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Abstract: The study of water confined at stacked phospholipid bilayers is important to under-
stand basic functions of biological membranes. Within this framework and by means of all-atom
molecular dynamics simulations, we analyze the water-membrane and water-water interactions as
function of the local distance of water molecules from the membrane. We find that both can be
represented as coarse-grained potentials, useful in large-scale simulations.

I. INTRODUCTION

Biological membranes play a key role in preserving vi-
tal biochemical processes for living beings. Among all of
them, we would emphasize their barrier functions, since
they act as cell walls. In this regard, membranes not
only keep safe cell contents from its outside, but they also
contain embedded proteins that ensure the transport of
chemicals through them.

They consist of a lipid bilayer that provides stabil-
ity. In particular, this project focuses on phospholipid
membranes. A characteristic feature of phospholipids
is the amphiphilic property, namely they possess both
hydrophilic and hydrophobic behaviors. More precisely,
they have a phosphate head that is attracted by water
and a lipophilic tail that is attracted by lipids (see the
red and the gray-colored parts of Fig.7 respectively).
Due to this property, the fact that they form bilayers
when surrounded by water is quite clear.

FIG. 1: Sketch of a transversal slice of a phospholipid bilayer.

As shown in the figure above, the two layers are aggre-
gates of phospholipids whose hydrophobic tails attract
each other to build the bilayer sheet. This self-assembly
process occurs because this orientation leads to a reduc-
tion in energy [7].

Moreover, the interface is a soft structure that enables
water molecules to partially enter into the membrane,
as proven experimentally by means of neutron scattering
[B]. The antiparallel orientation of both layers and the
flexibility of the whole ensemble relies on the negligible
rate of lipids transverse diffusion against the lateral one
[7], so that a lipid flip-flop is rather unlikely.

Here we consider a lamellar structure of several phos-
pholipid bilayers separated by bulk water. At ambient
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conditions thermal fluctuations are such that the water
density profile near the membrane interface is smeared
out as a continuous function, going from zero density in-
side the membrane to bulk density away from the mem-
brane, over a distance of the order of 1 nm [I0]. Nev-
ertheless, a careful analysis based on the definition of
an instantaneous local distance of water molecules with
respect to the head of the nearest phospholipid reveals
a structure of the density profile with a clear hydration
shell and with a complex dynamics [2]. In particular, we
can distinguish an almost immobile ‘inner’ water inside
the membrane, a very slow ‘bound’ hydration water at
the interface with the membrane and a slow ‘unbound’
water separating the bound water from the bulk [I].

In this work we will analyze in detail the different com-
ponents of the water-membrane and water-water inter-
actions as function of the instantaneous local distance
to find connections between their cumulative interaction
with the different hydration layers. This study will pro-
vide insight into how to develop coarse-grained models of
these interactions, a relevant result for large-scale simu-
lations of biological systems.

II. METHODS

We consider 128 dimyristoylphosphatidylcholine
(DMPC) lipids forming a bilayer, surrounded by 7040
water molecules, corresponding to a hydration level
w = 55, with periodic boundary conditions, as in Fig..
We analyze f = 1000 frames of 50 ns long Molecular
Dynamics trajectories at ambient conditions, 303 K and
1 atm, that have been simulated with the NAMD 2.9
free-software, adopting for DMPC and water interactions
the CHARMMS36 (Chemistry at HARvard Molecular
Mechanics) force field parameters with TIP3P water, a
combination that is able to reproduce the area per lipid
in excellent agreement with experimental data. Further
details for the simulations are availabe in Ref. [I].
Trajectories are analyzed with the open-source Visual
Molecular Dynamics (VMD) software that, together
with in-house scripts, allows us to visualize and calculate
all the quantities reported in this work.

Each TIP3P water molecule is rigid with 3 point
charges distributed in a way to reproduce at the best
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FIG. 2: Snapshot of the simulation box (yellow rectangu-
lar parallelepipid) with periodic boundary conditions: water
molecules and phospholipids are represented in blue and gray,
respectively.

the water dipole moment, its energies and some of its
thermodynamics properties. Likewise, the DMPC lipids
have 118 point charges: 1 nitrogen of the choline group,
1 phosphorous of the phosphate, 8 oxygens (1 of the
choline, 4 of the phosphate and 3 of the glycerol), 36
carbons and 72 hydrogens [8, [9].

The long-range Coulomb potential energy of the inter-
action between atoms i and j at time t is

Ei(_?oulomb t) = 4iq; , 1
7 ( ) 47T607’Z'j(t) ( )

where ¢g is the vacuum permittivity, ¢; and ¢; are the
point charges of atoms ¢ and j, respectively, and 7;;(;
is the interatomic distance. The long-range electro-
static forces are computed using the particle mesh Ewald
method with a grid space of ~ 1 A and are updated every
2 fs [2].

Since the simulations are performed at constant tem-
perature and pressure, the simulation box dimensions de-
pend on the selected frame and thus we can denote them
by L, (t), L, (t) and L.(t), where t € {1,2,3,...,1000} is
the frame index. Accordingly, we compute the Euclidean
distance ;;(t) between two points, say (z;(t), y;(t), zi(t))
and (xj (t)a Yj (t)a Zj (t))a as

> (min{le;(t) — ¢; ()], Le(t) — les(t) — ¢; (1) })*.
ce{z,y,z}
(2)

Furthermore, the force field includes van der Waals in-
teractions between each pair of atoms to reproduce the
medium-range dispersive attractive forces and the short-
range repulsive forces due to the Pauli’s exclusion princi-
ple for the orbital electrons. These interactions for each
pair of atoms 7 and j at time ¢ are represented with the
Lennard-Jones (LJ) potential
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LJ
B (t) = eij

where ¢;; is the attractive energy and R;; min is the dis-
tance at which the potential reaches its minimum, with
€ij = /€igj and Rij min = (Ri min + Rjmin) /2 for atoms
i and j of different species [6]. The van der Waals inter-
actions have a cutoff at 12 A with a smooth switching
function starting at 10 A [2].

Following Pandit et al. [II], we assign at each time
t and to each water molecule ¢ the instantaneous local
distance &;(t) from the membrane defined as follows.

1. Perform a two-dimensional Voronoi tessellation of
the average plane of the membrane (the xy-plane)
using the phosphorous and nitrogen atoms of the
phospholipid heads as centers of the Voronoi cells.

2. Project the molecule i onto the xy-plane and assign
to it the corresponding Voronoi cell.

3. Let € be the distance along the z-axis between i
and the seed of its Voronoi cell. If i is inside the
membrane, then ;(t) := —¢. Otherwise, & () == &.

We assign the value { with a resolution of A = 0.2 A to
all water molecules.

IIT. RESULTS

The water distribution is given by the average molec-
ular number density,

f N
n(€) = 7' Y (La(OLy (DA D 8(E (1), (4)
t=1

=1

where (-, -) is the Kronecker delta and n,, is the number
of molecules within the simulation box (7040 in our case).
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FIG. 3: Average water molecular number density with a res-
olution of A¢ = 0.2 A. Negative values of £ correspond to
water inside the membrane.

Fig. shows the penetration of water into the head-

groups region £ < 0 and two hydration layers for £ > 0.
The local minima of the density profile show the first
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hydration layer for 0 < § < 5 A and the second for
5A <& <85 A, close to the 1 nm that is often invoked
as the length scale below which water molecular details
are dominating its structure and dynamics [3] 4].

Now, we introduce in a general manner an analytic
formula of such total energies in terms of hypotheti-
cal interactions E;;(t) between a water molecule i €
{1,2,3,...,ny} and any other atom j € {1,2,3,...,a}.

Let Q(&;t) be the last summation of Eq.@. If
Q(&t) # 0, we define the average energy of a water
molecule of the frame ¢ with relative coordinate £ as

= lz(s &) ZE”

and, otherwise, we set E(£;t) := 0. Correspondingly, we
consider the following expression for the average energy
of a water molecule as a function of &

Q) ()

-1

:(i:]?(f;t)) [f S50, (6:) ] G

t=1

Fig. @ shows our calculations for the average of the to-
tal interaction energy EC°uemb 1 ELJ of water molecules
at instantaneous local distance £ from the membrane.
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FIG. 4: Average total potential energy of water molecules

at instantaneous local distance £ from the membrane, with

a resolution of A¢ = 0.5 A. Gray regions are defined as in

Fig.(3).

At first glance, the total interaction energy of wa-
ter molecules seems almost independent on the instan-
taneous local distance £ for & > —10 A including the
region inside the membrane. This result apparently sug-
gests that water could freely penetrate within the mem-
brane. However, these calculations for the potential en-
ergy do not account for the entropy component of the
water Gibbs free energy as function of £. Recent calcu-
lations [I] show a large slowing down of the dynamics of
water approaching and penetrating the membrane. As
a consequence, the number of visited configurations per
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unit of time (entropy production) is reduced, implying
a large entropy decrease for water near and inside the
membrane.

To better understand the origin of our results in
Fig.@, we calculate each of the components of the total
potential energy: water-lipids and water-water LJ po-
tential energy; water-lipids and water-water electrostatic

potential energy (see Fig.(5)).
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FIG. 5: Water-lipids (green points) and water-water (blue
points) average LJ (upper panel) and electrostatic contribu-
tions (lower panel) to the potential energy of water molecules
at instantaneous local distance ¢ from the membrane, with
a resolution of A¢ = 0.5 A. Gray regions are deﬁned as in

Fig. .

We find that water-water LJ interactions are repulsive,
i.e. water molecules are held by their strong electrostatic
interactions (giving rise to the hydrogen bonds) at a rel-
ative distance that is shorter than their van der Waals
diameter, while LJ interactions with the lipids are at-
tractive. However, the LJ interactions are at least one
order of magnitude weaker than both the water-water
and water-lipids Coulomb interactions. The water-water
Coulomb interactions are dominant outside the mem-
brane, while inside the membrane they are of the same
order of magnitude as the water-lipids electrostatic in-
teractions, consistent with the relatively high density of
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water hydrating the lipid headgroups at & < 0. The
large difference in order of magnitude between van der
Waals and electrostatic contributions to the potential en-
ergy seems to suggest that the first plays a minor role
in the energy balance of hydration water. Nevertheless,
by calculating the total (repulsive) LJ contribution (see
Fig.([6)) it is possible to observe that there is a clear corre-
lation between its minima and the maxima in the water
density profile Fig.. Therefore, the local minima in
the LJ interaction energy seem to have a relevant role in
determining the hydration water density profile.
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FIG. 6: The sum of the water-water and water-lipids LJ com-
ponents, shown in the upper panel of Fig. with a resolution
of A¢ = 0.5 A, has three minima that correlate well with the
three maxima in the three darkest regions of Fig..

Finally, we show the total water-lipids interaction en-
ergy (see Fig.(7)).
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FIG. 7: Average lipids contribution to the total water poten-

tial energy with a resolution of A¢ = 0.5 A.

We observe that this overall interaction has four dis-
tinctive behaviors with respect to the membrane: it is
deeply attractive with a minimum at ~ —4 A inside
the membrane, where the phospholipid headgroups are
approximately located; it is attractive for water in the
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first hydration shell with a minimum at ~ 2.5 A outside
the membrane; it has a crossover to a less attractive re-
gion with no minimum for water in the second hydration
shell; it has approximately zero interaction with water
molecules at an instantaneous local distance larger than
~ 1 nm.

IV. CONCLUSIONS

We analyze MD simulations of DMPC phospholipid
bilayers and hydration water. We calculate the water
density profile and the water-lipids and water-water in-
teraction components as functions of the instantaneous
local distance of the water molecules from the lipid head-
groups N and P atoms. The local distance reveals that
hydration water forms layers (two at our hydration level)
expanding up to &~ 1 nm and that it penetrates into the
membrane for ~ 0.5 nm, confirming recent calculations
at different hydration levels [IJ, 2].

We find that the total potential energy of hydration
water is dominated by the electrostatic contributions,
that overcome by one order of magnitude the van der
Waals interactions. The total water potential energy does
not change strongly when water penetrates the mem-
brane, suggesting that the entropy contribution to the
free energy plays a major role in ruling the water density
profile.

Nevertheless, the entropy is expected to be smaller for
the bound water in the first hydration layer with respect
to the bulk and even smaller for the inner water in the
membrane. This suggests that the entropy contribution
to the Gibbs free energy should favor water away from the
membrane. This observation is in apparent contrast with
the increased density profile of water near the membrane.
Yet, the density profile is inversely proportional to the
exponential of the Gibbs free energy variations (in units
of the thermal energy kg7, where kp the Boltzmann
constant and T the absolute temperature). Therefore,
our calculations show that the small minima observed in
Fig.@, once combined with the entropy variation, are
enough to give the large changes in density profile in
Fig..

Further analysis shows that the water-water van der
Waals interactions are always repulsive, while the water-
lipids van der Waals interactions are weaker and attrac-
tive. The total van der Waals potential energy is, hence,
repulsive, but has local minima that correlate well with
the peaks of the water density profile. Thus, these min-
ima seem to give a relevant contribute to the total water
potential energy, despite their small values.

Finally, we are able to characterize the overall water
interactions with lipids as function of the local distance
¢, finding four distinctive regions within our resolution
A¢ = 0.5 A. Our calculations for higher resolution,

A¢ = 0.2 A, show that to reduce the noise we should
largely increase the statistics of our sampling (see Ap-
pendix). This result could be relevant for developing
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a coarse-grained interaction model of water with mem-
branes useful in large-scale simulations of biological sys-
tems, within a multi-scale approach.
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V. APPENDIX
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FIG. 8: Average lipids contribution to the total water po-
tential energy with a resolution of A¢ = 0.2 A. The noise
increases compared to Fig.@, probably due to poor sample
statistics.
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