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Abstract

This thesis aims at studying the physical-chemical properties of phospho-
lipid membranes in physiological environments. Molecular dynamics sim-
ulations and metadynamics simulations have been applied to study the
interactions among membrane components, surrounding ions, and inter-
facial water. By applying metadynamics simulations, we have performed
systematic free energy calculations of Nat, K+, Ca?t, and Mg?* bound to
DMPC phospholipid membrane surfaces for the first time. The free energy
landscapes unveil specific binding behaviors of metal cations on phospho-
lipid membranes. We further propose a general methodology to explore the
free energy landscapes for ions at complex biological interfaces and apply
this methodology to examine the binding of Na™ at cholesterol-containing
membranes. The resulting free energy landscapes further validate our
methodology and unveil the cholesterol effects on Nat binding at phospho-
lipid membranes. We also study the microscopic structure and dynamics
of water and lipids in a DMPC membrane in the liquid-disordered phase by
molecular dynamics simulations. The diffusive dynamics of the membrane
lipids and of hydration water, their reorientational motions, and their cor-
responding spectral densities reveal a variety of time scales playing a role in
membrane dynamics. We have performed microsecond molecular dynam-
ics simulations on the ternary mixtures of DPPC/POPC/cholesterol in
the liquid-ordered and the liquid-disordered phases. The results show that
the interactions of lipid-lipid and lipid-cholesterol are nontrivial properties
depending on the lipid saturation and also on the mixture phase, which
are consistent with the push-pull forces derived from experiments and give
general insights on the interactions among membrane components.
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1 General Introduction and Aims
of This Thesis

1.1 Biological membranes in physiological

environments

Biological membranes are ubiquitous in nature as limiting structures of
cells, separating cell contents from external environments but also allow-
ing the passage of nutrients and wastes through them. Cell membranes
are involved in various cellular processes and play a vital role in protect-
ing the integrity of the cell and maintaining the shape of the cell. While
mammalian cell membranes are highly complex systems in terms of hetero-
geneous components, the predominant components are phospholipids and
cholesterol. Phospholipid membranes provide the framework to biological
membranes, to which other molecules such as proteins or cholesterol at-
tach. Phospholipids are amphipathic molecules composed of a hydrophilic
head group (easily attracted to water) and two hydrophobic tails (not dis-
solving in water). When placed in water, phospholipids self-assemble into
a lipid bilayer with the hydrophillic heads facing outward and tails facing
inward because of the hydrophobic effects. Lipid bilayers are simplified
but commonly applied physical models for studying biological membranes.
Exploring the physical-chemical properties of model lipid bilayers is impor-
tant for the understanding of membrane functioning and cellular processes
[1, 2, 3].



The first phospholipid to be discovered was phosphatidylcholine (PC)
in the egg yolk of chickens by Theodore Gobley in 1847 and was named
lecithin [4]. PC lipids such as di-myristoyl-phosphatidyl-choline (DMPC),
di-palmitoyl-phosphatidyl-choline (DPPC), and palmitoyl-oleoyl-phospha-
tidyl-choline (POPC) that incorporate a choline headgroup are a major
component of biological membranes. For instance, DPPC contributes ap-
proximately 40% to the compositions of pulmonary surfactant of lungs
[5].

Cholesterol is another crucial component in mammalian cell membranes,
constituting up to 50% of their weight in some cases [6]. Cholesterol can
modulate the structural and mechanical properties of membranes and can
induce a phase transition from a liquid-disordered phase to a liquid-ordered
phase. While phospholipids are both translationally and conformationally
disordered in the liquid-disordered phase, they are translationally disor-
dered and conformationally ordered in the liquid-ordered phase [7, 8.

Cholesterol is also a key component of membrane rafts, which are lipid-
cholesterol-protein assemblies functioning in membrane trafficking and sig-
nalling [9]. Membrane rafts are enriched in cholesterol and probably exist
in the liquid-ordered phase. A number of physiologically important pro-
teins are targeted to rafts, which plays a role in signal transduction, sorting
in intracellular membranes, and regulation of cell-surface proteolysis [10].
Therefore, the study on cholesterol-containing lipid bilayers is of interest
to understand membrane properties more realistically.

Moreover, biological membranes are surrounded by electrolyte solutions
in physiological environments. The interactions of membranes with water
and with ions are essential for several cellular processes, and should be
taken into account when studying membrane properties. A snapshot of a
cholesterol-containing phospholipid bilayer immersed in a CaCls aqueous

solution is shown in Figure 1.1.



Figure 1.1: Snapshot of a cholesterol-containing phospholipid bilayer im-
mersed in a CaCls aqueous solution with phospholipids in cyan,
cholesterol in blue, Ca?* ions in purple, and Cl~ ions in silver.

1.2 Computational models

In general, there are two kinds of computational models widely used for bi-
ological membranes, i.e. the coarse-grained model and the all-atom model.
In coarse-grained models, groups of atoms are treated as single particles,
which can significantly increase system sizes and timescales of the simu-
lations. Coarse-grained models have been applied to simulate large scale
and long time processes such as membrane phase transitions, hydropho-
bic matching, and membrane-protein interactions[11]. However, coarse-

grained models lack atomic resolutions and are therefore not appropriate



for studying phenomenons such as molecular vibration, ion binding, and
hydration bonding. All-atom models, though more computationally ex-
pensive, can give physical insights on relevant dynamics at atomic levels.
This thesis is based on all-atom models and includes analysis of micro-

scopic processes such as ion binding to membranes and lipid vibrations.

1.3 CHARMM36 force field

The core of molecular modeling is the force field, which describes how
the atoms interact. The interactions are classified into bonded and non-
bonded ones. The bonded interactions include bond, angle, and dihedral
terms. The nonbonded interactions include Lennard-Jones and electro-
static terms. The functional form for these interactions and parameter
values used to calculate the potential energy of a system constitute the
force field [1, 12]. MARTINT [13] force field is a coarse-grained force field
for biomolecular systems. GROMOS [14], AMBER [15], and CHARMM
[16] force fields are frequently used in atomic simulations of lipid bilayers.
The potential energy in the CHARMM force field takes the form

Utotal = Z Kb(b - b0)2 + Z K9(9 — 90)2

bonds angles

+ Z Z K, ;[1 4+ cos(njp — ;)]

dihedrals 7
12 6 1.1
<Rmin,ij> _(Rmin,ij> (1.1)
Tij Tij

S

EDTii
Coulomb 1,5 Dij

The first three terms describe the stretching, bending, and torsional bonded
interactions, and the final two terms describe nonbonded interactions. Ky,
Ky, and K, ; are force constants for the bond, angle, and dihedral po-

tential. by and 6y are equilibrium values for bond lengths and angles.



n; is multiplicity and J; is offset. The van der Waals interactions are
modeled by Lennard-Jones potential, where ¢;; is the potential energy
minimum between two particles separated by r;;, and Ry, is the posi-
tion of this minimum. For the Columbic term, ¢; and g; are the partial
atomic charges, and the dielectric constant ep equals 1 in explicit solvent
simulations [16, 17].

The recently released CHARMMS36 lipid force field [17] is one of the
most used all-atom force fields for lipid membrane simulations. Motivated
by the flaws of previous version CHARMM27 [18] and CHARMM27r [19]
which yield large positive surface tension for fluid phase bilayers and gel-
like structures of bilayers well above the gel transition temperature, se-
lected parameters were modified. The resulting CHARMMS36 lipid force
field allows for molecular dynamics simulations to be run in the tension-
less ensemble, and is desirable for simulations of pure lipid systems and
heterogeneous lipid systems [17]. This thesis includes simulations of pure
lipid bilayers and lipid mixtures, and uses the CHARMM36 lipid force field

throughout the whole set of works.

1.4 Molecular dynamics simulations and

enhanced sampling techniques

Molecular dynamics (MD) simulations [20, 21] have been widely employed
to study lipid bilayer membranes. In MD simulations, the instant po-
sitions and velocities of atoms in the system are calculated by numerical
integration of Newton’s equations of motion as the simulation evolves. The
potential energy U(ry, ..., ry,) of N interacting atoms depends on all atomic
positions r; = (z;,y;, z;). The force acting on ith atom is determined by
the gradient of the potential with respect to atomic displacements as [22]

(1.2)

Fi= =90 = (505050 ).
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The time evolution of a set of interacting atoms is obtained by the

solution of Newton’s equations of motion, i.e.,

d?ri(t)
dez

where 7;(t) = (x;(t), yi(t), zi(t)) is the position of ith atom at time ¢, F; is

the force acting upon this atom at time ¢, and m; is the mass of this atom.

F,=m;

(1.3)

The positions of atoms at time (t+At) can be obtained by the numerical
integration of Newton’s equations of motion and expressed in terms of the
previous positions [22]. The Verlet algorithm is commonly used in MD
simulations. The basic idea for this algorithm is to express the atomic

positions r at time (¢t + At) and (¢t — At) by Taylor expansions [20]

dr(t) Ld%r(t) o, 1d3r(t)
At 4~ AL 4~
a Stai e ST

r(t+ At) =r(t) + AL+ O(AtY),

2 3
dr(t)At—i— 1d T(t)AtQ 1d%r()

r{t— At =rt) - =g 21 de2 BETRRTE

A+ O(ALY).

The atomic positions r(¢t + At) can be obtained by

d*r(t) , o 4
r(t+ At) +r(t— At) =2r(t) + ¥ At + O(AtY)
=2r(t) + FO) pge2 +O(LtY),
m
r(t+ At) er(t)—r(t—At)—kmAtQ. (1.4)
m
The atomic velocities v(t) can be obtained by
r(t+ At) —r(t — At) = 2d£—$)At +O(A3)
= 20(t) At + O(AF?),



_r(t+At) —r(t - Al

o(t) ~ i . (1.5)

The equilibrium properties of the system can be obtained by time av-
eraging the corresponding physical quantities if the MD trajectories are
ergodic in the timescale of the simulation. However, in some systems, the
relevant configurations are separated by high free energy barriers, making
it a challenge to achieve ergodicity by standard MD simulations [23, 24, 25].

To enhance the sampling of relevant configurations, a number of meth-
ods have been proposed, such as umbrella sampling [26], adaptive biasing
force algorithm [27], steered molecular dynamics[28], and metaynamics
[29]. These methods are often referred to as enhanced sampling tech-
niques or as free energy methods due to their close relations with free

energy calculations [23, 24, 25, 30].

1.5 Metaynamics

In metadynamics, an external history-dependent bias potential is con-
structed in the space of one or a few predefined collective variables (CVs).
This potential is built as a sum of Gaussians deposited along the system
trajectory in the CVs space to discourage the system from revisiting con-
figurations that have already been sampled [29, 25, 23].

Let S be a set of CVs described by the microscopic coordinates R of
the system

S(R) = (S1(R), ..., Sa(R)). (1.6)
At time t, the metadynamics bias potential is
d

Va(S.6) / Woexp (_Z@AR)—SAR@')))Q) amn

202
i=1 i

where o; is the width of the Gaussian for the ith CV, and w is a con-



stant energy rate depending on the Gaussian height W and the Gaussian

deposition stride 75 as

w =

%. (1.8)

The effect of the metadynamics bias potential is to push the system
away from local free energy minima into visiting new regions of the CVs
space. After the free energy minima are filled up by Gaussians, the bias
potential Vi will approximately flatten the underlying free energy F'(.S).

In the long time limit, the bias potential Vi converges to

Va(S,t — 00) = —F(S) + C, (1.9)

where C' is an irrelevant constant.

Since Gaussians of constant height are added during a metadynamics
simulation, the system is eventually pushed to explore high free energy re-
gions and the estimate of the free energy calculated from the bias potential

Ve oscillates around the real free energy F(S).

1.6 Well-tempered metaynamics

Well-tempered metadynamics [31, 25, 23], a variant of metadynamics, has
been proposed to decrease the error between the metadynamics estimate of
the free energy and the real free energy. In well-tempered metadynamics,
the height of the Gaussian is decreased with simulation time as

_ Va(s.t)

W =wrge *BAT | (1.10)

where AT is an input parameter with the dimension of a temperature,
and kp is the Boltzmann constant.

With this rescaling of the Gaussian height, the bias potential Vi does
not fully compensate the underlying free energy F'(S), but it smoothly



converges to

AT

VG(S,t — OO) = —m

F(S) +C, (1.11)

where T is the temperature of the system and C' is an irrelevant constant.
In the long time limit, the CVs thus sample an ensemble at a temperature
T + AT which is higher than the system temperature 7. While AT = 0
corresponds to standard molecular dynamics, AT — oo corresponds to
standard metadynamics. The ratio between the temperature of the CVs
(T + AT) and the system temperature (7') is named as the bias factor ~y

in well-tempered metadynamics simulations, which is

T+AT
ST

The bias factor v should be carefully chosen in order for the relevant free

(1.12)

energy barriers to be crossed efficiently in well-tempered metadynamics

simulations.

1.7 Aims of this thesis

This thesis aims at studying the physical-chemical properties of model
lipid bilayers in physiological environments. Since biological membranes
composed of phospholipids and cholesterol are surrounded by electrolyte
solutions in physiological environments, understanding the interactions of
phospholipids with cholesterol, lipid bilayers with surrounding ions, and
lipid bilayers with interfacial water are of great fundamental importance.
Moreover, phospholipids are classified into saturated ones and unsaturated
ones according to the tail saturation. Therefore, considering the tail satu-
ration is another important issue when studying lipid bilayers.

The lipids involved in this thesis include the saturated phospholipids
DMPC and DPPC, the unsaturated phospholipid POPC, and cholesterol.

The chemical structures of these lipids are shown in Figure 1.2. While all



Cholesterol
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Figure 1.2: Chemical structures of phospholipids DMPC, DPPC, and
POPC and cholesterol.

the phospholipids DMPC, DPPC, and POPC have the same phosphatidyl-
choline (PC) head group, DPPC has slightly longer tails than DMPC and
POPC has an unsaturated double bond in the tails.

Classical molecular dynamics simulations and well-tempered metady-
namics simulations have been applied in this thesis. The outline of the
thesis is as follows.

In Chapter 2, we study the microscopic structure and dynamics of wa-
ter and lipids in a DMPC phospholipid membrane in the liquid-disordered
phase by classical molecular dynamics simulations. The diffusive dynam-
ics of the membrane lipids and of its hydration water, their reorientational
motions as well as their corresponding spectral densities, related to the

absorption of radiation, have been considered for the first time using the
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CHARMMS36 force field. In addition, structural properties such as den-
sity and pressure profiles, a deuterium-order parameter, surface tension
and the extent of water penetration in the membrane have been analyzed.
Molecular self-diffusion, reorientational motions and spectral densities of
atomic species reveal a variety of time scales playing a role in membrane
dynamics. The mechanisms of lipid motion strongly depend on the time
scale considered. Lipid reorientation along selected directions agree well
with reported nuclear magnetic resonance data and indicate two different
time scales. Calculated spectral densities corresponding to lipid and wa-
ter reveal an overall good qualitative agreement with Fourier transform
infrared spectroscopy experiments. The physical meaning of all spectral
features from lipid atomic sites is analyzed and correlated with experimen-
tal data.

In Chapter 3, we study the ion binding landscapes of phospholipid
membranes. By applying well-tempered metadynamics simulations, we
have performed systematic free-energy calculations of Na®, KT, Ca2*,
and Mg?* bound to DMPC phospholipid membrane surfaces for the first
time. The free-energy landscapes unveil specific binding behaviors of metal
cations on phospholipid membranes. This work provides a general method-
ology to explore the free-energy landscapes for ions at complex biological
interfaces which can be extended to study other interactions of interest
between ions and charged headgroups in colloidal chemistry and biology.

In Chapter 4, we further apply this methodology to cholesterol-containing
membranes by means of systematic free energy calculations of Na™ bound
to DMPC phospholipid membranes of several cholesterol concentrations.
The resulting free energy landscapes further validate our methodology at
membrane interfaces with higher complexity and unveil the cholesterol ef-
fects on Na™ binding at phospholipid membranes.

In Chapter 5, we have performed microsecond molecular dynamics sim-
ulations on the ternary mixtures of DPPC/POPC/cholesterol to systemat-

ically examined lipid-lipid and lipid-cholesterol interactions in the liquid-

11



ordered and the liquid-disordered phases. The results show that the inter-
actions of lipid-lipid and lipid-cholesterol are nontrivial properties depend-
ing on the lipid saturation and also on the mixture phase. The results are
consistent with experiments and give systematical descriptions of the mu-
tual interactions between various like or unlike species in different phases.

The conclusions of each chapter are summarized in Chapter 6.

12



2 Diffusion and Spectroscopy of
DMPC Phospholipid

Membranes

Microscopic structure and dynamics of water and lipids in a fully hydrated
DMPC phospholipid membrane in the liquid-disordered phase have been
analyzed with all-atom molecular dynamics simulations based on the re-
cently parameterized CHARMMS36 force field. The diffusive dynamics of
the membrane lipids and of its hydration water, their reorientational mo-
tions as well as their corresponding spectral densities, related to the ab-
sorption of radiation, have been considered for the first time using the
present force field. In addition, structural properties such as density and
pressure profiles, a deuterium-order parameter, surface tension and the
extent of water penetration in the membrane have been analyzed. Molec-
ular self-diffusion, reorientational motions and spectral densities of atomic
species reveal a variety of time scales playing a role in membrane dynam-

4

ics. Our findings include a “wagging of the tails” frequency around 30
cm ™!, which essentially corresponds to motions of the tail-group along the
instantaneous plane formed by the two lipid tails, i.e., in-plane oscillations
are clearly of bigger importance than those along the normal-to-the plane

direction.
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2.1 Introduction

Biological membranes are ubiquitous in nature as limiting structures of
cells, separating cell contents from external environments, but allowing the
passage of nutrients and wastes through them. Phospholipid membranes
provide the framework to biological membranes, to which other molecules
(such as proteins or cholesterol) attach. They consist of two leaflets of am-
phiphilic lipids which self-assemble due to the hydrophobic effect [3]. The
study of pure component membranes can help understand basic biological
membrane functions and its interaction with the environment. Among a
wide variety of lipids, DMPC are phospholipids incorporating a choline
as a headgroup and a tailgroup formed by two myristoyl chains. They
are usually synthesized to be used for research purposes (studies of lipo-
somes and bilayer membranes). Their properties are very similar to those
of DPPC which has the same structure but slightly longer tails, being a
major constituent of pulmonary surfactants of lungs[32] (about 40%).
Structure and dynamics of lipid bilayers in water environments have
been thoroughly analyzed from long time ago from the experimental and
theoretical points of view, including water permeation and lipid hydration
[33, 34, 35]. Structure has been well characterized by Fourier transform
infrared spectroscopy (FTIR) and from quasielastic neutron scattering
(QENS), whereas hydration of lipid membranes can be probed by means
of ultrafast polarization selective vibrational pump-robe spectroscopy[36],
among a variety of techniques. Nevertheless, its microscopic dynamics
remains controversial due to the multiple time scales involved (see for in-
stance Ref.[37]). Indeed, while at short timescales the dynamics of lipids
is dominated by fast translations restricted by their neighbors (rattling in
a cage effect), at long timescales the motion of lipids exhibits a slower
long-range diffusion. To reconcile both regimes, a mechanism based on
the hopping of lipids to nearby spontaneously created voids was proposed.

This paradigm offered an explanation to the apparent contradiction of

14



the lipid motion at different timescales and was instrumental to interpret
QENS backscattering experiments [38]. However, this mechanism was re-
cently challenged by different computational[39] and experimental studies
[40, 41], in which it is found that the dynamics of lipids at long timescales
is collective in nature, strongly correlated over tens of nanometers to the
dynamics of the neighboring lipids. This concerted motion creates lipid
flow patterns at the mesoscopic scale. In addition, lipid dynamics can be
affected by rare event phenomena such as lipid flip-flops (translocations
of a lipid chain between the two leaflets composing a membrane), occur-
ring at a time scale of the order of hundreds of nanoseconds [42] and for
that reason requiring specific computational tools to analyze them, such
as transition path sampling[43].

Spectroscopic methods provide a valuable tool to help uncover the mech-
anisms of lipid dynamics. Together with FTIR and QENS mentioned
above, other techniques such as small angle scattering of synchrotron ra-
diation, dielectric spectroscopy and nuclear magnetic resonance have also
provided valuable information on the properties of lipid bilayers[44, 45].
However, experimental data is often not conclusive and it requires the-
oretical interpretation. In that respect, molecular dynamics simulations
of lipid bilayers can be used to ascertain the microscopic mechanisms re-
sponsible for experimental observations. In that spirit, we report in the
present work a detailed study of the structure and dynamics of DMPC
lipid bilayers. Similar works have been already published using other force
fields[44, 46, 47] but, up to our knowledge, this is the first work where re-
sults of dynamical properties such as long time diffusion and spectroscopy
have been obtained using CHARMMS36 force field [17]. In particular, we
focussed our view on three particular issues: (1) the characterization of
the structure and dynamics of DMPC, (2) the analysis of the microscopic
mechanisms of diffusion at different timescales, and (3) the characteriza-
tion of the motion of atoms by calculating spectral densities, which can be

related to a variety of spectroscopic experimental techniques.
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2.2 Methods

Our system is a prototype model of an aqueous bilayer membrane com-
posed by 128 lipids distributed in two leaflets of 64 flexible DMPC molecules
surrounded by 4377 TIP3P[48] water molecules. In contrast to the origi-
nal TIP3P force field, the water model employed in this work allows flexi-
ble internal motions (bending, stretching) of water molecules, in order to
compute specific spectral densities (see section 2.3.5). With ~ 34.2 water
molecules per lipid, our simulated lipid bilayer can be considered fully hy-
drated [49]. A general view of the system is represented in Figure 2.1. Each
DMPC molecule is described with atomic resolution (118 sites). Some of
the most relevant sites considered in this work, which will be referred to
in the analysis of the results, are highlighted in Figure 2.2.

Molecular dynamics simulations were performed by means of the NAMD2
molecular dynamics simulation package[50] at a temperature of 303 K and
an average pressure of 1 atm. The simulation time step was set to 2 fs
for a long 200 ns run and to 0.5 fs for additional short runs, used to
analyze vibrations of hydrogens. The recently parameterized force field
CHARMMS36, which is able to reproduce the area per lipid in excellent
agreement with experimental data, has been used. For the long 200 ns
run, all molecular bonds have been left non rigid, except the bonds made
with hydrogens. For the short runs, fluctuations of bond distances and
angles associated to hydrogens have been allowed as well. Van der Waals
interactions were cut off at 12 Awith a smooth switching function starting
at 10 A. Long ranged electrostatic forces were computed with the help
of the particle mesh Ewald method[51], with a grid space of about 1 A.
Electrostatic interactions were updated every 2 fs. Periodic boundary con-
ditions were applied in all three dimensions. After energy minimization,
the system was equilibrated in the NPT ensemble at 1 atm for 30 ns.
During the NPT simulation run we monitored the surface area per lipid

considering the total surface along the XY plane (plane parallel to the
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bilayer surface) divided by the number of lipids in one lamellar layer[52].
The final area per lipid was 60.5 A2 (see top panel of Figure 2.3), which
is consistent with the expected result of CHARMMS36 force field (60.8
A?)[17] and also with the experimental value (60.6 A?)[53]. The reader
should note that this value for the area per lipid arises naturally from the
relaxation of the system at a given temperature, pressure and number of
particles rather than being an imposition to fit the experimental value.
Its agreement with the experimental value validates both the use of the
CHARMMS36 force field and the chosen equilibration procedure.

Next, a 200 ns production run was performed in the NVT ensemble, with
XY plane fixed at 67.4 Ax 57.4 A, which was the final size of the pre-
vious equilibrating NPT simulation, and Z direction (normal to the XY
plane) fixed at 140 A . The temperature was controlled by a Langevin
thermostat[54] with a damping coefficient of 1 ps~! for both NPT and
NVT simulations, whereas the pressure was controlled by a Nosé-Hoover
Langevin barostat[55] with a piston oscillation time of 200 fs and a damp-
ing time of 100 fs for the NPT simulation. Since one important goal of this
work is to characterize the diffusion of water and lipids over several time
scales, we conducted simulation runs of different lengths with appropri-
ately chosen data recording frequencies (see Table 2.1). Finally, in order
to eliminate any artificial drift of the center-of-mass of the system in the
simulations, the coordinates of lipid atoms were corrected for the motion
of the center-of-mass of the monolayer they belong to[56].

To ensure that we are simulating the liquid phase of the model system
as well as to efficiently characterize the order of the aqueous lipid bilayer,
we computed the deuterium order parameter Scp which can be obtained
from 2H NMR experiments. This quantity was first reported by Stockton
and Smith[57] and later on adapted by Hofséss et al.[58], by means of an

order parameter defined for each CHy group as follows:

1
Scp = 5(3 < cos*Ocp > -1), (2.1)
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Figure 2.1: Snapshot of the DMPC bilayer membrane simulated in this
work. The carbon chains of DMPC molecules are shown in
cyan. Nitrogen atoms are depicted in blue, phosphorus in
green and ester oxygens in red. Water molecules have been
represented in different colors depending on their location: in
purple those located at 6 A or more from any site of a lipid
chain (“bulk”); in orange those located between 6 and 3 A
from any lipid site (“intermediate”) and in yellow those located
closer than 3 A of any lipid site (“contact”).

where fcp is the angle between the membrane normal and a CH-bond
(a CD-bond in the experiments). Brackets in Eq.2.1 indicate ensemble
average for all lipids. The results are shown in the bottom panel of Fig.2.3
for the two chains (snl, sn2) of a DMPC molecule. The results are in good
agreement with both experimental [59, 60] and simulation works [58, 61, 62]
and confirm that the system, in the simulation conditions assumed in the

present work, pertains to the liquid phase.
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Figure 2.2: DMPC molecule with highlighted sites considered in this work.
Hydrogen atoms not shown.

Table 2.1: Simulation lengths and frequency of recording data for the
study of diffusion of water and dynamics of lipids at the ballistic,
sub-diffusive and diffusive regimes.

Purpose Length | Frequency
Ballistic 10 ps 1fs
Sub-diffusive 1 ns 100 fs
Fickian (longtime) | 200 ns 10 ps
Water diffusion 50 ps 5 fs

2.3 Results

2.3.1 Pressure profile and surface tension of the

membrane

The pressure profile, i.e. lateral minus normal pressure as a function of the
Z coordinate, has been obtained from a series of 10 additional simulations
(total run length of 20 ns) in the NPT ensemble, in order to better control
pressure fluctuations of the system, which strongly affect the pressure at
the membrane. Along such short runs, the XY dimensions were fixed at
67.4 Ax 57.4 A while the box Z coordinate (fluctuating around 70 A) was
allowed to adjust to the pressure of 1 atm. The remaining parameters were
kept the same as those employed during the equilibration run.

The result is displayed in Figure 2.4. Our results agree qualitatively well
with those reported in a previous work [63], with some differences observed
at relevant regions of the membrane, i.e. the water-lipid interface and the

center of the membrane where the two leaflets are in close contact through
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Figure 2.3: Area per lipid as a function of simulation time (top) and order
parameter for selected carbon sites at the tailgroups (bottom).

tail-tail interactions. We observe significant fluctuations alongside the bi-
layer of the same order of magnitude already found in previous simulation
works[63]. The uncertainty of the pressure profile, represented in the error

bars of Figure 2.4, was estimated by calculating the absolute difference
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Figure 2.4: Pressure profile: Pp(z) — Pn(2).

of the results obtained from each of the ten independent simulations and
their average. From the pressure profile we calculated the surface tension
~ using[64], i.e.,

h
y= / dz [Py — Py, (2.2)
2
where h is the height of the simulated system’s volume, with the normal
and lateral pressures given by Py = P,, and P;, = %(Pm + P,,), respec-
tively. Here, P;; with ¢ = x,y, z are components of the stress tensor for a
bilayer whose normal is parallel to the Z-axis. From Eq.2.2, we obtain for
the surface tension v = —0.1 £ 1.2 mN/m, again in good agreement with
previous works[65] (gel phase, low hydration), [63] (liquid phase). From
experimental and theoretical previous works, the expected surface tension
of a lipid bilayer membrane should be zero [65, 66, 67, 68, 69].
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2.3.2 Structure

The local structure of the system can be resolved by means of atomic den-
sity profiles, shown in Figure 2.5. We sliced the system into 0.1 A- width
layers perpendicular to the Z-axis. The overall results are in accordance
with those of Griepernau and Bockmann [62], who employed a different

force field in the description of the lipids.

We have considered the densities of nitrogen, phosphorus, and carbon
atoms close to the center of mass of the lipids, carbons at the head and
tails of lipids, water, and the lipid backbone (excluding hydrogens). A
closer look into water densities allows us to distinguish the three regions
sketched in the snapshot of Figure 2.1: Region (a) “bulk” water (more
than 6 A away from the position of any lipid site); (b) “intermediate”

water (between 3 and 6 A of any lipid site) and (c) “contact” (interfacial)
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Figure 2.6: Radial distribution functions of water (Oxygens, Ow and Hy-
drogens, Hw) related to several species: nitrogen (N), phos-
phorus (P), carbon (C2).

water (within 3 A of any lipid site). From a general perspective, the
structure of the lipid bilayer shows few differences compared to the one
obtained by means of the previous CHARMM?27 force field [47].

To investigate the distribution of water molecules around lipid species,
we also report selected water-lipid radial distribution functions in Fig-
ure 2.6. Our results are in good agreement with those recently reported
by Hansen et al. [47] and indicate a selective binding of water around
atoms such as nitrogen and phosphorus and a weak affinity for intermedi-
ate carbons as C2, located very close to the center of mass of a lipid chain.
As a general fact, water shows a tendency to place around phosphorus at
shorter distances (3.8 A) than around nitrogen (4.3 A). Further, a second
water layer around P can be observed at ~ 6 A, whereas no second layer

around N has been detected.
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Figure 2.7: Mean square displacement of water oxygens. The result from
the bulk of pure TIP3P water employed in the present work

has been included for the sake of comparion with our system’s
bulk.

2.3.3 Water diffusion

Water dynamics in phospholipid membranes has been from long time a
controversial issue, with different approaches referring water hydration and
its behavior in the vicinity and inside the membrane [70, 71, 72]. Water
self-diffusion coefficients D,, have been obtained from the analysis of the
time-dependence of the mean square displacement (MSD) of oxygen atoms,
displayed in Figure 2.7. The calculation of D, renders an overall value
of 2.66 x 107° cm?/s, obtained from all water molecules independently
of their positions in the system. This can be compared with the self-
diffusion of water in a pure system, simulated with the same force field
employed in the present work. To do so, we conducted a 50 ps simulation
run (after equilibration) in the NVT ensemble. The value of DP'® has
been of 4.0 x 107° em? /s, indicating that the TIP3P model employed in

this work tends to overemphasize water’s diffusion. Similar results were
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obtained by Rosso and Gould [35].

We have also considered the diffusion of water located in the three dif-
ferent regions defined above: bulk, intermediate, and contact regions. The
diffusion coefficient obtained for water in the “contact” region is 0.26 x 10~
ecm?/s, much smaller than the values obtained for the “intermediate”
(1.29 x 107° em 2 /s) and “bulk” (3.77 x 1075 cm?/s) regions. The latter
value is in excellent agreement with the value reported above for pure wa-
ter, which validates the choice of the “bulk” like region considered in the
present work. So, although the water model employed in this work con-
siderably overestimates water diffusion in bulk (the experimental value for
the water diffusion coefficient is 2.3 x 107° cm ? /s [73]), the drastic drop in
water diffusion at the interface should be model independent and related
to the interaction of water molecules with the hydrophilic lipid heads.

During the calculation time-window of 10 ps, about ~24% of water
molecules remained in the “bulk” group, ~6% water molecules stayed in
the “contact” zone, while only ~0.5% of them were accounted as “inter-
mediate” water molecules, with the remaining water molecules fluctuating
between different zones. For this reason, statistics at the intermediate
zone are much worse than those from the other two regions, which is re-
flected in the noise observed in the MSD of “intermediate water” reported

in Figure 2.7.

2.3.4 Mechanisms of lipid diffusion

One of most relevant issues in the study of phospholipid membranes con-
cerns the lateral diffusion of lipid chains. Different factors such as temper-
ature, pressure, amount of cholesterol and proteins, hydration, concentra-
tion of salts, etc. may have strong influence on lipid dynamics. Further,
a variety of experimental methods report significantly different values for
the diffusion coefficient. Experimental studies using pulsed gradient nu-
clear magnetic resonance [74], single particle tracking [75], fluorescence

recovery after photobleaching [38], or from fluorescence correlation spec-
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Figure 2.8: Mean square displacement of lipid atoms. (a) Sub-picosecond
time scale; (b) nanosecond time scale; (¢) hundred nanoseconds
time scale. The inset shows the range of longest time, between
120 and 150 ns.

troscopy [76] report values within 0.5x1077 em?/s and 1x10~7 cm?/s.
Neutron scattering experiments, operating in the picosecond range, pro-
duce diffusion coeflicients significantly higher [37, 38, 77], in the range of
1t0 10x1077 cm?/s.

Furthermore, there exists a controversy concerning the existence of two
regimes working on the dynamics of lipids, namely (1) the fast confined
motion limited by the neighboring lipids, i.e. rattling in a cage effect[44],
probably due to the wagging of lipid tails, as it has been observed for
some fatty acids[78] at short timescales and (2) the slower long-range dif-
fusion exhibited at longer timescales. The accepted paradigm is based on
a mechanism of lipid hopping out of the neighbor cage to nearby spon-
taneously created voids, which successfully accounts for QENS backscat-
tering experiments[38]. Such a mechanism was put in question by Falck
et al.[39], who studied the lateral diffusion of lipid membranes with MD
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Table 2.2: Exponent [ of lipid atoms corresponds to ballistic motion, sub-
diffusion, and long time (Fickian) diffusion.

Atom Brattistic /Bsub—diffusive BFickian
N 1.94 0.57 1.04
P 1.96 0.62 1.08
C15 1.94 0.54 1.04
C2 1.92 0.62 1.11
C (at tail’s end) 1.94 0.49 0.90

simulations. They concluded that the dynamics of lipids at long timescales
is collective in nature, strongly correlated over tens of nanometers to the
dynamics of their neighbors. Later on it was shown that such mechanism
was consistent with experiments [40, 41].

Generally, the time-dependence of the lateral MSD of membrane lipids

can be described by a power law as follows:

<P(t) >~ A -1, (2.3)

where the exponent [ changes for different time scales. At the shortest
time scale, lipids undergo ballistic motion (with g ~2), followed by sub-
diffusion (with 0 < 8 < 1) at some intermediate scale, and ending with
continuous Brownian motion with 5 ~1 at the longest time scale available
in our computer simulations. We have separated these three time regimes
from different parts of the MSD, as illustrated in Figure 2.8. The results
of 8 computed for selected lipid atoms (N, P, C15, C2, C at tail’s ends)
at different time scales are reported in Table 2.2. The results corroborate
the choice and denomination of the three relevant time scales.

To characterize the dynamics of lipids at the different time-scales we

have computed lateral diffusion coefficients Dy, of selected lipid atoms (N,
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Table 2.3: Effective and real diffusion coefficients of atomic species in
lipids (in 1077 ¢cm?/s) obtained at different time scales. Ballistic
corresponds to the 0.1 ps time scale, sub-diffusive corresponds
to the 0.3 ns time scale and Fickian has been obtained at the
150 ns time scale.

Atom Dyantistic Dsub—diffusi'ue Drickian
N 92 4.30 0.65
P 48 2.84 0.61
C15 120 5.05 0.66
C2 105 2.18 0.61
C (at tail’s end) 121 8.8 0.65

P, C15, C2 and C at tail’s ends), given by

(2.4)

Full results of diffusion coefficients of lipids are reported in Table 2.3, where
we have separated results corresponding to the three time scales indicated
above, obtained from different parts of the time-dependence of the MSD of
selected lipid sites. We refer to them as diffusion coefficients, although real
diffusion is only achieved at the longest time scale and in the two shorter
time scales we can only compute effective diffusion coefficients, which will
provide valuable information on the rapidity of atomic motions.

In the sub-picosecond time scale (between 1 fs and 0.1 ps, part (a) of
Figure 2.8) 8 ranges between 1.92 and 1.96, indicative of ballistic motion
(see Table 2.2). In that regime we observe fast motion of all atoms in
the lipids, with effective diffusion coefficients of the order of 1075 ecm? /s
(see Table 2.3). This is an indication of flow-like ballistic diffusion, with
all atoms acting as free inertial particles. We note that atoms belonging
to the same lipid can move up to 2.5 times faster than others, e.g. tail
carbons (C214 and C314) compared to phosphorus. In between, carbons
at lipid heads (C15) tend to move at rates of ~120x10~7 cm 2/s.
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At a longer time scale (range between 0.01 and 10 ns, part (b) of Fig-
ure 2.8), the so-called sub-diffusive regime[46], we obtain different values
for the effective diffusion coefficient, of the order of x10~7 ¢cm?/s. In this
regime the MSD scales with 0 < 8 < 1, see Eq.2.3. We obtained values
for 5 between 0.49 for carbons at the final sites of tailgroups and 0.62 for
phosphorus or C2. These values are in good agreement with those recently
reported by Jeon et al.[79] for several different membranes. In this time
scale the dynamics is slower due to interactions of the lipid chains with
neighboring ones, although they have not reached a pure diffusive regime
yet. Our results for the effective diffusion coefficients range between ~ 2
and 9x 1077 cm 2 /s. Now the fastest motions are due to carbons located at
the lipid tail whereas C2 carbons, close to the center-of-mass of the lipid
chain, are the slowest.

Lipid sub-diffusion has been observed in several experiments [80]. The
main observation is that MSD can be described by a power law < 7#2(t) >~
A -8, with a time dependence of MSD in sub-diffusive time scale (0 <
B < 1) weaker than that in Fickian diffusion, where g ~ 1. However,
the physical mechanisms behind sub-diffusion could be diverse according
to specific environments. Models such as continuous time random walk,
fractional Brownian motion and the fractional Langevin equation (FLE)
have been proposed [81]. Based on extensive molecular dynamics simula-
tions, Jeon et al. [79] showed that sub-diffusion in lipid bilayers can be
described by a FLE-type stochastic motion. We see in our simulations
that the length scale explored by lipids in the sub-diffusive regime is com-
parable and slightly over the typical lipid-lipid distance (see Figure 2.8).
This suggests that the sub-diffusive regime is reached when a lipid chain
crosses a given energy barrier created by the interaction with its nearest
neighbors. Lipid bilayer membrane is a crowded environment, where a
mobile lipid molecule will be constrained continually by rattling in a cage
motion due to its local environment. As a result its effective motion is

offset, corresponding to a slower MSD increment, i.e., weaker time depen-
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dence. After colliding with environments during a given transient time,
a lipid chain will move towards a direction where it will have a chance
to surmount the energy barrier and escape from its neighbors’ cage. The
typical time needed for a lipid to find such a comfortable direction, i.e., a
place with lower energy barrier is the intermediate time scale with 8 ob-
served before the linear MSD is achieved. This interpretation is in overall
agreement with previous ones [44].

Finally, full diffusion is practically achieved at the time scale of hundreds
of nanoseconds (part (c) of Figure 2.8, where 5 ~ 1). In that regime the
dynamics of lipids is governed by Fickian diffusion, i.e. due to gradients
of concentration and not mediated by local, short ranged effects as in the
case of the previous regimes. Interestingly, at this time scale, all (selected)
atoms in the lipid diffuse at approximately the same rate, with diffusion
coefficients between 0.61 and 0.66x10~7 cm 2 /s. This suggests that lateral
diffusion of a lipid chain is the result of its global motion. The diffusion
coefficient of atom C2, located next to the center-of-mass of the lipid,
Dy = 0.61x1077 cm? /s, is in close agreement with the experimental result
obtained from FRAP experiments (at 30°C) of 0.59x10~7 cm?/s [82]. In
contrast, the diffusion coefficient reported from simulations based on the
CHARMM27[18] force field by Flenner et al. [46], 1.46x10~" cm?/s, is
in clear discrepancy with the experimental value. Thus, it seems clear
that the CHARMMS36 force field accounts better than CHARMMZ27 for
the diffusion of DMPC lipids in bilayer membranes.

To further investigate the diffusive dynamics of lipids at long timescales,
we have depicted in Figure 2.9 the time evolution of the displacements of
lipid chains pertaining to one single monolayer. The physical features re-
ported here were observed independently for the two lipid monolayers. We
tracked three atoms of each lipid chain (C15, C2, C314, located at the lipid
head, center and tail, respectively) during different instants of the simu-
lated trajectory (50, 100, 150 and 200 ns). As shown in Figure 2.9, after

50 ns the displacements of all lipid sites considered are already evident.
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After 100 ns, longer displacements are seen in all cases, with some indi-
cation of the appearance of nanodomains or collective local motions, for
all classes of particles considered, identified in Figure 2.9 with red ellipses.
For longer times, the regions where lipid species move in a concerted way
are evident for all sites. At times up to 200 ns, the particles keep moving
same way. Within the timescales explored, the direction of the motion of
the identified nanodomains seem to be conserved in time, with all three
sites (C15, C2 and C314) moving roughly towards the same direction. This
is in agreement with the fact that diffusion coefficients are fully equivalent
at the Fickian regime (variations smaller than 10%, see Table 2.3).

In summary, we observed that neighboring lipids forming nanodomains
move concertedly in a particular direction within the plane of the mem-
brane. This reveals a mechanism of diffusion based on collective flows of a
limited number of lipid chains, which results in diffusion coefficients of the
order of 0.6x1077 ¢cm?/s. This conclusion is in overall agreement with the
computer simulation’s findings of Falck et al. [39] and the QENS data of
Busch et al.[40], although in our case the size of the lipid clusters formed

is smaller, in the order of 10 lipid chains.

2.3.5 Spectral densities of water and lipid species

In this section we analyze the spectral densities of water oxygens, water
hydrogens, as well as of selected atomic sites at the DMPC molecules.
Experimental infrared spectra are usually obtained through the absorption
coefficient a(w) or the imaginary part of the frequency-dependent dielectric
constant. These properties are directly related to the absorption lineshape
I(w), which can be obtained from molecular dynamics simulations[83, 84]
in certain cases, as it will be highlighted below.

The spectral density S(w) is defined as

Si(w) = /000 dt C;(t) cos(wt) (2.5)
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Figure 2.9: Contour plots of lipid displacements as a function of time.
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where C;(t) =< v;(t)v;(0) > is the velocity autocorrelation function for
atom i. In our case i = Oyater, Huwater, Hiipid, N, P, C2, C15, C27, C214
and C314 (average of the latter two), with the brackets (---) denoting
equilibrium ensemble average.

In the case of water, it has been shown that S(w) is directly related to

I(w), giving

I(w) ! / Tt < M (t)M (0) > cos(wt)

L .. (2.6)
=3 | dt < M(t)M(0) > cos(wt),

where M(t) is the total dipole moment of water [84]. The final expres-
sion has been obtained by repeated integration by parts and using time
symmetry. For three-site water models with partial charges (such as the
TIP3P model), we can write

. 2N N
M(t)=q) u,(t) — 24y To,(t) (2.7)
i=1 =1

where ¢ stands for the effective hydrogen charge, N the total number of
water molecules in the system and vp,(y,) is the velocity of the oxygen
(hydrogen) of atom 4 at time ¢. Using this expression in Eq.2.6 we ob-
tain terms with self and cross velocity correlation functions. It has been
proven[84] that the terms including oxygen velocities have minor influence
in the final result of the absorption lineshape and can be neglected, and
Eq.2.6 becomes

2N¢?
I(w) ~ =4

SHwateT (w) (28)

From Eq.2.8 we see that knowledge of the lineshape I(w) can be used to

Tw?
study the motion of water hydrogens. Hence, although classical molec-

ular dynamics simulations are not able to fully reproduce experimental

absorption coefficients, these being quantum properties, they can be used
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to locate the position of the spectral bands since in the harmonic (oscil-
lator) approximation classical and quantum fundamental frequencies are
the same.

We characterize the vibration of the center of mass of water by com-
puting its corresponding spectral density Sqyater(w), which is displayed in
Figure 2.10. Such spectral densities are directly related with low frequency
bands observed at far infrared and Raman spectroscopy measurements of
liquid water[85, 86]. The three groups of water molecules defined in section
2.3.2 have been considered. We observe spectral shifts in good qualitative
agreement with results obtained for a DPPC membrane[87]. For bulk
water, the two main bands in the range of mid-infrared vibrations (experi-
mentally located at 60 and 170 cm~*[88]) are present, the lowest frequency
centered at about 35 cm™! and the highest one at around 225 cm~!. For
water molecules located next to lipid atoms (intermediate and contact
regions) the first low frequency peak blueshifts, whereas the highest fre-
quency band remains unchanged. In addition, for water in close contact
with lipid sites, the signature of hydrogen-bonding shows a marked ten-
dency to disappear. The first peak is usually related to hindered vibrations
of a water molecule in the cage of its nearest neighbors (rattling in a cage),

whereas the band centered around 200 cm™!

is associated to stretching
vibrations of hydrogen-bonds [89]. The disappearance of this second peak
seems to suggest that water molecules in contact with lipid sites tend to
form a lower number of hydrogen-bonds.

The spectral density corresponding to the water’s hydrogens, directly
related to the absorption linewidth of radiation (see Eq.2.8), is shown in
Figure 2.11. In the spectra, three regions need to be distinguished: one
for frequencies up to 1000 cm~! (librational motions), a second one for
frequencies between 1000 and 2000 cm ! (bending motions), and a third
spectral band between 2000 and 4000 cm™! (stretching motions). We ob-
serve in Figure 2.11 that stretching vibrations of water reveal a broad band

centered at ~3360 cm~!, formed by two maxima at 3320 and 3375 cm~".
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Figure 2.10: Spectral densities Sy, (w) of water’s center-of-mass.

These results are in good overall agreement with very recent FTIR findings
by Disalvo and Frias[90], who observed maxima at 3300 and 3550 cm~!
for water in DMPC at 25 °C, what indicates that our second maximum is
underestimated by about 175 cm~!. The location of the bending mode is
also overestimated, centered around 1795 cm™! in the present work, be-
ing the experimental value[90] of 1700 cm~!. Finally, librations are fairly

well reproduced, with maxima around 455 cm™".

This agrees well with
experimental information available for pure water[91], which indicates the
existence of a broad band associated to librations between 300 and 900
cm™!. From the results shown in Fig.2.11, we see that hydrogens pertain-
ing to water molecules close to lipid chains (contact water) show the same
bending and stretching vibrations as bulk water, but at the librational
region, associated to molecular rotations, a neat blue shift of ~ 90 cm™!
is observed. In contrast, water located between 3 and 6 A of lipid sites
(intermediate) shows the same frequency vibrations as bulk water for all
three bands.

Vibrations of hydrogens pertaining to lipid chains exhibit significant
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Figure 2.11: Hydrogen spectral densities Sy (w) for lipid and water species.

changes when compared with those of water hydrogens, revealing that
molecular motions of hydrogens in lipid chains are significantly slower
than those in water: firstly, the high-frequency stretching band is cen-
tered around 3000 cm~! and split into two contributions for hydrogens
pertaining to lipid heads (2945, 3080 cm™~!). This vibration should corre-
spond to CHg choline (C-H) stretch vibrations, as we will explain below.
This is excellent agreement with findings of Pohle et al. [92] and Binder

I is observed and

[93]. Secondly, a very intense band around 1430 cm™
it should be attributed to the bend of internal CH angles[93]. Further, a
band of smaller intensity around 1000 cm ™! is also observed and, as we will
discuss below, it can be directly attributed to vibrations of carbon units.
From the experimental side, Hiibner and Mantsch[94] who analyzed phos-
phatidylcholine multilayers by means of FTIR spectroscopy, attributed
this band to vibrations of N-(CH 3)3 units, reported around 970 em~!. In
other experiments, Binder et al.[93, 95] employed infrared linear dihcroism
spectroscopy to assign a band around 970 cm~! again to the asymmetri-

cal stretch of CN-(CHs)s units. Finally, a libration band is now located
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Figure 2.12: Spectral densities of nitrogen and phosphorus atoms.

around 230-280 cm~!. Remarkably, the values obtained in the present
work for lipid hydrogen vibrations are in very good agreement with the-
oretical data [96] obtained by means of density functional conformational
analysis of DMPC membranes.

We have also considered vibrations of other particles pertaining to lipid
chains, such as nitrogen, phosphorus and a variety of carbons. The results
are reported in Figure 2.12 and 2.13. As expected, the frequency range
for N and P is shorter than that of hydrogens, now ranging from 0 to
1600 cm~!. Three different frequency domains may be defined: (1) at low
frequencies, w < 300 cm ™!, restricted translational motions are described;
(2) in the range of 400 < w < 800 cm™!, librational motions, including
those around dihedral angles as well as slow vibrational modes are involved;
(3) for 800 < w < 1600 cm ™1, faster vibrational modes, related to bending
and stretching along molecular bonds.

The spectral densities of nitrogen and phosphorus reported in Figure 2.12
reveal restricted rattling-in-a-cage vibrations for both particles (around

50-60 cm 1) and librational peaks around 460 and 520 cm ™!, respectively.
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Figure 2.13: Carbon spectral densities S¢(w). The inset shows the range
of highest frequencies, around 3000 cm~?!, of small relative
intensity.

This suggests a N-P collective vibrational motion of the full headgroup.
At higher frequencies, some significant differences arise, indicating that
atomic motions of N and P are not directly related. Nitrogen shows a
vibration at 980 cm~! that can be associated with the mode obtained
around 1000 cm~! for hydrogens (see Figure 2.11) and attributed to vi-
brations of N-(CH 3)3 units (see above). Two additional maxima for N are
observed around 1250 and 1450 ecm~!. Both should obviously be related to
CH 3-N-CH 5 vibrations, since we found evidence of those bands in the C15
spectrum (Figure 2.13), but located at 1240 and 1490 cm~!. In the same
frequency range, we found a ~ 875 cm~! frequency peak for P that might
be associated to the asymmetric P — (OC)2 stretching motions observed
by Binder around 800-830 cm ™! [93, 95]. At even higher frequencies other

two vibrational motions of O — PO — O units are seen: one at 1135 cm~!

and another one around 1280 cm™*

metric stretch of O — PO — O units[94, 95|, respectively. Other authors

, assigned to the symmetric and asym-
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L associated

(Kozak et al.[45]) found a single maximum around 1209 cm ™
to a PO, stretching mode. The numerical agreement of our data with ex-
perimental data of Hiibner and Mantsch[94] and with Binder et al. [93, 95]
is quite remarkable.

Finally, spectral densities of carbons are reported in Figure 2.13. Four
carbon sites at the lipid chains have been selected: C15, C2, C27 and C214
at the head, body center, central part of tails and tail’s end of DMPC,
respectively. In this case, four frequency domains can be distinguished:
(1) w < 300 cm™! (restricted translations) all of them in the range of
45-75 cm™!, i.e. slightly higher than those reported for N and P; (2)
300 < w < 900 cm™! (molecular librations), (3) 900 < w < 1800 cm~!
(low frequency vibrations of molecular groups) and (4) 2800 < w < 3100
ecm~! (high frequency vibrations of molecular groups). In domain (1) the
usual hindered translations are seen in all cases; in domain (2) we can
observe two prominent peaks around 425 and 490 cm~! for C15 and C2
but no clear vibrations of tailgroup carbons are seen. Following this, rota-
tion of lipids may be attributed to librational motions of the headgroups
(including C2) in motions which are essentially independent of those per-
formed by tailgroups. Density functional calculations by Krishnamurty
et al.[96] showed the existence of frequencies in this domain, which were
assigned to symmetric deformation modes involving oxygen and carbon
units.

In contrast, vibrations in domains (3) and (4) can be related to experi-
mental findings. In the main Figure 2.13 we can distinguish two groups of
vibrations: one at frequencies around 1000-1200 cm~! and another one for
values in between 1315 and 1600 cm~'. For the two cases, all classes of car-
bons are involved. Vibrations at the lowest frequencies have been related
to the motion of phosphorus as well as to the so-called wagging motions of
CH2 and CH 3 chains[92, 96, 97], whereas at the highest frequencies the
bands have been attributed to bending motions of CHy groups (located
around 1450 cm™!) and to C=0 stretching vibrations[96, 97]. From our
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findings, we observe that all spectra considered (including carbon sites
not shown, such as C22;, C24, C26, C28, C210 and C212) show the two
vibrational features, indicating that they can be related to stretch modes
along C-C directions (range of highest frequencies) and also bend of C-
C-C and C-N-C units. Finally, vibrations around 2950 cm~! assigned to
CHg choline (C-H) stretch are also observed for carbons and presented in
the inset of Figure 2.13. There we can observe that carbons at the end
of tailgroups show stretching frequencies around 2975 cm ™!, i.e. slightly
blue-shifted from those of the rest of carbon units. Interestingly, these
frequencies have been assigned to vibrations of “head” (CH3) and “neck”
(CH ) groups [92, 93], assignments which are in excellent qualitative agree-

ment with our present interpretation.

2.3.6 Low frequency vibrations of lipid tails and

reorientational motions

Among the frequency ranges explored in the present work, perhaps the
less known is the one related to low frequency vibrations, up to 100 cm ™1,
which corresponds to slow motions of parts of the lipid chains. In such
range we expect to observe restricted translational motions of few atomic
units and also signatures of collective displacements of a group of particles.
To further explore the lowest frequency range, we have analyzed the slow
motions of lipid tails, and computed reorientational correlation functions
and their corresponding characteristic decay times.

A detailed analysis of lipid tailgroup motions has been performed through
the calculation of velocity autocorrelation functions (VACF) of the center-
of-mass (CoM) of each tail doom (labeled “total” in Figure 2.14). To
provide further insight into the librational motion of the lipid tails, we
decomposed Uconm into its parallel (called “in-plane”) and perpendicular

(called “normal”) components to the instantaneous plane of the lipid. This
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Figure 2.14: Velocity autocorrelation functions of single tail’s center-of-
mass (CoM) and their spectral densities. The velocities of the
CoM of lipid tails (black lines) have been projected on: (1) the
instantaneous plane formed by the two lipid tails (red line);
(2) the direction normal to the instantaneous plane indicated
above (green line).
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plane is defined by the vectors

Ti(t) = Fraitt comr (t) — Foa(t),

. (2.9)
Ts(t) = Trai2 com (t) — Te2(t),

where 7q11(2) conr(t) is the instantaneous position of the center of mass of
tail 1 (2) of a lipid and 7c2(t) is the position of carbon C2. The perpendic-
ular direction is defined by N = T’l X fg The results for the VACF of the
velocity of the center of mass of lipid tails, as well as of its in-plane and
normal components are shown at the top plot of Figure ??7. As it can be
directly observed from the non-normalized VACF, the largest contribution
is that of the in-plane component. The spectral densities of formed VACF
are reported at the bottom of Figure 2.14. We note that a 30 cm™! peak
appears in all three spectra, being a new feature not observed in the pre-
vious spectral densities of Figure 2.12, 2.13. Directly from our analysis,
we believe that this is a clear indication that tailgroups perform “wag-
ging” motions of low frequency, composed by motions along the in-plane
direction, with some smaller component along the normal direction.

We have also analyzed the orientation and reorientation dynamics of
some relevant directions of the lipid, namely (a) P-N, (b) C21-C31, (c)
C2-CoM of lipid tails and (d) the normal direction to the instantaneous
plane formed by lipid tails. In Figure 2.15 we show the angular distribu-
tion for each direction with the bilayer normal direction (7). Additionally,
following previous works[44, 98, 99, 100, 101, 102], we computed the reori-

entational correlation functions

Ca(t) =< Pala(0) - a(t)] >, (2.10)

where P5(z) is the second Legendre polynomial and 4(t) is the unit vector
along the selected directions. We considered a double exponential to fit
the decay of Cs(t), with characteristic times 71 and 72. The results for the

reorientational times are summarized in Table 2.4. We observe that the
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Table 2.4: Reorientational times of selected vectors in lipids (in ns).

Vector 1 To

P-N 0.3 | 24

C2 — CoMyais 1.5 | 83

C21-C31 0.8 | 6.4

Normal to tails’ instantaneous plane | 1.1 | 6.0

decay of the P-N vector is the fastest. The direction C21-C31 (roughly
normal to the C2-tails’ CoM) is the second fastest, whereas the two re-
maining vectors show the slowest decay times. These results are in good
agreement with those obtained by Patra et al.[100].

A detailed inspection of such angular distributions can be performed
considering angular variations of each selected direction with respect to
its initial orientation at a given time (regardless of its orientation from
the bilayer normal), considering time intervals of lengths 71 and 5. We
obtained that at the scale of 71 (short reorientational times), the angle
formed by each vector fluctuates around low values (around 15-20° related
to its initial orientation), whereas at the 7o time scale (long reorientational
times), the distribution of angular variations spreads out significantly, with
maxima up to 40° for the P-N direction, covering almost the full angular
range. In summary, at the scale 7 unit vectors fluctuate narrowly and
when they reach the 7 time scale, their orientations fluctuate to a wide

range of values.

2.4 Conclusions

A series of molecular dynamics simulations of a fully hydrated DMPC
lipid bilayer membrane in its liquid-disordered phase has been performed
using the recently parameterized CHARMMS36 force field. The system is

described in atomic detail and molecules are held together with flexible
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Figure 2.15: Angular distributions of unit vectors u along selected direc-
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bonds.

Using this description, a surface area per lipid of 60.5 A2 is obtained
after a 30ns equilibration in the NPT ensemble, in good agreement with
the experimental value of 60.6 A2. From the pressure profile along the
lipid bilayer we obtain the surface tension of the membrane to be of -
0.1£1.2mN/m, close to the expected value of zero. Other structural prop-
erties obtained from our description, such as the density profiles or the
deuterium order parameter, are in good agreement with experimental and
simulation works.

Diffusion of lipids in the membrane and of its hydration water has also
been considered. Three regions were defined for water: “bulk” water (more
than 6 A away from the position of any lipid site), “intermediate” water
(between 3 and 6 A of any lipid sites), and “contact” water (within 3 A

of any lipid sites). We found that water molecules located close to lipid
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sites diffuse about one order of magnitude slower than those at intermedi-
ate and bulk-like regions. Lipid lateral diffusion is one of most challenging
properties to obtain, since it requires long simulation runs, of the order
of hundreds of nanoseconds. In the present work, we studied diffusion at
different time scales, from the sub-picosecond time scale (ballistic motions)
to the scale of hundred nanoseconds (Fickian diffusion). In between, we
found a sub-diffusive regime (range between 0.01 and 10 ns), where lipid
diffusion is about 2-9x10~7 cm?/s. In this regime, particles at the lipid
headgroup move significantly faster than those located at the body center
and slower than those at tailgroups. In the longest time scale analyzed in
the present work, lateral diffusion of lipid chains is essentially Fickian, as
the result of a global motion of each lipid chain. In this regime we obtained
a diffusion coefficient of 0.61x10~7 ¢cm 2/s, very close to the experimental
result obtained from FRAP experiments of 0.59x 1077 cm 2 /s[82]. Regard-
ing the mechanism of lipid diffusion at long timescales, we have identified
the existence of nanodomains in which the dynamics of lipids is strongly
correlated, creating concerted local lipid flow in particular directions, in
overall agreement with previous works[39, 40]. The typical length of dis-
placement of a nanodomain can be of 2 nm after 100 ns; they are formed
by less than 10 lipid units.

We have also performed a thorough analysis of the spectroscopic prop-
erties of the lipid membrane and its hydration water by calculating the
spectral densities of the corresponding atomic velocity autocorrelation
functions. Our analysis gives some clues to interpret the location of fre-
quency maxima experimentally observed in these systems using different
spectroscopic techniques. Overall, our results for lipid atoms are in good
agreement with available experimental data [92, 93, 95, 94, 97] measured
by means of FTIR spectroscopy, mostly concerning vibrational modes of
CHs and CHj units, as well as a variety of motions mediated by oxygen,
phosphorus and nitrogen. From our analysis we also obtain vibrational

modes related to N — P vibrations and located around 500 cm~'. The
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spectroscopic properties of hydration water are also well accounted for
by our simulations, reproducing the three vibrational bands observed in
experiment[90, 91]. We also obtain the spectral band related to the mo-
tion of the center of mass of water at low frequencies, in agreement with
far infrared and Raman spectroscopy measurements [85, 86]. The effect of
the interaction with the lipids on the spectroscopic properties of hydration
water is also studied, resulting in the blueshift of certain bands for water
molecules in contact with the lipid membrane.

A detailed analysis of lipid reorientations and slow motions has revealed
the existence of a low frequency band around 30 cm ™! that can be assigned
to wagging of the tail vibrations which are motions of the tailgroups along
the instantaneous plane formed by the two tails of each lipid. In addition,
we have analyzed the reorientation dynamics of lipid tails, which can be

characterized by two time-scales.
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3 Specific lon Binding at
Phospholipid Membrane

Surfaces

Metal cations are ubiquitous components in biological environments and
play an important role in regulating cellular functioning and membrane
properties. By applying metadynamics simulations, we have performed
systematic free-energy calculations of Na*, KT, Ca?t, and Mg?* bound
to phospholipid membrane surfaces for the first time. The free-energy land-
scapes unveil specific binding behaviors of metal cations on phospholipid
membranes. Na™ and KT are more likely to stay in the aqueous solution,
and can easily bind to a few lipid oxygens by overcoming low free-energy
barriers. Ca?T is most stable when bound to four lipid oxygens of the
membranes, rather than being hydrated in the aqueous solution. Mg?T is
tightly hydrated, and can hardly lose a hydration water and bind directly
to the membranes. When bound to the membranes, the cations’ most fa-
vorable total coordination numbers with water and lipid oxygens are the
same as their corresponding hydration numbers in aqueous solution, indi-
cating a competition between ion binding to water and lipids. The binding
specificity of metal cations on membranes is then highly correlated with

the hydration free-energy and the size of the hydration shell.
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3.1 Introduction

Specific ion effects on biological systems have drawn great attention dur-
ing last decades [103]. In general, specific effects for cations are less pro-
nounced than those for anions when ion-water interactions are dominant[104].
However, for biological membranes in physiological environments, the in-
teractions between metal cations and charged lipid headgroups are also
essential and significant. Metal cations bound to membranes have been
found to regulate membrane properties and membrane functioning, and
such regulations deeply depend on the ion specificity [105, 106]. Therefore,
the understanding of specific interactions of metal cations with membranes
is of great fundamental importance.

Several experiments suggest that metal cations are bound to the phos-
phate and carbonyl regions of phospholipid membranes [107, 108, 109, 110].
While bound to membranes in aqueous solution, a hydrated metal cation
will lose one or more water molecules from its first hydration shell, re-
sulting in several possible bound configurations [111, 112]. Although the
binding constant and Gibbs free-energy of metal cation can be estimated
from experiments [111], detailed studies of the relative stabilities of dif-
ferent bound states are difficult. Molecular dynamics (MD) simulations
have been widely employed to investigate the role of metal cations in sol-
vated phospholipid membranes from an atomic point of view [112, 113, 114,
115, 116, 117, 118, 110]. Nevertheless, the theoretical study of ionic bind-
ing to membranes is a computationally demanding task due to the long
simulation times required to probe ion-membrane association and dissoci-
ation events. In addition, various bound configurations are separated by
high free-energy barriers, making it difficult for MD simulations to sample
them adequately [25]. Free-energy calculations using enhanced sampling
techniques provide a method to address the problem. However, despite
the significant progress of free-energy calculations achieved in recent years

[119], to the best of our knowledge, the binding free-energy landscape of
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metal cations on membrane surfaces is still missing. This is partially due
to the difficulty of applying appropriate sampling techniques to address
the problem, and also because of the complexity of the membrane envi-
ronments, making the determination of the proper collective variables a
difficult challenge [120].

In this work, we have performed a systematic free-energy calculation of
the binding states of metal cations at phospholipid membrane surfaces.
The specific interactions of biologically relevant cations Na®t, Kt, Ca?*,
and Mg?T with membranes are revealed and interpreted from a free-energy
perspective. The competition between ion-water and ion-membrane bind-
ing is also studied. Although such competition has been discussed before
[114, 116], here we provide for the first time a quantitative free energy
characterization of the relevant ion binding states to water and lipids.
Our work provides a general methodology to explore the free-energy land-
scapes for ions at complex biological interfaces which can be extended to
study other interactions of interest between ions and charged headgroups

in colloidal chemistry and biology [121].

3.2 Methods

3.2.1 System setup and equilibration

Four sets of lipid bilayer systems were generated by CHARMM-GUT [122,
123] to study the binding of biologically relevant cations Na®™, K+, Ca?*,
and Mg?t at neutral zwitterionic phospholipid membranes. Each sys-
tem consisted of 50 DMPC lipid molecules [124, 125], 2500 TIP3P water
molecules [48], a metal cation, and one or two C1~ anions to neutralize the
system.

Each membrane system was equilibrated for 100 ns in the NPT ensemble
at 1 atm and 303 K. MD simulations for equilibration were performed using
NAMD 2.9 [50] and the CHARMMS36 force field [17]. A time step of 2 fs was
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used. Covalent bonds with hydrogen atoms of lipids were kept rigid using
SHAKE [126], and water molecules were kept rigid using SETTLE [127].
The particle mesh Ewald method was employed to compute long-range
electrostatic interactions [51]. The cutoff for Lennard-Jones interactions
was set to 12 A, with a switching distance of 10 A. Pressure was controlled
by the Langevin piston Nosé-Hoover method and the ratio of the unit cell
in the x-y plane was kept constant [128]. Temperature was controlled by

the Langevin dynamics with a damping coefficient of 1 ps~! [55].

3.2.2 Collective variables

Applying proper enhanced sampling methods and defining proper collec-
tive variables (CVs) are essential for the success of free-energy calculations.
Recently, Jambeck et al. showed that missing an essential CV in the con-
struction of free energy profiles for membrane partitioning of solute can
lead to divergences on the permeability of solute.[129] While the normal
direction to the plane of the membrane, Z, has been typically adopted as
the reaction coordinate for the calculation of solute partitioning [129, 130]
and ionic permeation [131, 132], the problem of ion binding to membranes
is more complex. Membranes are composed of a large number of lipid
molecules with numerous conformations, and each lipid molecule has sev-
eral binding sites at its headgroup, making it a challenge to define proper
CVs to describe the interaction between ions and membranes. Moreover,
ions are hydrated by water molecules, and the hydration level depends on
the locations of ions at the membrane surfaces. Therefore, considering the
interactions between ions and both lipid and water molecules could be a ra-
tional way for CV definition. A number of experiments [107, 108, 109, 110]
and simulation works [112, 113, 114, 115, 116, 117, 118, 110] have shown
that metal cations directly coordinate with the oxygen atoms of phosphate
(POy ) and carbonyl (C=0) groups of lipid molecules, indicating that the
oxygens in the lipid headgroup are the binding sites for metal cations. Ac-

cordingly, in this work we defined two CVs to describe the ion-membrane
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binding: the coordination number between a metal ion and lipid oxygens
(CLP), and the coordination number between a metal ion and water oxy-
gens (CWT).

The coordination number [133] is defined by

s = Z Z Sijs (3.1)

i€G1 jEG2

where s;; is a differentiable switching function defined as

1— (\ri*rg\*dO)G
Sij = ri_rfo_d . (3.2)
1 (\ , r.;l 012

For CLP, G is the metal ion, G5 is all the lipid oxygens. For CWT,

G is the metal ion, G5 is all the water oxygens. The values of dy and

ro were determined from the radial distribution function g(r), which was
calculated from unbiased simulations on membrane systems containing 128
DMPC lipids, 6400 water molecules, 46 metal ions, and 46 or 92 Cl~ ions
(corresponding to the ionic concentration of 0.4 M). dy is the position of
the first peak of g(r), and r¢ is the width at half maximum of the peak.
The determination of the parameters for coordination number, i.e. dy and
ro, is essential for the accuracy of the resulting free-energy surfaces. An
example on choosing dy and ry for CLP of Na™ is given in Figure 3.1. The
values for dy, 79, and other parameters are listed in Table 3.1.

The determination of dy and 7y for CLP of Na™ is described in Fig-
ure 3.1. The radial distribution function g(r) of lipid oxygens with respect
to Nat is normalized and shown as the blue lines in all the subplots. The
switching function s;; (Eq. 3.2) with dy = 2.3, ro = 0.25 is shown as the
red line in Figure 3.1a. Figure 3.1b is a close look on the first coordination
shell of Figure 3.1a. The peak of g(r) is located at dy = 2.3, and the width
at half maximum of the peak is rg = 0.25. The first minimum of g(r) is
at 7 = 2.9. If we only set ro = 2.9 and don’t consider dy (keep dyp = 0 as

default), then s;; (green line in Figure 3.1c¢) will cover g(r) outside the first
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Figure 3.1: The determination of dy and 7y for CLP of Na™.

minimum from r = 2.9 to » = 6.0. In this case, the lipid oxygens outside
the first coordination shell of Nat (2.9 < r < 6.0) still contribute to s;; and
are counted into CLP, which can overestimate CLP. If we set dy = 2.3, but
ro = 0.15, then s;; (purple line in Figure 3.1d) can’t completely cover g(r)
within 2.6 < r < 2.9. In this case, some of the lipid oxygens inside the first
coordination shell of Na™ (2.6 < r < 2.9) are not counted into CLP, which
can underestimate CLP. Overall, by setting dy = 2.3 and g = 0.25 (red
line in Figure 3.1b), the lipid oxygens inside the first coordination shell of
Na' are accurately counted into CLP, which determines the accuracy of

the resulting free-energy surfaces.
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Table 3.1: Simulation parameters

Parameter Na® [ KT [ Ca?T | Mg?*
do of CLP[A] 23 |264|212 |1.85
ro of CLP[A] 0.25 | 0.32 | 0.12 | 0.13
do of CWTIA] 235 | 2.7 | 224 | 1.95
ro of CWTI[A] 0.25 | 0.36 | 0.22 | 0.18

Gaussian width of CLP 0.2 0.2 0.2 0.2
Gaussian width of CWT | 0.2 0.2 0.2 0.2
Starting hill [kcal/mol] 03 |03 |05 0.5

Deposition stride [ps] 1 1 1 1
Bias factor 5 3 20 15
Simulation time [ns] 800 | 800 | 800 100

3.2.3 Well-tempered metadynamics simulations

Well-tempered metadynamics [31], a variant of metadynamics [29, 25]
capable of enhancing the sampling of coordination numbers in multiple
CV dimensions, was employed to calculate the free-energy landscape of
ion binding to the membrane. Four sets of two-dimensional (2D) well-
tempered metadynamics simulations based on the above CVs were per-
formed to calculate the free-energy surfaces of Nat, K+, Ca?*, and Mg?*t
ions at neutral zwitterionic phospholipid membranes. After equilibration
for 100 ns in the NPT ensemble as described above, 1000 ns well-tempered
metadynamics simulations were performed on each system in the NVT en-
semble. All the simulations were performed using NAMD 2.9 [50] together
with PLUMED2 plugin [134] and the CHARMMS36 force field [17]. The
simulation parameters are described in Table 3.1.

Metadynamics [29, 25] is a powerful enhanced sampling method. In
metadynamics simulations, an external history-dependent bias potential
is constructed in the space of a few selected CVs. This potential is built
as a sum of Gaussians deposited along the system trajectory in the CV
space to push the system away from local free-energy minima that have

already been sampled. In standard metadynamics simulations, the height
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of Gaussian is kept constant along the simulations, and the resulting free-
energy calculated from the bias potential oscillates around the underlying
free-energy landscape. In well-tempered metadynamics [31, 25], the height
of Gaussian is decreased along the simulations, and the bias potential
converges more smoothly to the underlying free-energy landscape, provided
that the bias factor is sufficiently high for the relevant free-energy barriers
to be crossed. Therefore, bias factor should be carefully chosen in well-
tempered metadynamics.

In general, for a barrier of the order of AG, a feasible choice for the bias

AG
2kgT "

for different ions. Indeed, for each ion, we have tried several bias factors

factor is v = As shown in Table 3.1, we choose different bias factors
in short runs and checked if they are sufficiently high for the relevant free-
energy barriers to be crossed. The bias factors listed in Table 3.1 are those
sufficiently high for the ions (except Mg?") to cross the free-energy barriers
between bound and unbound states, and at the same time not too high in
order to avoid visiting very high free-energy CV space. Using a too high
bias factor very high free-energy CV space are visited, which slows down
the free-energy convergence. Take K¥ as an example, when setting the
bias factor v = 5, we observe the visit to the high free-energy states with

CLP=9 or CWT=11, and the convergence is slower than setting v = 3.

3.3 Results

The resulting 2D free-energy surface (FES) of Na* bound to DMPC mem-
branes is shown in Figure 3.2. A staircase pattern is present in the FES.
The NaT ion is considered to be in the aqueous solution at CLP = 0,
where it can be hydrated by at most 8 water molecules. When it is fully
dehydrated (CWT = 0), Na™ can be bound to at most 7 lipid oxygens.
Between these two extreme cases, Na™ is bound to oxygens of both wa-
ter and lipids. The fact that the states at local free energy minima are
those with integer numbers of CLP and CW'T validates our choice of CVs
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Figure 3.2: Free-energy surface as a function of the coordination number
of water oxygens (CWT) and the coordination number of lipid
oxygens (CLP) for Nat.

to explore the binding processes. The pattern shown in Figure 3.2 is a
consequence of the competition between the binding of the ion to lipids
and to water. Indeed, paths of approximately the same binding free en-
ergy are found for integer values of CLP and CWT with the same total
coordination number (CLP+CWT). The global minimum of the FES is
at the (CWT=5, CLP=0) state, revealing that being hydrated by 5 wa-
ter molecules in the aqueous solution is the most favorable state for Na™.
When Na™ is bound to the membranes, the stable bound states are located
in the region with CLPe [1,4] and CWTe [1,5] with the total coordina-
tion number (CLP+CWT)e [4,6]. A representative snapshot of a bound
state of Na™ coordinated with 6 oxygens is shown in Figure 3.5a.

Similar patterns are also present in the 2D FES of KT in Figure 3.3,
revealing similar binding behaviors of KT and Na™ at aqueous membrane

interfaces. Because of a larger atomic size, KT has a larger first coordina-
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Figure 3.3: Free-energy surface as a function of CWT and CLP for K+.

tion shell but a relatively lower surface charge density. The global minima
states are at (5, 0) and (6, 0). Therefore, being hydrated by 5 ~ 6 water
molecules in the aqueous solution is most favorable for K. When bound
to membrane surfaces, K* can be coordinated to more water oxygens and
lipid oxygens than Nat. The stable bound states for K* are in the region
with CLPe [1,4] and CWTe [2,6] with the total coordination number
(CLP+CWT)e [5,7].

While staying in the aqueous solution is most favorable for the mono-
valent metal cations, i.e. Na® and KT, being bound to the membrane
surfaces is most stable for Ca?*. The global free-energy minimum at (2,
4) in Figure 3.4 indicates that Ca?* is preferably bound to 4 lipid oxygens
(see Figure 3.5b), rather than being hydrated in the aqueous solution. In
contrast to the stable bound states of Na™ and K+ with CLP€ [1, 4], those
for Ca?* are located in the region with CLP€ [2, 6], which suggests a sig-
nificantly greater affinity of Ca?* to lipid oxygens than that of monovalent

metal cations.
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The case of Mg?* is different from the other ions considered. The bound
states of Mg?™ to lipid oxygens (CLP>1) are separated from the unbound
states in the aqueous solution (CLP = 0) by high free-energy barriers, and
could not be appropriately sampled by our calculations. This is attributed
to the high energy required for partial dehydration of the first hydration
shell of Mg?*, which is shown in Figure 3.9, where only the case with CLP
= 0 is considered. The strong binding of Mg?™ to its hydration layer has
been also reported recently by Allnér et al. They calculated the potential
of mean force between Mgt and water oxygens and that between Mg>*t
and phosphate oxygens, and showed extremely high free-energy barriers
for water dehydration and direct phosphate binding [135].

The quantitative representations of the above FES are given in Fig-
ure 3.6, 3.7, and 3.8, where the free-energies are plotted as a function of
CWT at various CLP, and in Table 3.2, where the most relevant binding
states are selected. As shown in Figure 3.6, several hydration free-energy

basins have been found for CLP = 0, where Na™ is unbound to mem-
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Figure 3.5: (a) A representative bound state for Na® coordinated to 3
lipid oxygens and 3 water molecules. (b) The most stable
bound state for Ca?* coordinated to 4 lipid oxygens and 2
water molecules. Na® is in yellow and Ca?* is in purple. The
binding to lipid oxygens and to water oxygens are shown in
green and blue respectively.

branes. The most stable hydration state for Nat is the hydration with
5 water molecules, in agreement with the hydration number measured by
experiments [136, 137]. The ion is considered bound to the membrane
when CLP > 0. For Nat at low binding, i.e. for CLP = 1, 2, 3, the cor-
responding minimum free-energies are located at hydration levels CWT =
4, 3, 2, respectively, being 5 the total coordination number, which is the
same as experimental hydration number [136, 137]. At high binding, i.e.
for CLP = 4, 5, 6, the most stable hydration levels are CWT = 2, 1, 0,
respectively, being 6 the total coordination number. The states with CLP

=1, 2, 3 and total coordination number of 5 ~ 6 are the lowest free-energy
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Figure 3.6: Free-energy as a function of CWT at various CLP for Na™.
The data are extracted from Figure 3.2.

bound states, which are 1 ~ 2 kcal/mol higher than the global minimum
at CLP = 0. A quantitative characterization of the free-energies of those
states is given in Table 3.2. Consequently, those are the most likely bound
states of Na™ that one is expected to find in a DMPC membrane immersed
in a NaCl aqueous solution.

As shown in Figure 3.7, the profiles for K* are similar to those for NaT.
The hydration with 5 or 6 water molecules is most stable for K+ at CLP
= 0, in agreement with the experimental hydration number [136, 137].
Free-energy barriers constraining KT at the stable hydration states (CWT
= 5, 6) are smaller than those for Na™ (CWT = 5), indicating a weaker
affinity for water molecules of K*. At low binding, i.e. for CLP = 1, 2, 3,
the corresponding minimum free-energies are located at hydration levels
CWT =5, 4, 3, respectively, resulting in a total coordination number of 6,
which is the same as the experimental hydration number of K+ [136, 137].
Note that the free-energy barriers for the lowest energy bound states of

KT are also smaller than those for Na™, indicating an easier release from
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Table 3.2: Free-energies for the lowest states of Nat, K+, and Ca?* with
respect to the global minimum.

binding state
CLP [ OWT | CLpsowT | F lkeal/mol]
5 0.0
1.28
1.69
2.6
0.0
0.11
1.23
1.46
178
2.26
0.0
2.07
2.7
3.13

ion

Nat

at

K+

CaZt

WU R W N~ O oW —= O
WO ONN W LU OIN W
O UL OOy O O O UL Oy Ut Ut Ut

lipid binding sites.

Although being hydrated in aqueous solution (CLP=0) is the most fa-
vorable state for Nat and K, for Ca?* that state is ~ 16 kcal/mol higher
than the global minimum, as shown in Figure 3.8. This shows that staying
in the aqueous solution is greatly unfavorable for Ca?* compared to being
bound to the membranes. In aqueous solution, the most stable hydration
states for Ca?T are CWT = 6, 7, consistent with experimental hydration
number [138, 139]. The most stable bound state for Ca?* is at (CWT = 2,
CLP = 4), where the total coordination number is 6. Other stable bound
states are at CLP = 3, 4, 5 with total coordination number of 4 ~ 6, which
are 2 ~ 4 kcal/mol higher than the global minimum (see Table 3.2). These
bound states are also the global minima of the FES, which are 12 ~ 16
kcal/mol lower than the lowest energy unbound states at CLP = 0. For
Ca?*, we obtain a significantly stronger binding to phospholipid mem-

branes over aqueous solution than for Na™ and KT where the binding is
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Figure 3.8: Free-energy as a function of CWT at various CLP for Ca2".
The data are extracted from Figure 3.4.
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weak, in agreement with experiment [109]. For the ions considered, the ion
binding free-energy has its minimum at the same total coordination num-
ber (CLP+CWT), irrespective of CLP or CWT, as shown in Table 3.2 and
Figure 3.10, and coincides with the hydration number in solution. This
is a clear indication of the competition between ion binding to water and
lipids, and is responsible for the correlation between ion hydration and ion
binding specificity at the membranes.

Figure 3.9 shows that in aqueous solution the hydration with 6 water
molecules is the most stable state for Mg?t, in accordance with experi-
ments [138, 139]. However, in contrast to the other cations which in so-
lution have several hydration free-energy basins, Mg?* has only one basin
at CWT=6, and the corresponding hydration free-energy barrier is very
high (~ 5 kcal/mol) compared with Na®*, K*, and Ca?*. This is due to
the strong binding of water molecules to Mg?*, which makes the change of
its hydration state to other hydration states (CWT < 6) and bound states

(CLP > 0) a rare event phenomenon.
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3.4 Conclusions

In summary, we have provided a quantitative characterization of the bind-
ing states of biologically relevant metal cations (Nat, K+, Ca?*, and
Mg?*) at DMPC phospholipid membranes. With the help of well-tempered
metadynamics simulations we have calculated the free-energies of the bind-
ing states, defined by the ion coordination to lipid (CLP) and water (CWT)
oxygen atoms. Our results indicate that Nat and KT are more likely to
stay in the aqueous solution, and can easily bind to 1 ~ 3 lipid oxygens
by overcoming free-energy barriers of 1 ~ 2 kcal/mol. Ca?* is most stable
when bound to 4 lipid oxygens of the membranes, and the corresponding
bound basin is ~ 16 kcal/mol lower than the unbound states in the aque-
ous solution. Mg?* has a strong affinity to hydration water, which makes
the direct binding to the membranes difficult. When bound to the mem-
branes, the cations’ most favorable total coordination numbers with water
and lipid oxygens are 5, 6, and 6 for Nat, K*, and Ca?t, respectively.
Such coordination numbers coincide with their corresponding hydration
numbers in bulk, suggesting a competition between ion binding to water

and lipids.

3.5 Estimation of free-energy convergence

Figure 3.11 reports the well-tempered metadynamics trajectories of the col-
lective variables. The free-energy convergence is estimated in Figure 3.12
and Figure 3.13.
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Figure 3.11: Well-tempered metadynamics trajectories of Nat, K+, Ca?*,
and Mg?". Left panels, red traces: CLP as a function of time.
Right panels, blue traces: CWT as a function of time. The
traces of Mg?* show that CLP = 0 during 100 ns, indicating
that the bound states of Mg?* to lipid oxygens (CLP>1) are
separated from the unbound states in the aqueous solution
(CLP = 0) by high free-energy barriers, and could not be
appropriately sampled by our calculations. 65
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4 Cholesterol Effects on Na™
Binding at Phospholipid

Membrane Surfaces

Exploring the free-energy landscapes of metal cations on phospholipid
membrane surfaces is important for the understanding of chemical and
biological processes in cellular environments. Using metadynamics simu-
lations we have performed systematic free-energy calculations of sodium
cations bound to DMPC phospholipid membranes with cholesterol concen-
tration varying between 0% (cholesterol-free) and 50% (cholesterol-rich).
The resulting free-energy landscapes reveal the competition between bind-
ing of sodium to water and to lipid head groups. Moreover, the binding
competitiveness of lipid head groups is diminished by cholesterol contents.
As cholesterol concentration increases, the ionic affinity to membranes de-
creases. When cholesterol concentration is greater than 30%, the ionic
binding is significantly reduced, which coincides with the phase transition
point of DMPC-cholesterol membranes from a liquid-disordered phase to
a liquid-ordered phase. We have also evaluated the contributions of differ-
ent lipid head groups to the binding free-energy separately. The DMPC’s
carbonyl group is the most favorable binding site for sodium, followed by

DMPC’s phosphate group and then the hydroxyl group of cholesterol.
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4.1 Introduction

The interactions between metal cations and phospholipid membranes have
drawn great attention during last decades [105, 106, 140]. Several experi-
ments revealed that metal cations are bound to the negative charged head
groups of phospholipid membranes [107, 108, 109, 110]. Meanwhile, numer-
ous molecular dynamics (MD) simulations have been performed to study
the binding of metal cations at phospholipid membranes from an atomic
point of view [112, 113, 114, 115, 116, 117, 118, 110]. However, most of the
experiments and simulation works on ionic binding to phospholipid mem-
branes have been devoted to cholesterol-free environments. Cholesterol
is a crucial component in mammalian cell membranes, constituting up to
50% of their weight [6]. Cholesterol can modulate the structural and me-
chanical properties of membranes and can induce a phase transition from a
liquid disordered phase to a liquid ordered phase [7, 141, 8]. Therefore, the
study of the binding of metal cations to cholesterol-containing membranes
is of interest to understand ionic binding in realistic cellular environments.
Only recently, experiments by Iraolagoitia et al. showed that cholesterol
significantly reduced the Ca?* binding to membranes [142]. More recently,
Magarkar et al. performed both experiments and simulations, revealing
that increasing cholesterol concentration decreased Nat binding [143].
The binding of metal cations at membranes in aqueous solution can
result in several possible bound configurations, as a consequence of the loss
of water molecules and the gain of lipid atoms in the ion’s first hydration
shell. Exploring the binding processes and bound states of metal cations
at phospholipid membrane surfaces is important for the understanding of
chemical and biological processes such as binding, hydration, leakage, and
dissociation in cellular environments. Nevertheless, a comprehensive study
of the relative stabilities of different bound states is a difficult experimental
task, and also difficult for classical MD simulations because of the high free-

energy barriers among various bound states. To circumvent such difficulty,
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free-energy calculations applying enhanced sampling techniques can be
applied.

In this work, we have performed a systematic free-energy calculation of
Na™t bound to cholesterol-containing phospholipid membranes of various
cholesterol concentrations by applying metadynamics simulations with ap-
propriate collective variables. The resulting free-energy landscapes quan-
titatively reveal the relative stabilities of different bound states and unveil

the cholesterol effects on Na™ binding to phospholipid membranes.

4.2 Methods

4.2.1 System setup and equilibration

CHARMM-GUI [122, 123] was employed to generate six sets of lipid bi-
layers with cholesterol concentrations [CHOL]| varying between 0 and 50%
to study the cholesterol effects on Nat binding at phospholipid membrane
surfaces. Each system consisted of 72 DMPC / cholesterol molecules, 3600
TIP3P water molecules [48] and a pair of Nat and C1~ described by the
CHARMMS36 force field [17, 144]. The molar ratios of cholesterol/lipid
were set to 0/72 (0%), 8/64 (10%), 14/58 (20%), 22/50 (30%), 30/42
(40%), and 36/36 (50%). Each membrane system was equilibrated for 100
ns in the NPT ensemble at 1 atm and 303 K. MD simulations for equi-
libration were performed using NAMD 2.9 [50]. A time step of 2 fs was
used. Covalent bonds with hydrogen atoms of lipids were kept rigid using
SHAKE [126], and water molecules were kept rigid using SETTLE [127].
The particle mesh Ewald method was employed to compute long-range
electrostatic interactions [51]. The cutoff for Lennard-Jones interactions
was set to 12 A, with a switching distance of 10 A. Pressure was controlled
by the Langevin piston Nosé-Hoover method and the ratio of the unit cell
in the x-y plane was kept constant [128]. Temperature was controlled by

the Langevin dynamics with a damping coefficient of 1 ps~! [55].
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4.2.2 Collective variables

For membranes in ionic solutions, there exists a competition between ion
binding to water molecules and to certain binding sites of phospholipids
[114]. Therefore, a bound state can be characterized by the ion’s coordi-
nation number with lipid binding sites and its simultaneous coordination
number with water molecules. A number of experiments [107, 108, 109,
110] and simulation works [112, 113, 114, 115, 116, 117, 118, 110] have indi-
cated that metal cations bind directly to the oxygen atoms of the negative
charged phosphate (PO4) and carbonyl (C=0) groups of lipid molecules.
Accordingly, we defined two collective variables (CVs) to describe the ion’s
bound states: the coordination number between a Na™ ion and lipid (in-
cluding cholesterol) oxygens (CLP), and the coordination number between
a Na™ ion and water oxygens (CWT).
The coordination number [133] is defined by

s = Z Z Sijy (41)

1€G1 jJEG

where

1— (\ri*rg\*dO)G
Sij = — (4.2)
1— (‘ i ri)l 0)12

The parameters for coordination numbers are taken from the previous work
(Table 3.1). For CLP, Gy is the Na™ ion, G2 is all the lipid oxygens (in-
cluding oxygen atom in cholesterol for cholesterol-containing membranes),
do = 2.3 A, and ry = 0.25 A. For CWT, Gy is the Nat ion, G, is all the
water oxygens, dy = 2.35 A, and o = 0.25 A.

4.2.3 Well-tempered metadynamics simulations

Six sets of two-dimensional (2D) well-tempered metadynamics [31] based
on the above CVs were performed using NAMD 2.9 [50] together with
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PLUMED?2 plugin [134] and the CHARMMS36 force field [17, 144]. After
equilibration for 100 ns in the NPT ensemble as described above, 1000 ns
well-tempered metadynamics simulations were performed on each system
in the NVT ensemble. The Gaussian widths for both CLP and CWT were
set to 0.2. The initial Gaussian deposition rate was 0.3 kcal/mol per ps,

with a bias factor of 5.

4.3 Results

The resulting 2D free-energy surfaces (FES) of Na™ bound to DMPC-
cholesterol membranes with cholesterol concentrations [CHOL] = 0-50%
are shown in Figure 4.1. Na™ is considered bound to the membranes for
CLP > 0 and unbound for CLP = 0. There are a number of bound
states (CLP > 0) and several unbound states (CLP = 0) in each FES, and
each state can be indexed by (CWT, CLP). A common feature for all the
[CHOL] cases is the global minimum of the FES located at the (CWT=5,
CLP=0) state, revealing that the hydration with 5 water molecules in
the aqueous solution is most favorable for Na®. In addition, we observe
a staircase pattern in all of the FES, which is the consequence of the
ionic binding competition between water and lipids. As [CHOL] increases,
the stable bound states (represented by red color in the FES), which are
1 ~ 4 kcal/mol higher than the global minimum, shift from the region with
CLPe [1,5] and CWTe [0, 5] for [CHOL]=0-10% to the region with CLP&
[1,4] and CWTe [1, 5] for [CHOL]=20-30%, and further to the region with
CLPe [1,3] and CWTe [2,5] for [CHOL]=40-50%. This visible shifts of
stable bound states clearly reveal that the binding competitiveness of lipid
head groups has been diminished by cholesterol contents, and that the
affinity of Na™ to DMPC membranes becomes less favorable as cholesterol
concentration increases, which is in agreement with experiments [143].

A more quantitative representation of the above results is given in Fig-

ure 4.2, where the free-energy as a function of CWT for several integer lipid
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binding levels (CLP) is extracted from the FES of Figure 4.1. Here we only
represent the two extreme cases of [CHOL] = 0% (continuous lines) and
[CHOL] = 50% (dashed lines). For CLP=0, the hydration free-energies of
Na™ unbound to membranes are exactly the same for both [CHOL] cases,
indicating that, as expected, the hydration of Na* in the aqueous solution
is not affected by the content of the membranes. There are several hy-
dration free-energy basins, and the most stable one is coordinated with 5
water molecules, in agreement with the Nat hydration number measured
by experiments [136, 137]. When bound to the membranes (CLP> 0), the
curves for the two cases become diverse. For each given CLP, the free-
energy profiles for [CHOL] = 50% case increase 1 ~ 2 kcal/mol compared
to the cholesterol-free case ([CHOL] = 0%). Such increase evidences the
decrease of Na*t affinity to a membrane with high cholesterol contents.
However, for both [CHOL] cases, the corresponding free-energy minimum
for CLP =1, 2, 3, 4, is located at CWT = 4, 3, 2, 1, respectively, keep-
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ing 5 the total coordination number, which is the same as experimental
hydration number of Na*t in aqueous solution [136, 137].

In Figure 4.3, we represent the dependence of the binding free-energy
on CLP for membranes with various cholesterol concentrations after inte-
grating out CWT according to

F(sy,52)

F(s1) = —k‘BTlog/exp_ BT dsg, (4.3)

where s; and sy are CVs, kg is the Boltzmann constant, and T is the abso-
lute temperature. As cholesterol concentration increases, the free-energy
profiles corresponding to bound states (CLP> 0) raise monotonically. To
understand these changes, we should remember the well-known condens-
ing effect of cholesterol in lipid bilayers, which produces higher membrane
rigidity and ordering [145, 146]. For [CHOL] < 20%, there are overlaps
of the free-energy profiles at low bound states (CLP < 3), indicating that
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Na™ is easily bound to the membranes with low cholesterol concentration.
When [CHOL] > 30%, the ionic binding is significantly reduced (free-
energy increases). Such transition in the ionic binding behavior at [CHOL]
~ 30% coincides with the phase transition point of DMPC-cholesterol
membranes, in which membranes change from a liquid-disordered phase
to a liquid-ordered phase [8].

We monitor the convergence of the FES by calculating AF, the free-
energy difference between unbound states (CLP < 0.5) and bound states
(CLP > 0.5) from the free-energy profiles of CLP as the simulations pro-
ceed (see Figure 4.9). The average values and standard deviations of AF
calculated from the last 100 ns of well-tempered metadynamics simula-
tions are shown in Figure 4.4. The monotonic trend indicates that the en-
ergy gap between unbound and bound states increases with the increasing
cholesterol concentration, which reduces the affinity of Na* to cholesterol-

containing membranes. This is in good agreement with the results obtained
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from the previous Figures 4.1, 4.2, and 4.3.

The above 2D FES (Figure 4.1) and 1D free-energy as a function of
CLP (Figure 4.3) are based on the consideration that all the oxygen atoms
from DMPC lipids (i.e. phosphate and carbonyl groups) and cholesterol
(hydroxyl group in the polar head) are equivalent binding sites for Na™.
In order to understand the contributions of different head groups sepa-
rately, we calculate the free-energy as a function of CLP between Na™
and oxygen atoms from different head groups by applying a reweighting
technique [147]. As shown in Figure 4.5, for a given CLP, the binding
free-energy follows the order of C=0 < POy < -OH. Therefore, C=0 is
the most favorable binding site for Na™, followed by PO, and then the
-OH group of cholesterol. For DMPC binding sites (C=0 and POy,), we
observe higher binding free-energy basins and higher binding free-energy
barriers for higher [CHOL], which is in accordance with above results ob-
tained when different CLP are considered equivalent. The situation for the
CLP between Na® and cholesterol is radically different. At low [CHOL]
(10%), only 1 cholesterol oxygen can be attached to Nat. For [CHOL]
> 20%, it would be possible for Na™ to bind up to 2 cholesterol oxygens.
However, the free-energy barriers for high [CHOL] (40 — 50%) are lower
than those for the medium [CHOL] (20 —30%), which is in contrast to the
trend observed for DMPC binding sites where higher free-energy barrier
corresponds to higher [CHOL).

4.4 Conclusions

We have performed systematic free-energy calculations of Na™ bound to
DMPC-cholesterol membranes by means of well-tempered metadynamics
simulations with two collective variables being the ion’s coordination num-
ber to lipids (CLP) and to water (CWT). The free-energy surfaces reveal
the competition between binding of ion to water and to lipids. How-

ever, the binding competitiveness of lipid head groups is diminished by
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cholesterol contents. As cholesterol concentration increases, the ionic affin-
ity to the membranes decreases, which is in agreement with experiments
[142, 143]. When [CHOL] > 30%, the ionic binding is significantly re-
duced. Such transition in the ionic binding behavior at [CHOL] =~ 30% co-
incides with the phase transition point of DMPC-cholesterol membranes,
in which membranes change from a liquid-disordered phase to a liquid-
ordered phase. In contrast, the hydration free-energies of Nat in aqueous
solution are not affected by the cholesterol content of membranes. The
most stable hydration for Na™ with 5 water molecules is in good agreement
with experiments. We have also evaluated the contributions of different
lipid head groups to the binding free-energy separately. The DMPC’s car-
bonyl group (C=0) is the most favorable binding site for Na™, followed
by DMPC’s phosphate group (PO,4) and then the hydroxyl group (-OH)
of cholesterol.

The method employed can be widely applied to explore the free-energy
landscapes of ions at complex biological interfaces. Furthermore, provided
the importance in a variety of biological processes of the interaction of ions
and charged interfaces in aqueous solution, our approach could be extended
to explore other problems in colloidal chemistry and biology, and could be
helpful to deepen our understanding of specific ion effects on soft matter

and biological systems.

4.5 Estimation of free-energy convergence

Free-energy convergence is estimated by the diffusion behaviors of CVs
(Figure 4.6 and 4.7), decay of HILLS Height (Figure 4.8), and free-energy
difference between unbound states (CLP < 0.5) and bound states (CLP
> 0.5)(Figure 4.9).
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5 Pair Interactions among
DPPC/POPC/Cholesterol
Mixtures in Liquid-Ordered and
Liquid-Disordered Phases

Saturated phospholipids, unsaturated phospholipids, and cholesterol are
essential components of cell membranes, making the understanding of their
mutual interactions of great significance. We have performed microsec-
ond molecular dynamics simulations on the ternary mixtures of DPPC/
POPC/ cholesterol to systematically examined lipid-lipid and cholesterol-
lipid interactions in the liquid-ordered and the liquid-disordered phases.
The results show that there exits a competition between tighter pack-
ing of cholesterol-lipid and looser packing of lipid-lipid as the membrane
changes from the liquid-disordered phase to liquid-ordered phase. De-
pending on the lipid saturation, the favor of lipid-lipid interactions is in
the order of saturated-saturated > unsaturated-unsaturated > saturated-
unsaturated. Cholesterol-saturated lipid interactions are more favorable
than cholesterol-unsaturated lipid ones. The results are consistent with
the push-pull forces derived from experiments and give general insights on

the interactions among membrane components.
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5.1 Introduction

Cholesterol is an essential component of cell membranes and plays im-
portant roles in maintaining membrane structures and regulating mem-
brane functions [148, 149]. Mixtures of phospholipids and cholesterol form
liquid-disordered (I4) and liquid-ordered (I,) phases at different cholesterol
concentrations. While the [, state has been considered as a good working
model for lipid rafts, the l; state well mimics the fluid lipids [150, 151].
Study of the interactions of lipid-lipid and cholesterol-lipid in both [; and
lo phases is important for further understanding of cell membranes [152, 7].

Saturated and unsaturated phospholipids interact differently with each
other and with cholesterol in different phases. The diversity of their mutual
interactions determines their spatial distribution in the membrane [152].
Regen et al. provided the first direct experimental measurements of the
interactions between unsaturated lipid POPC and cholesterol and that
between saturated lipid DPPC and cholesterol in the Iy and [, phases.
They showed that DPPC and cholesterol exhibit strong attraction in the
l, phase but mix ideally in the [; phase, and that POPC and cholesterol
exhibit significant repulsion in the [; phase but mix ideally in the [, phase
[150, 153]. More recently, they measured the interactions between DPPC
and POPC and found that such interactions are significantly repulsive in
the 4 phase but are neither attractive nor repulsive in the [, phase [154].

The interactions of lipid-lipid and lipid-cholesterol are nontrivial prop-
erties depending on the lipid saturation and also on the mixture phase.
Most of the simulations studying such interactions are based on binary
mixtures, due to the difficulties of equilibrium issue in ternary mixtures
[7]. However, since cell membranes are composed of saturated lipids, un-
saturated lipids, and cholesterol, study on ternary mixtures can give more
ideal descriptions of such mutual interactions. In this work, we perform
microsecond all-atom molecular dynamics (MD) simulations on the ternary
mixtures of DPPC/POPC/cholesterol in I4 and I, phases. The results are
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consistent with available experiments and give systematical descriptions of
the mutual interactions between various like or unlike species in different
phases, which could be helpful to deepen our understanding of lipid rafts
[155].

5.2 Methods

Two lipid bilayer systems were generated by CHARMM-GUI [156, 157]
to simulate membranes in the [; and [, phases. FEach system has 128
lipid/cholesterol molecules and 5120 TIP3P water molecules [158], cor-
responding to a hydration of 40 water per lipid. For the [z phase, the
bilayer consisted of 52 DPPC, 52 POPC, and 24 cholesterol (CHOL), cor-
responding to a cholesterol concentration of 19%. For the [, phase, the
bilayer consisted of 36 DPPC, 36 POPC, and 56 CHOL, corresponding to
a cholesterol concentration of 44%. MD simulations were performed using
NAMD 2.9 [50] and the CHARMMS3G6 force field [159, 160]. Each bilayer
system was equilibrated for 100 ns in the NPT ensemble at 1 atm and 303
K. A time step of 2 fs was used. Covalent bonds with hydrogen atoms
of lipids were kept rigid using SHAKE [126], and water molecules were
kept rigid using SETTLE [127]. The particle mesh Ewald method was
employed to compute long-range electrostatic interactions [51]. The cutoff
for Lennard-Jones interactions was set to 12 A and smoothly switched
from 10 A. Pressure was controlled by the Langevin piston Nosé-Hoover
method [128]. Temperature was controlled by the Langevin dynamics with
a damping coefficient of 1 ps~! [55]. After equilibration, a 900 ns produc-

tion run was performed in the NVT ensemble for each bilayer system.

5.3 Results

The deuterium order parameter Scp of the lipid acyl tails is an important

property to characterize the order of the lipid bilayer [161]. The order
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ordered phase (I,).

parameter for each CHs group in the lipid tails is defined as

(3 < cos?0 > —1), (5.1)

DN | =

Scp =
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where 6 is the angle between a C-H vector and the bilayer normal, and the
angular brackets denote both ensemble and time average. The resulting
|Scp| obtained from the bilayer systems in the Iz and the I, phases are
shown in Figure 5.1. For both sn-1 and sn-2 chains of DPPC, the order pa-
rameters increase evidently from the I, phase to the [, phase (Figure 5.1a).
The same trends are also observed for both chains of POPC with relatively
small order parameters in the middle of the sn-2 unsaturated chain due to
the double bond (Figure 5.1b). The results are in good agreement with
other works [58, 162, 163, 164] and confirm that the bilayer systems con-
taining 19% and 44% cholesterol make significant difference in modeling
lg and [, phases in terms of the order parameter.

The packing of lipid-lipid and cholesterol-lipid pairs in the l; and the
l, phases are characterized by the lateral radial pair distribution func-
tion g(r), where r is the projected distance in the lateral plane between
centers of mass (COM) of two molecules [165, 166]. As indicated by the
decrease in the first peak of ¢g(r) in Figure 5.2a, the packing of DPPC-
DPPC becomes looser when the bilayer changes from the [; phase to the
l, phase. In contrast, the packing of POPC-POPC is almost not affected
by the phases (Figure 5.2b). For DPPC-POPC, the packing also becomes
looser in the [, phase since the position of the first peak of g(r) has been
shifted far away (Figure 5.2¢c). The looser packing for DPPC-DPPC and
DPPC-POPC and the unaffected packing for POPC-POPC in the [, phase
seems in contradiction with most of the experimental and computational
results that lipid bilayers become more condensed and more tightly packed
at higher cholesterol concentration [149, 7]. However, we should remem-
ber that there are also pairs involving cholesterol in the ternary bilayer
systems. For CHOL-DPPC, the first peak of g(r) becomes more appar-
ent and increase significantly in the [, phase, indicating a more condensed
packing (Figure 5.2d). For CHOL-POPC, the packing is slightly tighter in
the I, phase as the first peak of g(r) becomes more evident (Figure 5.2¢).
For CHOL-CHOL, the packing is tighter as the first, second, and third
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DPPC/POPC/CHOL mixtures in the l4 and I, phases.

peak of ¢g(r) increase in the [, phase (Figure 5.2f). Therefore, all the pairs
involving CHOL become more tightly packed at higher cholesterol con-
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centration, which compensates the looser packing effects of DPPC-DPPC
and DPPC-POPC in the [, phase and indicates a competition between
tighter packing of cholesterol-lipid and looser packing of lipid-lipid as the
mixtures condense.

In order to compare different kinds of interactions systematically, we
calculate the potential of mean force (PMF) for lipid-lipid and cholesterol-
lipid pairs by

PMF(r) = —kpT Ing(r), (5.2)

where g(r) is the lateral radial pair distribution function [167]. The result-
ing PMF for lipid-lipid pairs in the [; phase and the [, phase are shown
in Figure 5.3a. In the pair distance of 6A < r < 10A, the lowest profile
is DPPC-DPPC in the [ phase, indicating that interactions among satu-
rated phospholipids in the /4 phase are most favorable. The highest profile
is DPPC-POPC in the [; phase, suggesting that interactions between sat-
urated phospholipids and unsaturated phospholipids in the [; phase are
most unfavorable, which is consistent with the push force measured by
Regen et al. [154] The resulting PMF for the pairs involving cholesterol
are shown in Figure 5.3b. In 6A < r < 10A, there is a clear minimum for
CHOL-DPPC in the [, phase compared to the other cholesterol-lipid inter-
actions, which corresponds to the strong pull proposed by Regen et al.[154]
The interactions for CHOL-POPC in either the [; phase or the [, phase are
clearly unfavorable with respect to the strong pull of CHOL-DPPC in the
l, phase, which can be attributed to the significant push between choles-
terol and unsaturated phospholipids [154, 150]. In contract to the other
interactions, the PMF for CHOL-CHOL has several local minima keeping
the same positions in the [; phase and the [, phase, which indicates that
the favorable packing distances among cholesterol are not affected by the
phases.

The pull for CHOL-DPPC in the [, phase and the push for CHOL-
POPC shown in Figure 5.3b agree well with the experiments by Regen et
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al.[154] and indicate that the interactions of cholesterol-saturated phos-
pholipids and those of cholesterol-unsaturated phospholipids are different.
To have a more intuitive understanding of the effect of lipid saturation

on cholesterol-lipid interactions, we obtain the lateral-vertical radial dis-
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tribution function g(r,z) between cholesterol and carbon atoms in lipid
tails, where 7 is the lateral distance between the cholesterol COM and a
lipid tail carbon, and z is the vertical distance between the cholesterol
COM and a lipid tail carbon. The positive direction of z is towards the
membrane-water interface. As shown in Figure 5.4, DPPC has higher den-
sities around CHOL in the z direction compared with POPC in a given
phase. As the phase changes from l4 to l,, the boundary curves between
cholesterol and lipids are straightened for both DPPC and POPC, indicat-

ing that the change of lateral radial distribution function g(r) in different
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phases (Figure 5.2) may be attributed to the change of packing in the
vertical direction. This straightening effect is consistent with the condens-
ing effect of cholesterol on saturated and unsaturated lipid chains, which
lengthens phospholipid molecules complexed with cholesterol and thickens
lipid bilayers[145]. The vertical packing densities for DPPC-CHOL are en-
hanced significantly in the [, phase, corresponding to a favorable pull [154].
Although the POPC-CHOL interaction is significant push in the /4 phase,
they mix more ideally in the vertical direction as the lipid tails become
more ordered in the [, phase, resulting in neither attractive nor repulsive
interactions in I, phase [154, 150]. Consequently, the lateral-vertical pack-
ing property g(r, z) provides a straightforward point of view to examine
the interactions of cholesterol-lipid, and explain well the change of lateral

packing property g(r) in line with experiments.

5.4 Conclusions

We have systematically examined the mutual interactions among satu-
rated phospholipids, unsaturated phospholipids, and cholesterol in the
liquid-ordered and the liquid-disordered phases by performing microsec-
ond MD simulations on the ternary mixtures of DPPC/ POPC/ choles-
terol. The results show that there exits a competition between tighter
packing of cholesterol-lipid and looser packing of lipid-lipid as the mem-
brane changes from the liquid-disordered phase to liquid-ordered phase.
Depending on the lipid saturation, the favor of lipid-lipid interactions is in
the order of saturated-saturated > unsaturated-unsaturated > saturated-
unsaturated. The cholesterol-saturated lipid interaction is more favorable
than cholesterol-unsaturated lipid interaction, though the push force of
the latter one reduces significantly as the mixtures condense. The results
are consistent with the pull-push forces derived from experiments and give

general insights on the interactions among membrane components.
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6 Conclusions and Perspectives

6.1 lon binding landscapes at phospholipid

membrane surfaces

(1). The free-energy landscapes unveil specific binding behaviors of metal
cations on phospholipid membranes. Nat and K* are more likely to stay
in the aqueous solution, and can easily bind to a few lipid oxygens by
overcoming low free-energy barriers. Ca?* is most stable when bound
to four lipid oxygens of the membranes, rather than being hydrated in
the aqueous solution. Mg?* is tightly hydrated, and can hardly lose a

hydration water and bind directly to the membranes.

(2). When bound to the membranes, the cations’ most favorable total
coordination numbers with water and lipid oxygens are the same as their
corresponding hydration numbers in aqueous solution, indicating a com-
petition between ion binding to water and lipids. The binding specificity
of metal cations on membranes is highly correlated with the hydration free

energy and the size of the hydration shell.

(3). The binding landscapes of Na™ at DMPC-cholesterol membranes show
that the ionic affinity to membranes decreases as cholesterol concentration
increases. When cholesterol concentration is greater than 30%, the ionic
binding is significantly reduced, which coincides with the phase transition

point of DMPC-cholesterol membranes from a liquid-disordered phase to

95



a liquid-ordered phase.

(4). We have also evaluated the contributions of different lipid head groups
to the binding free energy separately. The DMPC’s carbonyl group is the
most favorable binding site for sodium, followed by DMPC’s phosphate
group and then the hydroxyl group of cholesterol.

6.2 Molecular dynamics of phospholipid

membranes

(1). Molecular self-diffusion, reorientational motions and spectral densities
of atomic species reveal a variety of time scales playing a role in membrane

dynamics.

(2). The mechanisms of lipid motion strongly depend on the time scale
considered, from fast ballistic translation at the scale of picoseconds to
diffusive flow of a few lipids forming nanodomains at the scale of hundreds
of nanoseconds. In the intermediate regime of sub-diffusion, collisions with

nearest neighbors prevent the lipids to achieve full diffusion.

(3). Lipid reorientation along selected directions agree well with reported

nuclear magnetic resonance data and indicate two different time scales.

(4). Calculated spectral densities corresponding to lipid and water re-
veal an overall good qualitative agreement with Fourier transform infrared
spectroscopy experiments. Our simulations indicate a blue-shift of the low
frequency spectral bands of hydration water as a result of its interaction
with lipids.

(5). Our findings include a “wagging of the tails” frequency around 30

cm ™!, which essentially corresponds to motions of the tail-group along the
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instantaneous plane formed by the two lipid tails, i.e., in-plane oscillations
are clearly of bigger importance than those along the normal-to-the plane

direction.

(6). Microsecond MD simulations on the ternary mixtures of DPPC/
POPC/ cholesterol show that there exits a competition between tighter
packing of lipid-cholesterol and looser packing of lipid-lipid as the mem-

brane changes from the liquid-disordered phase to liquid-ordered phase.

(7). Depending on the lipid saturation, the favor of lipid-lipid interac-
tions is in the order of saturated-saturated > unsaturated-unsaturated >
saturated-unsaturated. Cholesterol-saturated lipid interactions are more

favorable than cholesterol-unsaturated lipid interactions.

(8). The results are consistent with the pull-push forces derived from
experiments and give general insights on the interactions among membrane

components.

6.3 Perspectives

Our work provides a general methodology to explore the free-energy land-
scapes for ions at complex biological interfaces. Furthermore, provided
the importance in a variety of biological processes of the interaction of
ions and charged interfaces in aqueous solution, our approach could be ex-
tended to explore other problems in colloidal chemistry and biology, and
could be helpful to deepen our understanding of specific ion effects on
soft matter and biological systems. It could be interesting to explore the
binding landscapes of Kt, Ca?t, Zn?*, and Fe?* at cholesterol-containing
membranes, the free-energy landscapes of metal cations at a physiological

concentration, and the binding of ions at protein surfaces.
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Molecular dynamics of membranes reveal a variety of time scales playing
a role in membrane dynamics. It could be interesting to explore the time
scales of lipid-lipid and lipid-cholesterol interactions depending on the lipid
saturation and membrane phases, which could be helpful to deepen our

understanding of lipid rafts.
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