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Abstract: Many important processes in cells involve ions, e.g., fusion of synaptic
vesicles with neuronal cell membranes is controlled by a divalent cation Ca2+;
and the exchange of Na+ and K+ drives the the fast electrical signal transmission
in neurons. We have investigated model phospholipid membranes and their in-
teractions with these biologically relevant ions. Using state-of-the-art molecular
dynamics simulations, we accurately quantified their respective affinites towards
neutral and negatively charged phospholipid bilayers. In order to achieve that, we
developed a new model of phospholipids termed ECC-lipids, which accounts for
the electronic polarization via the electronic continuum correction implemented
as charge rescaling. Our simulations with this new force field reach for the first
time a quantitative agreement with the experimental lipid electrometer concept
for POPC as well as for POPS with all the studied cations. We have also exam-
ined the effects of transmembrane voltage on phospholipid bilayers. The electric
field induced by the voltage exists exclusively in the hydrophobic region of the
membrane, where it has an almost constant strength. This field affects the struc-
ture of nearby water molecules highlighting its importance in electroporation.
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Preface
Cellular membranes are important and evolutionarily very old biological struc-
tures. [Alberts et al., 2008] The first primitive predecessors of cells already bear
hints of membranes separating their inner environment from the outer world.
Current organisms often contain a multitude of immensely complex membranes,
each serving many functions. Processes in cellular membranes are thus crucial
for life.

My work is motivated by processes, which involve interactions of biologically
relevant ions with cellular membranes. For instance in neurons, the fusion of
synaptic vesicles containing neurotransmitter with neuronal cell membranes is
controlled by a divalent cation Ca2+. [Berridge et al., 2003, Clapham, 2007]
This process is triggered by a change in the transmembrane potential across the
neuronal plasma membrane, which is modulated by the exchange of the mono-
valent cations Na+ and K+. [Sten-Knudsen, 2002] The transmembrane potential
in atomistic simulations can be modeled by two approaches, the constant electric
field method, and the ion-imbalance method. The methodological differences be-
tween them raise the following questions: Do they provide the same results? Can
they be used interchangeably? What happens to the membrane under voltage?

Until recently, there was no consensus on the binding of Na+, K+, and Ca2+

cations to biological membranes – simulations and some experiments [Berkowitz
and Vacha, 2012, Vacha et al., 2009, Harb and Tinland, 2013] do not reproduce
other experiments [Roux and Bloom, 1990, Pabst et al., 2007, Akutsu and Seelig,
1981]. From the point of simulations, all currently available models require im-
provements to reproduce quantitatively structures and interactions with cations.
Here, the following questions arise: Is the missing electronic polarization in stan-
dard non-polarizable simulations responsible for the discrepancy? If yes, how
crucial is it for the interactions of phospholipid bilayers with biologically relevant
cations, and can it be effectively accounted for by rescaling charges? Can we
obtain in this way realistic structures of phospholipid bilayers with interacting
cations at atomistic resolution?
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1. Biological membranes
All living cells separate their inner environment from the exterior by a mem-
brane preventing molecules from a free diffusion in or out. This allows the cells
to maintain specific conditions required for their functioning. Cellular mem-
branes are mainly composed of lipids and proteins, while enrichment with other
molecules, e.g., sugars and saccharides forming glycocalyx, is often required for
their specific function. [Reitsma et al., 2007] In such a dynamically structured
fluid mosaic, lipids self-assemble into a lipid bilayer [Vereb et al., 2003, Mouritsen,
2011, Vattulainen and Rog, 2011].

Biological membranes are systems with a very complex structure. It is, hence,
convenient to use simplified models of such membranes, which allow us to focus
on the basic principles and properties. Lipid bilayers are often used as such model
membranes being accessible for both experimental and simulation studies. In par-
ticular, the zwitterionic phosphatidylcholine (PC) bilayers are used to study the
role of ions in complex biological systems [Scherer and Seelig, 1987, Seelig, 1990,
Cevc, 1990, Vacha et al., 2009, Javanainen et al., 2017]. In experiments, there
are several commonly used model membrane systems – liposomes, micelles, unil-
amellar vesicles of varying sizes from giant to small, supported bilayers, bicelles,
and nanodiscs. [Oluwole et al., 2017, Alberts et al., 2008, Marsh, 2013] Despite
their simplicity compared to cellular membranes, even such model membranes
pose significant challenge for science today. [Tarun et al., 2018, Melcrová et al.,
2016, Javanainen et al., 2017, Magarkar et al., 2017, Botan et al., 2015, Catte
et al., 2016, Kulig et al., 2015, 2014, Pluháčková et al., 2016, Vacha et al., 2009]

1.1 Interactions of cations with phospholipid bi-
layers

Interactions of cations with cellular membranes play a key role in many biological
processes. The binding of Na+ and Ca2+ to PC bilayers has been widely stud-
ied both in experiments [Akutsu and Seelig, 1981, Altenbach and Seelig, 1984,
Seelig, 1990, Cevc, 1990, Tocanne and Teissié, 1990, Binder and Zschörnig, 2002,
Pabst et al., 2007, Uhríková et al., 2008] and simulations [Magarkar et al., 2017,
Böckmann et al., 2003, Böckmann and Grubmüller, 2004, Berkowitz and Vacha,
2012, Melcrová et al., 2016, Javanainen et al., 2017, Catte et al., 2016, Bacle
et al., 2018]. The details of ion binding are, however, not fully consistent in the
literature. The relative binding affinities of ions are generally agreed to follow the
Hofmeister series [Eisenberg et al., 1979, Cevc, 1990, Tocanne and Teissié, 1990,
Binder and Zschörnig, 2002, Garcia-Celma et al., 2007, Leontidis and Aroti, 2009,
Vacha et al., 2009, Klasczyk et al., 2010, Harb and Tinland, 2013], however, there
is no consensus on the quantitative aspects of the ion affinities.

Interpretations of spectroscopic methods, like nuclear magnetic resonance
(NMR), x-ray scattering, and infrared spectroscopy suggest that monovalent al-
kali cations (with the exception of Li+) exhibit negligible binding to PC lipid
bilayers, while multivalent cations interact more strongly [Cevc, 1990, Tocanne
and Teissié, 1990, Hauser et al., 1976, 1978, Herbette et al., 1984, Altenbach
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and Seelig, 1984, Uhríková et al., 2008]. In particular, submolar concentrations
of NaCl have a negligible effect on phospholipid infrared spectra [Binder and
Zschörnig, 2002], area per molecule [Pabst et al., 2007], dipole potential [Clarke
and Lüpfert, 1999], lateral diffusion [Filippov et al., 2009], and choline head group
order parameters [Akutsu and Seelig, 1981];

Another view, emerging more recently, suggests much stronger interactions
between phospholipids and monovalent cations. For instance, submolar con-
centrations of NaCl reduce rotational and translational dynamics of membrane-
embedded fluorescent probes [Böckmann et al., 2003, Vacha et al., 2009, Harb and
Tinland, 2013], and changes in the hardness of bilayers are also reported from
atomic force microscopy experiments [Garcia-Manyes et al., 2005, 2006, Fukuma
et al., 2007, Ferber et al., 2011, Redondo-Morata et al., 2012]. In addition, atom-
istic molecular dynamics simulations consistently predict strong interactions of
Na+ with phospholipids bilayers, which, however, depend on the employed model
[Böckmann et al., 2003, Böckmann and Grubmüller, 2004, Sachs et al., 2004b,
Berkowitz et al., 2006, Cordomí et al., 2008, 2009, Valley et al., 2011, Berkowitz
and Vacha, 2012, Catte et al., 2016, Bacle et al., 2018, Melcr et al., 2018].

In our recent work [Catte et al., 2016], we addressed the apparent contro-
versies using the molecular electrometer concept, where the experimentally (by
NMR) measured changes of certain head group order parameters are related to the
amount of charge bound to a bilayer. [Brown and Seelig, 1977, Akutsu and Seelig,
1981, Altenbach and Seelig, 1984, Seelig et al., 1987, Scherer and Seelig, 1989].
This concept is introduced and further discussed in the following section 1.2. We
have shown that the response of the PC head group order parameters α and β to
cations bound to the bilayer is qualitatively correct in MD simulations, but sev-
eral models grossly overestimate the affinity of Na+ to such bilayers. Moreover,
we find that the interactions of Ca2+ cations with PC bilayers in current simu-
lation models are not accurate enough for interpreting NMR experiments. We
argued that the lack of electronic polarizability in the simulations can be respon-
sible for the disagreement. Consequently, we developed a model of POPC, which
accounts for electronic polarization through electronic continuum correction (see
section 2.2), and which yields accurate response of the head group order param-
eters to various monovalent and divalent cations. [Melcr et al., 2018] This model
was also extended to other lipids, which are introduced in the section 2.3, and
it was employed in Chapter 3 providing a simulation-based supporting evidence
to the older view, which suggests that Na+ and K+ interact weakly, while Ca2+

specifically binds to phospholipid bilayers.

1.2 NMR molecular electrometer concept
Ion binding in lipid bilayers can be experimentally quantified by measuring the
changes of the head group order parameters in lipids. In the case of the head group
order parameters α and β in phosphatidylcholine (see Fig. 2.1 for the definition
of the order parameters) such changes are known under the term ”electrometer
concept” [Seelig et al., 1987, Catte et al., 2016, Ollila and Pabst, 2016]. It is
experimentally observed that the C-H bond order parameters of α and β carbons
in a PC lipid head group are proportional to the amount of charge, positive or
negative, bound per lipid [Seelig et al., 1987]. The change of the order parameters
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measured with varying concentrations of aqueous ions can be then related to the
amount of bound ions.

The order parameters can be robustly and accurately determined from both
MD simulations and NMR experiments. Hence, the electrometer concept can be
used to compare the two techniques in terms of the ion binding affinities to lipid
bilayers containing PC phospholipids. [Catte et al., 2016, Ollila and Pabst, 2016]

From MD simulations the order parameters can be calculated using the defi-
nition

SCH = 1
2⟨3 cos2 θ − 1⟩, (1.1)

where θ is the angle between the C–H bond and membrane normal and the
average, denoted with pointed brackets, is taken over all sampled configurations
[Ollila and Pabst, 2016].

The order parameters for all C-H bonds in lipid molecules, including α and
β segments in head group, can be accurately measured using 2H or 13C NMR
techniques [Ollila and Pabst, 2016]. The relation between the amount of the
bound charge per lipid, X±, and the head group order parameter change, ∆Si

CH,
is empirically quantified as [Seelig et al., 1987, Ferreira et al., 2016]

∆Si
CH = Si

CH(X±) − Si
CH(0) ≈ mi

4
3χ

X±, (1.2)

where Si
CH(0) denotes the order parameter in the absence of any bound charge,

i refers to either α or β carbon, mi is an empirical constant depending on the
valency and the position of the bound charge, and χ ≈ 167 kHz is the quadrupole
coupling constant, with the experimental value for POPC from the works by
Seelig and Seelig [1977], Davis [1983].

The measured change of the order parameter depends on the head group re-
sponse to the bound charge and on the amount of the bound charge (i.e., mi

and X± in Eq. 1.2, respectively). The quantification of the empirical factor mi

has been done experimentally for a wide range of systems to demonstrate the ro-
bustness of the electrometer concept and its negligible chemical specificity [Seelig
et al., 1987, Beschiaschvili and Seelig, 1991]. The measurements of the electrom-
eter response to cationic surfactants can be exploited in simulations to compare
the response of the head group order parameters with a known amount of bound
surface charge per lipid, i.e., X± in Eq. 1.2, as all molecules of the surfactant
partition into the bilayer.
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2. Molecular modeling of
biological membranes
Biological membranes are difficult to study experimentally due to their complex
character. Among the well established methods for the studies of membranes
belong NMR [Catte et al., 2016, Botan et al., 2015, Wohlgemuth et al., 1980,
Seelig, 1990, Seelig et al., 1987], small angle x-ray diffraction (SAXD) [Ollila
and Pabst, 2016, Pabst et al., 2007], and fluorescence spectroscopy [Javanainen
et al., 2017, Melcrová et al., 2016, Vacha et al., 2009]. Recent advances in cryo-
EM [Chiu and Downing, 2017, Nogales, 2015] and single-molecule microscopy
imaging [Ritchie et al., 2013] reveal another promising tools. The resolution of
such experimental methods is, however, often insufficient for the characterization
of the structure in atomistic detail. In contrast, molecular dynamics simulations
provide atomistic resolution of biomolecules. This makes simulations well suited
to be used in conjunction with the experimental methods bringing deeper insight
to the experimentally determined properties. In addition, the properties from
experiments can be extracted from the simulations and compared together, thus
cross-validating the two independent approaches.

Starting with simple membrane models [Berger et al., 1997, Böckmann and
Grubmüller, 2004, Böckmann et al., 2003, Sachs et al., 2004b,a] simulations of
membranes have evolved into a field of computational biophysics that is capa-
ble of answering fundamental questions like how divalent cations modulate the
signalling function of PI(4,5) P2 [Bilkova et al., 2017]; whether there is any prefer-
ence of calcium cations towards flat plasma membrane or curved synaptic vesicles
[Magarkar et al., 2017]; or what are the exchange pathways of plastoquinone and
plastoquinol in the photosystem II complex in Thylakoid membranes [Van Eerden
et al., 2017]. Recent progress in computational resources and algorithms has al-
lowed the simulations to grow in spatial scales and composition complexity en-
abling relevant applications in biology. [Friedman et al., 2018]

2.1 Classical molecular dynamics simulations
In a MD simulation, the system of interest is propagated numerically in discrete
time steps using the Newton equations of motion. Interactions between particles,
which often represent individual atoms, are described by an approximate inter-
action potential, U , also called a force field. Such a potential can be formally
written as a sum of individual terms representing different model interactions.
The symbols K are the force constants describing the strengths of the bonded
interactions, which are formally written as

U =
∑

bonds

Kb(r − r0)2 +
∑

angles

KΘ(Θ − Θ0)2 + (2.1)
∑

dihedrals

Kn(1 + cos(nϕ − ϕ0)) +

∑
i<j

⎛⎝sV dW
ij 4ϵij

⎡⎣(σij

rij

)12

−
(

σij

rij

)6
⎤⎦+ sq

ij

qiqj

ϵ rij

⎞⎠
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The first three terms represent the intra-molecular forces arising from bond
stretching, angle bending, and dihedral angle torsion. r, Θ and ϕ are their re-
spective dimensions, and n is the multiplicity of the torsion potential.

The last terms in the large brackets represent the inter-molecular interactions;
Van der Waals and electrostatic forces. Depending on the model force field, the
non-bonded interactions are not evaluated between atoms that are connected by
less than three or four bonds, which is here formally introduced through the
matrix sij that modifies the interactions accordingly.

The interactions representing the attractive dispersion and the repulsive ex-
cluded volume in the empirical interaction potential in Equation 2.1 adopt typ-
ically the form of Lennard-Jones potential. It is expressed in terms of the in-
teraction energy ϵij, and σij, which is the distance, where the potential crosses
zero. As the forces at the distances smaller than σij are strongly repulsive, these
parameters thus also report on the size of the spherical particles having an impact
on the balance of Van der Waals forces with electrostatic forces.

The electrostatic interaction creates strong attractive and repulsive forces.
In classical MD simulation, it is approximated using point partial charges, qi,
in the centres of the particles (most often atoms). Forces from long distances
yield non-negligible contributions, which must to be accounted for especially in
the commonly used periodic systems, i.e., in simulations with periodic bound-
ary conditions. In neutral systems, this is efficiently done by using the Ewald
summation, in which the long range contributions are calculated in Fourier space
rather than in real space using fast algorithms developed for this purpose. [Dar-
den et al., 1993, Essman et al., 1995] The formally applied dielectric constant of
the medium, ϵ, is assumed to be 1 in most force fields for biomolecules. In a later
section 2.2, we will show how to modify this interaction by changing the dielectric
constant ϵ to include the effects of electronic polarization.

Molecular dynamics simulations of biological membranes employ empirical
particle-based models of molecules using the interaction potential, often termed
force field, from Eq. 2.1. The models are built using classical non-polarizable
particles, each representing an individual atom (atomistic models), or a group
of atoms (united-atom or coarse-grained models). The following classical models
are among the most popular in membrane modeling:

• Atomistic

– CHARMM [Klauda et al., 2010]
– Slipids [Jämbeck and Lyubartsev, 2012a,b]
– OPLS lipids by Maciejewski et al. [2014]
– Lipid14 [Dickson et al., 2014]

• United-atom models

– Berger [Berger et al., 1997]
– CHARMM-UA [Lee et al., 2014]

• Coarse-grained

– MARTINI [Marrink et al., 2007]
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Despite all successes and valuable insights that simulations have provided,
there is still a large room for possible improvements of the current simulation
models. For example, recent studies by Botan et al. [2015], Catte et al. [2016]
have shown that both structures and interactions of phospholipid models require
further optimization in order to become capable of interpreting solid state NMR
experiments. In particular, we have discovered that the lack of electronic polar-
izability is a major issue in any of the models from the above mentioned studies
when interactions with charged moieties become important. [Melcr et al., 2018]
Several possible ways for including polarizability into simulations, both explicit
and implicit, will be introduced in the following sections.

2.2 Electronic continuum correction as implicit
treatment of electronic polarizability

The lack of electronic polarizability in classical MD simulations has been consid-
ered a serious issue since the early days of the modeling of lipid bilayers. There
exist two main approaches for the explicit representation of electronic polarizabil-
ity – atomic induced dipoles and Drude oscillators. The induced dipole approach
models the polarizability through a point dipole moment on each atom. Such an
electric dipole is induced by the acting electric field proportionally to its polariz-
ability. This model is implemented in the widely adopted force field AMOEBA
[Piquemal et al., 2006, Ponder et al., 2010, Shi et al., 2013].

The classical Drude oscillator model is inspired by a classical representation of
a lone pair of electrons. It uses an auxiliary charge, also termed Drude oscillator
or Drude particle, which is attached to each atom through a harmonic spring.
The displacement of the Drude particle represents the induced polarization pro-
portionally to the acting electric field, as implemented for example in the Drude
force field [Lemkul et al., 2016].

Although the two approaches, the induced dipole model and the classical
Drude oscillator model, are very different in how they represent polarizability
in simulations, it was shown that the classical Drude oscillator formalism can
be converted to the induced dipole formalism proving the two methods to be
equivalent. [Huang et al., 2017] From the point of view of lipids, however, the
classical models with fixed charges and no explicit polarizability that are currently
available provide comparable accuracy at a fraction of the computational cost of
the models with explicit polarization. [Lucas et al., 2012, Chowdhary et al., 2013]

Instead of the computationally demanding explicit polarization approach,
electronic polarization can also be accounted for implicitly. Such an implicit
mean field model of electronic polarizability termed Electronic continuum correc-
tion (ECC) was first suggested by Leontyev and Stuchebrukhov [2009], and was
then systematically applied to solutions of ions by Pluhařová et al. [2014], Koha-
gen et al. [2014, 2016], Martínek et al. [2018]. Through a comparison of neutron
scattering and/or ab-initio molecular dynamics data with classical MD simula-
tions, the authors developed an array of models for cations and anions, termed
here as ECC-ions, which provide realistic structures even for concentrated solu-
tions of both monovalent and divalent cations.

In ECC, a system of polarizable particles is represented with an equivalent
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system of particles with fixed charges. This can be done by a simple transform
of the partial charges, which does not change the form of the empirical force field
in Equation 2.1, providing the effects of the electronic polarization in a mean
field way at no additional computational cost. Although this is technically sim-
ilar to the phenomenological scaling of partial charges applied in earlier studies
of aqueous solutions or ionic liquids [Jönsson et al., 1986, Egberts et al., 1994,
Beichel et al., 2014], ECC is a physically well justified and rigorously derived
model [Leontyev and Stuchebrukhov, 2009, 2010, 2011, 2014]. Assuming that
the electronic polarizability of electrons is approximately constant in biological
solutions, it was shown by Leontyev and Stuchebrukhov [2011] that the electro-
static interactions between atoms are screened like in a dielectric continuum with
an electronic dielectric constant, ϵel, also known as the high frequency dielectric
constant. This can be formally written as

U = 1
2

N∑
j ̸=i

qiqj

ϵel rij

= 1
2

N∑
j ̸=i

qi√
ϵel

qj√
ϵel

rij

, (2.2)

where qi is the point charge of the particle i, and rij are the distances between
particles i and j. It naturally follows from the above equation that embedding all
atoms into a dielectric continuum is equivalent to a formal scaling of the atomic
point charges

qECC
i = qi√

ϵel

, (2.3)

where qi and qECC
i are respectively the original partial charges and the scaled

charges, which represent the effects of the electronic polarization. Given that the
high frequency dielectric constant of water is 1.78 (i.e., the square of the refraction
index of 1.33), the scaling factor for ions in water is ≈ 0.75.

It is important to note that the value of the high frequency dielectric con-
stant is around 2 for almost any biologically relevant environment [Leontyev and
Stuchebrukhov, 2011]. This means that even interfaces like biological membranes
do not contain discontinuities of the electronic continuum. The dielectric dis-
continuity in a lipid bilayer thus arises only from the orientational polarization
of the molecules, which is accounted for explicitly in standard MD simulations.
Therefore, the same correction for the electronic polarizability can be applied
throughout the lipid bilayer/aqueous solution interface.

2.3 Implicitly polarizable classical MD models
of lipids using ECC

Simulation studies have revealed that the interactions of phospholipids with
cations, especially with divalent cations, are overestimated in all classical MD
models. [Catte et al., 2016, Bacle et al., 2018] The neglect of polarizability in
the simulations was one of the possible explanations for the observed discrepancy
between simulations and experiments. Motivated by the accuracy and simplic-
ity of the electronic continuum correction (ECC) applied on ions by [Martínek
et al., 2018], we developed implicitly polarizable models of phospholipids using
a similar strategy. The newly developed model provides accurate interactions
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between phospholipid bilayers and cations in agreement with experiments, which
is presented in the next chapter. In this section, we show how the model captures
the structure of phospholipid bilayers without ions, or with only counterions.

We chose phosphatidylcholine (PC), phosphatidylethanolamine (PE), and
phosphatidylserine (PS) as representatives of the most common neutral and neg-
atively charged lipids in the plasma membrane [van Meer and de Kroon, 2011,
Marsh, 2013]. The Lipid14 [Dickson et al., 2014] model used for POPE and
POPC, and the Lipid17 [Gould et al., 2018] model, already available from Amber-
Tools [Salomon-Ferrer et al., 2013], were used as the starting point for embedding
ECC. It was shown by Botan et al. [2015], Catte et al. [2016] that such a family
of lipid models provides one of the most realistic descriptions of the head group
order parameters of POPC and their response to ions when compared to other
available lipid models.

In case of charged molecules, embedding ECC through a linear transformation
of the partial charges in Eq. 2.3 is straightforward – applying ECC to a molecule
with a formal charge -1 scales its total charge to −0.75. Note that the same
scaling factor derived from the electronic dielectric constant of water was also
applied to the charges of ECC-ions by Pluhařová et al. [2014], Kohagen et al.
[2014, 2016], Martínek et al. [2018].

While the scaling factor of 0.75 is clearly justified for molecules with a non-
zero total charge like ions or POPS, it is not a priori clear what factor shall be
used for neutral or zwitterionic molecules, e.g. for POPE, and POPC. Unlike
the total charge, the partial charges of particles forming molecules in simula-
tions are not physical observables. There is a variety of schemes for assigning
partial charges to particles in molecules [Hu et al., 2007]. The restrained electro-
static potential method (RESP) is, however, the most common method used in
biomolecules [Bayly et al., 1993, Singh and Kollman, 1984, Dickson et al., 2014].
In practice, it is common that water molecules are included in the RESP cal-
culations, and charges are subsequently refined to improve certain experimental
observables. Although such tweaks do not affect the zero total charge for neu-
tral molecules, it naturally follows from this fitting procedure that the effects
of electronic polarizability may to some extent be present even in standard force
fields [Bayly et al., 1993, Singh and Kollman, 1984, Jorgensen et al., 1996, Cerutti
et al., 2013, Benavides et al., 2017]. We thus conclude that the scaling factor for
partial charges in existing models of neutral molecules does not necessarily need
to follow the relation 2.3. It is expected instead, that the scaling factor may
adopt a slightly higher value than 0.75.

The ECC correction was applied on top of the Lipid14/Lipid17 models of
POPC, POPE, and POPS by scaling the partial charges of all atoms except for
the acyl tails, i.e., the polar parts in phospholipids, head group, glycerol back-
bone, and carbonyl regions. Such a choice was guided by the observed strength of
interaction with cations. In contrast to the head group and the glycerol backbone
atoms, the acyl chains do not come in direct contact with ions from the solution,
and they are already highly optimized to provide a good description of the hy-
drophobic part of lipid bilayers Dickson et al. [2014], Ollila and Pabst [2016],
Pluháčková et al. [2016]. In contrast to the acyl tails, the glycerol backbone and
the head group regions of phospholipids require improvements in any available
lipid model Botan et al. [2015], Bacle et al. [2018].
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We found that the optimal value for the scaling factor of partial charges of
neutral molecules from Lipid14 that yields accurate responses of the lipid head
groups to the charges bound to the membrane is 0.8, which is indeed slightly
higher than 0.75, i.e., the scaling factor for the ions in water. This value was found
by comparing the results from the simulations with POPC to the experimental
NMR data on the head group order parameter response to the bound charge.
[Akutsu and Seelig, 1981, Altenbach and Seelig, 1984, Scherer and Seelig, 1989]

Although scaling of partial charges improved the head group order parameter
response and ion binding affinity, it has at the same time deteriorated certain
membrane properties; namely the area per lipid generally decreased, often below
the experimental values. The decrease of the area per lipid is observed to arise
from a reduced hydration of the lipid head group region as the polarity of the
head group has decreased in overall after scaling of the charges.

We compensated for this artifact by reducing the effective radii of atoms with
the scaled charges. This was explicitly done for POPC by changing the param-
eters σ in the Lennard-Jones potential in a similar way as was done previously
for the ECC-ions in solution [Kohagen et al., 2014, 2016, Pluhařová et al., 2014].
Reducing the σ parameters of the affected atoms by a factor of fσ = 0.89 restored
the area per molecule to a value very close to experiment (Table 2.1). Such opti-
mized parameters σ were then used for all ECC-lipids, i.e. also for ECC-POPE
and ECC-POPS. In addition, the X-ray scattering form factors of POPC, POPE
and POPS from simulations remained in a good agreement or even improved with
these modifications (see Figs. 2.1, 2.2 and 2.3).

2.3.1 Structural parameters of model membranes with
ECC-lipids: Agreement with experiments

We compared X-ray scattering form factors and NMR order parameters of bilay-
ers in pure water without any ions (or only counter ions) from simulations and
experiments as the first step in the assessment of the quality of the model. The
experimental X-ray scattering form factors of a bilayer are well reproduced for
all lipids employing the presented ECC-lipids model (see Figs. 2.1, 2.2 and 2.3).

The area per lipid is often used as a relatively simple structural parameter
reporting on the bilayer properties and the packing of lipids. In experiments,
modeling is used on top of the scattering factors to obtain it [Pan et al., 2014].
From simulations, this property is easily extracted. We compare the values from
experiments and simulations in Table 2.1.

The area per lipid of POPC in simulation with ECC-lipids model is smaller
by ≈ 1Å2 than the experimental value derived from the SDP model [Pan et al.,
2014]. The values of the area per lipid of the ECC-POPC model vary slightly
when simulated with different water models, however, they are still close to the
experiment. [Melcr et al., 2018]

The experiments with POPE bilayers were performed only at higher temper-
atures than in the simulation [Rand and Parsegian, 1989, Rappolt et al., 2003],
however, if we extrapolate the experimental values using the series in the work
by Rappolt et al. [2003] (i.e., change of ≈ 1Å2 for each 5◦C), the extrapolated
estimate of the area per lipid from the simulation lays between the two distinct
values from the experiments in Table 2.1.
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Figure 2.1: Top: X-ray scattering form factors from simulations with the Lipid14
[Dickson et al., 2014] and the ECC-POPC [Melcr et al., 2018] models compared
with experiments [Kučerka et al., 2011] at 303 K. Middle: Order parameters of
POPC head group, glycerol backbone and acyl chains from simulations with the
Lipid14 and the ECC-POPC models compared with experiments [Ferreira et al.,
2013] at 300 K. The size of the markers for the head group order parameters
correspond to the error estimate ±0.02 for experiments [Botan et al., 2015, Ollila
and Pabst, 2016], while the error estimate for simulations is ±0.005 (Bayesian
estimate of 95% confidence interval [Jones et al., 2001–2018]). The size of the
points for acyl chains are decreased by a factor of 3 to improve the clarity of the
plot. Open/closed symbols are used for palmitoyl/oleoyl chains of POPC. Bot-
tom: The chemical structure of POPC and the labeling of the carbon segments.

While the agreement between the scattering form factors from the simula-
tion of a pure POPS bilayer and experiment are excellent (Fig. 2.3), there is a
non-negligible difference between the values of the area per lipid in Table 2.1.
Since both values are derived from the scattering form factors through modeling
of the electron density of the bilayer, we cannot decide, which of the values is
more reliable. In general, we can conclude that ECC-lipids reproduce the experi-
mental structural parameters of the lipid bilayers with a comparable accuracy to
existing state-of-the-art lipid models [Botan et al., 2015, Ollila and Pabst, 2016,
Pluháčková et al., 2016].

The head group and acyl chain order parameters within ECC-lipids are in
general in a good agreement with the experimental values as shown in Figs. 2.1,
2.2, and 2.3. The acyl chain order parameters in particular are almost all within
the experimental error bars. The order parameters of the head groups are at an

15



0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
q / Å 1

0

1

2

fo
rm

 fa
ct

or
 / 

a.
u.

g3 g2 g1 2 4 6 8 10 12 14 16
0.1

0.0

0.1

0.2

0.3

S C
H

experiment ECCPOPE

Figure 2.2: Top: X-ray scattering form factors from simulations with the ECC-
lipids model of POPE compared with experiments Kučerka et al. [2011] at 313 K.
Bottom: Order parameters of POPE head group, glycerol backbone and acyl
chains from simulations with the ECC-lipids model of POPE compared with
experiments by Gally et al. [1981] (order parameters of glycerol backbone, labeled
E. coli membrane at 310 K, ) and by Seelig and Gally [1976], Wohlgemuth et al.
[1980] (order parameters α and β from DPPE at 341 K). The signs of the order
parameters were not determined in the experiments, same signs as in POPC
(Fig. 2.1) are assumed. Open/closed symbols are used for palmitoyl/oleoyl chains
of POPE. The chemical structure of POPE is the same as for POPC in Fig. 2.1,
but the methyl groups in choline (denoted with γ), which are substituted with
hydrogen atoms in PE.

accuracy comparable to other currently available classical models of lipids [Botan
et al., 2015, Catte et al., 2016, Pluháčková et al., 2016].

The head group order parameters α and β are highly relevant for this work,
as they are being used in the electrometer concept (introduced in section 1.2).
For POPC in pure water, the order parameter β agrees well with the experiment,
while the order parameter α is somewhat lower. In the case of POPS, the situation
is a bit more complicated compared to POPC as the order parameter α exhibits
a notable forking (see Fig. 2.3). One of the order parameters of ECC-POPS,
α1, agrees well with the experiment, while the other, α2, adopts a higher value
underestimating the experimentally reported forking. There is only one order
parameter β in POPS, which has a higher value closer to zero in the ECC-lipids
model than in experiment. Such a feature suggests that the model overestimates
the orientational freedom of its head group.

To our knowledge, there are no data on the order parameters in POPE. To
get at least a rough estimate of the structure of PE head group from experiments,
we can compare to either DPPE, which has palmitoyls in both acyl tails, and is
measured at a different temperature 341 K [Seelig and Gally, 1976, Wohlgemuth
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Figure 2.3: Top: X-ray scattering form factors from simulations with the Lipid17
[Gould et al., 2018] and the ECC-POPS models compared with experiments [Pan
et al., 2014] at 298 K. Middle: Order parameters of POPS head group, glycerol
backbone and acyl chains from simulations with the Lipid17 [Gould et al., 2018]
and the ECC-POPS models compared with experiments at 298 K. [Bacle et al.,
2018] Open/closed symbols are used for palmitoyl/oleoyl chains of POPS. Bot-
tom: The chemical structure of POPS and the labeling of the carbon segments.

et al., 1980]; or a mixture of PE lipids from the membrane of E. coli at 310 K,
[Gally et al., 1981]. Such data are used in Fig. 2.2 to provide estimates of the
order parameters for related systems.

2.4 Modeling of transmembrane potential
The intracellular environment of cells contains a weak electrolytic solution of KCl,
while there is a similarly weak solution of NaCl on the extracellular side. The con-
centrations of these salts, usually around 150 mM, are regulated and maintained
out of equilibrium through specific channels and pumps to provide cellular func-
tions and general homeostasis conditions [Bezanilla, 2008, Sten-Knudsen, 2002].
The unequal distribution of ions on either side of the membrane gives rise to a
transmembrane potential. For instance, the concerted action of voltage-gated ion
channels and pumps in neurons modulates their transmembrane potential pro-
viding a fast signal transduction through the axons [Sten-Knudsen, 2002, Storace
et al., 2015, Sung et al., 2015]. The common magnitude of the transmembrane
potential in cells is in the range of 10–100 mV. In experiment, the membrane
potential can be measured using the patch clamp technique [Bezanilla, 2008] and
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Table 2.1: Values of the area per lipid (APL) of POPC, POPE and POPS bilayers
at temperatures T without additional ions.

POPC
model APL / Å2 T / K
Lipid14 POPC [Melcr et al., 2018] 65.1± 0.6 300
Lipid14 POPC [Dickson et al., 2014] 65.6± 0.5 303
ECC-POPC [Melcr et al., 2018] 63.2± 0.6 300
experiment (SDP model) [Kučerka et al., 2011] 64.3 303

POPE
model APL / Å2 T / K
ECC-POPE 56.7± 0.8 298
experiment [Rand and Parsegian, 1989] 56.6 310
experiment [Rappolt et al., 2003] 59–61 303–313

POPS
model APL / Å2 T / K
Lipid17 POPS 53.5± 0.8 298
ECC-POPS 60.3± 0.6 298
experiment (SDP model) [Pan et al., 2014] 62.3 298

the more modern voltage-sensitive fluorescent probes [Storace et al., 2015, Sung
et al., 2015].

The transmembrane potential in simulations can be modeled by several meth-
ods. [Tieleman et al., 2001, Sin et al., 2015, Roux, 1997, Sachs et al., 2004a]. In
particular, there are two approaches for the modeling of the membrane potential
in atomistic molecular dynamics simulations – the constant electric field method
[Roux, 1997, 2008, Gumbart et al., 2012], and the ion-imbalance method [Sachs
et al., 2004a, Delemotte et al., 2008]. Both of these methods have been suc-
cessfully used to study membrane electroporation or voltage-sensitive proteins
[Vargas et al., 2012, Böckmann et al., 2008, Gumbart et al., 2012, Kutzner et al.,
2011, Casciola et al., 2014]. These two practically independent developments were
compared and connected together in our work [Melcr et al., 2016], where we prove
them to be equivalent models of the transmembrane potential yielding indistin-
guishable results, at least for electrolytes formed by the same monovalent ions
on both sides of the membrane. We used simulations in which we simultaneously
applied both methods with the same magnitude but opposite polarity yielding
zero transmembrane voltage in total to highlight possible artifacts. The com-
parison in Fig. 2.4 shows that such a setup is indistinguishable from simulations
without voltage within the achievable accuracy. The electric field induced by the
voltage exists exclusively in the hydrophobic region of the membrane, where it
has an almost constant strength. This finding provides clues to understanding
the evolutionary design of voltage-gated proteins. [Vargas et al., 2012] Moreover,
the structure of the bilayer is preserved even at high voltages at the time scales of
our simulations, unlike that of water at the interface with the hydrophobic core
of the bilayer underlining its importance in electroporation. [Bu et al., 2017]
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Figure 2.4: The transmembrane potential (A,B), the electric field intensity (C,D),
and the charge density (E,F) profiles for simulations of a POPC bilayer with
150 mM concentration of KCl. ZERO stands for simulations without any applied
voltage, IIMB stands for the ion imbalance method, CEF stands for the constant
electric field method, and FxI denotes the special setup, in which the two methods
are applied simultaneously. The gray area shows the standard error. The voltage
drop across the membrane is 499 mV for IIMB and 486 mV for CEF with the error
of about 7 mV.
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3. Interactions of ions with
phospholipid bilayers
Cellular membranes are surrounded by weak electrolytic solutions of KCl on the
intracellular side, and of NaCl on the extracellular side. The biological relevance
of these ions reaches from relatively simple osmotic effects to the complex pro-
cesses in neural signalling. [Sten-Knudsen, 2002]

Calcium is an important cation in biology, which takes part in many signalling
pathways and processes, e.g., triggering the release of neurotransmitters in neu-
rons, allosteric activation of enzymes, regulating cardiac rhythm in the hearts,
and contracting muscles. [Wang et al., 2000, Michalak et al., 2002, Glancy et al.,
2013, Chouhan et al., 2012, Berridge et al., 2003, Clapham, 2007, Annunziata
and D’Azzo, 2013, Timr et al., 2018] The interactions of Ca2+ with phospholipid
membranes has recently received attention from both experiments and simula-
tions [Melcrová et al., 2016, Javanainen et al., 2017, Catte et al., 2016, Melcr
et al., 2018, Magarkar et al., 2017, Fink et al., 2017, Ye et al., 2018].

In this chapter, we will provide a detailed insight into the interactions of
these ions with neutral and negatively charged model membranes, namely with
a POPC bilayer and with a negatively charged bilayer with the composition of
5 POPC:1 POPS. We employ our newly developed models of ions and phospho-
lipids, i.e., ECC-ions [Martínek et al., 2018, Kohagen et al., 2016, Pluhařová et al.,
2014] and ECC-lipids [Melcr et al., 2018], which provide a major improvement
over any state-of-the-art model of ions or lipids in terms of lipid-ion interactions.

First, we summarize the literature knowledge on the interactions of ions with
membranes in experiments and simulations. Then, we demonstrate the accuracy
of the newly developed lipid models from ECC-lipids by showing the response of
the head group order parameters to a membrane-bound charge. At last, we will
provide detailed insight into the binding of cations to the neutral and negatively
charged bilayers. We put extra emphasis on the interactions with Ca2+, for
which we present the first simulation results that are in quantitative agreement
with experiments. [Altenbach and Seelig, 1984, Catte et al., 2016, Bacle et al.,
2018, Melcr et al., 2018]

3.1 Binding of cations to phospholipid bilayers
and lipid electrometer concept from exper-
iments and simulations

The response of the lipid head group order parameters to a given amount of
bound charge in bilayers was calibrated using monovalently charged surfactants
in [Scherer and Seelig, 1989, Akutsu and Seelig, 1981, Altenbach and Seelig, 1984].
After such a calibration, binding affinities of free cations can be estimated from
the measured head group order parameter changes. [Scherer and Seelig, 1989]
This forms the lipid electrometer concept (introduced in section 1.2), which can be
used to directly compare experimental measurements with MD simulations. We
performed such a comparison for both neutral and negatively charged membranes
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in NaCl and CaCl2 aqueous solutions using a large set of MD simulations produced
within NMRlipids open collaboration platform [Miettinen and Ollila, 2018]. It
was concluded that the binding affinities of cations are overestimated in almost
all models studied in [Catte et al., 2016] (Fig. 3.1) and in [Bacle et al., 2018].

For neutral POPC bilayers, the small PC head group order parameter response
to NaCl from the experiments by Seelig et al. [1987] is captured by only a few
models, namely Lipid14 [Dickson et al., 2014], Orange 1 and CHARMM36 [Klauda
et al., 2010]. However, the experimentally measured head group order parameter
response to CaCl2 is not reproduced quantitatively by the models. [Catte et al.,
2016] In addition, none of the employed models in that study reproduces the order
parameters without any salt concentration within experimental error, indicating
structural inaccuracies of varying severity in all of them [Botan et al., 2015]. In
summary, all models of a PC bilayer examined in [Catte et al., 2016] overestimate
the response of head group order parameters and/or binding affinity of CaCl2 to
such bilayers.

Similar conclusions to those from neutral POPC bilayers are also reached
for negatively charged membranes containing POPS [Bacle et al., 2018]. The
structure of a POPS bilayer with only Na+ counterions is not captured within
the experimental error by any of the studied models. However, the small response
of the order parameters of PC and PS head groups to increasing concentrations
of NaCl in a mixed bilayer with the composition 5 PC:1 PS is captured by a few,
namely Lipid17 [Gould et al., 2018], and less well in MacRog [Maciejewski et al.,
2014].

Interestingly, the response to CaCl2 is overestimated by all employed models
but one, CHARMM36 obtained from http://charmm-gui.org/ [Jo et al., 2008,
Lee et al., 2016], which contains an ad hoc correction for the observed excessive
binding of Ca2+ to PC and PS similar to the correction for Na+ [Venable et al.,
2013]. With such a model, the response of the head group order parameters of
PC to increasing concentrations of CaCl2 in a mixed negatively charged bilayer
is significantly reduced by the employed correction for Ca2+, even below the
response measured experimentally. Hence, it is the only model in the study,
which underestimates the response of the lipid electrometer for the negatively
charged membrane. This is in stark contrast to the results from the neutral
POPC bilayer in [Catte et al., 2016], where the ad hoc repulsive correction for
Ca2+ was not yet present.

In order to distinguish, whether the observed discrepancy of the head group
order parameter changes between simulations and experiments arises from an
incorrect sensitivity of the head group or from an excessive binding of cations to
the phospholipid bilayers, we performed simulations of a neutral POPC bilayer
with varying amounts of a cationic surfactant dihexadecyldimethylammonium, as
was measured in the experimental work by Scherer and Seelig [1989]. The amount
of bound charge per lipid in such systems is given simply by the molar fraction
of the cationic surfactants, as essentially all of the surfactants segregate to the
lipid bilayers due to the two long hydrophobic tails. The NMR measurements
of such systems can be used to validate the sensitivity of lipid head group order
parameters (i.e., the coefficient mi in Equation 1.2) to the amount of bound

1See supplementary information in [Catte et al., 2016] for further information about the
model Orange.
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Figure 3.1: Changes of the head group order parameters β (top row) and α
(bottom row) to increasing concentrations of NaCl (left column) and CaCl2 (right
column) Results from experiments (DPPC from Ref. [Akutsu and Seelig, 1981],
POPC from Ref. [Altenbach and Seelig, 1984]) are compared with simulations
with different force fields [Miettinen and Ollila, 2018, Catte et al., 2016]. Note
that none of the employed models in this figure reproduces the order parameters
without any salt concentration within experimental error, indicating structural
inaccuracies of varying severity in all of them [Botan et al., 2015].
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Figure 3.2: Changes of the head group order parameters α, β and P-N vector
orientation as a function of the molar fraction of a cationic surfactant dihex-
adecyldimethylammonium in a POPC bilayer from simulations and experiments
[Scherer and Seelig, 1989] at 313 K.

charge in simulations.
The changes of the head group order parameters in a POPC bilayer with

an increasing amount of the cationic surfactant from simulations and experi-
ments [Scherer and Seelig, 1989] are shown in Fig. 3.2. In line with Equation 1.2,
experiments as well as both MD simulation models show an approximately linear
decrease of the head group order parameters α and β. The slope of the response
of the order parameters from the simulation with the ECC-POPC model is in a
very good agreement with the experiments, whereas the slope from the simula-
tions with Lipid14 is too steep. This shows that the overestimated response in
the work [Catte et al., 2016] arises at least in part from an excessively sensitive
response of the head group.

The increasing amount of the cationic surfactant in the bilayer also affects the
P-N vector, which is defined as the angle between the connector of the phosphorus
and nitrogen atoms and the membrane normal. Similarly to the order parameters,
there is a linear dependence on the amount of the cationic surfactant as shown
in Fig. 3.2. Although the structure of the ECC-POPC model without any ions
does not agree with NMR experiments within error bars, such a model reproduces
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Figure 3.3: Changes of head group order parameters α and β and P-N vec-
tor orientation in a POPC bilayer as a function of NaCl (left) and KCl (right)
concentration in bulk (Cion) from simulations with different force fields at 313 K
together with experimental data for DPPC (323 K) [Akutsu and Seelig, 1981] and
POPC (313 K) [Altenbach and Seelig, 1984]. Simulation data with Lipid14 and
Åqvist ion parameters at 298 K are taken directly from Refs. [Girych and Ollila,
2015a,b].

well the changes of the order parameters. It follows from these observations that
using this model we can write an approximate relation between the changes of
the order parameters and the P-N vector mean orientation. For the change of the
order parameter α, ∆Sα, we arrive at

∆P⃗N = (186◦ ± 9◦) · ∆Sα. (3.1)

This relation can be used to estimate the change of the P-N vector as a mean
orientation of the head group from experimental measurements of the change of
the order parameter α in POPC.

3.2 Interactions of neutral and negatively char-
ged phospholipid membranes with Na+ and
K+ cations

The binding of Na+ cations to phospholipid bilayers is not generally agreed on
between simulations [Böckmann et al., 2003, Sachs et al., 2004b, Berkowitz et al.,
2006, Cordomí et al., 2009] and experiments [Cevc, 1990, Tocanne and Teissié,
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Figure 3.4: Changes of the head group order parameters α, β and the orientations
of the carboxylate group and the P-N vector of POPC (left) and POPS (right)
phospholipids in a POPC:POPS 5:1 bilayer as a function of NaCl concentration in
bulk (Cion) from simulations with different force fields at 298 K. Because data with
NaCl are not available for POPC, we show experimental data for LiCl (dashed
line, left) as an upper bound for the magnitude of the response to NaCl, which
has a lower affinity to phospholipid bilayers compared to LiCl [Roux and Bloom,
1990]. The orientation of the COO– group is defined as the connector from the
β carbon to the carbon in COO– (stars, bottom right).
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Figure 3.5: Changes of the head group order parameters α, β and the orientations
of the carboxylate group and the P-N vector of POPC (left) and POPS (right)
phospholipids in a POPC:POPS 5:1 bilayer as a function of KCl concentration
in bulk (Cion) from simulations with different force fields and experiments at 298
K. [Roux and Bloom, 1990] The orientation of the COO– group is defined as the
connector from the β carbon to the carbon in COO– (stars, bottom right).
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1990, Hauser et al., 1976, Herbette et al., 1984, Uhríková et al., 2008]. We at-
tempted to find a model, which would successfully interpret the experiments on
binding of Na+ to neutral and negatively charged phospholipid bilayers [Akutsu
and Seelig, 1981, Roux and Bloom, 1990] in our works [Catte et al., 2016, Bacle
et al., 2018]. After testing the currently available force fields for phospholipids,
we concluded that the interactions are generally overestimated in magnitude in
almost all models but Lipid14 (PC) [Dickson et al., 2014], resp. Lipid17 (PS)
[Gould et al., 2018]. This model yields a semi-quantitative agreement with the
experimentally measured small changes of the order parameters when used with
the model of ions by Åqvist [1990] (Fig. 3.1). However, when used with a more
accurate model of ions by Pluhařová et al. [2014], Martínek et al. [2018], the
model overestimates the binding affinity of Na+ measured with lipid electrome-
ter concept in Fig. 3.3. [Melcr et al., 2018] In total, these results suggest that
improvements in the lipid parameters are required for more accurate interactions
even with monovalent cations. [Catte et al., 2016, Melcr et al., 2018, Bacle et al.,
2018]

Generally improved behaviour of the POPC and POPS head group order pa-
rameters with NaCl or KCl concentrations was achieved through the combination
of models ECC-lipids [Melcr et al., 2018] and ECC-ions [Martínek et al., 2018,
Kohagen et al., 2016, Pluhařová et al., 2014]. Simulations with these models
reveal a good agreement with the NMR experiments for both neutral and nega-
tively charged membranes. The results are plotted for NaCl in Figs. 3.3 and 3.4,
and for KCl in Figs. 3.3 and 3.5.

The interaction with K+, which binds very weakly to both neutral and nega-
tively charged membranes, renders a qualitatively different response of the order
parameter Sβ in POPS in the mixed negatively charged bilayers compared to the
neutral bilayers. While the order parameter Sβ increases for both Na+ and Ca2+,
it decreases in the presence of K+. However, no model studied in [Bacle et al.,
2018] describes the behaviour of a PS head group correctly enough to reveal this
effect. In contrast, ECC-lipids with ECC-ions capture the different response of
the order parameters Sβ, Sα1 and Sα2 in POPS to various salts accurately. Such
a detailed description of the changes of the structural parameters demonstrates
that including electronic polarization improves the description of the interactions
even for very weakly binding cations like K+.

The difference between the affinities of Na+ and K+ to neutral and negatively
charged membranes can be described by their relative surface excesses with re-
spect to water, Γw

ion, which are shown in the plots of the density profiles of the ions
in Figs. 3.6 (neutral bilayer) and 3.7 (negatively charged bilayer). Such a quan-
tity compares the adsorption of ions to the adsorption of water molecules at an
interface without the necessity of defining a Gibbs dividing surface. [Melcr et al.,
2018, Chattoraj and Birdi, 1984] While K+ maintains negative values of Γw

K even
for the negatively charged bilayer, the value of Γw

Na for Na+ changes from negative
to positive in a neutral POPC bilayer versus in a negatively charged bilayer with
the composition 5 PC:1 PS. Interestingly, this value is slightly decreased in the
presence of an additional NaCl concentration adding also Cl– anions, which are
not present in the system when only counterions are used (bottom resp. top plot
in Fig. 3.7). The interaction of a neutral POPC bilayer with NaCl is discussed
in a greater detail in our publication [Melcr et al., 2018].
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Figure 3.6: Number density profiles of K+, Na+ and Cl– along the membrane
normal axis from the simulations with the neutral POPC bilayer using ECC-lipids
and ECC-ions. In order to visualize the density profiles with a scale comparable
to the profile of Ca2+ in Fig. 3.10, the density profiles of Cl– , K+ and Na+ ions are
divided by 2, and the density profiles of phosphate groups and water are divided
by 5 and 200, respectively. Both simulations have the same molar fractions of
NaCl resp. KCl in water, C ′

ion=1000 mM.
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Figure 3.7: Number density profiles of K+, Na+ and Cl– along the membrane nor-
mal axis for the negatively charged membranes with the composition of 5 PC:1 PS
using ECC-lipids and ECC-ions. The top profile shows the simulation without
any additional salt concentration, i.e., only with Na+ counterions. The mid-
dle profile shows the simulation with an additional KCl concentration and Na+

counterions. The bottom profile shows the simulation with an additional NaCl
concentration and Na+ counterions, which are not distinguished from the added
salt. In order to visualize the density profiles with a scale comparable to the
profile of Ca2+ in Fig. 3.10, the density profiles of Cl– , K+ and Na+ ions are
divided by 2, and the density profiles of phosphate groups and water are divided
by 5 and 200, respectively.
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Figure 3.8: Changes of the head group order parameters and P-N vector ori-
entation of a POPC bilayer as a function of the CaCl2 concentration in bulk
(Cion) from simulations at 313 K together with experimental data (DPPC (323 K)
[Akutsu and Seelig, 1981] and POPC (313 K) [Altenbach and Seelig, 1984]). The
error estimate for bulk concentrations is approximately 10 mM. The order of
magnitude larger error in the simulation with Lipid14 and ECC-ions is due to
unconverged bulk densities limited by the simulation box. Simulation data with
Lipid14 and Åqvist ion parameters at 298 K are taken directly from Refs. [Girych
and Ollila, 2015a,c, 2016].

3.3 Interactions of neutral and negatively char-
ged phospholipid membranes with Ca2+

cations

Electronic polarization is a non-negligible contribution to the interactions of cal-
cium even in simple aqueous solutions of CaCl2 [Martínek et al., 2018, Kohagen
et al., 2016, Pluhařová et al., 2014]. In this section, we will show the results
from simulations of neutral and negatively charged phospholipid bilayers at vary-
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Figure 3.9: Changes of the head group order parameters α, β and the orientations
of the carboxylate group and the P-N vector of POPC (left) and POPS (right)
phospholipids in a POPC:POPS 5:1 bilayer as a function of CaCl2 concentration
in bulk (Cion) from simulations with different force fields and experiments at
298 K. [Roux and Bloom, 1990] The orientation of the COO– group is defined as
the connector from the β carbon to the carbon in COO– (stars, bottom right).
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ing CaCl2 concentrations using the recently developed models ECC-lipids and
ECC-ions [Melcr et al., 2018, Martínek et al., 2018], which implicitly include the
effects of electronic polarization through electronic continuum correction [Leon-
tyev and Stuchebrukhov, 2011]. Validated with the concept of a lipid electrometer
in section 3.1, these implicitly polarizable models yield accurate description of the
interaction of Ca2+ with both neutral and negatively charged phospholipids.

The changes of the head group order parameters Sα and Sβ from simulations
and experiments are shown in Fig. 3.8 for a neutral POPC bilayer, and in Fig. 3.9
for a negatively charged bilayer with the composition 5 PC:1 PS. For a direct
comparison and a connection to our works [Catte et al., 2016, Bacle et al., 2018],
we show simulation results from ECC-lipids and also from Lipid17 [Gould et al.,
2018]. This also highlights the improvements in ECC-lipids over Lipid17 arising
from the electronic polarization. The effect is probably the most striking for
POPS, for which also the structure of a pure POPS bilayer with only counterions
is dramatically improved with the augmentation.

Increasing concentrations of CaCl2 induce a systematic decrease of the order
parameters Sα and Sβ in POPC. Although the total magnitude of the response
of the PC head group order parameters is only slightly higher in the negatively
charged bilayers than in the neutral bilayers, the shape of the changes in the
latter shows a steeper onset at low concentrations. This is apparently due to
the presence of POPS, which has a higher affinity to Ca2+ compared to POPC.
ECC-lipids is the first model, which achieves a quantitative agreement with the
changes induced by CaCl2 in experiments.

The increase in the amount of bound calcium cations from pure POPC to the
mixed negatively charged bilayer containing POPS is well demonstrated using the
relative surface excess, Γw

Ca, summarized in Table 3.1. Distributions of Ca2+, Na+

counterions and also Cl– are plotted in Fig. 3.10 for the neutral POPC bilayer,
and in Fig. 3.11 for the negatively charged bilayer. In contrast to KCl or added
concentrations of NaCl, Na+ counterions are substituted with Ca2+ even at low
concentrations of CaCl2. The increasing concentration of CaCl2 and, hence, a
higher amount of bound Ca2+ also attracts Cl– anions to the bilayer as can be
seen from its growing density at the interface.

The density profiles of ions suggest that the dominant contribution to the
binding of Ca2+ to phospholipid bilayers comes from the interactions with the
phosphate groups in both POPC and POPS. This is also reflected in the shift
of the mean orientation of the COO– group from 62◦ to 73◦ (420 mM CaCl2)
which was measured as the connector of the carbon atoms forming the bond
between the group and the β-carbon of the phospholipid. The interactions of the
carboxylate group in PS with calcium and other phosphate groups shed light into
the qualitatively different response of the head group order parameters α and β
in PS compared to PC (see Figs. 3.8 and 3.9). We find that the complex response
of the head group order parameters of POPS is affected by the conformational
changes of the carboxylate group, which is attracted more towards the phosphate
region, where the calcium cations dominantly bind. In line with the experimental
work by Browning and Seelig [1980], this is also very likely the reason, why the
magnitude of the P-N vector change in POPS is diminished compared to POPC,
which is not restrained by an additional cation binding group like COO– in POPS.

Further details about the interactions of Ca2+ with various moieties in POPC
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Figure 3.10: Number density profiles of Ca2+ and Cl– along the normal of the
neutral POPC bilayers starting at the centre for different concentrations of CaCl2
from simulations with ECC-lipids. In order to visualize the density profiles with
a scale comparable to the profile of Ca2+, the density profiles of Cl– ions are
divided by 2, and the density profiles of phosphate groups and water are divided
by 5 and 200, respectively.
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Figure 3.11: Number density profiles of Ca2+, Na+ and Cl– along the normal of
the membrane starting at the centre for the negatively charged membrane with
the composition 5 PC:1 PS at various bulk concentrations of CaCl2 from simu-
lations with ECC-lipids. All profiles contain Na+ counterions and an additional
concentration of CaCl2. In order to visualize the density profiles with a scale
comparable to the profile of Ca2+, the density profiles of Cl– ions are divided by
2, and the density profiles of phosphate groups and water are divided by 5 and
200, respectively.
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Table 3.1: Bulk concentrations, CCa, and molar fractions, C ′
Ca, of Ca2+; relative

surface excess of calcium with respect to water (Γwater
Ca ); and percentages of the

population of bound Ca2+ to various moieties in a neutral membrane composed
of POPC and in a negatively charged membrane with the composition 5 PC:1 PS.

5 POPC:1 POPS POPC
CCa / mM 240 ± 10 280 ± 10
C ′

Ca / mM 400 ± 10 350 ± 10
Γwater

Ca / nm−2 0.24 ± 0.01 0.06 ± 0.01

interacting moiety percentage of bound Ca2+

PC 59 100
PO4 in PC 41 67
carbonyls in PC <1 1
PS 8
PO4 in PS 2
COO− in PS 4
carbonyls in PS <1
both PC and PS 33

or POPS were obtained by counting contacts between the cations and the oxygen
atoms of the lipids similarly as was done in Melcr et al. [2018]. The threshold
for counting a contact was set to 0.3 nm, which encompasses the first peak of
the radial distribution function between the cations and the oxygen atoms of the
lipids.

The percentages of the populations of membrane-bound calcium cations for
various membrane moieties are summarized in Table 3.1. Even though the neg-
atively charged membrane contains only 18% of POPS, approximately 41% of
the total population of bound calcium cations is in contact with PS lipids with
8% bound only to them. This corroborates the intrinsically higher affinity of PS
lipids to calcium cations compared to neutral PC lipids. POPC interacts with the
calcium cations almost entirely through its phosphate group in both neutral and
negatively charged membranes, which is visualized using probability density iso-
contours in Fig. 3.12. Interactions of Ca2+ with carbonyl groups are also present,
however, they are always accompanied by interactions with phosphate groups.

Relative probabilities of Ca2+ complexes with a certain number of lipids are
presented in Fig. 3.13. Calcium cations that are bound only to PC in the mixed
bilayer with PS behave similarly as in the pure PC bilayer maintaining compa-
rable probabilities for clustering one, two, or even three PC lipids together. In
contrast, PS lipids prefer 1:1 ratio with Ca2+, which may also be due to their low
molar fraction in the the mixed bilayer. In total, however, the negatively charged
membrane has its stoichiometry shifted towards complexes with three phospho-
lipids and one calcium. This is obviously due to the presence of POPS, which
also contributes to the pre-formed one- and two-membered clusters of POPC.
Clusters of four or more lipids were not observed in either membrane.

Timescales associated with the binding of calcium cations from solution to the
membrane are plotted for each binding event as a histogram in Fig. 3.14. Using
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Figure 3.12: Isocontours of spatial number density of Ca2+ (dark blue, 0.001 Å−3)
and POPC carbonyl oxygen atoms (light semi-transparent red, 0.008 Å−3, all
POPC lipids contribute). Calcium cations localize mostly around phosphate
oxygens (oxygens red, phosphorus bronze). Interactions with carbonyl oxygens
is less likely than with phosphate oxygens, and it is contributed more by other
neighbouring phospholipids than by the same lipid. Transparent structures are
shown to depict the variability of choline configurations (colour warps from red
to blue along the simulation time). The number density was evaluated for each
lipid, after its structural alignment using only phosphate group. MDAnalysis
[Michaud-Agrawal et al., 2011] library was used for the calculations of the struc-
tural alignment and the spatial number density. VMD [Humphrey et al., 1996]
was used for visualization. Carbon atoms are depicted in cyan, hydrogen atoms
in white, oxygen atoms in red, nitrogen in blue.

these plots, we can estimate that 90% of the residence times of any calcium
cation will be lower than 60 ns for pure POPC neutral bilayer and shorter than
200 ns for the mixed 5 PC:1 PS negatively charged bilayer. The longest observed
residence times in the simulations were 141 ns for the neutral membrane and
485 ns for the negatively charged membrane. Both estimates of the residence
times come from simulations with comparable concentrations of around 250mM;
the simulation with the neutral membrane has a bulk concentration of calcium
Cion = 280mM, whereas the simulation with the negatively charged membrane
has a bulk concentration of calcium Cion = 240mM.

In summary, the results from ECC-lipids suggest that the exchange of calcium
between the POPC bilayer and the solvent occurs at the order of ∼10–100 ns,
which is significantly faster than observed in simulations with other presently
available non-polarizable models of lipids and ions [Javanainen et al., 2017, Catte
et al., 2016]. Our results suggest that simulation trajectories with a characteristic
length of several hundreds of nanoseconds are necessary to capture the binding of
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Figure 3.13: Relative probabilities of existence of Ca2+ complexes with a certain
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calculated probabilities of the calcium-lipid complexes also reflect only POPC
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Figure 3.14: Histograms of residence times of Ca2+ in a neutral membrane
composed of POPC (orange) and in a negatively charged membrane with the
composition 5 PC:1 PS (blue) from simulations with ECC-lipids and ECC-ions.
The simulation with the neutral membrane has a bulk concentration of calcium
Cion = 280mM, the simulation with the negatively charged membrane has a bulk
concentration of calcium Cion = 240mM. In the simulation with the neutral
membrane, 90% of the residence times of calcium cations are shorter than 60 ns,
with the longest observed residence time being 141 ns. In the simulation with the
negatively charged membrane, 90% of the residence times of calcium cations are
shorter than 200 ns, with the longest observed residence time being 485 ns.
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calcium to neutral POPC bilayers in equilibrium when more realistic polarizable
force fields are used. Interestingly enough, almost an order of magnitude longer
simulations are required for the negatively charged bilayers.
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Conclusion
Motivated by cellular processes, which involve ions and cell membranes as major
actors, we have investigated model phospholipid membranes and their interactions
with biologically relevant ions. The controlled concentrations of Na+ and K+

cations on either side of the membrane of neurons forms the transmembrane
potential. Neurons vary the concentrations of theses cations to modulate the
transmembrane potential and to conduct electrical signals along the axons. [Sten-
Knudsen, 2002, Storace et al., 2015, Sung et al., 2015] In our work [Melcr et al.,
2016], we compared two methods for modeling of the transmembrane potential
in molecular simulations, i.e., the constant electric field method Roux [1997,
2008], Gumbart et al. [2012], and the ion imbalance method Sachs et al. [2004a],
Kutzner et al. [2011]. We have proven the two methodologies to be equivalent,
at least for electrolytes formed by the same monovalent ions on both sides of the
membrane. While the structure of the bilayer remains almost unchanged by the
transmembrane potential, the induced electric field in the hydrophobic core of
the bilayer affects the orientation of water molecules at its interface highlighting
its importance in electroporation. [Bu et al., 2017]

Next, we performed extensive sets of simulations of phospholipid bilayers with
different salts at varying concentrations to study the binding of cations to model
membranes. We used the most abundant representants of phospholipids to form
neutral (POPC) or negatively charged (5 POPC:1 POPS) bilayers, for which we
have provided a detailed insight into the interactions with Na+, K+, and Ca2+

cations. The affinity of the cations was measured using the concept of a lipid
electrometer introduced by Seelig et al. [1987] and described in section 1.2. The
head group order parameters α and β in POPC are experimentally observed to
change proportionally to the bound charge per lipid. Such changes can then be
related to the amount of bound ions.

In our publications [Catte et al., 2016, Bacle et al., 2018], we have shown that
such order parameters can be accurately determined also from MD simulations
and their changes correlate with the amount of bound charge in phospholipid
bilayers, despite the inaccuracies in their actual structures without salts [Botan
et al., 2015]. It was found, however, that none of the force fields examined in
those works provided a sufficient accuracy for interpreting the experimentally
measured structural changes induced by salt concentrations and cation-lipid sto-
ichiometries. While there were several models that predicted realistic binding
affinities of Na+ to PC bilayers, all existing models overestimated the binding
affinity of Ca2+ unless ad hoc specific repulsive potentials between the cations
and the bilayer were applied. [Catte et al., 2016, Bacle et al., 2018] Thus, we
identified the strong binding of Na+ and Ca2+ cations in existing simulation mod-
els as a computational artifact. Such excessive amounts of cations would form
effectively positively charged membranes even at physiological concentrations af-
fecting interactions with any charged molecules. For instance, the total charge
of proteins in prokaryotes and also eukaryotes is mostly negative, [Link et al.,
1997a,b, Urquhart et al., 1998, Schwartz et al., 2001, Knight et al., 2004] Thus,
positively charged membranes would promote non-specific adsorption of proteins
on their surface contrary to experiment. [Junková et al., 2016, Lingwood and
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Simons, 2010, Sekereš et al., 2015]
A major improvement over currently available non-polarizable force fields was

achieved by developing new models of phospholipids, the so called ECC-lipids,
which are described in section 2.3 and in the publication [Melcr et al., 2018].
In contrast to the models studied in the works [Catte et al., 2016, Bacle et al.,
2018], ECC-lipids account for electronic polarization via the electronic continuum
correction, which was introduced in section 2.2. In short, ECC is an implicit
model of electronic polarizability, which can be straightforwardly implemented
into current force fields by scaling charges. In section 2.3, we demonstrated on
the cases of PC, PS, and PE phospholipids that it is sufficient to also scale the
Lennard-Jones parameters σ of the affected atoms to reach a structural agreement
with x-ray scattering experiments. Our new model, ECC-lipids, provides a proof
of concept of the applicability of ECC to charged as well as neutral molecules.

Our simulations with ECC-lipids suggest that Na+ and Ca2+ cations inter-
act specifically with the phosphate and carboxylate groups of PC and PS and
occasionally also with the carbonyl groups. K+ interacts only very weakly with
the bilayers affecting slightly only carboxylate groups in POPS, which are more
exposed to the solvent compared to phosphate groups. In overall, weaker binding
of cations to phospholipid bilayers is observed compared to previous MD sim-
ulation studies [Bacle et al., 2018, Catte et al., 2016, Böckmann et al., 2003,
Böckmann and Grubmüller, 2004, Melcrová et al., 2016, Javanainen et al., 2017].
Importantly, our simulations show for the first time a quantitative agreement
with the experimental lipid electrometer concept for POPC and also for POPS
with all the studied cations. For instance, the small differences in the responses
of the order parameter β in POPS between the Na+, K+, and Ca2+ cations are
captured well by our model. Also, the exchange of calcium between a phospho-
lipid bilayer and solvent occurs at the order of 10–100 ns, which is in accord
with experiments and also significantly faster than the time scales from simu-
lations with other presently available non-polarizable models of lipids [Melcrová
et al., 2016, Javanainen et al., 2017, Catte et al., 2016]. Nevertheless, even with
ECC-lipids, the reversible process of calcium binding to phospholipid bilayers in
equilibrium requires simulations of a characteristic length of several hundreds of
nanoseconds for the neutral bilayers, while almost an order of magnitude longer
lengths are required for the negatively charged bilayers. In summary, our results
are in accordance with the works, which suggest that monovalent cations (with
the exception of Li+) exhibit negligible binding to phospholipid bilayers, while
multivalent cations interact significantly [Cevc, 1990, Tocanne and Teissié, 1990,
Hauser et al., 1976, 1978, Herbette et al., 1984, Altenbach and Seelig, 1984, Clarke
and Lüpfert, 1999, Binder and Zschörnig, 2002, Pabst et al., 2007, Uhríková et al.,
2008, Filippov et al., 2009].

Treatment of the electronic polarization was shown to have a dramatically
positive impact on the accuracy of the description of interactions between phos-
pholipids and cations. The presented application of ECC to lipids constitutes
a pivotal work for its future adaptations to also other compounds, especially
charged and zwitterionic, e.g., proteins or nucleic acids, for which we expect
improvements in computational description in a similar range.
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