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Physical properties of phospholipids and integral
proteins and their biofunctional roles in pulmonary
surfactant from molecular dynamics simulation
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This work deals with a quantitative investigation of the physical properties of pulmonary surfactant near
melting temperature. To this end, we make use of molecular dynamics simulations, using the MARTINI
coarse-grained model, for determining the physical properties of the system, such as the potential
energy, the specific heat, the microstructure, the diffusion laws, and the elastic properties of the
surfactant. The microstructure is studied by computation of the radial-distribution-function upon varying
the distance between constituents (lipid molecules or proteins). The diffusion phenomenon is
investigated by determination of the mean-squared-displacement and the time dependent velocity-
autocorrelation-function for various values of temperature. We show that the dynamics of lipids and
proteins exhibit a subdiffusion regime (slow movement) due to the cage effect within pulmonary
surfactant. From the obtained mean-squared-displacement, we get the values of the self-diffusion-
coefficients and the anomalous exponents at different temperatures close to the melting temperature.
For the mathematical description of the cage effect, we make use of the scale relations in terms of the
waiting time probability distribution. The last study is concerned with determination of the dependence
of the lateral stress upon the strain of pulmonary surfactant, which is found to be linear, and from which
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1 Introduction

Notions of the immaturity of the fetal lung and surface tension
appeared in the twentieth century, maybe earlier. Thus, the
concept of low surface tension in pulmonary alveoli became an
interesting subject for scientists. In 1929, von Neergaard
described® the existence of low surface tension in the pulmo-
nary alveoli, and in 1947, Gruenwald established? a correlation
between the surface tension and the pulmonary elasticity. In
1957, Clements discovered® pulmonary surfactant, and in 1958,
Craig et al. demonstrated® the underlying cause of hyaline
membrane disease, surfactant deficiency, fostering ever more
vigorous efforts to reduce neonatal mortality in the burgeoning
practice of neonatology. Fujiwara and Adams® introduced
surfactant substitution in Japan in 1980, for the treatment and
prevention of respiratory distress syndrome.

Pulmonary surfactant is a complex structure, composed of
90% lipids and 10% proteins, and is strikingly comparable
across various species including humans.® The majority of the
surfactant lipids are phospholipids (80-90%), of which phos-
phatidylcholine (PC) is quantitatively the most important,
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we deduce the lateral-elastic-modulus.

accounting for 70-80% of the total lipids.” Four surfactant
proteins have so far been identified in pulmonary surfactant,®
namely, SP-A, SP-B, SP-C and SP-D, which have different func-
tions. They are either exclusively lung associated or predomi-
nately found in the lung.**° The main function of the surfactant
is to reduce the surface tension at the air-liquid interface in the
alveoli, in a manner that depends on the alveolar surface area.
The reduction of surface tension at the very extensive alveolar
surface promotes lung expansion on inspiration and prevents
lung collapse on expiration. Thus, the surfactant plays a major
role in the pressure-volume characteristics of the lung and in
gas exchange. However, the presence of the proteins, particu-
larly SP-B and SP-C, is absolutely required for interfacial
adsorption, film stability, and respreading capacities."*> SP-B
and SP-C are small hydrophobic polypeptides that play crucial
roles in the formation and stabilization of pulmonary surfactant
films.”® In contrast to SP-B, the surfactant protein SP-C is not
absolutely required for survival. However, targeted deletion of
the SP-C gene in mice leads to the development of severe
progressive pneumonitis depending on the genetic back-
ground.*** Experimental data suggest that SP-C would be
required to maintain the association of the surfactant
complexes (reservoirs) with the interfacial film in the most
compressed states, i.e., those reached at the end of expiration.®
The SP-C-promoted attachment would then facilitate the

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra00077a&domain=pdf&date_stamp=2020-02-26
http://orcid.org/0000-0002-0594-4356
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00077a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010014

Open Access Article. Published on 27 February 2020. Downloaded on 3/14/2026 1:34:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

reinsertion of the surface-active molecules from the reservoirs,
with the probable critical participation of SP-B during the re-
expansion.'>'*** Some authors have suggested'®* the existence
of SP-C/cholesterol complexes within the bilayer membranes;
however, both direct evidence and a model explaining the role
of SP-C/cholesterol interactions in surfactant function are
lacking. It has been proposed that cholesterol could contribute
in preventing SP-C from aggregating, leading to better misci-
bility of the protein into the monolayers.>® On the other hand,
a previous study suggested that concomitant changes in the
concentrations of cholesterol and SP-C may occur in the
surfactant of heterothermic animals, and therefore, the roles of
these two molecules in the surfactant may be connected.”

The present study is motivated by the interest in pulmonary
surfactant in many disciplines such as biological research and
as an exogenous surfactant treatment to neonates in medicine.
The aim is to rely on the physical properties of the pulmonary
surfactant components to understand its physiological roles.

In recent years, molecular simulations have become an
excellent tool for studying the physicochemical behavior of
biological membranes, especially with the advancement in
computational tools.”*?* Numerous studies in relation to
pulmonary surfactant have been accomplished using simula-
tion methods.

In this context, Wang and Frenkel have proposed® a simple
model of the amphiphilic bilayer, in order to reproduce the
elastic properties, using Monte Carlo simulations. They have
shown that such a model gives a good description of the elastic
properties and agrees with experiments. Also, they have
observed that the solid phase exists only at low temperature,
whereas at ambient and high temperatures, the bilayer
membrane is in the liquid state. Also, Freites et al. have per-
formed®® an all-atom MD simulation on a model system,
composed of a monolayer of palmitic acid and a surfactant
protein B peptide SP-B. They have shown that the palmitic acid/
SP-B monolayer is stable in a wide range of lipid specific areas in
regions of the monolayer containing tilted and untilted
condensed phases. S. Baoukina and D. P. Tieleman® presented
a review of recent simulation studies on the properties of lipid-
protein interactions, and the effects of nanoparticles on lung
surfactant. In another work, Q. Hu et al*® investigated the
interaction between nanoparticles and the pulmonary surfac-
tant system in alveolar fluid, using coarse-grain molecular
dynamics simulations. Their simulation results revealed that,
when brought into contact with pulmonary surfactant, silver
and polystyrene nanoparticles are immediately covered with
a biomolecular corona composed of both lipids and proteins. In
another recently published paper, K. Dutta et al.*® studied the
paradoxical bactericidal effects of hydrophobic lung surfactant
proteins and their peptide mimics using a molecular Trojan
horse liposome. This study has alarming implications in using
high dosage exogenous surfactant for treatment of respiratory
distress syndrome, genetic knock-out abnormalities associated
with these proteins, and the novel roles played by SP-B/C as
bactericidal agents.

In the present work, we are interested in the study of several
physical aspects of a pulmonary surfactant system near melting
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temperature. For the sake of simplification, we proposed
a system composed of SP-B and SP-C integral proteins, and
a phospholipid bilayer, with water as an explicit solvent at the
interfaces. To determine the physical properties of the surfac-
tant, we used MD simulations using the MARTINI coarse-
grained force-field. These simulations allow us to determine
the melting temperature, structure (through the radial-
distribution-function), dynamics (subdiffusion laws via the
mean-squared-displacement and  velocity-autocorrelation-
function), and mechanical properties of pulmonary surfactant
by the lateral-elastic-modulus.

Our results show the importance of the phospholipids and
integral proteins in the physiological role of pulmonary
surfactant. The analysis of the simulation results suggests that,
at human body temperature, the surfactant is in the gel phase,
due to the presence of congested proteins and locally
condensed lipids. These constituents are also characterized by
slow diffusion, called subdiffusion, and significant stiffness
against stretching and compression during the breathing cycle.

2 System model

Pulmonary surfactant exists as a bilayer membrane, composed
of 90% phospholipids and 10% proteins. The phospholipid
composition of pulmonary surfactant of different species has
been elucidated by Veldhuizen and Haagsman.** Thus, PC
molecules represent approximately 80% of the total phospho-
lipids, of which more than half are disaturated (in gel phase).
DPPC represents approximately 40%. Other constituents are
16:0, 18:2 PC (18%), 16:0, 18:1 PC (20%) and 16:0, 16:1 PC
(13%). Phosphatidylglycerol (PG) is approximately 10% of the
lipid pool and small amounts of (lyso) phosphatidic acid (PA),
phosphatidylinositol (PI) and phosphatidylethanolamine (PE)
are found.** However, dipalmitoylphosphatidylcholine (DPPC)
is considered to be primarily responsible for the low surface
tension of pulmonary surfactant.** In contrast, fluid-phase
phospholipids or charged phospholipids are good fluidizers
that promote adsorption and spreading.®* It must be mentioned
that fluidizers limit the minimum surface tension of pulmonary
surfactant that can be obtained during its lateral compression
(expiration). For this, during the compression, the fluidizers are
selectively ejected into the aqueous sub-phase by a fold forma-
tion, which induces an increase in the DPPC concentration in
the lung surfactant monolayer.**** Therefore, very low surface
tensions keep the cell open and promote respiration. We recall
that pulmonary surfactant contains other phospholipids, such
as phosphatidylethanolamine (PE) and sphingomyelin (SM).
These appear as minor components accounting for about 5% of
pulmonary surfactant.** These lipids most likely come from
other cell membranes.*>*® Therefore, as noted in some experi-
mental reports,*** PE and other minor lipids are not respon-
sible for the biophysical function of pulmonary surfactant.
Hence, for simplicity, they are not introduced in the proposed
model.

The proteins which exist in the structure of pulmonary
surfactant are SP-A, SP-B, SP-C, and SP-D. These proteins can be
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divided into two groups: small hydrophobic proteins (SP-B and
SP-C) and larger hydrophilic proteins (SP-A and SP-D).

Many experimental studies have been conducted to study the
three-dimensional structure of SP-B as an atomic representa-
tion,** giving rise to an overview of the SP-B conformation and
disposition in pulmonary surfactant. According to these
studies, SP-B is a hydrophobic protein consisting of 79 amino
acids, with molecular weight of about 9 kDa. It is in the form of
dimers and trimers (respectively two and three repetitive units).
Because of its hydrophobicity, it will preferentially interact with
the lipid-tails, as has been shown using the electron para-
magnetic resonance technique.” One of the most important
roles of SP-B is the stabilization of lipid structures at the water—
liquid interface. Thus, the presence of SP-B consolidates the
lipid structures, and at the same time, improves their
mechanical properties during the cyclic compression-expansion
movements of the respiratory system. SP-C consists of 35 amino
acids, and has a molecular weight between 3 and 5 kDa. Its
three dimensional structure was determined by Johansson
et al.** using the nuclear magnetic resonance technique.

The structure showed a valyl-rich a-helix formed by amino
acids. It was also well matched with the analysis of the
secondary structure by circular dichroism and Fourier trans-
form infrared spectroscopy. During the respiratory cycle, SP-C is
required to maintain the combination of the pulmonary
surfactant with the interfacial film at the end of exhalation.
Then, SP-C facilitates the re-insertion of the surfactant mole-
cules into the reservoir during re-expansion.'*™® The integral
proteins SP-B and SP-C account for approximately 2% of the
total surfactant weight.

SP-A and SP-D, which constitute approximately 6% of the
total surfactant-weight,’® are surfactant-associated water-
soluble proteins. These proteins play an important role in
host defense but have little effect on the biophysical properties
of the surfactant.*” We note that pulmonary surfactant can
contain other proteins accounting for approximately 2% of the
total surfactant weight.

In this study, we are interested in the biophysical properties
of pulmonary surfactant. Thus, the proposed model for
pulmonary surfactant used in this study consists only of phos-
pholipids and integral proteins (SP-B and SP-C).

3 Simulation method
3.1 Coarse-grained model

Using a CG-model allows the extension of the spatial and
temporal scales of the simulations, compared with an all-atom
model. The MARTINI force field is one of the widely used CG-
models in MD simulations.**** In this model, the PC head-
group consists of two hydrophilic groups: choline (Q, type)
and a phosphate group (Q, type). The first carries a positive
charge +e, and the second, a negative one —e. In addition, there
are N, particles, which refer to the intermediate polarity glycerol
moieties. The tail double bonds can be efficiently modeled
using slightly less hydrophobic beads (C,), as well as a change in
the angle interaction-potential that governs the rigidity and
orientation of the lipid-tails. The coarse-grained representation
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of PG resembles that of PC, but PG has a P4 bead instead of a Q,
bead. The water bead uses the P4 model.*

The two hydrophobic surfactant proteins, SP-B and SP-C,
were constructed using their all-atom models obtained from
the Protein Data Bank. The all-atom models were then trans-
ferred to the corresponding coarse-grained models with the
martinize.py script provided by the MARTINI force field. This
transformation gives a coarse-grained representation similar to
the a-helix model. This model is adopted in several recent
reports.’** In the MARTINI model, each amino acid is rep-
resented by a single bead that can be polar (sL), non-polar (sH)
or neutral (tN). The sL and sH beads are mutually repulsive and
differ only in the parameterization of their respective dihedral
potentials. The coarse-grained protein scheme has also been
well discussed in the literature by Monticelli et al.** and in other
work by Bellesia et al.*®

3.2 Simulation details

To investigate quantitatively the physical properties of pulmo-
nary surfactant using the MD simulation method, using the
MARTINI CG-model, we have simulated a model of pulmonary
surfactant, consisting of 10 000 different phospholipid mole-
cules, according to the percentages discussed in Section 2,
doped with 64 integral proteins (32 SP-C and 32 SP-B), and
hydrated by 93 600 water beads at the interfaces. MD simula-
tions were performed using the LAAMPS software package.*
Initially, the surfactant is centered in an orthogonal simulation
box (length: [, = [, = 450 A, I, = 180 A), with an explicit water
interface. After that, the system was subjected to an energy
minimization, to correct the lengths of the bonds and to ensure
the optimal particle distribution, for 50 000 steps. Then, the
system is equilibrated in the NPT-statistical ensemble, using
the Berendsen barostat,*® at ambient conditions of temperature
and pressure (7= 300 K, P=1 bar) for 1 000 000 time-steps with
a time-step length of 10 fs. Next, the system is equilibrated in
the NVT-statistical ensemble using the Langevin thermostat for
another 1 000 000 time-steps. We note that the area per lipid
obtained after this equilibration is 0.46 nm?. This value is less
than the area per lipid for the pure DPPC bilayer, which is
around 0.63-0.65 nm?. In this context, Wolf et al. have shown*®
that the inclusion of the protein molecules reduces the area per
lipid following the behavior A, = 2 X (Ay, — Aprot)/fiip, Where
mip is the number of lipids, A, is the membrane area and A, is
the protein area. Therefore, it seems reasonable to take into
account the presence of the proteins and the other phospho-
lipids. Generally, the presence of the included molecules in the
lipid bilayer reduces the area per lipid.*”** Once the system is
balanced, we move to the production stage of the results. The
physical properties that we will discuss in this article are
determined as follows: first, we compute the melting tempera-
ture, using a heating process, for a temperature range from 100
to 600 K, with a heating rate of 10" K s™'. Second, we determine
the structure and dynamics properties in the canonical
ensemble. To this end, a series of MD simulations in the NVT-
ensemble have been carried out for various temperatures
close to the melting temperature. The temperature was kept
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constant using the Nose-Hoover thermostat. MD simulations
were performed for 2 000000 time-steps and the motion
equations were integrated using the Verlet integrator, giving
a simulation time of 20 ns, with a time-step length of 10 fs. The
results were written in the output files every 100 time-steps.
Finally, from an initial configuration balanced in the NPT-
ensemble, with P = 1 bar and T = 300 K, we perform
a uniaxial strain MD simulation to determine the stretching-
modulus.

4 Results and discussion
4.1 Thermodynamical properties

The surfactant is very deformable, even under low mechanical
stress. The water molecules of the aqueous medium at the
interface are subjected to Brownian movement, distributing the
heads of the lipids of the bilayer membrane. Such movement
creates ripples on the surface of the surfactant. Each head in the
bilayer membrane is then animated, with small rapid move-
ments around its equilibrium position. The origin of these
movements remained unclear until 1975 when Brochard and
Lennon showed® that the same movements may be caused by
thermal agitation. In this context, Marrink et al. simulated®® the
coarse-grained transition from a gel phase to a fluid phase in
pure DPPC bilayers, using a heating process. Their observations
were in agreement with experimental findings, and showed that
the ordered phase obtained using the CG-model was a gel
phase, rather than a crystalline phase. In this study, we present
a CG-MD simulation for a phospholipid-protein mixture in
aqueous solution, for an understanding of the physical aspects
of pulmonary surfactant near melting temperature. The
potential energy, denoted as Ej,, of the pulmonary surfactant
components (lipids and proteins) is the sum of all pairs of
particles, bonds, angles, and dihedral energies. During the
heating process, where the temperature is ranging from 100 to
600 K, the potential energy is temperature dependent. The
specific heat (per particle) at a constant volume is given by the
standard relation

Cy = ﬁ<(up)2>m. (1)

Here, ((AE,)*)nvr accounts for the energy fluctuations, and kg is
the Boltzmann constant. For an ideal gas, the specific heat is
temperature independent and simply equal to Cy = Nk (in two
dimensions), where N is the number of particles. For the real
system under consideration, the specific heat is deduced using
MD simulations in the NVT-ensemble.

Fig. 1(a) illustrates pulmonary surfactant in the gel phase, for
T = 293 K, which is below the melting temperature (about 320
K). But, above this temperature, the bilayer membrane begins to
fluctuate. Beyond the melting temperature, as shown in
Fig. 1(b), at T = 333 K, the bilayer membrane is in the liquid
phase. Therefore, the transition from the gel phase to the liquid
phase occurs at the melting temperature, Ty;.

In Fig. 2, we report the variation of the specific heat (solid
line + triangles in blue) and potential energy (solid line +
spheres in black) with temperature, calculated using a heating
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Fig. 1 The simulated pulmonary surfactant model in an orthogonal
simulation box of lengths I, = I, = 425 A and [, = 100 A, at two different
temperatures: (@) T = 293 K and (b) T = 333 K. The structure was
generated using the Moltemplate package (https://moltemplate.org/
),%* and visualized using the Ovito software (https://ovito.org).?* The
lipid tails Cy are represented in white, the different heads of each lipid
are presented in yellow (N,), purple (Q,) and blue (Qq, P4), the water
beads are presented in turquoise, and the protein beads are presented
in black (sH), cyan (sL) and green (sN). More detailed information about
the MARTINI coarse-grained representation and parametrization of
the interaction potentials of lipids, proteins (amino acids) and water
can be found on the MARTINI home page (http://cgmartini.nl/).

rate of 10" K s '. At fixed surfactant area, we find that the
potential energy increases with increasing temperature, and its
variation becomes steeper beyond the melting temperature. In
particular, the energy exhibits a jump at this temperature,
which is a signature of a first-order phase transition. The
specific heat exhibits a peak at the melting temperature, which
equals 320 K, marking the possibility of the appearance of
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Fig. 2 Potential energy (E,) and specific heat (C,) of pulmonary
surfactant versus temperature, for a heating rate of 10* K s,
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a solid phase at physiological temperatures. Several experi-
mental studies have been carried out on a pure DPPC bilayer
and revealed that Ty = 314 K.***> We note that the insertion of
the proteins leads to an increase of the melting temperature,
Tw, since their presence has a tendency to rigidify the bilayer
membrane. We expect that T, increases with the protein frac-
tion, @, as: Ty = Ty + Ad*, with exponent x > 1. Here,
Ty represents the melting temperature relative to surfactant
free from proteins.

From the literature, Yan et al. conducted an experimental
study to determine the melting temperature of pulmonary
surfactant.*® Thus, the authors found that Ty, is significantly
higher in the lungs than in the lipid bilayer. Their results
indicate that the change in pulmonary mechanics should occur
in the range of 321-328 K.*® Our results are in good agreement
with the experimental results discussed above. In addition, the
present study provides a clear overview of other physical prop-
erties at temperatures near the melting point, including physi-
ological temperatures. Also, it should be noted that the physical
properties of pulmonary surfactant are still not completely
understood and are different from those of simple lipid
bilayers.

4.2 Structural properties

The study of the local structure of the lipids and proteins
around the melting temperature is carried out by analyzing the
radial-distribution-function (RDF) obtained from MD simula-
tions. The RDF can be viewed as the probability of finding
a particle distributed around a given (central) particle. In fact,
the RDF provides information on the local structure of a group
of coarse-grained beads among the various beads in the system.
The RDF is defined, as usual, by the following thermal average

1
g =% <Z¢5(V - ij)>7 (2)

i#j

where p is the number-particle-density. In our case, p = NJS,
where N is the number of constituents (lipid molecules or
proteins) and S is the bilayer membrane area. The above sum is
performed over all pairs of constituents. Fig. 3 and 4 show the
RDFs, g(r), of various components of pulmonary surfactant at
the melting temperature.

Fig. 3(a) and (b) indicate that the phospholipid molecules
exist in a condensed liquid phase, which is characterized by the
presence of short-range order (for the closest neighbors). This
liquid behavior has been shown experimentally* for long-range
lipids (heads and tails). Fig. 4(a) suggests that the proteins
exhibit a congested structure, close to a solid, which manifests
itself in the form of intense and narrow peaks (for the first and
second closest neighbors) in the RDF. The position of the first
peak is the average distance between the lipid head groups
(about 5 A), which are inside pores formed by the integral
proteins, while the second peak accounts for the pore radius
(about 9.5 A), in agreement with the literature.’s

Fig. 4(b) shows the RDF of the surfactant molecule group
(phospholipid molecules and proteins). This figure reveals that
the structure of pulmonary surfactant is almost identical to the
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Fig. 3 (a) RDF of the group of head molecules, and (b) RDF of the
group of tail molecules.

lipid structure. This means that the inclusion of the proteins,
with a small percentage of (10%), has a minor influence on the
static structure of the surfactant. The computation of RDFs for
temperatures close to the melting point suggests that there is no
remarkable influence on the surfactant structure. These

—e— Protein-protein, T=320K

4 —e— PS-PS,T=320K
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Fig. 4 (a) RDF of the group of proteins, and (b) RDF of the group of
pulmonary surfactant constituents (phospholipid molecules and
proteins).
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findings may be useful for theorists who are interested in the
determination of the effective interactions between the proteins
which are included in the bilayer membrane, where the latter
may be considered a two dimensional continuum fluid. They
can, therefore, consider the proteins as nanoparticles in a two
dimensional solvent, but this ignores the fact that the proteins
have slow dynamics in comparison with lipids, and a solid-like
structure.

4.3 Dynamical properties

4.3.1 Basic relationships of subdiffusion. The diffusive
movement of the pulmonary surfactant components (lipids and
proteins) is anomalous. As a result, a description based simply
on the classical diffusion equation, with scattering constants
measured in dilute solution, fails. This is attributed to the
macromolecular bulk in pulmonary surfactant, summarizing its
densely compacted and heterogeneous structure. The best
known phenomenon is a sub-linear increase in the mean-
squared-displacement (MSD) as a function of time. Faced with
the difficulty of proposing a theoretical model for a dynamics
study of pulmonary surfactant as a complex structure, many
experimental tools have been developed. Among these, we can
cite the tracking of a single particle, used for the study of the
motions of the particles and molecules with submicron spatial
resolution on the surfactant surface,’”* fluorescence correla-
tion spectroscopy that can be applied to the analysis of fluo-
rescently labeled single lipid-like molecules laterally diffusing
in lipid bilayers,*** and fluorescence recovery after photo-
bleaching, used for the measurement of the lateral mobility of
the membrane lipids and proteins in a variety of cells and
tissues.®** These experimental methods are very expensive.
Thus, MD simulations can be an alternative method for the
statistical description of the slow and anomalous transport in
pulmonary surfactant. Diffusion is characterized by an MSD
and a diffusion coefficient, and the MD simulation method
gives access to these properties with good accuracy.®® The MSD
is given by the following time average

W(t)=(ar (1)) = ]1v<z_:[r,,(z+zo) r,,(to)]2>. (3)

In the expression above, r,,(¢) represents the two dimensional
time position of a constituent n, which is a protein or a phos-
pholipid molecule. Here, t denotes time and ¢, is the initial time
at which the tracer (random walker or target) starts moving. In
our case, the tracer is a phospholipid molecule or a protein.

Due to thermal agitation, the proteins and phospholipids
exhibit lateral diffusion. Their motion is hampered by the
presence of other neighboring entities. As a consequence,
a given tracer (a protein or a phospholipid molecule) exhibits an
anomalous diffusion that we are interested in. In comparison to
normal or Brownian diffusion, the anomalous diffusion is
slower, due to the extreme difficulty with which a particle moves
in a complex structure. This kind of diffusion is usually referred
to as subdiffusion, and it is characterized by an MSD which
behaves as
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WA(t) = 2dD,t*, 0 < a < 1. (4)

Here, d represents the space dimensionality (d = 2 in our case).
The long time behavior then deviates from the linear depen-
dence on time found for Brownian motion.*® Here, D, is the
generalized-diffusion-coefficient or “fractional diffusion-coeffi-
cient”. The latter is expressed in length?/time® units. At the log-
log scale, eqn (4) becomes

log W(t) = log(2dD,) + « log t. (5)

This equality means that the anomalous exponent « is
simply the slope of the logarithm of MSD, log W, as a function of
logt, and the generalized-diffusion-coefficient, D,, can be
determined by extrapolation to the vertical axis.

We emphasize that subdiffusion is a feature of crowded
systems, where the trajectories of the mobile constituents are
strongly correlated. Notice that the above scaling relation is
valid for long times, which are beyond some characteristic
times depending on the specific details of the diffusion process
and the structure of the host medium. In general, a particle is
said to be subdiffusive if the condition W(t)/¢ — 0, for t — +o,
is satisfied (very slow diffusion). This explains why the anoma-
lous exponent o must be in the interval 0 < a < 1.

Another interesting dynamic quantity to consider is the
velocity-autocorrelation-function (VACF), denoted as c¢y(t). The
latter is simply the time-average: ¢,,(¢) = (v(¢) x v(0)), where v(¢)
is the velocity of the tracer at time ¢. We recall that the MSD and
VACF are connected by®

1 Wit
enll) = 3 dﬂ( :

, t>0. (6)

According to the asymptotic time behavior in eqn (4), the
VACF then scales as

ewl(t) = 2Dgo(a — D* 2,0 < a < 1, 7)

for the two time regimes R; and R,, defined below. Since the
anomalous exponent « is less than 1, for the two time regimes,
the VACF is then negative definite for long times. It is
straightforward to see that the VACF for the phospholipid
molecules is greater than that for the proteins. In the biology
domain, several experiments and simulation studies show that
the lateral diffusion of the molecules within the biological
membranes is relatively slow because these membranes have
a complex structure, in the sense that the molecular MSDs
increase sub-linearly instead of linearly with time. Therefore, all
of the constituents of the bilayer membranes (lipid molecules
and proteins) are subject to a cage effect. In particular, this
effect has been recently observed and studied®® using MD
simulations of a lipid POPC bilayer with the OPLS all-atom force
field and with the coarse-grained MARTINI force field.
Quantitatively, the cage effect can be studied through the
waiting time probability,*® denoted as P(t). For the reasoning,
we can assimilate the membrane surface to a regular two
dimensional lattice on which the tracer moves at random and
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may diffuse from time to time, with N, mobile traps forming
a cage (a surface on the bilayer membrane) that confines this
tracer. The latter has to wait for a time 7 on each site before
performing the next jump. In fact, this waiting time is a random
variable independently chosen for each new jump according to
a distribution, P(tr). The problem dealt with here is called
a “continuous time random walk” in the literature.”

After a characteristic long time, ., the tracer leaves its cage.
Physically, this time is simply the stay duration in the cage
formed by the neighbors. It is related to the mean waiting time,
(1), calculated with the probability, P(t), by the following simple
formula”™

t. = N(1). (8)
When the distribution, P(t), is board, it behaves as”™
P(t) ~ 71 r <y, 9)

At long times, that is for 7 > ¢, this distribution falls expo-
nentially. Here, 0 < a < 1 is the anomalous exponent, charac-
terizing the long-time behavior of the MSD, according to
relation (4). Using relation (9), we find that the mean waiting

time is given by
I—a
le
(1) ~ 790 (E) .

Here, the time-scale, 7o, represents the time interval between
two consecutive collisions of the tracer with the mobile traps.
Combining equality (8) and relation (9a) yields

(%a)

fo ~ TN, (10)

It is noted that both the tracer and the mobile traps diffuse
normally among themselves and anomalously with the mole-
cules of the host liquid (the bilayer membrane).

We emphasize that the above scaling-relation can be rapidly
recovered by equating the linear-size of the confinement space
(cage), aNi’, to the square-root of the MSD, taken at ¢ = t,.
Using eqn (4) for the MSD yields formula (10).

Now, if the mobile traps form an aggregate of fractal
dimension, dr, we find that, in this case, the stay duration scales
with N, as

fo ~ ToNZO, (10a)

Notice that, in order to get this scaling-relation, we have
equated the linear size of the confinement space (aggregate),
aNY% to the square-root of the MSD, at ¢ = t.. The above
behavior may be applied to proteins with high density, where
these are aggregated due to the attractive van der Waals forces
between them. Finally, notice that, if the tracer diffuses with the
surrounding traps in Euclidean space, we would have dp = 2,
and then, the scaling-relation (10) is recovered.

The next step consists of determining the dynamic charac-
teristics of the constituents (lipid molecules or proteins) within
the bilayer membranes, using MD simulations.
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4.3.2 MD results. Fig. 5 shows the lateral MSDs of the
phospholipid molecules depending on time, from MD simula-
tions: (a) MSDs and (b) log-log plots of the MSDs, for different
temperature values. In Fig. 6, we depict the lateral MSDs of the
proteins depending on time, from MD simulations: (a) MSDs
and (b) log-log plots of MSDs, for different temperature values.
The curves in Fig. 5(a) and 6(a) indicate that, at the beginning,
the movement of the tracer is fast below some characteristic
time, denoted as t*, but it becomes slower beyond t*. Naturally,
the latter depends on the details of the system and the nature of
the stochastic process. For the two short and long time-regimes,
denoted respectively as R; and R,, the movement of the tracer is
subdiffusive. From eqn (4), we deduce the crossover-time, t*,
between regimes R; and R,, and find

1
T*F = & az*al.
D,,

Of course, this characteristic time is temperature dependent.
Its temperature dependence will be discussed below. Tables 1
and 2 summarize the computed anomalous exponents and the
associated generalized-diffusion-coefficients for the lipids and
proteins for various values of temperature (near the melting
point) and time-regimes R, and R,. These tables clearly show
that the anomalous exponent does not depend on temperature
(around the melting point), while the generalized-diffusion-
coefficient does. But, the values of these two quantities are
naturally different for the time-regimes R; and R,. We notice
that the generalized-diffusion-coefficient increases with
increasing temperature. Since this coefficient is essentially the
inverse of the medium viscosity, we expect that this coefficient
follows the following Arrhenius-like law:

(11)

100 o —¥— T=333K
1 —e— T=323K
—&— T=313K
s —o— T=303K
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& 60
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20
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g
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(b) -4 -2 0 2
log(t (ns))

Fig. 5 Lateral mean-squared-displacements of the phospholipid
molecules versus time: (a) MSDs and (b) log—log plots of MSDs.
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Fig.6 Lateral mean-squared-displacements of the proteins with time:
(@) MSDs and (b) log—log plots of MSDs.

Table 1 Anomalous exponents and generalized-diffusion-coeffi-
cients of the pulmonary surfactant lipids, for various values of
temperature near the melting point

Regime T (K) @ D,, (em?/t%)
Ry 293 0.37 3.07 x 1077
303 0.37 3.14 x 1077
313 0.37 3.23 x 1077
323 0.37 3.35 x 107’
333 0.37 3.45 x 1077
R, 293 0.53 4.24 x 1077
303 0.53 4.5 x 107
313 0.53 4.85 x 1077
323 0.53 5.2 x 1077
333 0.53 5.45 x 1077
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DT) = Ae 57, (12)
By introducing the usual logarithm function (log), this behavior
is expressed as:

log(D(T)) = log(4.) — BT, (123)

where 4, and B, are constant factors, which depend on the
nature of the tracer and the ambient medium. Fig. 7 and 8
depict the diffusion coefficients in the log-linear scale (log(D,)
versus 1/T), calculated for lipids and proteins, for five values of
temperature. A good fit with the MD results gives

A, =821 x107, B, = 289.94K, (R)), (12b)
A, =36.5x 107", B,, = 631.43 K, (R,) (12¢)
for the phospholipid molecules, and
A, =10.00 x 10°% B, = 256.88 K, (R)), (12¢)
A,, = 13040 x 107%, B,, = 759.12 K, (R,) (12d)

for the proteins.

In a recent series of reports, Matti Javanainen, Ralf Metzler
and their coworkers”™”” studied the anomalous dynamics and
subdiffusion in protein-lipid mixture bilayers, using all-atom
and coarse-grained MD simulations and single-particle
tracking experiments. For a pure lipid bilayer with different
molar fractions of incorporated proteins, the authors observed
anomalous diffusion of lipids with a scaling exponent & = 0.8
below a crossover time of 7. = 10 ns,”*”* which is a long

Table 2 Anomalous exponents and generalized-diffusion-coeffi-
cients of the pulmonary surfactant proteins, for various values of

temperature near the melting point

Regime T (K) @ D, (em*/t%)
Ry 293 0.19 418 x 1078
303 0.19 431 x 1078
313 0.19 4.44 x 1078
323 0.19 4.53 x 1078
333 0.19 4.65 x 1078
R, 293 0.65 9.50 x 107 ®
303 0.65 1.07 x 1077
313 0.65 1.16 x 10~/
323 0.65 1.22 x 1077
333 0.65 1.31 x 107

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Arrhenius equation fits to the calculated diffusion coefficients
D, for the pulmonary surfactant lipids, for five values of temperature
(293, 303, 313, 323, and 333 K). (a) D,, corresponding to the first
regime, (b) D,, corresponding to the second regime. Inverse
temperatures are given in K%,
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Fig. 8 Arrhenius equation fits to the calculated diffusion coefficients
D, for the pulmonary surfactant proteins, for five values of tempera-
ture (293, 303, 313, 323 and 333 K). (a) D, corresponding to the first
regime, (b) D,, corresponding to the second regime. Inverse
temperatures are given in K™%,

subdiffusion time. Also, they found that the calculated diffusion
coefficient of lipids is of the order of 10~ cm® s~ " and decreases
proportionally to the protein molar fraction. In this work, we
found that the scaling exponent for the phospholipid mixture in
pulmonary surfactant is « = 0.53. This value is slightly lower
than the value found in the work of R. Metzler et al. (« = 0.8),
and this can be explained by the fact that the variety of lipids
with different tail lengths and the proteins included in the
surfactant may form cage-like environments.” Thus, this
heterogeneity causes slower and more pronounced anomalous
diffusion of lipids in pulmonary surfactant. The calculated
diffusion coefficient of lipids is also found to be in good
agreement with previous MD simulations and experimental
WOI‘k.71’72’79

According to Matti Javanainen et al,”»”> the protein-lipid
mixture in the crowded case corresponding to a molar fraction
of 1:50, which is close to the pulmonary surfactant protein—
lipid molar fraction (10 : 100), is characterized by slow diffusion
with a scaling exponent « = 0.65 and a diffusion coefficient of
the order of 10™% ecm® s™'. From the present study, the sub-
diffusion exponent of the proteins in pulmonary surfactant was
found to be o = 0.65. These results are in the order of those
found by Matti Javanainen et al.”"”> Also, the obtained diffusion
coefficient of proteins, which is in the order of 10~% cm? s7*,
agrees with the experimental findings.**** Thus, anomalous
diffusion is an inherent property of both lipids and proteins in
pulmonary surfactant. The time scales of the anomalous
diffusion coefficients depend on temperature, following an
Arrhenius law, whereas the anomalous diffusion exponents do
not. It should be noted that the generalized-diffusion-
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coefficients, D,, of proteins are less than those of phospho-
lipid molecules. Thus, the proteins diffuse slowly compared to
the lipid molecules in pulmonary surfactant.

According to Tables 1 and 2, invoked above, the crossover-
time, t*, decreases on increasing the temperature toward the
melting point. Also, it follows the Arrhenius law:

_1 B, .-B
A, \w-a M/T
™(T) = (A ') 'e mal .

Since a, > ; and B, > B,,, t*(T) is a decreasing function of
temperature. Explicitly, we have the closer forms

(13)

H(T) = 1.91 x 107* x e"**?%T phospholipid molecules, (13a)

(1) = 7.70 x 1073 x 47 proteins. (13b)
Time t* is expressed in nanoseconds.

Table 3 summarizes the crossover-times, t*, for the lipid
molecules and proteins, for three values of temperature close to
the melting point. This table indicates that the second time-
regime, R,, is reached later by the proteins, in comparison
with the lipids.

4.4 Mechanical properties

Canham,® Helfrich,** Evans,® and Needham and Evans®® have
noted that the mechanical properties of bilayer membranes can
be described in terms of the curvature energy. Thanks to this
pertinent discovery, it was possible to investigate the various
forms of vesicles and their interaction with soft or hard inter-
faces. Thus, the elastic properties of pulmonary surfactant
made it possible to explain some properties of the alveolar cells
and their ability to perform specific movements.

From an initial configuration balanced in the NPT-ensemble,
with P = 1 bar and T = 300 K, we perform a uniaxial tensile
strain MD simulation. We find that the stress increases linearly
with the strain (Fig. 9), and a linear fit to the data gives the
elastic-constant K, = 10 N m™ 2 This computed value agrees
with previous experimental work on bilayer membranes.?”*

In Fig. 9, we show the stress—strain plot of pulmonary
surfactant, with a strain rate of 10~° fs~'. During respiratory
cycles, the elasticity-modulus describes qualitatively the effec-
tiveness of pulmonary surfactant, that is to say, its ability to
oppose the decrease of the volume of the pulmonary cavity. In
fact, this decreases the work of the respiratory muscles and then

Table 3 Values of the crossover-time, t*, for the lipid molecules and
proteins, for three values of temperature close to the melting point

Molecules T (K) 7* (ns)
Phospholipid 293 0.1358
molecules 313 0.0893
333 0.0617
Proteins 293 0.1927
313 0.1568
333 0.1308

This journal is © The Royal Society of Chemistry 2020
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Fig.9 Stress—strain plot of pulmonary surfactant, with a strain-rate of
1075 s~

prevents alveolar collapse. The presence of the lipids in the gel
phase induces a phase separation, which is translated by the
presence of the condensed domains. Pulmonary surfactant
contains two phases (condensed and expanded) and has an
elasticity-modulus between those of the condensed and
expanded phases. Indeed, the presence of the lipids, which
fluidify and thus reduce the elasticity-modulus of the pulmo-
nary surfactant in the pulmonary alveoli compared to the DPPC
monolayer, is a compromise between the rigidity necessary for
good efficiency and the fluidity necessary for good adsorption at
the air-liquid interface. These two conditions are a prerequisite
for the proper functioning of pulmonary surfactant under
certain dynamic conditions (respiratory cycles).

5 Conclusion

We have investigated several physical properties of a pulmonary
surfactant system, within the framework of molecular dynamics
simulations, based on the MARTINI coarse-grained model and
an efficient equilibration algorithm. The transition of the
studied system from a gel phase to a liquid phase occurs at
a melting temperature of around 320 K. Pulmonary surfactant is
found to be in a two-dimensional liquid state for temperatures
close to the melting temperature, including physiological ones.
On increasing the temperature, the bilayer membrane appears
to go through a continuous ordered-disordered fluid phase
transition. The phospholipid molecules exist in a condensed
liquid phase characterized by the existence of short-range order.
But, the integral proteins exhibit a congested structure, close to
the solid state. The elasticity-modulus of pulmonary surfactant
is found to be between those of the condensed and expanded
phases. The lipids and proteins are subject to a subdiffusion
phenomenon. In the long time expression of the mean-squared-
displacement, a generalized-diffusion-coefficient and an
anomalous exponent (power of time) appear. These two perti-
nent dynamical quantities are found to be slightly smaller
compared to those calculated for pure lipid bilayers. All calcu-
lated physical properties are found to be in good agreement
with the available experimental findings. Finally, we notice that
the physical properties of pulmonary surfactant are found to be
different to those of a pure lipid bilayer. But despite that, many
previous studies considered pulmonary surfactant as a simple

This journal is © The Royal Society of Chemistry 2020
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lipid bilayer, especially for studying its interaction with nano-
particles absorbed during the respiration process. And there-
fore, various environmental and medical subjects related to
pulmonary surfactant could be re-investigated, taking into
account its particularity.
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