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Diffusion of water and selected atoms in DMPC lipid bilayer membranes

F. Y. Hansen,"® G. H. Peters,! H. Taub,2 and A. Miskowiec?
' Department of Chemistry, Technical University of Denmark, IK 207 DTU, DK-2800 Lyngby, Denmark
2Department of Physics and Astronomy and the University of Missouri Research Reactor,

University of Missouri, Columbia, Missouri 65211, USA

(Received 21 May 2012; accepted 1 November 2012; published online 29 November 2012)

Molecular dynamics simulations have been used to determine the diffusion of water molecules
as a function of their position in a fully hydrated freestanding 1,2-dimyristoyl-sn-glycero-3-
phosphorylcholine (DMPC) bilayer membrane at 303 K and 1 atm. The diffusion rate of water in
a ~10 A thick layer just outside the membrane surface is reduced on average by a factor of ~2
relative to bulk. For water molecules penetrating deeper into the membrane, there is an increasing
reduction in the average diffusion rate with up to one order of magnitude decrease for those deep-
est in the membrane. A comparison with the diffusion rate of selected atoms in the lipid molecules
shows that ~6 water molecules per lipid molecule move on the same time scale as the lipids and may
therefore be considered to be tightly bound to them. The quasielastic neutron scattering functions
for water and selected atoms in the lipid molecule have been simulated and compared to observed
quasielastic neutron scattering spectra from single-supported bilayer DMPC membranes. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4767568]

. INTRODUCTION

The hydration of biological cell membranes is neces-
sary for their proper functioning. It is therefore important
to understand the structural and dynamic properties of wa-
ter near and inside the membranes. Different experimen-
tal techniques have been employed to study the structure
and dynamics of water at the surface of a membrane such
as NMR, '3 time-resolved fluorescence spectroscopy,*> neu-
tron scattering,®!! ultrafast spectroscopy,'> and IR absorp-
tion spectroscopy.'? Computer simulation techniques such as
Monte Carlo and molecular dynamics (MD) have also been
applied to study structural and dynamic properties of water
near membranes.'+"!”

In their study of hydration water by ultrafast terahertz
time-domain spectroscopy, Hishada and Tanaka'? note that
the effect of the lipid molecules on the water dynamics de-
pends on the time scale of the water motion. They studied the
ultrafast rotational relaxation dynamics of water molecules
(~10713 5) in a water-DMPC (1,2-dimyristoyl-sn-glycero-
3- phosphorylcholine) lipid system and found a long-range
hydration effect up to 4-5 layers of water (~10 A) above
the surface of the phospholipid bilayer. This result con-
trasted with earlier findings by NMR and neutron scatter-
ing measurements">° on time scales of ~1076~10!! s that
showed only a single layer of relatively slow-moving water
molecules on the membrane surface to be affected by the
lipids. The faster water molecules further away from its sur-
face were missed by these other techniques. This observed
long-range hydration effect is consistent with previous pre-
dictions by MD simulations.!”~!° The time step in such sim-
ulations is typically about 10~ s, so phenomena on a time
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scale of 10713~107'2 s, as in terahertz spectroscopy, may be
studied.

MD simulations'* !> have also been used to study the in-
terfacial structure, the ordering of water, and its relation to
the hydration force in membranes of the lipid dipalmitoyl-
phosphatidyl-choline (DPPC). The mobility of water and lipid
molecules has been determined both on a short time scale
of ~10-20 ps and on a longer time scale of ~200 ps. The
simulations show that the electric field caused by charges on
the atoms in the head group extends ~10-15 A outside the
membrane consistent with the claim that hydration effects
extend out to a distance of ~10 A from the surface of the
membrane.'?

Here we report MD simulations of a freestanding DMPC
lipid bilayer system for which we have studied both the
interfacial structure and the dynamics of water and lipid
molecules. Our particular focus is on slow translational dif-
fusive motion on the time scale 107°-10~"'! 5. A strong mo-
tivation for these simulations has been our series of high-
energy-resolution quasielastic incoherent neutron scattering
experiments® which have been used to elucidate the diffu-
sion of water molecules in proximity to a single-supported
DMPC membrane. By varying sample temperature and level
of hydration and using partial deuteration of the hydrogen
atoms, we were able to identify three different time scales for
the diffusive motion of water: a fast one as in bulk water, a
slower one attributed to water confined by the membrane, and
a very slow one, comparable to the nanosecond time scale
for the motion of H atoms in the lipids. This slowest motion
we identify with water molecules strongly bound to the lipid
molecules.

In our MD simulations, we have calculated the quasielas-
tic incoherent neutron scattering functions for comparison
with experiments. In addition, we have used the MD sim-
ulations to determine the density profile of water in the

© 2012 American Institute of Physics
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membrane and to determine the diffusion constant of water as
a function of its depth in the membrane. This information is
not directly available in scattering experiments which include
contributions from all water molecules irrespective of their
position. The experimental results are some weighted aver-
age of the different diffusion rates of the water molecules in
the membrane. But, if the time scale for the motion of some
water molecules is sufficiently different from the motion of
others, the different time scales may be resolved in the ex-
periments. The binding of water to the lipid molecules has
also been studied, and the relative amount of “loosely” and
“strongly” bound water molecules have been estimated.

There is one important limitation to our comparison of
the neutron experiments and simulations, because, for prac-
tical reasons, they were done on somewhat different sys-
tems. To conduct the experiments under controlled condi-
tions, it was necessary to deposit the single bilayer membrane
on a solid substrate, a single-crystal silicon wafer. To obtain
enough intensity of scattered neutrons, we used a stack of 100
silicon wafers, coated with a single bilayer membrane on each
side. Other neutron scattering experiments'! have used larger
samples consisting of stacks of a thousand or more mem-
branes supported on a solid substrate in order to build up suf-
ficient scattered neutron intensity. These samples reduce the
contribution from the perturbed leaflet adjacent to the solid
substrate, but the sheer number of membranes, the interaction
between them within a stack, and the presence of unknown
amounts of water between membranes complicates the simu-
lation of these samples and the comparison with experiments.

We have chosen to begin with MD simulations of a sin-
gle freestanding bilayer membrane because it is simpler than a
single-supported membrane and because it will be a good ref-
erence for identifying the effects of the substrate in a planned
simulation of a single-supported membrane. Some recent neu-
tron reflectivity measurements' indicate that the water den-
sity profile in the upper leaflet of the adsorbed bilayer mem-
brane is similar to that found in simulations of a freestanding
bilayer membrane, while it is perturbed in the leaflet adjacent
to the substrate.

Our work extends previous MD simulations on mem-
brane systems in essentially four ways: (1) By combining a
calculation of the quasielastic spectra for water with those
for selected atoms in the lipids, it has been possible to de-
termine the number of tightly bound water molecules to the
lipids. The energy resolution and dynamical range in the cal-
culations have been chosen to be the same as in quasielas-
tic neutron scattering experiments on single-supported bilayer
membranes which makes a detailed comparison between ex-
periments and simulations possible. (2) By dividing the mem-
brane region into slabs parallel to the surface, it has been
possible to determine the mobility of water molecules as a
function of their depth in the membrane. The results show
that there is a significant reduction in the mobility as we move
deeper into the membrane. (3) A kinetic analysis of the wa-
ter molecules bound in the first solvation shell around polar
groups in the lipids shows that there are three bound states; the
binding strength changes by an order of magnitude from one
state to the other. The kinetic analysis yields a more qualita-
tive estimate of the number of strongly bound water molecules

J. Chem. Phys. 137, 204910 (2012)

in fair agreement with the number derived from the simulated
quasielastic neutron spectra. (4) The importance of the length
of the time-window for the diffusion constant determined in
a mean-square displacement calculation is discussed and an-
alyzed when bounded motions, like rotations and librations,
are involved in addition to unbounded motions.

This paper is organized into nine sections. Section II has
some details about the MD simulations and treatment of the
data before they are analyzed. Section III contains calcula-
tions of the atomic density profiles in the direction perpen-
dicular to the membrane surface. Section IV follows with an
analysis of the diffusion of water molecules as a function of
their position in the membrane. For comparison, we have also
included results from our simulations on pure bulk water. Sec-
tion V contains an analysis of the diffusion of selected atoms
in the lipid molecules. In Sec. VI, we present a kinetic anal-
ysis of the binding of water to selected atoms in the lipid
molecules. Section VII has a calculation of both the interme-
diate quasielastic incoherent neutron scattering function and
the quasielastic incoherent scattering function, which is pro-
portional to the scattered intensity from the sample. Section
VIII has comparisons with experiments; and, finally, Sec. IX
has our conclusions.

Il. MD SIMULATIONS AND DATA TREATMENT

The simulated system is a single, free, bilayer membrane
with 64 DMPC molecules in each leaflet, a total of 128 DMPC
molecules, and 4952 water molecules at a temperature of
303 K and a pressure of 1 atm. The system has a total of 38.7
water molecules per lipid, which is larger than the ~29 wa-
ter molecules per lipid required for the membrane to be fully
hydrated.?”

The system is modeled using a slightly modified version
of the CHARMM?27 force field*> where some of the charges
in the head group region have been altered because the calcu-
lated area per lipid is too small using the original force field.
We implemented the modification developed by Sonne et al.?
for the DPPC bilayer membrane system, assuming that the re-
sults carried over to the DMPC bilayer system. After having
completed this work, we became aware of a new force field
for DMPC,** which gives an excellent value of the area/lipid
as will be discussed further below. For water, we have used
the TIP3P force field®> and done the simulations with wa-
ter molecules in which both bonds and bond angle are flex-
ible. The simulations were done with the NAMD program
package,’® using a time step of 1 fs and recording data every
0.5 ps for later analysis. The sampling was done in the NPT
ensemble; the target temperature of the Langevin thermostat
was 303 K with a damping coefficient of 5 ps~!. The pres-
sure was controlled by a Nosé-Hoover Langevin barostat?’
with a piston oscillation time of 200 fs and a damping time
of 500 ps. Anisotropic pressure regulation was applied in the
simulations of the membrane system, while isotropic pres-
sure regulation was used in the simulation of bulk water.
The long-range electrostatic forces were calculated using the
particle mesh Ewald method?® with a ~1 A grid spacing,
and the interpolation was done with a fourth-order spline fit.
Electrostatic forces were updated every fourth femto second.
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FIG. 1. The area/lipid in the simulation of the DMPC lipid bilayer mem-
brane as a function of time at a temperature of 303 K and 1 atm of pressure.
The area is estimated to be 64.9 + 1.4 A% when the system is equilibrated.
The area estimated from x-ray experiments ranges from 59.6 A2 (Ref. 29) to
60.6 A2.30

Van der Waals interactions were cut off at 12 A in combi-
nation with a switching function starting at 10 A. Periodic
boundary conditions were used in all three Cartesian direc-
tions; the water layer at each surface of the membrane is about
10 A thick which is sufficient to eliminate any artificial in-
teraction in the z-direction between headgroups in the upper
and lower leaflets. The size of the simulation box fluctuates
with time because the sampling is done in the NPT ensem-
ble, and its dimensions are approximately, xpox ~ 70 A, Ybox
~ 60 A, and Zbox ~ 70 A. The temperature was chosen to be
above the gel-to-fluid transition temperature ~297 K because
we wanted to study the system in the fluid state, which is the
biologically relevant phase. A calculation of the NMR order
parameter (not shown) confirmed that the system is in the fluid
phase.

The setup was an equilibrated system (60 ns) from a pre-
vious simulation with the original CHARMM?27 force field.
For this reason, we see an initial increase in the area/lipid
in Fig. 1 where we have plotted the area/lipid as function
of time. The system was simulated for 34 ns with the mod-
ified force field; and, after about 10 ns, the area/lipid lev-
els out and oscillates about a nearly constant value estimated
to be 64.9 & 1.4 A2, This value is significantly larger than
~57 A% obtained with the original force field and also
somewhat larger than determined by x-ray experiments,
~59.6 A% and ~60.6 A2.3* This discrepancy indicates that
the transfer of the optimized charges from the DPPC mem-
brane system is only partially justified. Because the area/lipid
is only 7%-8% larger (~4 A?) than inferred by x-ray mea-
surements, we do not expect this structure to allow penetra-
tion of significantly more water than in the membrane with
the smaller area/lipid. In fact, our water density profile agrees
well with other simulations.'#!> This feature combined with
our membrane being in the fluid phase indicates that a simula-
tion with the new force field** will probably give results that
are qualitatively similar to our own.

The computation has been broken up into time blocks of
3.5 ns; and we have used the data in time block 24.5-28 ns

J. Chem. Phys. 137, 204910 (2012)

in our analysis. A time block of 3.5 ns corresponds to an en-
ergy resolution of 1.2 ueV which is better than the 3.5 ueV
of the BASIS spectrometer. Therefore, it is of sufficient length
for obtaining results with the same energy resolution as in the
experiments.”’ The box dimensions and atomic coordinates
are recorded every 0.5 ps, which gives 7000 frames in each
time block. The 0.5 ps sampling-time is the best time res-
olution in the simulations and corresponds to a maximum
frequency of 1/(2 x 0.5) = 1 THz or a dynamical range of
~4.13 meV. This range is larger than the 125 pueV dynamical
range of the BASIS spectrometer used in the quasielastic neu-
tron scattering experiments.”” We may do an analysis with a
poorer time resolution (a smaller dynamical range) by skip-
ping frames in the analysis of the time dependence of a quan-
tity. In summary, both the time-window and time-resolution
in the simulations are sufficient for a comparison of simulated
and experimental scattering functions.

Because we are going to analyze the diffusion of
molecules and atoms in different regions of the membrane in
the z-direction, perpendicular to the membrane plane, it is im-
portant that there be no overall motion or drift of the system
in this direction. If the center-of-mass position of the entire
system is placed at the center of the simulation box located
at the origin of the coordinate system and the center-of-mass
velocity is zero in the setup of the simulation, then the center-
of-mass position should remain at the origin at all times. In
practice, however, we found a drift in the center-of-mass po-
sition which is probably an effect of both numerical round-off
errors and the application of a thermostat. This phenomenon
is well-known in constraint dynamics simulations where the
satisfaction of the constraints becomes poorer and poorer as
the simulation progresses because of numerical round-off er-
rors. The solution to the problem is to ensure that the con-
straints are satisfied at each time step. Similar measures could
be taken to require that the center-of-mass position at the ori-
gin of the coordinate system does not drift; but due to an over-
sight, the flag for ensuring this condition was not set in our
simulations.

Instead, we have corrected for the drift by determining
the z-coordinate of the center-of mass position in each time
frame and subtracted it from the z-coordinates of all atoms. In
this way, the drift of the membrane system in the z-direction
was eliminated. All atoms are kept in the simulation box
so that we have allowed for the periodic boundary condi-
tions when unfolding trajectories for evaluating the diffusion
constants.

lll. ATOMIC DENSITY PROFILES ALONG
THE z-DIRECTION

We have determined the distribution of water molecules
and selected lipid-molecule atoms in the z-direction, perpen-
dicular to the membrane surface. The five selected atoms are:
(1) the nitrogen atom in the choline unit in the head group;
(2) the phosphorous atom in the phosphate unit in the head
group; (3) the center carbon atom in the glycerol backbone;
(4) the carbonyl carbon atom at the link between the aliphatic
chain and the glycerol; and (5) the carbon atom in the methyl
group at the end of the aliphatic chains. These selected atoms
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FIG. 2. (a) The number density profile along the z-axis, perpendicular to the
membrane surface, for a number of selected lipid-molecule atoms and water
molecules in a DMPC lipid bilayer membrane at 303 K and 1 atm pressure.
(b) A blow-up of (a) to make the profiles inside the membrane more distinct.
The membrane thickness, measured as the distance between the peak posi-
tions of the nitrogen atoms, is ~36 A. It is probably an underestimate because
of the methyl groups attached to the nitrogen atoms. The very rough surface
of the membrane makes it difficult to estimate its thickness. Experimentally,
it may depend on the probe used to evaluate it.

in the lipid molecule encompass the molecule’s extent in the
z-direction.

The space along the z-axis of the simulation box has been
divided into 69 layers which have been defined to be symmet-
ric about the membrane’s midpoint with the center layer lo-
cated at z = 0. From the average box size, the average width of
the layers is Azjayer = 0.97763 £ 0.0144 A. The z-coordinates
of the water molecules and selected atoms were used to assign
them to one of the 69 layers; and the number of molecules and
atoms in each layer was accumulated for all 7000 time frames.
The final number of molecules in each layer was found as an
average over all frames. The results were converted to a num-
ber density profile by dividing the number of atoms in each
layer by its volume.

The number density of water molecules and selected
atoms along the z-direction are shown in Fig. 2. Because the
number density of water molecules near the surface of the
membrane is much larger than that of the selected atoms,
we have shown in Fig. 2(b) a blow-up of the distribution in
Fig. 2(a) to clarify details of the membrane interior. We no-
tice that the distributions appear symmetric about z = 0, the
center of the bilayer membrane, which implies that we have

J. Chem. Phys. 137, 204910 (2012)
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FIG. 3. The mass-density profile along the z-axis, perpendicular to the mem-
brane surface, for a number of selected atoms in the lipid molecule and for
water molecules in a DMPC lipid bilayer membrane at 303 K and 1 atm
pressure.

been successful in removing most of the membrane’s center-
of-mass drift. In principle, there should be perfect symmetry
because the two leaflets are identical; the slight difference is
probably related to the statistical uncertainty.

The water profile shows an almost constant number den-
sity outside the membrane in the z-range ~=4(25-35) A.
Therefore, we interpret these regions to be bulk-like water,
a proposition that is supported by the mass density. It is deter-
mined from the number density by multiplication of the molar
and atomic masses and is plotted in Fig. 3. For water, it is seen
to be ~1.03 g cm ™3, which is close to the experimental value
at 303 K of 0.9956488 g cm~3! and is identical to the density
in our simulation of bulk water, ~1.03 g cm~ at 303 K and
1 atm. We deliberately refer to it as bulk-like water, because
the dynamics of the water molecules in these regions out-
side the membrane is different from bulk as we shall discuss
below.

The penetration of the water molecules into the mem-
brane is quite substantial and extends down to the region of
the carbonyl groups. From ~410 A down to ~45 A, the
density of the water molecules follows that of the lipid car-
bonyl groups very closely, which may indicate that the wa-
ter molecules in that region are tightly bound to the carbonyl
groups. This possibility is supported by our analysis of the
water molecule dynamics to be discussed below.

A general feature of the number density distribution func-
tions for all the selected atoms is that they are quite broad
with a full-width-at-half-maximum (FWHM) ~7-8 A, a result
which is consistent with simulation results on the DPPC mem-
brane system with the same head group as DMPC.'4-1¢ Ex-
perimental determinations using supported membranes have
a root-mean-square amplitude of the perpendicular (z) mo-
tion of the lipids in the range 2-3 A,'%32 which is equivalent
to a FWHM of 4-6 A and in good agreement with the sim-
ulation results. From Fig. 2(b), it is clear that there is even a
small overlap between the distribution function for the methyl
groups at the end of the hydrophobic aliphatic chains and
the hydrophilic carbonyl groups. The overlap depends on the
length of the aliphatic chains. If they are relatively short, as
in the case of DMPC with 14 carbon atoms, the overlap is
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TABLE I. Definition of the layers in a DMPC bilayer membrane at a tem-
perature of 303 K and a pressure of 1 atm as used in the study of the water
dynamics as a function of the position in the membrane. The designation of
the layers is motivated by the density profile in Fig. 2.

Mean position Lower limit Upper limit

Layer number zm/A zmin/A zmax/A
1 (bulk-like water) —30.25 —35.50 —-25.0

2 (outer membrane) —21.00 —25.00 —17.00
3 (inner membrane) —8.50 —17.00 0.00
4 (inner membrane) 8.50 0.00 17.00
5 (outer membrane) 21.00 17.00 25.00
6 (bulk-like water) 30.25 25.00 35.50

larger than in our simulations of the DOPC bilayer membrane
(results not shown) with the same headgroup and 18 carbon
atoms in the aliphatic chains.

The position of the maximum in the distribution func-
tions for the nitrogen and phosphorous atoms are only a few
Angstrom apart, which implies that the line between them or
the dipole that they form is almost parallel to the membrane
surface. The distance between the maxima of the nitrogen
atom distribution functions in the two leaflets is ~36 A. It
may be taken as a lower limit of the membrane thickness, be-
cause the methyl groups attached to the nitrogen atoms add
to the thickness by 1-2 A. This thickness is in fair agreement
with an x-ray estimate of ~37 A3

IV. DIFFUSION OF WATER MOLECULES

The diffusion of water molecules in the DMPC lipid bi-
layer membrane has been studied by calculating several dy-
namical properties: (1) the transition probabilities for water
molecules to move along z from one layer (the layers are
defined below) to another in the membrane; (2) the average
residence times for water molecules in the different layers;
(3) the mean-square displacements and diffusion constants
for the water molecules within each of the layers; (4) the
mean-square displacement and diffusion constant for all wa-
ter molecules irrespective of their positions in the membrane
for comparison with the neutron scattering experiments.

For our dynamical studies, we used a coarser layer divi-
sion than for the atomic density profile along the z-direction
and found it natural to divide the z-region for each leaflet into
three layers: (1) a layer outside the membrane with bulk-like
water; (2) an outer layer around the nitrogen and phospho-
rous atoms in the head group; and (3) an inner layer with the
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glycerol and carbonyl groups and aliphatic chains. The delim-
iters of these layers are given in Table I and are based on the
number-density distributions in Fig. 2.

For a consistent comparison between the translational
motion of the water molecules in the membrane and in bulk,
we have also done simulations of bulk water using the same
force model? as in the membrane simulations.

A. Transition probabilities and residence times

The z position of each water molecule was monitored as
a function of time in a given time-window. There are two pos-
sibilities: (1) the molecule stays in the layer where it started
for the entire length of time set by the time-window; (2) the
molecule leaves the layer it started in after some time and
moves to an adjacent layer. The length of time each molecule
stayed in the layer where it started is monitored together with
the layer to which it eventually moved in the given time-
window. These results, averaged over all molecules within the
layers, are used to determine transition probabilities and resi-
dence times. The results of the calculations with a 1 ns time-
window and a 5 ps time resolution are compiled in Table II.

The (i, j) element in the (6 x 6) matrix shows the prob-
ability in % for a transition of a water molecule from layer i
to layer j within the given time-window. The matrix has “two
blocks” along the diagonal, one for each leaflet. For exam-
ple, we see that the (1,1) element is 1%, which means that the
transition probability from layer one to layer one, or equiva-
lently, the probability for staying in layer one for a time equal
to the length of the time-window, is 1%. The probability for a
transition from layer one to layer 2 is given by element (1,2)
which is equal to 46.1%. No molecules from layer one make it
directly to layer 3, 4, 5 because the elements (1,3), (1,4), and
(1,5) are equal to zero, while the transition probability from
layer 1 to layer 6, both with bulk-like water, is 52.9%. This
transition is a result of the periodic boundary conditions and
is, of course, not through the membrane.

The average residence time for molecules in layer one is
31 ps; i.e., a molecule stays on average in layer one for 31 ps
before it moves to either layer 2 or layer 6. The 3 x 3 blocks
around the diagonal are similar as are the 3 x 3 off-diagonal
blocks, displaying the symmetry of the leaflets. This symme-
try is also reflected in the average residence times for equiva-
lent layers.

It should be realized that the calculated average resi-
dence times may depend on the length of the time-window
used in the calculations. If a residence time is longer than the

TABLE II. Transition probability (in %) between layers (defined in Table I) and average residence time in layers for water molecules in a DMPC lipid bilayer
membrane at 303 K and 1 atm, using a 1 ns time-window and a time resolution of 5 ps.

i\j 1 2 3 4 5 6 Av. residence time/ps
1 (bulk-like water) 1.00 46.09 0.00 0.00 0.00 5291 31.00
2 (outer membrane) 66.89 1.58 31.53 0.00 0.00 0.0008 53.53
3 (inner membrane) 0.00 84.49 1543 0.08 0.00 0.00 255.20
4 (inner membrane) 0.00 0.00 0.00 12.97 87.03 0.00 236.00
5 (outer membrane) 0.00 0.00 0.00 30.25 1.53 68.23 54.26
6 (bulk-like water) 52.28 0.003 0.00 0.00 46.82 0.91 30.16
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time-window, we will obviously determine too small a resi-
dence time. A simple analysis (not included here) shows that,
if a residence time is 6-7 times smaller than the time-window,
then the calculated residence time will be accurate at the 1%
level. For longer residence times, the calculated value will be
smaller than the true value. We see that the residence times in
Table II satisfy the condition for determining an accurate res-
idence time except for the largest residence times which may
be slightly smaller than the true values. The time resolution
may also have an effect on the average residence times but
that will be negligible compared to the effect of the length of
the time-window.

Both residence times and transition probabilities clearly
show a significant decrease in the interlayer exchange of the
water molecules as we enter deeper into the membrane. This
decrease is probably related to a stronger binding of the water
molecules to the lipids deeper into the membrane.

B. Mean-square displacements of water molecules

The calculation of the mean-square displacements for
the water molecules in the different layers in the membrane
is done in two steps. When a time-origin has been chosen,
each water molecule is assigned to a layer according to its
z-coordinate and labeled with a “layer-tag.” We then follow
each molecule in time for the chosen time-window. Only those
molecules which stay in the same layer for the entire time-
window are used in the determination of the mean-square dis-
placement of the water molecules in that particular layer. This
procedure sets an upper limit for the time-window that may
be used because, at sufficiently long times, no molecules re-
main in the layer in which they started. Therefore, it is essen-
tial that the “diffusion limit,” the linear relationship between
mean-square displacement and time, is reached within a time
that is shorter than the upper limit for the time-window.

In our analysis, we have used a time-window of 100 ps,
which we find to be sufficient to establish a linear relationship
between the mean-square displacement and time. The mean-
square displacements have been averaged over all molecules
remaining in the given layer for the entire time-window and
over 700 choices of time origins. Before the determination of
the displacement, we checked whether a given molecule has
been moved by a box dimension due to the periodic boundary
conditions. In this case, the displacement is corrected for that
unphysical motion.

The mean-square displacements of the water molecules
in the lower leaflet are shown as function of time in Fig. 4.
Similar results are obtained for the upper leaflet (not shown),
which should be equivalent. We note that the mean-square
displacement curves are linear in time after ~20 ps. From
the slope o of the linear part of the curves in the time range
20 < t < 100 ps, a diffusion constant D = /6 is calculated.’*
The results are summarized in Table III. They show that there
is an order of magnitude difference between the diffusion con-
stant for water in the bulk-like water layer outside the mem-
brane and the inner membrane layer with an intermediate dif-
fusion constant for water molecules in the outer layer of the
membrane. We see that the reduction in the interlayer transi-
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FIG. 4. The mean-square displacements of water molecules in each of the
three layers defined in Table I in the lower leaflet of the DMPC membrane at
303 K and 1 atm. These calculations use a 100 ps time-window and a 0.5 ps
time-resolution.

tion probability for water molecules as we go deeper into the
membrane correlates with a reduced rate of diffusion. A com-
bination of different effects is probably responsible for this
reduction in the diffusion rate; e. g., the density of “foreign”
atoms from the lipids, electrostatic effects, and the binding of
water molecules to polar groups in the lipid molecules.

The mean-square displacement of all water molecules,
irrespective of their positions in the membrane, has also
been calculated and gives a diffusion constant of D = 1.05
x 1075 ecm? s~!. This value compares well with the diffu-
sion constant D = 9.65 x 107® cm? s~! calculated as a mole-
fraction weighted average of the diffusion constants for water
molecules in the different layers. The mole-fractions were es-
timated from the number-density profile of water in Fig. 2.

To clarify the effect of the membrane on the translational
diffusion of water molecules, we have determined the dif-
fusion constant for water molecules in a simulation of bulk
water using the same force model as in the membrane sim-
ulations. The simulations have been done on a system of
2080 water molecules at 303 K and 1 atm. The system has
been simulated for 10 ns, and we have used a time block of
2.4 ns in the analysis with a well-equilibrated system. The
simulation gives a water density p = 1.033 g cm™3, which
is the same density as the bulk-like layer in the membrane
simulations. The mean-square displacements are determined
in a 100 ps time-window by averaging over 100 randomly

TABLE III. The slope « of the linear part (20 < ¢ < 100 ps) of the mean-
square displacement curves in Fig. 4 and diffusion constants (D = «/6) for
water molecules in the different layers in the DMPC membrane at 303 K
and 1 atm, using a 100 ps time-window and a 0.5 ps time resolution. The
definition of the layers is given in Table I. The experimental and simulated
diffusion constant for bulk water is 2.33 x 107> cm? s~ 1,

Layer a/A? ps~! Dicm? 57!

1 (bulk-like water) 0.8328 1.39 x 1073
2 (outer membrane) 0.2756 459 x 1076
3 (inner membrane) 0.1082 1.80 x 1076
4 (inner membrane) 0.0931 1.55 x 1076
5 (outer membrane) 0.3184 531 x 1076
6 (bulk-like water) 0.9068 1.51 x 1073

Downloaded 04 Jan 2013 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



204910-7 Hansen et al.

chosen water molecules and 475 choices of the time origin.
From the slope of the mean-square displacement (not shown)
in the range 10 < ¢ < 100 ps, the diffusion constant is de-
termined to be Dy, pure = 2.33 X 107> cm? st in agreement
with the experimental value of 2.33 x 107> cm? s=!.3% How-
ever, this diffusion constant is larger than the diffusion con-
stant in the membrane-associated bulk-like layer which is 1.45
x 1075 cm? s7! averaged over the two bulk-like layers in
Table III. The smaller diffusion constant reflects the influence
of the lipids on the water dynamics in the bulk-like layers
outside the membrane. In Ref. 14, it is found that the electro-
static potential from the charges in the headgroup of a DPPC
bilayer membrane, which has the same headgroup as DMPC,
extends out to 10-15 A from the surface of the membrane.
This range of the electrostatic potential may explain the ef-
fect on the translational motion of the water molecules in the
~10 A thick layer outside the membrane where the molecules
have no direct contact with the lipid head groups. A similar
explanation has been proposed for the fast rotational relax-
ation of the water molecules in a ~10 A thick layer outside
the DMPC membrane.'?

V. DIFFUSION OF SELECTED ATOMS IN DMPC

We also investigated the diffusion of four selected atoms
in the lipids for comparison with the diffusion of the water
molecules in and near the membrane.

The displacement of an atom in a molecule may always
be broken up into contributions from the center-of-mass and
rigid rotational motion of the molecule and from intramolecu-
lar motions such as vibrations, librations, and conformational
changes.’® The atomic displacement associated with a rota-
tional motion and conformational changes will usually in-
crease with the distance of the atom from the center of mass
and may be significant in large molecules compared to the
translational center-of-mass displacement. However, the rota-
tional and intramolecular displacements are bounded so that
after a sufficiently long time, the contributions from these
motions to the mean-square displacement should be time-
independent. Thereafter, the time-dependence of the mean-
square displacement is determined by the unbounded motions
of the molecule; e. g., the lateral center-of-mass motion. Un-
til the contributions from the bounded motions to the mean-
square displacement have reached their limiting values, we
will find that the diffusion constant (related to the slope in a
plot of the mean-square displacement versus time) depends
on the size of the time-window used in the calculations. Only
for large enough time-windows will the diffusion constant be
independent of the size of the time-window.

For the calculation of the mean-square displacement of
the selected atoms, we have used a 2 ns time-window as in the
calculation of the quasielastic scattering function described
below. It is nearly the largest time-window we can use in the
3.5 ns time-bloc and still have satisfactory statistics at the
longest times. A larger time-window may be used if several
of the time block data files are concatenated but that was not
needed here. The displacements were averaged over all atoms
of a given kind and over about 700 different choices of time
origin.

J. Chem. Phys. 137, 204910 (2012)

TABLE IV. The slope « of the linear part (1000 < 7 < 2000 ps) of the mean-
square displacement curves and diffusion constants D = «/6 for the nitrogen,
phosphorus, glycerol carbon, and carbonyl carbon atoms in the DMPC lipid
molecule at 303 K and 1 atm. The computation uses a 2 ns time-window and
a 0.5 ps time resolution.

Group a/A? ps~! Dicm? s~

Nitrogen 1.14 x 1072 1.90 x 1077
Phosphorus 7.45 x 1073 1.24 x 1077
Carbonyl 5.68 x 1073 9.47 x 1078
Glycerol 5.37 x 1073 8.94 x 1078

From a linear fit to the displacement curves (not shown)
in the long-time range 1000 < ¢ < 2000 ps, we found the
slopes and diffusion constants compiled in Table IV. The dif-
ferent slopes or diffusion constants illustrate the point made
above that contributions from bound motions to the mean-
square displacement have not reached their limiting constant
values within a 2 ns time-window. We can relate these dif-
ferences in diffusion constants in Table IV to the average
distance of the atoms from the center-of-mass. By averaging
over all lipid molecules and time frames, we have determined
the average distance of the selected atoms from the center-of-
mass of the lipid molecules and found the following results:
nitrogen, 9.44 + 1.17 A; phosphorous, 7.11 & 0.78 A; glyc-
erol carbon atom, 3.72 £+ 1.04 A; and carbonyl carbon atoms,
315+ 1.04 Aand 3.34 £ 112 A,

We see that the mean-square displacement and diffusion
constant are largest for the nitrogen atoms in the head group,
because the amino group is furthest away from the center
of mass located near the glycerol backbone. Therefore, the
N atoms have some wagging motion in addition to a trans-
lational motion. The glycerol backbone carbon atom and car-
bonyl carbon atom have practically the same mean-square dis-
placements and diffusion constants because they are close to
each other and near the center-of-mass of the lipid. Their mo-
tion is likely dominated by the center-of-mass translational
motion. The diffusion constant for the phosphorous atom is
slightly larger being further away from the center of mass but
closer than the nitrogen atom.

We have no estimate of the time it takes for the bounded
rotational and intramolecular motions to reach a limiting con-
stant contribution to the mean-square displacement. In princi-
ple, this time may be found by considering larger and larger
time-windows until the diffusion constants are independent of
the size of the time-window.

Another bounded motion in the bilayer membrane is the
z-motion of the atoms and the lipid molecules’ center-of-
mass as illustrated by the number density distribution func-
tions of the selected atoms in Fig. 2. It will be interesting
to investigate whether the motion in the z-direction in a 2 ns
time-window is a bounded or a free-translational diffusional
motion. We have determined the 2D lateral (xy) and 1D (z)
mean-square displacements for the selected atoms as plot-
ted in Fig. 5. It is seen that the motion in the z direction in
a 2 ns time-window is an unbounded free-translational dif-
fusion with a linear relationship between the mean-square
displacement and time. From linear fits to the displacement
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FIG. 5. (a) 2D (xy) mean-square displacements of the nitrogen, phospho-
rous, carbonyl carbon, and glycerol carbon atoms in the DMPC membrane
at 303 K and 1 atm as function of time, using a 2 ns time-window and a
0.5 ps time-resolution. (b) 1D (z) mean-square displacements of the nitro-
gen, phosphorous, carbonyl carbon, and glycerol carbon atoms in the DMPC
membrane at 303 K and 1 atm as function of time, using a 2 ns time-window
and a 0.5 ps time resolution.

curves in the time interval 1000 < ¢ < 2000 ps, we have
determined the 2D (xy) diffusion constants for lateral mo-
tion and the 1D (z) diffusion constants for motion in the
z direction and compiled the results in Table V together
with the 3D diffusion constant (xyz) from Table IV. The
out-of-plane diffusion constants of atoms of the glycerol
backbone (Table V) compare rather well with a neutron

TABLE V. The 2D (xy) diffusion constant for lateral motion, Dy, and the
1D (z) diffusion constant for motion in the z-direction, D.. The diffusion
constants are calculated from the slopes « of the mean-square displace-
ment curves in Fig. 5 in the time range 1000-2000 ps by the relation D
= a/(2 NDIM) where NDIM is the dimension. For the center-of-mass data
we used the time range 500-1500 ps because the data showed evidence of
statistical uncertainties at larger times. The computation uses a 2 ns time-
window and a 0.5 ps time resolution. The 3D (xyz) diffusion constants for
motion in all three Cartesian directions, Dy,, from Table IV, have also been
included for convenience.

3D 2D 1D
Atom Dyyrfem? 57! Dyylem? s~ D fem?s™!
Nitrogen 1.90 x 1077 2.10 x 1077 1.51 x 1077
Phosphorus 1.24 x 1077 1.17 x 1077 1.39 x 1077
Carbonyl 9.47 x 1078 6.93 x 1078 1.47 x 1077
Glycerol 8.94 x 1078 6.70 x 1078 1.34 x 1077
Center of mass 9.76 x 1078 9.52 x 1078 1.02 x 1077

J. Chem. Phys. 137, 204910 (2012)

scattering measurement of the out-of-plane diffusion con-
stant (~0.6 x 1077 cm? s !).!% Because it is a bounded
motion, some of the discrepancy with experiment may be
due to differences in the time windows involved in the
determination.

We note that the diffusion constants for motion in the
z-direction are practically identical for all selected atoms in
the lipid, so the differences in the 3D diffusion constants
originate in differences in the lateral motion. The lateral dif-
fusion constants are smaller than the diffusion constant for
motion in the z-direction except for the nitrogen atoms. They
increase as we get further away from the center-of-mass (near
the glycerol backbone), which illustrates the importance of
the contribution to the mean-square displacement from rota-
tional motion. As a check of these results, we see that the
3D diffusion constant is equal to a weighted average of the
2D and 1D diffusion constants with weight factors 2 and 1,
respectively.

The distribution functions for the selected atoms in
Fig. 2 represent a time-independent equilibrium distribution
of atoms along z obtained after simulations for 20-30 ns with
the revised force field. Recall that these computations fol-
lowed simulations for 60 ns with the original force field as dis-
cussed in Sec. II. The FWHM of the peaks of the distribution
functions (~7-8 A) may therefore be considered a measure of
the bound on the motion in the z-direction. They may be used
to estimate the length of time t ~ FWHM?/(2D.) ~20 ns
for which the motion in the z-direction appears to be an un-
bounded diffusive motion. This result is consistent with our
finding that the motion is unbounded in a 2 ns time-window
[Fig. 5(b)].

We have also determined the 3D (xyz), 2D (xy), and 1D
(z) center-of-mass diffusion constants for the lipid molecules
with the results given in Table V. The motion in the z-direction
also appears as unbounded with a non-zero diffusion con-
stant in the 2 ns time-window. If we increase the size of
the time-window, we should see the 1D (z) diffusion con-
stant approach zero as the mean-square displacement in the
z-direction reaches its time-independent limit. Note that the
2D (xy) lateral diffusion constant should be unchanged be-
cause the lateral motion is unbounded. The 2D (xy) center-of-
mass lateral diffusion constant should therefore be the limit-
ing value of the (xy) diffusion constants for all of the selected
atoms in the lipid head groups, when the contributions from
their bounded motions are time-independent.

In the mean-square displacement calculations for the
center-of-mass motion, there was evidence of poor statistics
at long times (not shown); so we have only used the time
range 500-1500 ps in the linear fits to the curves. This un-
certainty may explain the slightly larger diffusion constant
for the center-of-mass motion compared to the diffusion con-
stants for the glycerol and carbonyl carbon atoms, which, of
course, is unphysical. They should be identical to the center-
of-mass diffusion constant or slightly larger as they are close
to the center of mass.

In summary, the mean-square displacement of the atoms
in the relatively small water molecules will be dominated
by the translational center-of-mass displacement after a very
short time, whereas that may not be the case for the atoms
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in the much larger lipid molecule. The mean-square dis-
placement results from a combination of a center-of-mass,
rotational, and conformational motion of the molecule. We do
not have an estimate of the time necessary for the lateral trans-
lational displacement to dominate the intramolecular bounded
displacements but have estimated that it takes ~20 ns for the
bounded translational displacement along z to reach its time-
independent limiting value.

VI. BINDING OF WATER TO SELECTED
ATOMS IN DMPC

In this section, we describe an analysis of the binding of
water molecules to selected atoms in the DMPC molecule. It
involves two steps. First, we determine the distribution of wa-
ter molecules as a function of the distance from the selected
atoms in the lipids and identify the range of the solvation
shells. Then, the kinetics of the water molecules in the shells
is analyzed by determining their rate of disappearance from
the solvation shells. Water molecules that are loosely bound
to the atoms will disappear from the shell at a faster rate than
ones more strongly bound, so their rate of disappearance may
be used as a relative measure of their binding strength.

A. Distribution of water molecules around
selected atoms

The distribution of water molecules around the selected
atoms in the lipid is most likely anisotropic, in contrast to
the distribution of water molecules around a single ion in so-
lution, because each atom in the membrane is bound to other
atoms or a group of atoms that may block the water molecules.
We have not analyzed this anisotropy, so our results represent
an average, isotropic distribution. The space around the indi-
vidual atoms has been divided into spherical shells of thick-
ness dR = 0.1 A, and the number of water molecules within
each shell has been counted and converted to a number den-
sity by division by the shell volume. The results are averaged
over all selected atoms and 900 choices of time origins and
presented in Fig. 6.
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FIG. 6. The isotropic number density of water molecules around specified
atoms in the DMPC lipid head groups at 303 K and 1 atm as a function of the
distance from the atoms.
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From the figure, we see that the best defined first solva-
tion shell appears to be the one around the phosphorous atoms
given by radii in the range ~3.0-4.0 A. The peak position at
~3.7 A shows that the water molecules are a little closer to
the phosphorous atoms than to the nitrogen atoms with their
broader first solvation shell defined by radii in the range 3.0-
6.0 A and a peak position at ~4.5 A. Because the phosphorous
peak position is at a larger distance than the P-O distance in
the phosphate group ~1.5-1.7 A, the water molecules appear
to be packed around the P-O group as a whole. The broader
first-shell peak for the nitrogen atoms may reflect the pres-
ence of the three methyl groups attached to them to form the
amino group. The distance from the nitrogen atom to the hy-
drogen atoms in the attached methyl groups is ~2.1-2.3 A,
which shows that the water molecules are packed around the
N-3(CHj3) group as a whole. The peak position for the car-
bonyl carbon atoms is almost the same as for the phospho-
rous atoms, and the first solvation shell is given by radii in the
range ~3.0-4.2 A. The glycerol carbon atoms have not been
included in the analysis because we have focused on the po-
lar groups in the head group as being most important for the
binding of water.

There is a clear second solvation shell around the nitro-
gen and phosphorous atoms but not around the carbonyl car-
bon atoms. At larger distances, the distribution functions level
out to an almost constant number density, somewhat lower
for the carbonyl carbon atoms than for the nitrogen and phos-
phorous atoms. These levels correlate well with the number
density curves in Fig. 2.

B. Kinetic analysis of water molecules around
select atoms

If the water molecules in a solvation shell around an atom
are rigidly bound to the atom, they will follow its motion
and be found in the solvation shell at all times just as one
atom in a dimer follows the other. Therefore, we may esti-
mate the relative strength of the binding by determining the
rate at which water molecules leave a given solvation shell
around the atoms. Tightly bound water molecules will on the
average stay for a longer time in the solvation shell than ones
more loosely bound.

We have only considered the rate by which water
molecules leave the first solvation shell because the analy-
sis of second solvation shell molecules is more complex. In
leaving the second solvation shell, molecules may enter the
first solvation shell and therefore not leave the vicinity of the
atom. Also, the second solvation shell is not as well defined
as the first solvation shell.

The calculations of the water kinetics are done in the
following way. For a chosen time origin, we tag all water
molecules found in the first solvation shell defined by the two
radii Ry and Ry« around the selected atoms in the lipid head
groups. We then follow the motion of these atoms, determine
the distances to the tagged water molecules around them, and
count the number of tagged water molecules in the first solva-
tion shell as a function of time. The results are averaged over
all atoms of a given kind and over 900 different choices of
time origins.
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FIG. 7. The decay in the number of tagged water molecules as a function
of time in the first solvation shell around the nitrogen, phosphorous, and
carbonyl carbon atoms, respectively, in a DMPC lipid bilayer membrane at
303 K and 1 atm. The fitting parameters for the decay curves are found in
Table VI where the definitions of the first shells also are given. The data were
recorded with a 5 ps time-resolution.

In Fig. 7, we have shown the decay in the number of
water molecules in the first shell around the nitrogen, phos-
phorous, and carbonyl carbon atoms as function of time. We
have used first order kinetics

dna\;,t(,) = —kny, = ny(1) = n,(0) exp(—k1) )

to parameterize the decay curves. k is the rate constant for the
decay, and n,,(t) is the number of tagged water molecules at
time ¢ in the given shell. It is easy to prove that the reciprocal
rate constant 1/k = 7, is equal to the average residence time
Tres Of the tagged water molecules in the shell. From the decay
curves, it is evident that they cannot be fit by a single expo-
nential. Therefore, we have fitted them to several exponentials
using

max

nu(t) =Y aiexp(—kit). )

i=1

We used three exponentials (max = 3) to obtain a satisfac-
tory fit to the data over the entire time range. Three expo-
nentials also turned out to be the maximum number which
yielded physically reasonable parameters. The fitting of three
exponentials to a decay curve is a delicate process; and the
results may be sensitive to the time-window used for the fit
as pointed out, for example, in Ref. 17. We have used a large
time-window (~1 ns) in the fit, which may give more reli-
able results especially for the component with the smallest
rate constant.

Table VI contains the results of the kinetic studies and
shows that the water molecules around selected atoms in the
DMPC molecule may be divided into three categories accord-
ing to the average residence times or strength of their bind-
ing. The residence times change by two orders of magnitude
from ~35 ps for the loosely bound water molecules to ~70 ps
for water molecules bound with an intermediate strength and
then to ~400 ps for the most strongly bound molecules. There
are some differences in the distribution (the a; parameters)
of the molecules over these different categories for the three
atoms. For both the nitrogen and phosphorous atoms, most
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TABLE VI. The fitting parameters a;, k; of Eq. (2) characterizing the time-
decay for the number of tagged water molecules in the first solvation shell
around the nitrogen, phosphorous, and carbonyl carbon atoms in the DMPC
lipid head group in a bilayer membrane at 303 K and 1 atm. The first solvation
shell for the nitrogen atoms is defined by the distance R in the range 3.0 < R
< 6.0 A, for the phosphorous atoms by the range 3.0 < R < 4.5 A, and for the
carbonyl carbon atoms by the range 3.0 < R < 4.2 A. The definition of the
solvation shells is based on the number density profiles in Fig. 6. The fraction
100a;/y"ja; (in %) of water molecules with different residence times t; and
the number of molecules initially in the solvation shell are also given. The fit
was done using data in a 1 ns time-window with a 5 ps time resolution.

Parameters Nitrogen Phosphorous  Carbonyl group  Average
Molecules at start 20.15 5.37 2.29

aj molecules 5.79 0.95 0.75
100a1/y_;a; (%) 28.9 17.8 30.8 25.8
kfl =11/ ps 6.25 5.73 3.23 5.1
a> molecules 8.57 2.52 0.79 ..
100ay/y"ja; (%) 42.8 47.1 34.5 414
k' =1/ps 66.7 76.9 74.1 72.6
a3 molecules 5.66 1.88 0.80 ...
100a3/y";a; (%) 28.3 35.1 34.7 32.7
k;l = 13/ ps 434.7 3759 429.2 413.33

of the water molecules belong to the category bound with an
intermediate strength (category 2). However, the fraction of
molecules loosely bound to the phosphorous atoms is smaller
than for the nitrogen atoms. This result appears to be con-
sistent with the narrower width of the 1st solvation shell for
phosphorous. There is almost an even distribution over cat-
egories for the carbonyl group. If we arbitrarily assume that
the water molecules with the largest residence times in the
kinetic analysis follow the lipid molecules, we find that there
are ~8.4 tightly bound water molecules per lipid molecule.
This estimate appears to be an upper bound because with an
average residence time of ~0.4 ns, it is unlikely that all of
these molecules can follow the lipid molecules which move
on a nanosecond time scale.

VIl. QUASIELASTIC NEUTRON SCATTERING
FUNCTIONS

We have calculated both the quasielastic incoherent inter-
mediate scattering function F(g, f) and the quasielastic inco-
herent scattering function Ss(g, @) for water and the selected
atoms in the lipid head group in order to compare with the
experimental quasielastic neutron scattering results.

The incoherent intermediate scattering function is given
by34

1
Fig.1) = 5 D bHexpliq- () = o). (3)

where the brackets symbolize an ensemble average of the en-
closed term. The ensemble average includes an average over
orientations of the difference vector r;(f) — r;(tp) between po-
sitions of atom i at time ¢ and time #, with respect to the scat-
tering vector q which is in the plane of the membrane. The av-
eraging over orientations is often done analytically assuming
an isotropic orientation of the difference vector with respect
to the scattering vector in either two- or three dimensions.
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We have used two averages, a 2D cylindrical average for the
selected atoms in the lipids because they do not “tumble”
around but have a permanent preferred orientation with re-
spect to the scattering vector and a 3D spherical average for
the water molecules that essentially “tumble” around in all
orientations as in bulk water.

The cylindrical average results in the zero order cylindri-
cal Bessel function J; of the first kind>? so that the interme-
diate scattering functions for the selected atoms in the lipid
head groups are calculated from the expression

Cylindrical average:

1
Fiq.1) = = D (Brlaln ) = )., @)

L

while the spherical average gives the zero order spherical
Bessel function jj of the first kind*” and the intermediate scat-
tering function

Spherical average:
1 :
Fi(g, 1) = 5 D (b jo(laliri(o) = xi(to) )

_ 1 S0 sin(|q||x; (r) — r; (o))

= . 5
N "l (@) — ri(10)] ©)

The brackets in the expressions refer to an ensemble average
of the term inside them. It is determined as an average of con-
tributions from all atoms i of the given type and over a series
of different choices of the initial time #;. b; is the atomic scat-
tering length which arbitrarily has been set to one in the cal-
culations because we do not compare scattering intensities for
different atoms. The incoherent scattering function Ss(g, ) is
determined as the time-Fourier transform of the intermediate
scattering function

Twindow
S(q. @) = / dt explio )Fy(q, 1), ©)
0

which is proportional to the quasielastic intensity in the scat-
tering experiments.

If the intermediate scattering function has not decayed
to zero within the time window, there will be an elastic scat-
tering in addition to a quasielastic scattering with a strength
proportional to the value of the intermediate scattering func-
tion at time t = fyindow. Before determining the time-Fourier
transform of such a function, it is important to eliminate the
elastic contribution to the scattering by subtracting the value
of the intermediate scattering function at ¢ = fyingow.>> Oth-
erwise, the incoherent quasielastic scattering function will be
obscured by the contribution from the elastic scattering which
will not be confined to the region near w = 0 because of trun-
cation errors in doing the Fourier transform.

The incoherent scattering functions have been fitted to
Lorentzians according to

nmax

I'i(g)
S% I = - iT S N 7
(g, ®) ni;“wur,-(q)z )
where w = 2w v is the angular frequency, g; is proportional to
the intensity of the quasielastic scattering, and I";(¢) the half-
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width-at-half maximum (HWHM) of the Lorentzian, which
may be a function of the wave vector transfer ¢ depending on
the kind of diffusive motion. The Lorentzian line shape is cho-
sen in the fits, because it can be shown*3 that the scattering
function is a Lorentzian for simple types of diffusive motions
such as random translational diffusion and random isotropic
rotational diffusion.

The g dependence of the HWHM may be used to infer the
type of diffusive motion involved. Thus, for random transla-
tional diffusive motion, the HWHM is proportional to g2, that
is,

I'(g) = Dq’, (8)

where the coefficient of proportionality D is the translational
diffusion constant. For random isotropic rotational motion,
the HWHM is independent of q. For more complicated dif-
fusive motions, no simple theoretical expression exists for the
g-dependence of the HWHM. However, some g dependence
of I'(g) may indicate that translational diffusive motion is in-
volved, while little or no g dependence may indicate that ro-
tational diffusive motion dominates the scattering.

Equation (7) raises the question of how many Lorentzians
should be used in a fit? The upper limit is reached when the
addition of one more Lorentzian in the fit does not allow their
parameters to be determined unambiguously. Another cri-
terion is to check by direct inspection the fit to the data. For
the water molecules, for example, it was obvious that a sin-
gle Lorentzian fit was inadequate (not shown). The fit sim-
ply had a wrong “shape” at small frequencies which could
be corrected with a two-Lorentzian fit. A third criterion for
how many Lorentzians to use in a fit is to look at the intensi-
ties. If the intensity of a Lorentzian is two or more orders of
magnitude less than the intensities of the other Lorentzians,
its contribution to the incoherent scattering function is only
marginal. In this case, it becomes problematic whether its pa-
rameters are physically significant especially when the shape
of the fit is correct before the addition of the extra Lorentzian.

A. Results

We have determined the scattering functions for the
atoms at two of the wave vectors, ¢ = 0.5 A~ and 0.9 A~!
investigated in the experiments.’’ As an example, we show
the intermediate scattering function for water at g = 0.5 A~
in Fig. 8(a) and the scattering function in Fig. 8(b). The
fitting parameters a;, I'; in Eq. (7) for all atoms considered
are collected in Tables VII and VIII. They show that a two-
Lorentzian fit was required in the fitting of the scattering func-
tions so that the motion of the atoms is on at least two time
scales, a slow one (I"}) and a fast one (I";).

For the phosphorous, glycerol carbon, and carbonyl car-
bon atoms, we note that there is little variation among the
three atoms in their slow and fast time scales, respectively,
at both wave vectors. This behavior is expected because the
atoms are close to each other near the glycerol backbone of
the lipid. Both time scales for the nitrogen atoms are slightly
larger than those for the other atoms probably because the
atoms are located at the end of the head group further away
from the glycerol backbone, allowing more flexibility and
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FIG. 8. (a) The intermediate scattering function for the water molecules in
DMPC at 303 K and 1 atm for wave vector ¢ = 0.5 A~1. (b) The incoherent
scattering function at ¢ = 0.5 A~ and a two-Lorentzian fit. Note that the
abscissa in the plot is the frequency v and not the angular frequency w. The
HWHM in the plot is multiplied by 27 to obtain the I'; in Eq. (7).

motion of the group. The fast time scale for water (I',) is
much faster than for the atoms in the lipid, while its slow time
scale (I'y) is intermediate between their fast and slow time
scales.

We have tried to identify the nature of the motion asso-
ciated with the slow (I'y) and fast (I";) components by con-
sidering the g-dependence of I'y and I';. From Tables VII
and VIII, it is evident that all I depend on ¢, indicating
that none of the components represent a “pure” random ro-
tational motion. To test whether the components may be asso-
ciated with “pure” random translational motion, we have used
Eq. (8) and calculated the ratio I'/¢* at the two wave vectors. It
should be independent of ¢ for “pure” translational motion. In
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Table IX, we have summarized the differences in I'/¢* at the
two wave vectors. It shows that there is a considerable devia-
tion from linearity for the selected lipid atoms which implies
that they do not undergo “pure” translational motion at the
given length-scale (27/g) but rather a more complex motion.
In contrast, the fast component for water (I";) seems to be
dominated by translational motion.

When we look at the slow component of water (I'}), we
note that it is intermediate between the values for the slow and
fast components of the selected atoms. This behavior suggests
that some of the water molecules may move on a similar time
scale as the selected atoms. Indeed, if we had had the sensitiv-
ity, we might have been able to resolve the narrow peak (I'})
for the water scattering into two peaks corresponding to two
components having HWHMs similar to the two widths found
for the selected atoms. Without this possibility, our fit results
in an intermediate width for the water molecules. We also note
that the g-dependence of the slow component of water dif-
fers greatly from that of the fast component as evidenced by
Table IX. Because the motion of some water molecules is
much slower than others but within the time scale for the se-
lected atoms, it is natural to suggest that these molecules are
strongly bound to the lipid molecules and follow their motion.

We have tried to identify the kind of motion dominating
the two components for the selected lipid atoms. This identi-
fication has been made by assuming that they represent trans-
lational motion. We then compare the resulting translational
diffusion constants with the mean-square displacement results
to either confirm or falsify the assumption. In order to extract
a translational diffusion constant from the width of the scatter-
ing function, the limit ¢ — O (infinite length scale) in Eq. (8)
needs to be taken. This limit can be determined if a series of
results at small wave vectors are available. Here we only have
results at two wave vectors for which there is a considerable
deviation from linearity. Therefore, the best way to extract
a diffusion constant will be to use the results for the small-
est wave vector, here ¢ = 0.5 A~!. The results are shown in
Table X. We see that the D;-values for the selected atoms
are closest to the D-values from the mean-square displace-
ment calculations; we conclude that the 'y component seems
to be dominated by translational motion, while the faster I',
component is dominated by non-translational motions such as
vibrations and librations. This identification is just opposite
that for water where the fast component was associated with
translational motion. For completeness, we have also included

TABLE VII. The fitting parameters, a;, I';, for the two-Lorentzian fits to the simulated incoherent scattering
functions for selected atoms in the lipid head groups and water molecules in the DMPC lipid bilayer membrane
at 303 K and 1 atm. The analysis is performed at a wave vector transfer ¢ = 0.5 A~!. The time window in the
calculations is 2 ns and the time resolution is 0.5 ps, corresponding to an energy resolution of ~2.1 ueV and a
dynamic range of ~4.13 meV. The “rms” entry in the table is the root-mean-square deviation in the fit.

Parameters Nitrogen Phosphorous Glycerol-C Carbonyl-C Water

a 522 x 107! 527 x 107! 448 x 1071 451 x 107! 1.56 x 107!
I/ ueV 7.10 x 107! 5.4 x 107! 5.30 x 107! 5.3 x 107! 2.79

a 322 x 107! 227 x 107! 1.66 x 107! 1.68 x 107! 7.85 x 107!
Ta/peV 4.09 3.52 3.16 321 30.60

rms 0.24 0.12 0.11 0.11 0.14
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TABLE VIII. The fitting parameters, a;, I';, for the two-Lorentzian fits to the simulated incoherent scattering
functions for different atoms and molecules in the DMPC lipid membrane at 303 K and 1 atm. The analysis is
performed at a wave vector transfer ¢ = 0.9 A~!. The time window in the fits is 2 ns and the time resolution is
0.5 ps, corresponding to an energy resolution of 2.1 ueV and a dynamical range of 1 THz = 4.13 meV. The
“rms” entry in the table is the root mean square deviation in the fit.

Parameters Nitrogen Phosphorous Glycerol-C Carbonyl-C Water

ay 5.08 x 107! 5.46 x 107! 6.12 x 107! 6.31 x 107! 1.28 x 107!
Ti/peV 2.55 1.48 1.28 1.42 6.33

ap 4.10 x 107! 3.82 x 107! 2.76 x 107! 2.50 x 107! 7.74 x 107!
Iy/peV 17.28 8.14 7.78 9.97 97.19

rms 0.24 0.26 0.26 0.22 0.14

the simulated and experimental bulk water diffusion constants
in Table X. The agreement between the simulated diffusion
constant for all water molecules and the experimental value®
is very good. Also, we see that the agreement between the two
ways of determining the diffusion constant for bulk water in a
simulation is reasonable.

From the intensities of the fast and slow components
(a1, ap) for water in Tables VII and VIII we see from the
g = 0.5 A~ data that 17% of the water molecules or 6.4 wa-
ter molecules/lipid are strongly bound to the lipid and from
the ¢ = 0.9 A~! data that 14% or 5.5 water molecules/lipid
are strongly bound. These numbers are somewhat less than
the ~8 water molecules/lipid as estimated from the kinetic
studies. Considering that the longest average residence time
is ~0.4 ns, it is clear that only some fraction of the 8 water
molecules will have residence times on the order of the 1-2
ns time scale for the motion of the selected atoms. Therefore,
8 water molecules/lipid must be an upper limit to the number
of bound water molecules as is consistent with the scattering
results.

In summary, the simulations of the scattering functions at
the given temperature have shown that one may identify two
types of water molecules: (1) those that are strongly bound to
atoms in the lipid (~6 water molecules/lipid) and move on the
same time scale as atoms in the lipid; and (2) those that move
faster but still slower than in bulk and which are more loosely
bound to the lipids. It should be noted that the diffusion con-
stant for the second type of water will depend on the amount
of water in the system. In the simulations, we had a ~10 A
water layer outside the membrane in which the dynamics was
still affected by the membrane. But, if we increase the thick-
ness of that water layer, the influence of the membrane on the
dynamics of water further away from the membrane surface
will diminish so that the diffusion constant will approach that
of bulk water.

TABLE IX. Test of the linear relationship between the width I and the
square of the wave vector transfer ¢> (Eq. (8)) at ¢ = 0.5 A~ and ¢
= 0.9 A~'. The relative deviation(I'/0.9> — I'/0.5%)/(I'/0.5%) in percent is
given for each of the two T'.

Width  Nitrogen  Phosphorous  Glycerol-C ~ Carbonyl-C ~ Water
Iy 10.0 —153 —25.5 —175 —30.6
I 30.4 —28.6 —24.0 —4.1 —-22

VIll. COMPARISON WITH EXPERIMENTS

The experiments’® were done on state-of-the-art
backscattering spectrometers: the High-Flux Backscattering
Spectrometer (HFBS) at the NIST Center for Neutron
Research*® and BASIS at the Spallation Neutron Source
(SNS), Oak Ridge National Laboratory.*! The large dynam-
ical range of BASIS allowed us to resolve two diffusive
processes corresponding to the two Lorentzians in the fit
to the quasielastic scattering intensity, a broad component,
which has a ¢* dependence at low g characteristic of transla-
tional diffusion and a narrow component with only a weak g
dependence. The broad component observed represents rela-
tively fast moving water molecules which above the freezing
transition at 268 K (lower than 273 K due to hysteresis) are re-
ferred to as “bulk-like” water located outside the membrane.
Below 268 K, the broad component represents “confined”
water located in and immediately outside the membrane.

Because the simulations have only been done at one tem-
perature, 303 K, in contrast to the experiments that are con-
ducted over a wide range of temperatures, we are limited in

TABLE X. Comparison of diffusion constants for water molecules and se-
lected atoms in the DMPC lipid bilayer membrane at 303 K and 1 atm ob-
tained from simulations using mean-square displacements and quasielastic
incoherent neutron scattering. Layers 1, 2, 3 refer to the diffusion constants
for water in the bulk-like, outer membrane, and inner membrane layers, re-
spectively, averaged over the two leaflets. The simulation results for bulk wa-
ter and the measurements on single-supported DMPC membranes (Ref. 20)
are also included.

Atom Mean sq. Incoherent quasielastic scattering
type displ. Wave vector ¢ = 0.5 A~!
Dlcm?s~! Dy/em? s~ ! Dylem? ™!
N 1.90 x 1077 432 x 1077 2.49 x 1076
P 1.24 x 1077 3.28 x 1077 2.14 x 1076
Glycerol C 9.47 x 1078 3.22 x 1077 1.92 x 1076
Carbonyl C 8.94 x 1078 3.22 x 1077 1.95 x 1076
Water (all) 1.06 x 1073 1.70 x 107© 1.86 x 107
Layer 1 1.45 x 107
Layer 2 4.95 x 1076
Layer 3 1.68 x 107°
Bulk water 233 x 1073 271 x 1073
(model)
Expt.? (Ref. 20) 1.91 x 1073

4The experimental determination of the diffusion constant is based on three wave vec-
tors, ¢ = 0.3, 0.5, and 0.7 A~!, for which the linear relationship in Eq. (8) is satisfied.
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the comparison between the two that can be made. In particu-
lar, direct comparison of the “confined water” inferred experi-
mentally with the simulation results is impossible, because the
former can only be isolated experimentally at temperatures
below 268 K. Thus, we can only compare the HWHM and
diffusion constant for the “bulk-like”” water in the experiments
with the simulations. For the broad component at 303 K,
the experiment gave a HWHM ~35 peV at ¢ = 0.5 A~! and
~90 peV at ¢ = 0.9 A~!, which compare rather well with the
simulation results, a HWHM ~31 peV at g = 0.5 A-! and
~97 peV at g = 0.9 A~! as listed in Tables VII and VIIL

The narrow component in the scattering function was de-
termined in the experiments at larger wave vector transfers of
1.4,1.5, and 1.7 A’l, so a direct comparison with the simu-
lation results at smaller g is impossible. The larger wave vec-
tor transfers were used to increase sensitivity to the narrow
component. At these large values of ¢, the broad component
became so wide relative to the dynamic range of the spectrom-
eter that it became indistinguishable from the background
intensity.

In the experiment, the HWHM of the narrow compo-
nent (~2.5 peV at 303 K), depends only weakly on ¢
which indicates that rotational diffusion may be involved as
well as conformational changes of the aliphatic tails. From
both quasielastic measurements and MD simulations, we
have found evidence of similar motions in solid bulk alkane
particles*> and in monolayer alkane films.*®*> The experi-
mentally inferred HWHM of the narrow component is com-
parable to the narrow components (I'1) in Tables VII and VIII.

From an intensity analysis of the scattering in the exper-
iments, it was concluded that ~7-10 water molecules/lipid
contribute to the intensity of the narrow component and there-
fore move on the same time scale as the H atoms within
the lipid molecules, implying that they are strongly bound to
the head groups. A similar analysis of the simulation data in
both Tables VII and VIII shows that ~6 water molecules/lipid
move on the same time scale as the selected atoms and hence
as the H atoms in the head groups. These values deduced
from the simulations are in fair agreement with the number
of strongly bound water molecules inferred experimentally.
Due to possible differences in structure between the single-
supported membrane in the experiment and the freestanding
membrane in the simulations, some caution is needed in com-
paring these values for the number of bound water molecules
per lipid head group.

IX. CONCLUSIONS

The number density distribution function in the z-
direction perpendicular to the membrane surface for the se-
lected atoms in the DMPC bilayer membrane (nitrogen, phos-
phorous, glycerol carbon, carbonyl carbon, and methyl group
carbon at the end of the aliphatic chains) is rather broad. The
FWHM ~7-8 A corresponds to a root-mean-square deviation
of ~32 A.

The calculated density profile of water molecules in the
z-direction showed that they penetrate into the region of the
head groups in the lipid molecules. Water molecules extend
down to the carbonyl groups connecting the glycerol back-
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bone and the aliphatic chains. In the hydrophobic region of
the aliphatic chains, no water molecules were found on the
nanosecond time scale considered in this study.

Three layers have been defined in the z-direction in each
leaflet of the membrane: a bulk-like water layer just outside
the membrane which has the same density as bulk water, an
outer membrane layer around the nitrogen and phosphorus
atoms in the head group, and an inner layer including the
glycerol backbone, carbonyl groups, and aliphatic chains. Our
previous quasielastic neutron scattering experiments could
not distinguish between these “outer” and “inner” layers. To-
gether, they correspond to the “confined” water identified in
the experiments.

The dynamics of the water molecules in the three lay-
ers are different both in respect to interlayer transitions and
lateral motion within the layers. The former is quantified by
determining average residence times for the water molecules
in the layers. In a 1 ns time-window, they are found to be
~31, 54, and 250 ps for water molecules in the bulk-like,
outer, and inner water layers, respectively. The lateral diffu-
sion of the water molecules in each layer was determined by
mean-square displacement calculations. They were used to in-
fer diffusion constants of, 1.45 x 1073 cm? s~ !, 4.95 x 1076
cm? s~!, and 1.68 x 107° cm? s~! for water in the bulk-like,
outer, and inner water layers, respectively.

We note that the diffusion constant for the water
molecules in the ~10 A thick bulk-like water layer outside the
membrane is about a factor of two smaller than for bulk water,
which has an experimental and simulated diffusion constant
of ~2.33 x 107> cm? s~!. This result suggests that the electric
field from the atoms in the head groups of the lipid molecules
is strong enough to influence the dynamics significantly but
is too weak to impose a change in the density. The diffusion
constant for all water molecules, irrespective of their position
in the membrane, was found to be 1.06 x 10~ cm? s~!, which
compares well with the mole-fraction weighted average of the
diffusion constants for water in the different layers.

In Ref. 19, the dynamics of water in a POPC bilayer
membrane at 310 K has been studied by MD simulations.
The head group of the lipid is the same as in our study and
the diffusion of water is therefore expected to be similar in
the two systems. Diffusion constants have been determined
for water molecules hydrogen-bonded to the carbonyl groups,
phosphate groups, and amine groups (nitrogen) for at least 70
ps using a 100 ps time-window. Because the water molecules
follow the motion of their respective groups in the lipid head
group, their diffusion constants may be compared to ours in
Table IV for the selected atoms. We see that there is a qual-
itative agreement of the relative magnitude of the diffusion
constants for the selected atoms and groups, but the value of
the diffusion constants in Ref. 19 is two orders of magnitude
larger than ours. We attribute this discrepancy to the much
shorter time-window (~100 ps) used in Ref. 19 compared to
our time-window of 2 ns. Recall that diffusion constants for
atoms in large molecules with rotational and intramolecular
bounded motions depend on the time-window in mean-square
displacement calculations, or equivalently, on the energy res-
olution and dynamic range in a scattering experiment. Only
with time-windows large enough for all bounded motions to
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appear as bounded will a diffusion constant that is indepen-
dent of the time-window be obtained.

The authors'® also studied the diffusion of other water
molecules, less strongly bound to the lipid molecules, but a di-
rect comparison with our results is difficult because they used
different criteria in their selection of the water molecules.
Qualitatively, however, both studies show that the diffusion
constant of water decreases as one goes deeper into the mem-
brane. The magnitude of the diffusion constants are also simi-
lar to ours. Because water is a small molecule and the time for
the bounded rotational motion of the water molecule to man-
ifest itself is very short, the translational diffusion constant
inferred from their and our simulation should be comparable.

The decay rate in the number of water molecules origi-
nally in the first solvation shell around the nitrogen, phospho-
rus, and carbonyl carbon atoms suggests the existence of three
types of water: loosely bound, bound with an intermediate
strength, and strongly bound. If we take the binding strength
of the water molecules to be proportional to their average res-
idence time, then there is an increase in the bond strength
of two orders of magnitude in going from the weakest to the
strongest bound water molecules.

The incoherent scattering functions for selected atoms in
the lipid head groups and for the water molecules were cal-
culated at two wave vector transfers ¢ = 0.5 and 0.9 A~!
and compared to experiments. At both wave vectors, a two-
Lorentzian fit to the observed quasielastic spectra showed
two time scales for the motion of the H atoms. An anal-
ysis of the observed intensities indicates that ~7-10 water
molecules/lipid are bound so strongly to the lipids that they
essentially follow their motion. A similar analysis of the sim-
ulation data showed that ~6 water molecules are strongly
bound to the atoms in the lipids which compares with our up-
per bound of ~8 molecules obtained by our kinetic analysis.
The simulations allow a more detailed investigation of the wa-
ter dynamics as a function of their positions in the membrane
than possible with scattering experiments which average over
larger regions.
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