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Orientational Order of the Water Molecules Across a Fully Hydrated DMPC Bilayer: A
Monte Carlo Simulation Study

Introduction

Water is a system of key importance in many areas of
science? Besides its importance in chemistry and physics as
an excellent polar solvent of many substances and medium of
various chemical reactions and as a liquid exhibiting anomalous
thermodynamic properties, its vital biological importance comes
from the fact that it is the medium of life. All of these unique
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The orientational order of water molecules located in different regions of a fully hydrated dimyristoylphos-
phatidylcholine (DMPC) membrane is analyzed and compared to that in pure water on the basis of an all-
atom Monte Carlo simulation. The preferential orientation of the water molecules relative to the membrane
as well as the relative orientation and hydrogen-bonding structure of neighboring molecules is discussed in
detail. Due to the distribution of the charged groups of the lipid molecules, the water molecules in the interfacial
region of the membrane are turning preferentially toward the membrane interior with their dipole moments,
whereas in the hydrocarbon region the water dipoles are pointing toward the aqueous phase. The density of
the water molecules in the hydrocarbon phase is found to be rather inhomogeneous; the few water molecules
in this region are grouping together and form small hydrogen-bonded clusters. The long, mostly parallel lipid
tails are forcing these water molecules to be aligned in planes parallel with them and also the hydrogen-
bonded neighbors to be arranged around each other in a coplanar way. It is found that the relative importance
of the interstitial molecules, which left the hydrogen-bonded network of the other molecules and are located
in its cavities, increases considerably upon the approach of the molecules to the middle of the membrane. It
is also found that the geometry of the hydrogen bond around the bonding H atom does not change noticeably
across the bilayer, whereas when the molecules approach the membrane interior, the arrangement of the
hydrogen-bonded neighbors around each other becomes less and less tetrahedral, until this preference for
tetrahedral arrangement disappears completely.

across the membrane, and thus has a great influence on the
crossmembrane transport properties of charged and dipolar
particles. Although ions usually cross the cell membrane with
the aid of specific channel-forming proteihshe free energy
barrier of their direct transport across the membrane can also
have biological relevance. Namely, the lower this barrier is the
higher is the importance of their passive transport, as well.

properties of water are based on its peculiar molecular-level Moreover, several neutral t_)ut dipolar molecules of_ biological
structure, which is determined by the dual ability of the water importance, such as water itself, methanol, formamide, or urea
molecules of both forming a tetrahedral network connected by ¢an permeate the cell membrane simply by diffusi®he
especially strong hydrogen bonds and also leaving this network dielectric properties, and thus the local water structure, can also
and being located in its cavitiés® have an effect on the structure of the membrane-bound protein
The local structure around individual water molecules has molecules by influencing the ionization state and conformation
also a key effect on the structure and thus the function of of their side chains as well as the spatial distribution of the
molecular assemblies of vital biological importance. Examples Side chains of various polarity.
for such assemblies are lipid membranes and membrane-bound While it is rather difficult to obtain direct information on the
protein molecules, which separate living cells from the outside local ordering of the water molecules at different parts of the
environment and regulate their metabolism. Due to their rather membrane by experimental methods, it can be investigated in
complex structure, these membranes have an amphiphilicdetail by computer simulation. Various different kinds of lipid
character. Their outer phase contains strongly polar or evenmembranes (e.g., ones consisting of zwitterihi€ or charged®
zwitterionig groups, whereas_in their middle region apolar headgroups, having unsaturatéd? branchingt® or fluorinated!
hydrophobic hydrocarbon chains can be found. The presencesjde-chains, containing cholestetdtétransmembrane hel&,
of such amphiphilic structures 'Fhemselves is already the 5y 5 pNA segmen®® etc.) have already been successfully
consequence of the water properties. Moreover, the change ofsjyyated, and the resulting structures have also been analyzed
the orientational ordering and local structure of the water . \arious respects. Thus, the conformation of the hydrocarbon

molecules determines the variation of the dielectric properties

chaind”-21the water-separatétiand conta@f ion—ion interac-
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tions in the headgroup region, the orientation of the headgroup
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brane free energy profile of several small molectiéshave selected in a shuffled cyclic ordéiboth for displacement and
been investigated. Various calculated structural properties, suchtorsional angle change. The moved torsional angles have been
as the average area per headgritid; 22 the deuterium order  selected sequentially, going from the end of a chain toward the
parameters of the side chalh$*1517.22.2@nd electron density  center of the lipid molecule, but subject to a probability filter,
profilest®22 have also been compared with experimental data. allowing more frequent torsional moves far from the end of
Several studies have also been focused on the dipolar orientatiorthe chains. The torsional angle changes as well as the overall
of the water molecules relative to the watéipid interface both lipid rotations have been performed using the novel extension-
in lipid mono#7-28 and bilayerd’2%30However, the effect of  biased methoé* In this way, the maximum angle of rotation
the membrane on the orientation of the water molecules relative AW ax has been determined for each individual rotation as
to each other has, to our knowledge, not been studied yet in
detail. ' . ' AW, = C 1)

In this paper, we report results of a Monte Carlo simulation /Rmax
of a fully hydrated bilayer of dimyristoylphosphatidylcholine

(DMPC) molecules and analyze the local ordering of the water |\ herec is the stepsize parameter, which is kept fixed in the

molecules located in the different regions of this membrane in gntire simulation, an&maxis the distance of the farthest rotated

various respects. These analyses include the investigation of;51 from the rotation axis. The stepsize parameteas been
the orientation of the water molecules relative to the bilayer

' : i _ optimized for each of the 41 torsions as well as for the overall
(i.e., a space-fixed reference frame) as well as relative to thelr”pid rotations, as described in detail in our previous paper.

neighbors (i.e., in a local frame), the geometry of the hydrogen the getails of the optimization as well as the final stepsize
bonds, and the spatial distribution of the neighboring molecules parameter values and the values of the probability filter for the
around each other. Partial pair correlation functions and the i gjonal angle selection have been summarized elseihere.
cogff|(:|ent§ of the sphencal harmonlc expansion of the orien- | 3 volume change move either the edge length of the basic
tational pair correlation function are also analyzed. To clarify hexagon or the length of the edge perpendicular to it (i.e., either
the role of the lipid molecules in determining the local water i cross-section or the height of the hexagonal prism-shaped
structure, all of the analyses have also been performed on puregimation cell) has been changed, in an alternating order. In
water as a reference system. this way, the surface density of the lipid molecules and the
The paper is organized as follows. In the next section details volume density of the entire system have been allowed to
of the simulation performed are given. Then, the results obtained equilibrate independently from each other, ensuring that the
are presented and discussed in detail. Finally, some conclusiongressure in the direction normal to the bilayer is equal with
are drawn. that in directions parallel to the bilay&The maximum change
Monte Carlo Simulations. Monte Carlo simulation of a fully of the volume of the system in one step has been set to 800 A
hydrated DMPC bilayer has been performed using the program The rates of acceptance of the water, overall lipid, and volume-
MMC3Lin the (N, p, T) ensemble at 1 bar and 310 K, well changing moves have resulted in about 1:5, 1:4, and 1:3,
above the gel/liquid crystalline transition temperature. The two respectively. The acceptance rates for the torsional changes
DMPC layers have contained 225 lipid molecules each, and ranged between 0.15 and 0.35. The individual values for the
the bilayer has been hydrated by 2033 water molecules. To41 torsional angles are summarized elsewRere.
maximize the distance between two periodic images of the lipid  The system has been equilibrated by a:2.80° Monte Carlo
molecules in the quasi-planar layers, a hexagonal prism-shapedsteps long run. After this equilibration period both the energy
basic simulation cell has been used, with the hexagonal facesand the two cellsize parameters (i.e., the hexagon edge and the
being parallel to the plane of the two lipid layers. prism length) have been fluctuating around their equilibrium

The DMPC molecules have been described by the all-atom Values. The mean area per headgroup was 57.6vAich
CHARMM22 force field optimized for phospholipiddwhereas ~ compares reasonably well with the experimental estifiate
the water molecules have been represented by the three-sit®9.7 2. In the production phase 1000 sample configurations,
TIP3P modef To avoid simulating an infinite stack of lipid ~ separated by OMonte Carlo moves each, have been saved
bilayers, the long-range part of the interactions have been treated©r the further analyses. The entire simulation required about a
by group-based spherical cutoffs. The sum of partial charges 30-week-long run on a single SGI R10000 processor.
on each group was zero. Watewater and watetlipid interac- To investigate the effect of the lipid membrane on the relative
tions have been truncated to zero beyond the center-cente@rrangement of the water molecules, we have repeated the

distance of 12 A and 20 A, respectively. This combination was performed analyses of the local water structure on pure bulk
found to behave close to the “infinite” cutoff system for a Water as a reference system and have compared the obtained

hydrated ||p|d mono]aye%? For the ||p|d—||p|d interactions results with those of the different regiOﬂS of the membrane. For
group_based minimum image convention was used. this purpose, we have performEd a Monte Carlo simulation of

The conformation of the DMPC molecules have been sampled PY® T|P,3F,‘ water on th\(p, T) ensem,‘?'e with 512.molecul.es.
from their torsion angle space, whereas their bond lengths andu_nder _S|m|lgar thermodynamic conditions than in the lipid
bond angles have been kept fixed at their equilibrium values in Simulation (i.e..T = 310 K, p = 1 bar). For the analyses 200
the simulation. Water and lipid moves have been performed in equilibrium configurations, separated by 51 200 moves each,
an alternating order, and every 1250 of them has been followedhave been saved.
by a volume-changing step. In a water move a randomly chosen . .
molecule has been translated by a random distance below O_sResuIts and Discussion
A and rotated by no more than 28round a randomly selected Orientation of the Water Molecules Relative to the Lipid
space-fixed axis. In a lipid move (with 80% probability) either Bilayer. The orientation of a water molecule relative to the lipid
one of the torsional angles of the selected molecule has beerbilayer can be characterized by the angddormed by its dipole
changed, or, with 20% probability, an entire DMPC molecule vector with the bilayer normal vector, which points out of the
has been translated and rotated. Lipid molecules have beermembrane toward the aqueous phase, and the Apbketween
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125 — — even in the interior of the membrane where only a few water
P Py molecules are located. This is also confirmed by the error bars
of the calculated coey values, shown also in Figure 1.

To interpret the behavior of theéosao[{z) function we have
also calculated the charge density profile of the lipid molecules
along thez axis pq(2), and its integral from the middle of the
bilayer toward the aqueous phagz):

P (2)/g o

]

P2 = [opi(D)dZ 2)

<cos B >(z)

The py(2) andPy(2) functions are also shown in Figure 1. As is
seen,pq(2) goes through a minimum and a maximum|at=
18 A and|z| = 23 A, corresponding to the average position of
the negatively charged phosphate and the positive tetramethy-
lammonium group$® respectively. Thus, water molecules
: : ; ; betweent18 and+23 A are located between parallel layers of
0,50 |- el positive and negative charges, and therefore they turn prefer-
P P entially toward the negative layer with their dipole moments.
However,[¢osa((2) is negative in a considerably widerange,
betweent15 and+25 A. To fully understand the behavior of
[¢os aol(2), we should focus on the properties of tRg(2)
function. As is seen from Figure 1, the sign @fos oyl{2)
follows precisely that oPy(2). Betweent15 and+25 A Py(2)
40 30 20 -10 0 10 20 30 40 is negative, which means that the water molecules experience
here anetnegative charge density from the middle of the bilayer
Figure 1. (Top) density profile of water across the DMPC bilayer. (and thus, a net positive charge density from the direction of
(Middle) Average cosine of the angles between the bilayer normal  the aqueous phase). Hence, water molecules in this entire

vector (pointing toward the aqueous phase) and the water dipole ; : e
moments (full squares), ang formed by the bilayer plane and the interval are located between a negatively and a positively

plane of the water molecules (full circles) across the DMPC bilayer. chqrge_d region ar_1d are turning toward the negative charges with
Error bars only shown when larger than the symbols themselves. their dipoles, which make&os aol(z) < 0. However, below
(Bottom) The charge density profile of the lipid molecutg&) (dashed +15 A P4(2) becomes positive, indicating that the molecules
line) and its integral with respect @ Py(2) (solid line). The dashed  experience here a net positive charge density from the middle
vertical lines indicate the partition of the membrane into four different and net negative charge density from the outside of the bilayer.
regions for the further analyses. This changes the preferential direction of the water dipoles,
turning them toward the outer side of the membrane and making
[cosao(2) > 0. Similarly, beyond the position of the positive
peak ofpq(2) at+23 A thePy(2) function is still negative. Hence,
water dipoles turn here preferentially toward the net negative

s secn boyond25 A t wair densty i utuaing round 10 UETSi) 1 e membrane nierr, Th prference
its bulk value, whereas in the interfacial region, betweab . ) )

and+8 A it decreases steadily toward the middle of the bilayer. _According to the behavior of th&os al(z) function we
Between—8 and 8 A (i.e., in the hydrocarbon phase of the divide the membr_an_e into fourr_eglons and perform the following
membrane) the water density profile is found to be zero in the &nalyses on the individual regions separately. RegionZ at
simulation. The picture obtained is consistent with our previous 2° A'is the bulk water region, whergya(2) reaches the bulk
results on the free energy profile of water across a fully hydrated Water density an@osa,[(2) fluctuates around zero. Region I,
DMPC bilayer? betweent20 _andj:25 A covers tha_range in whichi¢osa((2)

The [Bosao{2) function, shown on Figure 1, exhibits a much decreases with decreasifmy In region ll, at 15 A<z < 20
more complex behavior. This profile has already been deter- A, [@osawl(?) is still negative, but it increases toward the middle
mined in previous simulations of various phospholipid mono- ©f the bilayer and becomes positive belavil5 A, in region
and bilayers72829The presentéosaol{z) function is qualita- IV. The definition of the four regions is also shown in Figure
tively similar to the previous results. In the interfacial region it 1, whereas Table 1 summarizes the average values of the
goes through a minimum around 20 A and increases rapidly calculated quantities in the |nd_|V|d.u§I.reg|ons of the bllayer: It
from this minimum toward the middle of the bilayer, becoming should be emphasized that this division of the membrane into
positive at about 15 A. This means that withirl5 A the water separate regions is made in a different way than that of Marrink
dipoles preferentially turn toward the aqueous phase, whereas@nd Berendset?, and thus the properties of the individual
betweent15 and=+25 A their preferential orientation points ~ regions can also be different from theirs.
toward the middle of the membrane. This behavior is the  The behavior of¢ospo{(z) is considerably simpler than that
consequence of the fact that the negatively and positively of [osop(2). Sincefo is the angle of two planes (i.e., the plane
charged groups of the lipid molecules are located at different of the water molecule of interest and the lipid bilayer), it can
positions along the axis. only vary between 0 and 90and thus cogy is in the range of

It should also be noted that the obtairieédsa,({z) function 0 < cosfp < 1. If the water molecules have no preferential
is fairly symmetric to the middle of the bilayer. This indicates alignment relative to the bilayer plane, th&wos Slis 0.5,
that its features are not simply resulting from poor statistics, whereaséosfol]< 0.5 andi¢osSo[> 0.5 indicates preferential

<COSs oc0>(z)

5

P (z)/eA"

0.001

q

0.000

-0.001 <

p (2)/eA’

q

-0.002

the plane of the water molecule and the bilayer plane. Figure 1
shows[¢os aol(2) and [¢os fSol(2) along the space-fixed axis
perpendicular to the bilayer (denoted herezasThe density
profile of water across the membrapg.(2) is also shown. As
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TABLE 1: Average Density and Orientational Properties of Water in the Different Regions of the Membrane

region (2| range)/A (pwatlg cn1 2 [¢osoe] [¢osfo0 [¢osal] [¢osp0 [cosy [¢osOT
| 40—25 0.986 —0.010 0.496 0.410 0.502 0.956 —0.194
1 25-20 0.762 —0.254 0.476 0.445 0.512 0.942 —0.189
1 20—-15 0.381 —0.233 0.546 0.441 0.525 0.943 —0.185
[\ 15-0 0.089 0.232 0.575 0.451 0.521 0.940 —0.165
perpendicular and parallel orientation of the molecules relative a. 0020 7 « regionl "
to the bilayer plane, respectively. As is seen from Figure 1, ;5 region I ey
[@ospol{2) fluctuates around 0.5 in regions | and Il (withavery gz 0015 - e ot
slight preference of perpendicular alignment in region Il). In £ - ot

region Il [¢os fol{z2) becomes larger than 0.5, and this
preferential parallel alignment persists until abdzjt= 11.5
A. Below 11.5 AlGospodecreases sharply, indicating that the
few water molecules which penetrate deeply, up to aheit
to +£10 A, into the membrane prefer to be aligned perpendicular
to the plane of the bilayer. Since these molecules are located
between the hydrocarbon chains of the lipid molecules, this
preference can be explained by (i) the fact that in an apolar
environment of rather low water density the effect of the electric
field of the zwitterionic headgroups is not perturbed by the field
of the other water molecules, and (ii) the effect of the
hydrocarbon chains, which are perpendicular to the bilayer plane
and force the water molecules to be aligned parallel with them.

In the above analysis we assumed thatRf@so,) andP(cos
Po) distributions are monotonic in every layer of the membrane.
Although this assumption is certainly sensible, in principle it is
not necessarily true. For instance, we interpref o]~ 0
in region | as an indication of the lack of any orientational
preference of the water molecules relative to the bilayer normal.
However, in principle it can also be the consequence of
preferential perpendicular alignment as well as equally strong
parallel and antiparallel preferences, etc. Similaltys o>
0 or [@os apld< O does not necessarily mean simply that the
water dipoles are pointing preferentially out of the membrane
or toward the middle of the bilayer, respectively, but can also
be the consequence of various kinds of complex dipole
orientation preferences. To demonstrate that the above assum
tion is indeed true in our case, we have calculated the probability
density of both cosy and co$3, in the four regions separately.
The resultingP(cosag) andP(cosfo) distributions are shown
in Figure 2. As is evident, all distributions are indeed either
uniform or changing monotonically. Bo#(cosoy) andP(cos
Bo) are uniform in region 1P(cosay) decreases monotonically
in regions Il and Il (i.e., wherédos ay[(2) is negative) and
increases in region IV wher@osaol(z) > 0. Thus, the water
dipoles are indeed pointing toward the middle of the membrane
preferentially in regions Il and 11l and toward the aqueous phase
in region 1V (i.e., the maximum position of the corresponding
P(cos ay) functions are at-1 and 1, respectively). Similarly,
P(cosfo) shows a slight preference for perpendicular alignment
in region Il and a considerably stronger parallel preference in
regions Il and IV. It should be noted that although this
preferential parallel alignment in region IV is in agreement with
the fact thatléos So[(2) is somewhat larger than 0.5 between
+11.5 and+15 A, it seems to be contradicted by the sharp
decrease oftosfol{2) below+11.5 A. However, below-11.5
A the number of the water molecules is very low (see the water
density profile curve in Figure 1), and therefore the relative
importance of their orientational preference is very small
compared to that of the much larger number of water molecules
betweent11.5 and+15 A in this region.

Pair Distribution Functions. The change of the water
structure on the level of two-particle correlations can simply
be monitored along the DMPC bilayer by calculating thé)
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Figure 2. (a) Cosine distribution of the, angle formed by the bilayer
normal vector (pointing toward the aqueous phase) with the dipole
moment of the individual water molecules in the four different regions
of the DMPC membrane. (b) Cosine distribution of fi@ngle between
the bilayer plane and the plane of the individual water molecules in
the four different regions of the DMPC membrane.

p_

partial pair correlation functions in the different membrane
regions. However, sincg;(r) is defined asg;(r) = pi(r)/p;,
where pji(r) is the density of thg type atoms at a distanae
from the central atom of typeandp; is the average density of
thej type atoms in the entire system; and because of the water
molecules are distributed rather inhomogeneously in the mem-
brane (see Figure 1), the resulting partial pair correlation
functions are reflecting not only the differences of the two-
body structure but also that of the average density of water in
the different membrane regions. Therefore, instead of the
ordinary g;j(r) partial pair correlation functions we have
calculated thegj(r) functions, in which thep;(r) density is
normalized bylp;Lkg the average density of the atoms of type

j in the region of interest:

A0 A
Dbji-—rleg I-_»‘bjllzg

Obviously, in pure wateg;(r) becomes identical witt;(r).

The g;(r) functions obtained are presented in Figure 3a in the
four different membrane regions and in pure water. The running
coordination numbers;(r), related togj(r) through the equa-
tion

gij(n) = g;(r) 3)

c;(r) = 4nL, [1 Rogy(RIAR @)

are plotted in Figure 3b.
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Figure 3. (a) Partial pair correlation functions of water in the four different regions of the DMPC membrane and in pure water. The pair correlation
functions are normalized by the average density of water in the region of interest instead of that in the entire system (see text). The inset shows the
Joo(r) function of region IV on a different scale. (b) Running coordination numbers of water in the four different regions of the DMPC membrane
and in pure water.

As it can be seen, thgj(r) functions in region I and Il are  than in the other regions, and they are not even approaching 1
very similar to those of bulk water, indicating that the two- up to 7 A. This is a clear indication of the presence of large
body structure of water does not change noticeably from the density fluctuations even on a smalscale here. The position
bulk phase to region Il. All thregf(r) functions are damping  of the first peaks and minima of all three functions are still the
to 1 at large values, indicating that despite the overall decrease same here as they are in pure water. However, the heights of
of the water density toward the bilayer center in region I, the these peaks are very large, the first peak is about 4.5 times higher
local density within 7 A around the molecules appears to be here than in pure water for all three functions. In contrast to
almost homogeneous even in this region. Although the three the peak heights, the ratio of thgg(r) functions of the two
g;(r) functions are still damping to values close to 1 in region systems in their relatively flat part, between 5 and 7 A, is only
Ill, they are always above the corresponding bulk water about 2. Moreover, thego coordination number value at 3.3
functions up to 7 A. This is a sign of the inhomogeneity of the A as well as that ofoy at 2.5 A reveals that in region 1V the
water density in this region. Besides this difference, dj(e) number of the hydrogen-bonded neighbors of the molecules is
functions are still rather similar to those in bulk water, the peaks about 1.6, that is, about 40% of that in bulk water, whereas the
and minima appear at the same positions indicating that the average water density in this region is less than 10% of the
relative arrangement of the hydrogen-bonded neighbors, and thudulk water value (see Table 1). This means that the few water
the geometry of the hydrogen bonds does not change considermolecules present in this region are still forming hydrogen-
ably from bulk water to region Ill. However, despite the general bonded clusters, and thus they cannot fill this region uniformly.
agreement, there is also a notable difference between the twoThe fact that the molecules have about 1.6 hydrogen-bonded
sets of functions. This difference appears on ggg(r) func- neighbors on average suggests that these hydrogen-bonded
tions between about 3 and 4 A, after the first, hydrogen-bonding clusters are probably predominantly short chainlike structures.
peak. Hereyy(r) decreases considerably less rapidly in region  Relative Orientation of the Neighboring Water Molecules.

Il than in bulk water. Thig range is typical of the distance of In this section the relative orientation of the neighboring water
the interstitial water neighbors, which have left the tetrahedral molecules is analyzed in each of the four regions of the DMPC
hydrogen-bonded network of the other molecules and are locatedbilayer. Two molecules are regarded here as “neighbors” if their
in its cavities3~® Hence, this difference of thg,(r) functions O—0 distance is smaller than 3.3 A, the first minimum position
indicates that the relative importance of the interstitial molecules of the goo(r) function in bulk water. The relative orientation of
in the local structure of water is larger in region lll than in the neighboring molecules is characterized by their dipole
pure water. dipole and planeplane angleso andg, respectively), whereas

In region 1V the situation is rather different from that in the the geometry of their hydrogen bonds is described byjthe
outer regions. Here thgj(r) functions are always much higher  angle around the hydrogen donor O atom-t--O angle) and
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Figure 4. (a) Cosine distribution of the angle formed by the dipole
moments of two neighboring water molecules in the four different
regions of the DMPC membrane and in pure water. (b) Cosine
distribution of thes angle between the planes of two neighboring water
molecules in the four different regions of the DMPC membrane and in
pure water.

by the 6 angle formed by the O atoms of two neigh-
bor molecules around the O atom of the central molecule
(O---0---0O angle).

The cosine distributions of the angles describing relative
orientation of the molecule®(cosa) andP(cosp), are shown
in Figure 4. Although, due to the poor statistics available in
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The increasing preference of the neighboring molecules
observed for both parallel dipotalipole and planeplane
alignment with their increasing penetration into the bilayer is a
consequence of the ordering effect of the membrane on the
orientation of the water molecules, which has been discussed
in the previous section and demonstrated in Figure 1. Namely,
in regions IV there are specific directions (i.e., the middle
of the membrane in regions Il and Ill, and the aqueous phase
in region 1V) toward which the water dipoles are preferentially
pointing. Therefore, the dipoles of the neighboring molecules
prefer to point in the same direction, which increases also their
preference for parallel dipotedipole alignment. This ordering
effect is negligible in region | (i.e., hef@éoso,lis almost zero
and P(cos ay) is roughly uniform, as seen from Table 1 and
Figure 2a) and is roughly equally strong in regionsIV (i.e.,
the deviation offl¢os opJfrom zero and the magnitude of the
steepness d?(cosayg) are roughly equal in these three regions).
This can explain the facts that (i) ti&cosa) distribution in
region | deviates negligibly from that in bulk water, and (ii)
the P(cos o) distributions are almost identical in regions-ll
V.

Similarly, the membrane has no ordering effect on the
orientation of the water planes in region I, but such effect can
be observed in region Il and in a considerably stronger form in
regions Il and IV (see thé&osfollvalues in Table 1 and the
P(cosfg) distributions in Figure 2b). This is again consistent
with the increasing preference of the neighbors for parallel
plane-plane alignment with their increasing penetration into
the membrane, as shown in Figure 4b.

The P(cosfo) distributions observed can also provide some
information on the distortion of the hydrogen-bonding structure
around the water molecules in the different regions of the
bilayer. Assuming tetrahedral arrangement of the hydrogen-
bonded neighbors and linear hydrogen bonds @.es, 109.5
andy = 0°), thef angle can only vary between about’%hd
90°. Therefore, the deviation of the observiéftos3) curves

region IV, the resulting functions are considerably noisier there from 0 above 0.57 is an indication for the deviation of the
than in the outer membrane regions, the main features of thesdydrogen-bond geometries present in the system from these

functions are not affected by this noise. It is seen that the lipid
bilayer shows little influence on the(cosa) distribution, which

is very similar to that of bulk water in all four membrane
regions. In particular, the curve obtained in region | is almost

assumptions. Namely, the relative arrangement of the pairs with
large cosS values must strongly deviate from linear hydrogen

bonds and tetrahedral nearest-neighbor arrangement. These pairs
are likely containing interstitial water molecules, which can

identical to that of pure TIP3P water. In the three regions located €asily be as close to their network-forming neighbors as real

in the membrane interface tli&cos ) function is somewhat
larger for coso. > 0 (i.e.,a. < 90°) and smaller for cost < 0

hydrogen-bonding pairs; however, they usually do not form
strong hydrogen bonds with them. The fact that in pure water

than in bulk water, indicating that the preference of the P(cosf) decreases steadily above 0.6 indicates that although
neighboring water molecules for parallel dipelgipole orienta- the above assumptions are not fully satisfied, they describe an
tion is slightly stronger in the membrane than in the bulk phase. approximate geometry of the hydrogen bonds here. On the other
This is also demonstrated by the average values ofidoghe hand, the increasing fraction of neighbors having large £os
different regions, collected in Table 1. A similar effect is Vvalues with their increasing penetration into the bilayer indicates
observed for the preferential arrangement of the molecular that the closer the water neighbors are to the middle of the
planes. As is seen in Figure 4b, the deeper the neighboring wateimembrane the stronger is the deviation of their relative
molecules penetrate into the membrane the stronger is theirarrangement from the optimal geometry for the hydrogen-

preference for a parallel plang@lane alignment. In pure water
the P(cosp) distribution is roughly uniform between 0 and 0.6
and decreases from 0.6 to 1, indicating that no specific
preference is given to any angle between aboudtd&td 90;
however, angles below 8%re not preferred. The shapeR{tos

B) in region | is still similar to that of bulk water; it is uniform

bonded pairs.

To analyze this point further we have separately investigated
the fulfilment of these two assumptions in the different
membrane regions and in pure water. For this purpose, we have
also calculated the cosine distribution of the-8---O angle
of the hydrogen bonds;, and that of thed angle formed by

below 0.6 and decreases from 0.6 to 1, but the steepness of thiswo neighbors around the central molecule. In calculating the
decrease is considerably smaller than in pure water. However,P(cosy) distributions we took into account only those neighbors

in regions I-IV P(cos ) increases monotonically, with a

that had an ®-H pair closer than 2.5 A, the first minimum

greater steepness in the regions closer to the middle of theposition of thegon(r) partial pair correlation function, with the

membrane, in the entire [0,1] interval.

central molecule. The resulting distributions are shown in Figure
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0.4 membrane, and it is already lost in region Ill. This is very similar
to what happens in pure water with increasing temperature and
03 4 P— decreasing densif{?:*° However, in region IV theP(cos 6)

region I[ distribution becomes again well structured, although this
= -region [II . . .
----- cegion IV structure is now completely different from that in bulk water.

02 1 2 Dullvarer Besides the close-packed peak at 0.5, there is a peak around 0
and another one slightly abovel. This distribution reflects

0.1 1 planar preferential arrangement of the neighbors around the
central molecule. In such an arrangement the hydrogen donor
neighbor molecule is located in the plane of the central molecule
0.5 0.6 0.7 0.8 09 I in a direction perpendicular to one of its-® bonds (i.e., to

cosy the direction of one of its hydrogen acceptor neighbors). The
angle between this direction and the otheri®bond of the
central molecule is about 185corresponding to the cabsvalue

of —0.96 where the other peak B{cos0) is located. Similar

to the preference for the parallel planglane orientation of the
neighbor molecules in region IV, this preference for their
coplanar spatial arrangement is also a consequence of the
constraints imposed by the hydrocarbon lipid chains, which force

b

P(cosy)

0.015 o

P(cos®) o

¢ regionl

region II the water molecules as well as their hydrogen bonds to be
e aligned in planes parallel with them.
o bulk water Spherical Harmonic Expansion of the Orientational Pair

s s : . 1 Correlation Function. The relative arrangement of the molec-

cos® ular pairs in a system can fully be characterized by their

Figure 5. (a) Cosine distribution of the HO-++O hydrogen-bond angle ~ 9("@1,02,) orientational pair correlation function. Among the
v in the four different regions of the DMPC membrane and in pure arguments of the orientational pair correlation function=
water. (b) Cosine distribution of the angldformed by the O atoms of  (¢1,91,71) and w2 = (¢2,01,%2) are the Euler angles describing
two neighbor molecules around the O atom of the central molecule the orientation of the two molecules in a space-fixed coordinate
(O-'-Q---O angle) in the four different regions of the DMPC membrane system, whereasandw = (,¢) are the polar coordinates of
and in pure water. the vector joining the two molecular centers in this frame.

) o . However, among the nine variables @(ir,w1,w2,w) only six
5. As is clearly seen, thB(cosy) distributions are practically 4. independent, and thus, with an appropriate choice of the
identical in all four different membrane regions and also in pure oference frame, three of them can be eliminated. Such an
water. The distributions have a high peak at 1, corresponding 0 ropriate choice is to fix the origin at the position of the center
to linear hydrogen bonds, and they damp to zero around 0.7 o the first molecule and theaxis along the vector joining the
(i.e., aty = 45°). The strength of this preference of the hydrogen o molecular centers. In this franeeis eliminated, and instead
bonds for linear geometry can be demonstrated by integrating ¢ &1 and ¢, their differenceA¢ = ¢» — ¢1 is independent.

the P(cosy) distributions, which reveals that < 15° in 55% The orientational pair correlation function can be expanded in
andy < 30° in 90% of the hydrogen bonds. this frame into a series 4«2

Contrary toy, the cosine distribution of the-©0---O angle
changes dramatically upon going from bulk water toward the o(r,w,w,) = g (N® (w,0,)  (5)
hydrocarbon phase of the membrane. In pure wageos0) is v % ,an Wl mnt Tl mng A2

a bimodal distribution, having a large, broad peak arou0d3

and a small but clear peak at 0.5. The former peak is formed The range of the indices in this summation is restricted to

by the tetrahedrally arranged neighbors, whereas the latter one, I, > 0, and(l; + 1) = | = |l — I5|. This expansion separates

is a sign of the interstitial molecules. The position of this peak the distance and orientation dependence of the orientational
indicates that around the interstitial molecules the neighbors arepair correlation function. They,inn(r) coefficients of the
arranged in a closely packed way as they form equilateral expansion depend only on the certeenter distance, whereas
triangles. This peak is roughly as much higher than the precedingthe @, nn,(w1,02) basis functions only on the relative orienta-
minimum in pure water than in regions | and Il of the membrane. tion of the molecules®,j, nn,(w1,w2) can be written as
However, this difference of the height of this peak and the

preceding minimum becomes more than twice as high in region lo - .
lll and about 5 times higher in region 1V, indicating that the @y nn(@1.02) = 5  Cllylyl, mMO)DY (@)D () (6)
relative importance of the closely packed structural units m==lo -

increases toward the middle of the membrane. )

On the other hand, the tetrahedral peak of B{eos 6) wherelo = min(y, l2), m= —m, C{ll2l, mnD) are the Clebsch
distribution is lower and broader, and thus the entire distribution Gordan coefficientsPy, () is the generalized spherical har-
function is less structured in the bulk water region of the DMPC monic function of ordemnl,*?and * denotes complex conjugate.
membrane than in pure water. In region Il this peak becomes Using the sum rules of the Clebsefsordan coefficients and
even lower and broader, whereas in region IIl it disappears the orthogonality of th®, (w) functions?2 equation 5 can be
completely and the distribution becomes practically uniform inverted, and the expansion coefficients can be expressed as
between—1 and 0.4. This means that the preference of the
hydrogen-bonded neighbors for being arranged in tetrahedral 91,100, (f) = (21 + 1)(A; + 1)9cN)D* || o o (@1,02)] (7)
directions around the central molecule becomes weaker when
moving from bulk water toward the middle of the DMPC whereg.((r) is the center-center pair correlation function of the
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molecules, and the brackei®:[] denote ensemble averaging . 50 .

over the orientation of all pairs of molecules separated by the b%

center-center distance of Thus, thegoooodr) coefficient is § 0 + region]
identical withge(r). It should be noted that the coefficients in &9 — rgeh
this formalism differ by a factor of [(2+ 1)/47]Y/2 from those TV
of Gray and Gubbin& wheregooo,odr) = v/47gedr). 307

Thegoooodr) coefficients obtained in the different membrane
regions and in pure water are shown in Figure 6. Since these 20
functions are the partial pair correlation functions of the water
center-of-masses, they are rather similar to dbg(r) partial
pair correlation functions, although there are also some differ- Lo
ences between them. The most important of these differences
is the presence of a broad and low but clear second peak around ¢4 -
4.5 A on thegogo ofr) function of pure water. This second peak 5 3 4 5 6
i the ttrAhedral neatork. 1o also present i the bulk water. FGE & Gul) coeficent of e spherical armonic xpansion o
. - ! S . . the orientational pair correlation function of water in the four different
like region I of the membrane, but it disappears in the inner regions of the DMPC membrane and in pure water.
membrane regions where the tetrahedral orientation of the o
hydrogen-bonded neighbors becomes weaker. similar to the results of pure water. Such general similarity

While gooo,odr) only describes the radial distribution of the can also be found between théPiigodw1,wz)ll and
molecular center-of-masses, the higher-order coefficients rep- ®1120dw1,w2)lJ functions of region IV and bulk water.
resent real orientational correlation between the molecules. FourHowever, thei®10; odw1,w2)l) and [d211 odw1,w2) L functions
of these coefficients are shown in Figure 7a. The amplitude of (i-., the ones which do not depend on the relative dipole
the peaks of theg,,inn,(r) coefficients can usually provide dipole orientation of _the two molecules) of region IV_ d|ffer_fr_om
information on the strength of the orientational correlation of those of pure water in several features. Thus, the first minimum
the molecules. However, due to their proportionality with the Of [@1o10dwyw2)lat 2.75 A is missing in region IV, where
center-center pair correlation functiog(r), in the case of our this function does not even go below zero. On the other hand,
inhomogeneous system they also reflect the density of the waterit has @ much larger maximum at about 3.2 A here than in the
molecules in the given membrane region (see egs 3 and 7).0uter regions or in pure water. These differences o_f the
Indeed, the order of the first peak height @oodr) agrees,  [Pio1odw1,w2)ld functions of the different membrane regions
with a few exceptions, with that of the amplitude of the first aré consistent Wlth our previous findings. As seen from eq 8,
extremum of the higherorder coefficients (see Figures 6 and this function can simply be written a8os 1L}, wherev, is the
7a). Therefore, the calculation of the orientational average of @ngle formed by the dipole vector of molecule 1 and the vector
the angle-dependent basis functions of the expansion of eq 5,°0inting from the center of molecule 1 to that of molecule 2.
[@1,.nml@1,02)[ can also be rather informative in our case. Consmlpnng a hydrogen-bond'lng pair ywth a linear hydrogen
The obtained®, i, n,n,(w1,02) functions corresponding to the bon_d_ (i.e.,y = 0) and neglecting the difference between the
coefficients shown in Figure 7a are plotted in Figure 7b. These Position of the O atom and center-of-mass of the molecules,

A 7

functions can be expressed in explicit form as the value ofy; is 52.26 (i.e., the half of the HO—H bond
angle), corresponding to ca#s = 0.61, in cases when molecule
[@ 0, of@,0,)0 = [BOSDY,[] 1 is the H donor in the hydrogen bond. In that case when
’ L molecule 1 is the H acceptor, cds= —0.52 if the O-O vector
__ L forms tetrahedral angles with the-<®1 bonds of molecule 1,
(P110.0dw1@2)(8 @EOSO@ whereas it becomes smaller if the-O vector direction moves
1 between the two (tetrahedral) directions from which hydrogens
@ w,,w.)0 = — ———[dosa — 3 cosw¥, COSY 8 can be accepted (i.e., toward the direction opposite to the
112061%) V2V/3 * ' 2t () bisector of the HO—H bond angle), and becomes larger if
1 the O-0 vector moves toward the H atoms of molecule 1. Thus,
(@, odwq,0,) 0 = — —=[(3 cog 9, — 1) cosv, + the fact that the first minimum of®101 0dw1,w2) becomes
V5 deeper in region Ill than in the outer regions reflects the
3 sin®, cos?, sin ¥, cosLl] breakdown of the tetrahedral arrangement of the nearest
neighbor molecules. On the other hand, the increase of the
wherea is the dipole-dipole angle of the two molecules. function here and also around the first maximum at 3.2 A in
As is seen from Figure 7a, the sign and shape oéithe,n,(r) region IV indicates the increasing importance of the neighbors
coefficients, with the exception of thge10dr) function of located in interstitial directions. Both effects have also been

region 1V, agree well in the different membrane regions and in discussed in the previous section and demonstrated in Figure
pure water, indicating that the main orientational preferences 5b.

of the water pairs persist from the bulk phase to the inner The interpretation of thegiioodr) and [@i100dwi,w2)l
membrane regions. On the other hand, the comparison of thefunctions is rather straightforward, since they are both propor-
[@,,1.nn(@w1,02) [ functions can also reveal the changes in the tional to—[¢osall The negative sign of the main extremum of
details of these main orientational preferences. As is seen fromthe g110,04r) functions in every region is consistent with our
Figure 7b, thel®,) i nn,(w1,w2) functions of regions | and Il previous finding of preferential parallel dipetelipole arrange-
agree very well with those of bulk water within the first ment of the neighbor water molecules all across the membrane.
coordination shell of the molecules. At larger distances, this The fact that all fiveld110 odw1,w2)[ functions agree very well
agreement is still very good in region |, and the shape of the with each other below 3.3 A is again consistent with the previous
[D,,1.nm{w1,w2) I functions of regions Il and Il are also rather  result that thé®(cosa) distributions of the neighbors are rather
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Figure 7. (&) Higher ordeg,1,nn,(r) coefficients of the spherical harmonic expansion of the orientational pair correlation function of water in the
four different regions of the DMPC membrane and in pure water. (b) Orientational average of the angle dependgsitr1,w2) basis functions

of the spherical harmonic expansion of the orientational pair correlation function of water for pairs separated by the distamaeeofour
different regions of the DMPC membrane and in pure water.

similar in the different membrane regions (see Figure 4a). It is becomes an important factor. These tails force the water
also seen that above 3.3 A th;10 odw1,w2)0 function in molecules into planes parallel to them. This effect is enhanced
regions Il and Il is considerably lower than that in bulk water by the fact that the lack of a substantial number of polar
or in region |. This is the consequence of the ordering effect of neighbors in this region increases the importance of the electric
the membrane on the water dipoles in these regions (see Figures$ield of the zwitterionic headgroups in the ordering of the

1 and 2a and also theosalvalues in Table 1). Although the  molecular dipole vectors. As a consequence, in this region (i)
membrane has a similarly strong ordering effect on the water the plane of the water molecules is preferentially perpendicular
dipoles in region 1V, here the preferential direction of the water to the interface, and (ii) the neighboring molecules prefer to be
dipoles is the opposite as in the neighboring region Ill. Thus, aligned in parallel planes. For similar reasons, the hydrogen-
the relatively few water molecules of region IV have numerous bonded neighbors are also arranged preferentially in a coplanar

neighbors of opposite dipole orientation begoh A in region manner around the central molecule here.

Ill. These pairs are responsible for the fact that despite the |y analyzing the hydrogen-bonding structure of the water

ordering effect of the membrane th@110,0dw1,w2)[d function molecules it is found that upon approaching the membrane

is even larger in region IV than in bulk water beyond 4 A jnterior, simultaneously with the decrease of the water density,
. interstitial molecules play a more important role in the local

Summary and Conclusions structure, whereas the preference of the hydrogen-bonded

We have discussed the changes in the orientation of the watemeighbors for being arranged tetrahedrally around the central
molecules from the bulk phase to the hydrocarbon region of a molecule becomes weaker and vanishes completely in the
DMPC membrane in detail. Most of these changes are relatedinterfacial region. The preference of the hydrogen bonds
to the change of the electrostatic field along the bilayer normal. themselves for a linear geometry, on the other hand, does not
Namely, the cumulative charge distributiBg(z) determinesthe  change noticeably from bulk water to the hydrocarbon phase
preferential direction of the water dipoles all across the of the membrane. These findings are in a qualitative agreement
membrane, and thus it influences also the relative orientation with the changes observed in the hydrogen-bonding structure
of the neighbor molecules. of pure water, when the density of the system is decreasing

In determining the water orientation in the inner region of due to the changing thermodynamic conditi&h$his remark-
the membrane the effect of the long lipid tails, which are able agreement emphasizes the strong relation between the
generally perpendicular to the membraeater interface, peculiar tetrahedral structure and the density of water, which is
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also responsible for the anomalous thermodynamic properties,

such as the density maximum at 277 K, of liquid wéter.
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