereas the charge increases to the positive values with the
addition of WALP-KK2+ (Figure 4.12, blue bars).

We, however, got different results from POPC/POPS membranes, which are
negatively charged with the zeta potential values around -60 mV. Both peptides,
WALP-KD and WALP-KK2+, increase the zeta potential to -45 mV (Figure 4.12,
green bars). The efect of the WALP-KD peptide is surprising as it does not carry
any charge and still increases the zeta potential on the POPC/POPS vesicles.
Since the zeta potential technique is sensitive to the electric potential on top of
the electrical double layer of ions around the membrane surface, the change in-
troduced by WALP-KD arises from the shielding of the effective charge at this
layer. We performed a test experiment with another negatively charged phos-
pholipid exchanging POPS in the LUVs, namely 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol (POPG). POPG has the same charge and a similar headgroup
size as POPS. The results from zeta potential measurements on POPC/POPG
(80/20, mol/mol) vesicles are analogical to those obtained from neutral, pure
POPC, vesicles. Hence, the increase of zeta potential with the addition of WALP-
KD is likely PS specific. We hypothesize that the peptide induces tilting of the
PS headgroups resulting in the effective shielding of their negative charge.

CaCl2 addition in the concentration of 2 mM has a little effect on the vesicles.
Increasing of the concentration to 20 mM incereases the zeta potential of all the
studied vesicles (Figure 4.12). The absolute increase is the same regardless the
presence of the peptide, i.e., (+15 ± 3) mV and (+51 ± 3) mV for POPC and
POPC/POPS vesicles, respectively. Hence, the peptides, either zwitterionic or
negatively charged, has no influence on Ca2+ binding.

In conclusion, we found out that both transmembrane peptides, WALP-KD
and WALP-KK2+, indeed rigidify phospholipid bilayers. The positive charge of
WALP-KK2+ only strenghtens this effect but it has surprisingly no influence on
calcium binding to membranes as evidenced by both TDFS and zeta potential
measurements. The diminished ionic effects in real biological membranes pre-
sented in Chapter 4.4 are thus caused neither by the presence of the transmem-
brane domains of membrane proteins, nor by the presence of cholesterol. The
most probable cause for the smaller Ca2+ binding to cellular membranes are in-
teractions with specific calcium binding sites in the cellular plasma membrane
proteins, which were not, by design, present in our studies with transmembrane
WALP peptides.

4.6 The importance of the two palmitoylations
on PAG peptide

Phosphoprotein associated with glycosphingolipid-enriched microdomains in the
plasma membrane (PAG) is a transmembrane adaptor protein recruiting the cy-
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(a) Integrated relaxation time of Laurdan

(b) Total stepctral shift of Laurdan

Figure 4.11: Time dependent fluorescence shift (TDFS) of Laurdan. a) Integrated
relaxation time, τ , and b) total spectral shift, ∆ν, measured at large unilamellar
vesicles (LUVs) composed of POPC or POPC/POPS (80/20, mol/mol) without
peptides, with 3 mol% of WALP-KD, or with 3 mol % of WALP-KK2+ peptide.
All samples contain 1 mol% of the probe. The LUVs were dispersed in 0.01
mM EDTA. CaCl2 was titrated after the extrusion of the LUVs. After the salt
addition, the samples were gently sonicated in a bath for 1 min and left for >10
min to equilibrate. Measured at 293 K. Standard deviations are depicted.
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Figure 4.12: Zeta potential measurements at large unilamellar vesicles (LUVs)
composed of POPC or POPC/POPS (80/20, mol/mol). The LUVs were dispersed
in 0.01 mM EDTA. CaCl2 was titrated after the extrusion of the LUVs. After the
salt addition, the samples were gently sonicated in a bath for 1 min and left for
>10 min to equilibrate. Measured at 293 K. Standard deviations are depicted.

toplasmic tyrosine kinase Csk to the plasma membrane [Svec, 2008, Hrdinka and
Horejsi, 2014]. Csk recruitment is accompanied by the interation of PAG with cor-
tical actin cytoskeleton [Svec, 2008, Hrdinka and Horejsi, 2014]. Such processes
form the initial steps of different signaling pathways making PAG an important
and strategic molecule for cellular survival. A trigger between an active and pas-
sive form of PAG is its lipid modification – palmitoylation. PAG localizes to the
plasma membrane independently of its palmitoylation [Chum et al., 2016]. Hence,
this reversible post-translational modification likely regulates its accumulation in
nanoscopic membrane domains not yet visualized in living cells [Levental et al.,
2010].

The full amino-acid sequence of the transmembrane part of the PAG used in
our study is the following:

QITLWGSLAAVAIFFVITFLIFLCSSCDRE.
The palmitoylations are introduced at membrane-proximal Cys residues lo-

cated near the peptide C-terminal, i.e., residues Cys-24 and Cys-27 (highlighted
in bald font in the amino-acid sequence), resulting in palmitoylated residues de-
noted as CysP-24 and CysP-27, respectively.

We use all-atom MD simulations to study the behavior of the transmembrane
domain of PAG and its modified version with two palmitoylations (denoted as
PAGpalm) in the POPC lipid bilayer. We focus on changes in the biophysical
properties of the surrounding lipid bilayer as well as the peptide upon incorpo-
ration of the palmitoyls. Results of this study are currently being prepared for
a publication as [Melcrova et al., 2019a]. Both PAG and doubly-palmitoylated
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Figure 4.13: Representative snapshots of the doubly-palmitoylated PAG peptide
inside of the POPC bilayer. The lipids are depicted in grey, peptide in red, CysP-
24 and CysP-27 palmitoyls in orange and yellow, respectively. Side view (left),
top view (right).

PAGpalm were stable during the 1 µs long simulations, the two palmitoyls stayed
inside of the bilayer for the whole simulation run. Representative snapshots of
the PAGpalm in the POPC membrane are depicted in Figure 4.13.

Detailed analysis of the peptide position inside of the lipid bilayer can be read
from the density profiles (Figure 4.14). Position of CysP-27 is significantly shifted
towards the interior of the bilayer when compared to the non-palmitoylated
Cys-27. It is located below the phosphate groups and, hence, enclosed in the
hydrophobic part of the membrane. Consequently the hydrophobic part of the
PAGpalm is prominently stretched – the distance between the residues 27 and
31 is prolonged from ∼0.4 nm in PAG to ∼1.1 nm in PAGpalm. The palmitoyl
chain of CysP-27 occupies the region down to the bilayer midplane whereas palmi-
toyl of CysP-24 is partially able to cross the midplane and reach the other bilayer
leaflet. Note, that the crossing of the midplane by CysP-24 can lead to disruption
of orderring of POPC molecules also at the opposite leaflet of the bilayer.

Incorporation of the two palmitoyls prolongs the α-helical structure of the
peptide by 2-3 residues at the side where the palmitoylations are introduced as
evidenced by the significantly increased helicity of PAGpalm between residues
22 and 26 (Figure 4.15, left panel). This suggests that palmitoylations of trans-
membrane helical segments do not deform their structure, but stabilize it instead.
Such stabilization of the membrane-embedded α-helix by acylation was previously
reported [Poschner and Langosch, 2009], however without any knowledge on the
mechanism. The region between residues 22 and 26 is exposed to the aquaeous
phase in the case of PAG, whereas after palmitoylations it is burried inside of
the hydrophobic core of the bilayer (Figure 4.14), where the α-helical structure
is energetically favorable.

Minor differences in the peptide hydration (Figure 4.15, right panel) can be
spotted at the palmitoylation site Cys-27, where the hydration slightly increases,
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Figure 4.14: Density profiles of POPC nitrogen (grey, solid line), phosphorus
(green, solid line), carbonyl oxygens at sn-1 (grey, dashed lined) and sn-2 (green,
dashed line) chains, non-palmitoylated and palmitoylated peptide (orange, solid
line), water (blue, solid line), end carbons of sn-1 (light grey, dashed line) and
sn-2 (dark grey, dashed line) acyl chains, palmitoyls CysP-24 (red, solid line) and
CysP-27 (red, dashed line). Density profiles in POPC bilayer with PAG (top),
and doubly-palmitoylated PAGpalm (bottom) are depicted.
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(a) Helicity of PAG and PAGpalm

(b) Hydration of PAG and PAGpalm

Figure 4.15: a) Helicity, and b) hydration of the PAG peptide and its doubly-
palmitoylated variant PAGpalm. Hydration is given as the number of near con-
tacts between water oxygens and the respective peptide residue. Pamitoylations
in PAGpalm are at Cys-24 and Cys-27.
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Figure 4.16: Tilt angle distribution of α-helix of PAG and its doubly-
palmitoylated variant PAGpalm, and that of palmitoyls CysP-24 and CysP-27.
Tilt angles are calculated with respect to the POPC bilayer normal.

and surprisingly, at the membrane-water interface opposite to the site of the
palmitoylations, where we also see an increased hydration. It can be surprising
that the palmitoylations lead to the increased hydration despite being hydropho-
bic. The changes are most likely caused by the disruption of the lipids ordering
in the close vicinity of the peptide in both bilayer leaflets making the membrane
more permeable for polar water molecules (discussed bellow).

Tilt angle distributions (Figure 4.16) of both CysP-24 and CysP-27 chains
showed their predominant orientation towards the membrane interior, i.e., parallel
to the α-helix of the peptide. The distributions of CysP-24 and CysP-27, however,
show long tails at higher angle values meaning that both these palmitoyls are
highly flexible and can attain also orientations nearly parallel to the membrane.
A closer look at the dynamics of their movement, however, shows quite different
behavior of the two palmitoyls. but the chain terminal can freely wobble back and
forth in the membrane and thus bent towards the headgroups of phospholipids.
The palmitoyl of CysP-27, located near the aquaeous phase, has less contacts with
the α-helix in its initial and middle segments, and have comparable contacts in
the tail terminus to CysP-24. Overall, CysP-27 has looser connection with the
peptide than CysP-24, however, it is less flexible as CysP-27 acyl chain does not
bent towards the lipid headgroups.

Having addressed the different behaviour of the two palmitoyls and their ef-
fect on the peptide, we took a look on their influence on the surrounding lipid
membrane. The membrane thickness was analyzed employing two-dimensional
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(a) PAG (b) PAGpalm

Figure 4.17: 2D map of POPC membrane thickness with a) PAG, and b) its
doubly-palmitoylated variant PAGpalm. Peptide α-helix is in the center of the
box, position of Cα-S vector of Cys-24, reps. CysP-24, is fixed to the top edge of
the map fixing the rotation of the peptide. The box size is 6.43 nm.

top-view maps (Figure 4.17). The maps depict the average membrane thickness
throughout the simulation run. To fully evaluate for the directional influence
of the palmitoylations, we analyzed the trajectories with a fixed rotation of the
peptide. In practice, we aligned the simulation trajectories over Cα-S vector of
Cys-24 (resp. CysP-24) pointing to the top edge of the 2D maps in Figure 4.17.
Note, that the non-observed axiosymmetry of the map around PAG is a direct
consequence of the fixed rotation. The bilayer thickness is reduced in the close
vicinity of both peptides due to the formation of a pore in the lipid bilayer for
the peptide accomodation. The thickness then gradually increases. The peptide
influences the membrane thickness up to the distance of ∼2 nm. Even though we
observe a local stretching of the membrane around the CysP-27 palmitoyl in the
density profiles (Figure 4.14), this change is not reflected in the average mem-
brane thickness. The palmitoyls presence just slightly decreases the thinning of
the bilayer at the closest proximity of the peptide. Although the local changes are
mild, they may affect the preferential positioning of the palmitoylated peptides
at the border between liquid-ordered and liquid-disordered phases in the phase
separated systems as was recently reported [de Jong et al., 2013, Lin et al., 2018].
The observed changes are however minor, at least in model POPC membranes,
and are unlikely the driving force for the translocation of the peptide.

Similarly to the membrane thickness we analyzed the order parameters of the
surrounding POPC lipids using two-dimensional maps. The order parameters of
POPC acyl chains and glycerol regions are not affected by the palmitoylations.
It was previously shown that palmitoylations can influence lipid headgroups, and
change the order parameters of the atoms in their glycerol and headgroup regions
[Botan et al., 2015]. In the case of PAG and PAGpalm, glycerol region is not
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(a) Chemical structure of POPC

(b) Order parameters in the POPC headgroup region.

Figure 4.18: a) Chemical structure of 1-palmitoyl-2-oleoylphosphatidylcholine
(POPC). Figure taken from [Botan et al., 2015], b) Order parameters in POPC
headgroups around PAG (upper panel) and its doubly-palmitoylated variant
PAGpalm (lower panel) peptide. Order parameters of α and β segments in the
lower and upper leaflet of the POPC bilayer are depicted. 2D maps were calcu-
lated from the trajectories with the fixed peptide center of mass in the center of
the simulation box and fixed position of the Cα-S vector in Cys-24 (for PAG)
and CysP-24 residue (for PAGpalm). The palmitoyls CysP-24 and CysP-27 are
located in the lower leaflet of the POPC bilayer.
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Figure 4.19: Time autocorrelation function of close contacts between the lipid
headgroups and the PAG and its doubly-palmitoylated variant PAGpalm.

affected, whereas headgroup order parameteres (see structure of POPC in Figure
4.18a) are influenced (Figure 4.18). In PAG, we see a local increase of the order
parameters of both α and β segments (the bright spot in the center of the maps).
The observed reduction of lipid mobility is a result of direct interactions between
the headgroups and the peptide. Interestingly, this effect is not present in the case
of PAGpalm, as the relatively mobile palmitoyl chains of PAGpalm prevent direct
contacts between lipid headgroups and the peptide α-helix. This explanation is
further supported by the fact that this effect is stronger for the α carbons, which
are closer to the membrane interior and, hence, affected more strongly by the
palmitoyls. Noteworthy, slight influence is also visible at the opposite leaflet to
the placement of the palmitoyls.

Next, we analyze the time autocorrelation functions of the close contacts
between the lipid headgroups and the peptide (Figure 4.19). In PAG, such auto-
correlation is kept above the zero value for ∼200 ns revealing a long memory of
headgroups-peptide contacts. Such memory arises from the sticking of the phos-
pholipid molecules to PAG. The correlation time is shortened to ∼50 ns in the
case of PAGpalm suggesting strong affection of the mobility of the lipids closely
surrounding the peptide.

Put together, we see lower organization in the headgroup region of phospho-
lipids evidenced by the changes in the order parameters, easier accessibility of the
PAGpalm for the water molecules, and much shorter memory of lipid headgroups-
peptide contacts upon the attachment of the two palmitoyls to PAG. All these
findings prove that palmitoyls disrupt the lipid organization in the vicinity of the
peptide resulting in their increased mobility. The increased lipid mobility together
with the local changes in the membrane thickness might ease the translocation
of the palmitoylated PAG protein to thicker lipid domains, the place of PAG
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signaling [Hrdinka and Horejsi, 2014].
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5. Break up of the tear film of
the human eye
After each blink of the eye, the tear film (TF) undergoes a complex structural
evolution [Braun, 2012] and in final stages of this develoment the TF ruptures
apart which is so called tear film break up [J. P. Craig and A. Tomlinson, 1997,
Ewen King-Smith et al., 2013, Willcox et al., 2017]. In dry eye disease (DED)
the stability of the TF is reduced as the time of the break up is shortened and
consequently the evaporation of tears from the ocular surface is increased [J. P.
Craig and A. Tomlinson, 1997, Isreb et al., 2003, Ewen King-Smith et al., 2013,
Millar and Schuett, 2015, Willcox et al., 2017]. As described in section 1.2, the
aqueous tear layer at the corneal surface is stabilized by the presence of a thin
layer of lipids at the water-air interface – tear film lipid layer (TFLL) [McCulley
and Shine, 1997, Olson et al., 2003, Foulks, 2007, Willcox et al., 2017]. One of the
hypothesis claims that people suffering from DED have their TFLL composition
altered in the way that they lack some part of the polar lipids in the TFLL [J. P.
Craig and A. Tomlinson, 1997, Foulks, 2007, Millar and Schuett, 2015].

Some relatively simple surfactant molecules are able to stabilize the TF in
mice and humans suffering from DED [Amrane et al., 2014, Quentric et al., 2016].
Some other surfactant molecules which are being used to preserve eye drops on
contrary destabilize the TF. My study on the TF investigates the interaction of
these molecules with other surfactant molecules in the TF. The focus of the study
is thus on the molecular mechanism of their stabilizing or destabilizing effect.

We use coarse grain MD simulations to model a large area of the TF employing
the coarse grain MARTINI force field [Marrink et al., 2007]. Our TF model is
composed of a layer of water surrounded by two lipid films, which are exposed
to the gas phase. Such an approach allows us to realistically model the TF and
investigate the molecular interactions between stabilizing molecules and their
impact on overall behavior of the TF. The results of our studies were published
in [Cwiklik et al., 2018, Riedlova et al., 2018].

The lipid composition of the TFLL in our studies was approximated
by using dominant lipid classes found in human tears in lipidomic studies
[Rantamäki et al., 2011]. The polar layer is formed by 1-palmitoyl-2-oleoyl-
phosphatidylcholine (POPC), 1-palmitoyl-2-oleoyl-phosphatidylethanolamine
(POPE), N-palmitoyl-d-erythrosphingosine (PPCE), and N-palmitoyl-d-erythro-
sphingosylphosphorylcholine (PPCS). Non-polar lipids are represented by an
equimolar mixture of glycerine trioleate (TO) and cholesteryl oleate (CO).

5.1 A proposed mechanism for the tear film
break up: a molecular level view by em-
ploying in silico approach

Cetalkonium chloride (CKC) stabilizes the TF in both mice and humans [Amrane
et al., 2014, Quentric et al., 2016]. In the presented study, published in [Cwiklik
et al., 2018], we investigate the role of natural lipids in the TFLL as well as the
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Figure 5.1: Density profiles of the system with full content of polar lipids (left),
the system with 80% of polar lipids (middle), and the system with 80% of polar
lipids supplemented with CKC (right). The area under each number density is
normalized to unity. The density of the choline (POPC, PPCS), amine (POPE),
and hydroxyl groups (PPCE) is shown. In TO, the glycerol group is depicted,
and the terminus of C20-C27 side chain is shown for CO. In CKC, the terminus of
the non-polar chain (C4), as well as the charged headgroup (SC2), are presented.
Figure taken from [Cwiklik et al., 2018].

specific interactions between CKC and TF lipids. To mimic a DED tear film we
model the TFLL with deficiency in individual lipid components. Additionally,
cations of CKC were incorporated in the lipid film in some of the simulated
systems.

First, we evaluated the ”non-deficient” TFLL. with such an amount of polar
and non-polar lipids that a full film was formed at the water-air interface. A
monolayer of polar lipids was formed on the surface of the the water layer, while
non-polar lipids formed a multilayer on top of the polar layer. After that, we
prepared a lipid-deficient system with only 80% of the polar lipids in comparison
to the previous model of the relaxed TF. This polar lipid-deficient TF was then
enriched with 20% of CKC molecules. Hence, we prepared a model of polar
lipid-deficient TF (like in DED patients) supplemented with CKC-contatining
emulsion as a treatment for DED.

The density profiles of the simulated systems are depicted in Figure 5.1. In
all three models, polar lipids have a monolayer-like arrangement at the air-water
interface with their polar groups being in contact with water. The arrangement of
non-polar lipids on top of this monolayer varies depending on the composition of
the polar monolayer. In the non-deficient system (Figure 5.1, left) the molecules of
TO do not have any direct contact with polar lipids in the monolayer. Molecules
of CO are much closer to polar lipids, as evidenced by a partial overlap of the
corresponding density profiles. In the polar lipids-deficient system (Figure 5.1,
middle), a minor peak at the density profile of TO is formed in the region occupied
by polar lipids. The deficiency of polar lipids thus promotes porous defects in
the monolayer, which allows TO molecules to come into a direct contact with the
lipids and, also, water molecules. Treatment with CKC molecules leads to healing
of such porous defects diminishing of these TO-polar lipids contacts, as the small
peak in TO density profile disappears when CKC is incorporated in-between polar
lipids (5.1 right).

In the non-deficient TFLL, part of the interface is covered by a lens-like mul-
tilayer structure made by non-polar lipids (Figure 5.2, left). There is enough
polar lipids to cover the rest of the water surface with a continuous monolayer.
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Figure 5.2: Representative snapshots of the simulated systems. The system with
full content of polar lipids (left), the system with 80% of polar lipids (middle), and
the system with 80% of polar lipids supplemented with CKC (right) are shown.
The first and second rows show a top and side views respectively. Water is shown
in gray, polar lipids in blue, TO in green, CO in brown, CKC in yellow. Figure
taken from [Cwiklik et al., 2018].

The reduced amount of polar lipids in the polar lipids-deficient system leads to
poration of the monolayer around the lens-like structure (Figure 5.2, middle). In
the system supplemented with CKC, the effective surface area of the monolayer
increases decreasing the exposed water surface (Figure 5.2, right), so that CKC
effectively promotes spreading of polar lipids in otherwise polar lipid-deficient
TFLL.

In summary, a polar lipid-deficient TFLL has a reduced capability of covering
the TF. As a consequence, the water phase of the TF is more exposed to the
air increasing its evaporation. CKC increases the effective surface of the TFLL
preventing also the unfavorable water-TO contacts, which decreases the effects of
the dry eye syndrome in DED patients.

5.2 Influence of benzalkonium chloride on tear
film lipid layer stability: molecular level
view by employing in silico modeling

Bezalkonium chlorides (BAK), short-chain analogues of CKC, are a mixture of
aliphatic C12 and C14 quaternary ammonia, traditionally used to preserve eye
drops thanks to their bactericidal and bacteriostatic properties [Kurup et al.,
1992, Campanac et al., 2002]. However, BAK was proved to decrease the TF
breakup time in patients, and hence, it destabilizes the TFLL despite its analogy
with CKC, in contrast improves the TFLL stability (5.1, [Cwiklik et al., 2018]).
We investigate the interactions between individual components of a model TFLL
and BAK molecules (both C12 and C14) and analyze their influence on the TFLL
organization and stability.

In order to address the issue of BAK interactions with polar lipid-deficient
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Figure 5.3: Number of water-TO close contacts (<0.8 nm) per interfacial unit
area in the non-deficient system, the system with 80% of polar lipids and the
polar lipids-deficient systems supplemented with BC8, BC12 and CKC. Figure
taken from [Riedlova et al., 2018].

TFLL, we used our previous TFLL in silico model with 20% of polar lipids re-
moved. Benzalkonium cations with either C8 or C12 lipid chains (designated as
BC8 and BC12) were added to the polar lipids-deficient TFLL model as well as
to the non-deficient TFLL model. Additionally, we compared the action of these
molecules with C16 BAK analogue, i.e., CKC.

Previously, we identified reduction of polar lipids in the TFLL model as a
major factor leading to lipid film destabilization (Chapter 5.1, [Cwiklik et al.,
2018]). In polar lipid-deficient system, the number of water-TO lipid contacts is
increased. All the three supplements, BC8, BC12 and CKC, significantly reduce
this unfavorable contacts (Figure 5.3). All three surfactant molecules thus directly
interact with the TFLL model.

Density profiles (Figure 5.4) show the details of molecular-level interactions
between the system components. All three surfactant molecules incorporate by
their headgroups into the polar lipids monolayer. Their headgroups are however
closer to the nonpolar layer than the headgroups of the phospholipids in the
monolayer. The tail terminals penetrate into the nonpolar layer. Such a position
in between the polar and nonpolar layers is in accordance with reduced contacts
between water layer and TO molecules. Such a feature is often accompanied by
an enhanced stability of the TF.

Further insight into localization of BAK and CKC in the polar layer, how-
ever, revealed their different orientation with respect to the other TFLL lipids
(schematic representation in Figure 5.5). The sn-2 acyl chains of phospholipids
attain orientations parallel (i.e., tilt angle ∼180o) to the water-air interface re-
gardless of the presence and type of the supplement molecule. All three suple-
ments (BC8, BC12, and CKC) have smaller values of tilt angles (∼100o, ∼125o,
and ∼150o, respectively) compared with sn-2 tails of POPC, hence not fully
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Figure 5.4: Density profiles of the non-deficient system, the system with 80%
of polar lipids and the polar lipids-deficient systems supplemented with BC8,
BC12 and CKC. The area under each number density is normalized to unity.
The density of the choline (POPC, PPCS), amine (POPE), and hydroxyl groups
(PPCE) is shown. In TO, the glycerol backbone is depicted, and the C2 carbon
is shown for CO. Profiles of polar headgroup (SC2) and nonpolar chain terminals
of the supplementing surfactants (BC8 C2, BC12 C3 and CKC C4) are also
depicted. Figure taken from [Riedlova et al., 2018].

Figure 5.5: A cartoon representation of tilt angles and orientaion of Density
profiles of CKC, BC12 and BC8 molecules in the model of the TFLL. Estimates
of the most populated tilt angles are given. Figure taken from [Riedlova et al.,
2018].

matching the orientations of the phospholipids in the TFLL model. CKC has
the orientation close to that of the TFLL phospholipids. In contrast, the overall
orientation of the BC8 and BC12 chains is less ordered with their average orien-
tations more tilted. Both BC8 and BC12 have non-negligible populations of the
reversed orientation with their nonpolar tail oriented towards the water phase,
and BC8 in particular, is able to significantly reorient while being in the polar
sublayer forming defects in the polar lipids structure.

In summary, all the investigated surfactant molecules, BC8, BC12 and CKC,
incorporate into the polar sublayer of the TFLL model, and reduce the unfavor-
able water-TO interactions in polar lipids-deficient TFLL model. Their orienta-
tion in the polar monolayer, however, differs. CKC, having comparable length
with the TFLL phospholipids, behaves similarly to the native phospholipids form-
ing the polar monolayer of the TFLL. Both BC8 and BC12 attain more flexible
orientations, which is particularly significant for the shortest BC8 which can
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even point its tail toward the aquaeous phase. Hence, we conclude that the CKC
molecule stabilizes the TFLL, while the shorter BAK molecules, and especially
the shortest BC8, destabilize the TFLL by the reduction of the order in acyl
chains of the monolayer of polar lipids.
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Summary
Within the first part of the presented thesis we investigate in detail the interac-
tions of a variety of monovalent cations and divalent Ca2+ with model membranes
mimicking the inner leaflet of the plasma membrane [Melcrova et al., 2016, 2017,
2019b]. First, we identified the binding sites for Ca2+ ions and characterized
their effects on the biophysical properties in phospholipid membranes, both zwit-
terionic (PC) and negatively charged (PC/PS, 80/20 mol/mol) [Melcrova et al.,
2016]. In PC/PS bilayers, we distinguish three possible binding sites: phosphate
groups of PC and PS, carbonyl groups of PC and PS, and carboxylic acid groups
of PS. From our MD simulations we have observed that Ca2+ often binds sim-
ulataneously to multiple binding sites, both within a single lipid molecule and
between multiple lipids bridging them together. In POPC bilayers, Ca2+ inter-
acts the most with the phosphate groups, and slightly less with the sn-2 carbonyl
groups. Ca2+ affinity to distinct binding sites in the PC/PS system depends on
the salt concentration. In a low concentration regime, the binding occurs pre-
dominantly to carboxylic acid groups of PS closely followed by phosphate and
sn-2 carbonyl groups. At high concentration of CaCl2, the binding to phosphates
is more favoured. Such characteristics, obtained from MD simulations, agree well
with our experimental findings, which showed that both phosphate and carbonyl
regions are affected by Ca2+ binding in both PC and PC/PS systems. Moreover,
Ca2+ rigidifies the membranes, but does not decrease its hydration significantly,
which is consistently obtained from both simulations and experiments. Notewor-
thy, we observe a reversible aggregation of vesicles at 5-50 mM CaCl2 concentra-
tions arising from the bridging of the opposing vesicles by Ca2+ ions. Our results,
hence, suggest that bridging of the vesicles can be the role of Ca2+ in membrane
fusion as was previously hypothesized [Potoff et al., 2008, Tarafdar et al., 2012].

The interaction of Na+ with zwitterionic (POPC and POPC/20mol%chol)
membranes is dramatically different from that of Ca2+ [Melcrova et al., 2017,
Binder and Zschörnig, 2002, Porasso et al., 2009, Catte et al., 2016, Melcr et al.,
2018]. In contrast to strong calcium binding, the interaction of Na+ with phos-
pholipid bilayers is weaker and adopts faster kinetics. The number of bound Na+

ions is determined solely by the number of the available binding sites, i.e., PC
headgroups. Ca2+ ions on the other hand occupy all the available surface area
[Melcrova et al., 2017], hence, their binding increases with a larger membrane
surface area.

Our study on detailed interactions between various ions and membrane
components in cholesterol-containing systems (POPC/POPS without and with
10 mol% and 20 mol% of cholesterol, and membranes extracts from HEK293
cells) further revealed the nature of the ionic binding to more complex membrane
systems [Melcrova et al., 2019b]. Both cholesterol and calcium hinder the
mobility of the phospholipids, condense the membranes, inrease the membrane
thickness, and increase the order of the acyl chains [Melcrova et al., 2019b]. The
effects of calcium and cholesterol on structural characteristics are additive and
independent within certain limits. When the membrane is already compressed by
a large amount of Ca2+ ions, no further compression by cholesterol addition can
be achieved. Interestingly, after the saturation of the structural characteristics,
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the lipid mobility is still slowing down. Ca2+ and cholesterol do not directly
interact in the bilayer, even though they share an interaction site at the sn-2
carbonyls of the phospholipids. Cholesterol interacts with the carbonyls from the
hydrophobic core of the membrane, whereas Ca2+ binds from the water phase.
Hence, they do not compete nor interfere with each other. The small increase in
Ca2+ binding to cholesterol-containing membranes observed in our simulations
is likely caused by an increase in the membrane area as suggested in [Melcrova
et al., 2017].

The monovalent ions (Cs+, K+, Na+, and Li+) also rigidify the POPC/POPS
membranes, both without and with cholesterol. Contrarily to Ca2+, the addition
of cholesterol slightly enhances their effects on the lipid mobility. Interestingly
enough, such an effect is not present in neutral memrbanes [Melcrova et al., 2017].
The negative charge of PS, hence, changes the nature of Na+ binding. Biological
membranes are to some extent protected from the rigidification induced by the
ions, Ca2+ effects being buffered more than those of monovalent ions. We prove,
that such buffering is not caused by cholesterol presence but rather by some other
plasma membrane components [Melcrova et al., 2019b].

We added a transmembrane peptide to our model of the plasma membrane.
The peptide was designed as a single transmembrane α-helix with either zero
(WALP-KD) or a mild positive charge (WALP-KK2+). Both studied peptides
rigidify both POPC and POPC/POPS membranes, with the rigidifying effect of
WALP-KK2+ being always higher. Positively charged WALP-KK2+ increase the
zeta potential at zwitterionic, as well as negatively charged vesicles. Surprisingly,
non-charged WALP-KD increases the zeta potential at POPC/POPS vesicles as
well, sugesting that the peptide presence shields the effective charge of POPS
headgroups. Interestingly enough, neither of the studied peptides has any influ-
ence on Ca2+ binding to the model membranes. Hence, the diminished effects
of Ca2+ on biological membranes are not caused by transmembrane domains of
membrane proteins.

Phosphoprotein associated with glycosphingolipid-enriched microdomains in
the plasma membrane (PAG) is switched to its active form by the incorporation
of two palmitoyls to its cytoplasmic membrane-proximal Cys residues [Svec, 2008,
Hrdinka and Horejsi, 2014]. In our simulations, we observe that both palmitoy-
lations are stable and fully incorporated into the hydrophobic core of the POPC
bilayer [Melcrova et al., 2019a]. The α-helix of the palmitoylated PAGpalm is
longer by 2-5 residues as a consequence of the enclosure of both palmitoyls into the
hydrophobic part of the bilayer. This is, however, only a local effect, which does
not affect the overall membrane thickness. Both palmitoyls are quite flexible and
can attain also orientations parallel to the membrane. Acyl chain of CysP-24 can
even bend toward the headgroups of the surrounding POPC molecules. Such a be-
havior together with the stretching of the CysP-24 tail across the midplane of the
POPC bilayer leads to the disruption of the order of the POPC molecules in the
close vicinity of PAGpalm in both leaflets of the bilayer. We report a significantly
lower autocorrelation time of the close contacts between POPC headgroups and
the peptide, lower headgroup order parameters, and easier permeation of water
molecules to the peptide surroundings resulting in an increased hydration despite
the hydrophobic nature of the added palmitoyls. We hypothesize that the dis-
ruption of the phospholipid organization resulting in the increased mobility of
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the lipids can ease the translocation [Hrdinka and Horejsi, 2014] of PAG protein
to signaling domains after its palmitoylations. The local changes in membrane
thickness might lead to preferential positioning of the palmitoylated proteins at
the edge of such domains with their palmitoyls facing the more ordered phase as
was recently suggested [de Jong et al., 2013, Lin et al., 2018].

Our research on the tear film lipid layer (TFLL) is focused on the molecular
mechanism of the healing effect of cetalkonium chloride (CKC) and bezalkonium
chloride (BAK) on polar lipids-deficient TFLL, mimicking the conditions of dry
eye disease (DED) [Cwiklik et al., 2018, Riedlova et al., 2018]. The deficiency of
polar lipids leads to non-favorable contacts between non-polar lipids, specifically
glycerine trioleate (TO), and water molecules. The polar lipid-deficient TFLL
also has a reduced capability to cover water-air interface leading to the evapo-
ration of water from the corneal surface. Treatment with CKC diminishes the
unfavorable TO-water contacts and helps to spread TFLL on the water surface
to prevent the evaporation. We compared the obtained results on CKC (chain
length of 16 carbons) with BAK cations with either 8 or 12 carbons in their lipid
chains (BC8 and BC12, respectively). All three supplements significantly reduce
the unfavorable TO-water interactions, CKC performing the best. All of them
are incorporated by their headgroup into the polar lipids monolayer, however,
they obtain a different orientation within the TFLL layer. The orientation of
CKC is close to the TFLL phospholipids while the BC8 and BC12 molecules
are less ordered. Especially BC8 is able to significantly reorient even to parallel
or reversed orientations with its nonpolar tail oriented towards the water phase.
CKC, having its length comparable to the TFLL natural lipids, behavest similarly
to them and stabilizes the monolayer, whereas BAK molecules, especially BC8,
form defects in the structure of the TFLL and, hence, destabilize the TFLL by the
reduction of the order in the acyl chains of the polar lipids. This has important
consequences for the production of eye drops, which usually contain a mixture of
BAK molecules as a preservant for their bactericidal and bacteriostatic proper-
ties [Kurup et al., 1992, Campanac et al., 2002]. Avoiding the BAK molecules in
the eye drops composition may yield improved effects of the eye drops in DED
patients.
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Rainer A. Böckmann and Helmut Grubmüller. Multistep binding of divalent
cations to phospholipid bilayers: a molecular dynamics study. Angewandte
Chemie (International ed. in English), 43(8):1021–4, feb 2004a. ISSN 1433-
7851. doi: 10.1002/anie.200352784. URL http://www.ncbi.nlm.nih.gov/
pubmed/14966897.
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Miroslava Vošahĺıková, Piotr Jurkiewicz, Lenka Roubalová, Martin Hof, and
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POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine

PS phosphatidylserine
SM sphingomyelin

TCSPC time correlated single photon counting
TDFS time-dependent fluorescence shift

TF tear film
TFLL tear film lipid layer

TO glycerine trioleate
VSFS vibrational sum frequency spectroscopy
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