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An algorithm to describe molecular scale rugged surfaces
and its application to the study of a water Õlipid bilayer interface
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We propose an algorithm for the general description of rugged molecular scale interfacial surfaces.
This algorithm was implemented in the description of a phospholipid membrane/water interface
with the rugged surface defined by the phospholipid phosphorous atoms. The method allowed us to
clearly discern four layered regions of water based upon the water local density as a function of the
distance from the membrane surface. Furthermore, the water in each of the layered regions was
found to have distinct orientational properties. The classification we make based on density due to
our new algorithm is in agreement with that delineated in previous studies based on water
orientation. The contribution of the different water regions to the total electrostatic potential reveals
the particular way in which each layer’s water polarization contributes to the total dipole potential
of the hydrated membrane. ©2003 American Institute of Physics.@DOI: 10.1063/1.1582833#
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I. INTRODUCTION

The properties of macromolecules and molecular ass
blies often hinge on the water in their surrounding enviro
ment. In particular, it is the water near an assembly’s surf
that plays a most crucial role. The characteristics of wa
near surfaces such as proteins, biomembranes, DNA,
micelles can be very different than those seen in bulk wa
Thus, such interfacial water has been the subject of exh
tive experimental, simulation, and theoretical studies. Ge
ally, water near the surface of such assemblies is placed
two categories: bound and free. Bound water is closer to
assembly’s surface and has slower dynamical proper
Such water is typically called ‘‘slow’’ or ‘‘glassy,’’1–4 and in
the specific case of biological systems the water is term
‘‘biological water.’’2,5,6 The free water is farther from th
assembly’s surface than the bound water, and is terme
such because of its bulklike properties.

The properties of bound and free water express th
selves in very interesting ways in the cases of proteins
DNA molecules. Rocchiet al.7 and Makarovet al.8 have per-
formed simulation studies that indicated that the translatio
and rotational diffusion of water is affected by the prote
water or DNA/water interface. Palet al. characterized the
interfacial water as bulk and rigidly bound water. They fou
that dynamics of water farther than 7 Å from the protein
surface had essentially bulklike behavior.6,9 The molecular
dynamics~MD! studies performed by Bizzarri and Canni
traro showed that water near the protein surface can be
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b!Electronic mail: dbostick@physics.unc.edu
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ther characterized by defining three classes:~i! strongly
bound internal water;~ii ! water interacting with the surface
and ~iii ! bulklike water. This characterization was bas
upon various static properties and the diffusion and orien
tional correlation times of water in each class.10 Similar dy-
namical properties of water are observed near the surfac
surfactant micelles1–4,11 and for water in confined
spaces.12–14

The discrepancy between the behaviors of free a
bound water near the bilayer surface has been particul
well studied at the interface of phosphatidylcholine bilay
and water. It is known that water penetrates deeply into
surface of the La-phase bilayer at the bilayer/wate
interface.15,16 This penetration gives rise to a maximum h
dration level for theLa-phase of DPPC of 25 water mo
ecules per lipid.17 It has been seen that some of the water
such a hydration level remains unfrozen at a tempera
below 0 °C.18–21Also, it is known that water at the interfac
has a diffusion coefficient almost 10 times smaller than b
water.20,22

There are many other properties of water near the s
face of bilayers that contribute to their functionality. Th
water at the membrane/water interface is also highly po
ized and shows a tendency to orient the water dipoles
wardly, such that the hydrogens are facing toward the ce
of the bilayer.23 This interfacial water determines the sig
and the value of the dipole potential,24 which plays an im-
portant role in the passive permeation of ions acr
membranes.25,26 Interfacial water may affect the binding o
peptides to the membrane surface.27 In addition, the way in
which interfacial water interacts with the membrane surfa
plays a critical role in the so called hydration force, th
9 © 2003 American Institute of Physics
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affecting the fusogenic properties of membranes.28,29 Thus,
attention to the detailed nature of interfacial water proper
near the bilayer surface, in particular, is warranted.

The aim of some simulation studies of water next
phospholipid bilayer has been to classify the water into
gions near the bilayer.23,30 If one calculates the density pro
file of water next to a rather smooth wall, a layering profi
due to the molecular packing effect is observed.31 Therefore,
in this case, the assignment of water to different regions n
to the interface can be easily accomplished. In the case
phospholipid/water interface, a calculation of the water d
sity profile as a function of the distance from the bilay
midplane produces a smooth profile due to the rough
broad character of the membrane surface. For this situa
one may opt to classify water according to its orientatio
properties. Thus Jedlovszky and Mezei used the orientati
ordering of water molecules as a criterion for their class
cation. Some of the classification methods used in simula
are analogous to those found in experimental studies.
example, Åmanet al.used orientational order parameters d
rived from simulation data.30 Similar order parameters ar
also measured in NMR experiments.32 Given that the diffi-
culties in probing the interface are due to the rugged ge
etry of the bilayer surface, it may be interesting to investig
whether alternatives in the geometric constructs for
analysis of water properties near membranes can lead
more detailed perspective for the characterization of inte
cial water. We propose a novel algorithm for the analysis
the properties of a rugged interface. Application of this alg
rithm produces a water density plot that shows distinct
gions of interfacial water. A similar algorithm was applied
the study of water structure at the water/micelle interfac1

Also, coarser methods have been applied to study liq
liquid interfaces.33 In this work, our algorithm is specifically
implemented for a rugged planar interface between phosp
lipid membrane and water. We have chosen to analyze
properties of the interfacial water in a MD simulation of
hydrated dipalmitoylphosphatidylcholine~DPPC! bilayer.
~The structure of the DPPC molecule is shown in Fig. 1.!

II. MODEL AND METHODS

A. Simulation details

Molecular dynamics simulation was performed at t
North Carolina Supercomputing Center using theGROMACS

package.34,35 Force field parameters for lipids were based
the work of Berger.36 The LINCS algorithm was used t
constrain all bonds in the system37 and allowed for a time
step of 4 fs. Periodic boundary conditions were applied in
three dimensions. Long range electrostatics were handled
ing the SPME algorithm.38 The temperature was maintaine
at 323 K using the Nose´–Hoover scheme with a thermost
relaxation time of 0.5 ps. The analysis of subsequent res
was performed using a combination ofGROMACS analysis
utilities and our own code. The system was equilibrated in
NPT ensemble using the Parrinello–Rahman pressure
pling scheme39,40 with a barostat relaxation time of 2.0 ps
a pressure of 1 atm.

We performed a 10 ns simulation on a hydrated bila
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consisting of 128 DPPC molecules and 6560 water m
ecules. An initial configuration for the system was tak
from Tieleman.41 Sufficient equilibration was ensured b
performing the analysis over the last 5 ns of the trajector

B. An algorithm to calculate the perpendicular
distance from a rugged surface

The analysis of the properties of water parallel to t
rugged membrane surface is done by essentially treating
surface as an assembly of ‘‘patches.’’ In order to quantify
distance of some species~in our case a water molecule! from
this approximated surface, we introduce the quantity,d, ob-
tained as follows in our system:

~1! Since our system geometry is planar, we project the
ordinates of the DPPC phosphorus atoms~or any other
chosen DPPC atom! onto the planez50.

~2! We perform a Voronoi tessellation47 of the z50 plane
with the projected coordinates of the phosphorous ato
at the centers of the Voronoi polygons.

~3! We then project the coordinates of the water molecu
onto thez50 plane.

~4! A water molecule is associated with a Voronoi simplex
the projected coordinates of the water oxygen fall in t
interior of that simplex.

~5! The simplices are then lifted to thez-coordinates of their
corresponding DPPC phosphorous atoms.

~6! The distance from the surface of the bilayer,d, is now
defined as the distance between thez coordinate of the
water oxygen and thez coordinate of the correspondin
lifted Voronoi simplex~see Fig. 2!.

A schematic drawing depicting this analytical method
shown in Fig. 2.

FIG. 1. The structure of a model DPPC molecule~Ref. 43!. The regions H1 ,
H2 , and H3 of the headgroup show three neutral groups.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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III. RESULTS

A. Characterization of water

We calculate the density of water as a function of
distanced, from the surface defined by phosphorus ato
using the above described algorithm. The density profile
be thought of as a ‘‘surface-to-particle’’ correlation functio
This density is shown in Fig. 3~a!. Note that, unlike the
z-density profile~z is a distance from the bilayer center!, the
water density in Fig. 3~a! is not a smooth sigmoida
function30 as in Fig. 3~b!. The density plot presented in Fig
3~a! shows three regions of water. The first region is
distances below the point where the density plot display
local minimum (d'0.4 nm!, the second region covers th
range between the first density minimum and the point wh
the density achieves a bulk value~betweend'0.4 nm and
d'1.0 nm!, and finally, the third region is for distance
aboved'1.0 nm, where the density has a nearly const
bulklike value. In addition we observe that the density plot
the first region shows a hump aroundd'20.1 nm and there-
fore we suspect that the density in this region is actuall
superposition of two peaks. Another important function
group that is solvated by water and is close to the middle
the bilayer is the carbonyl group. Thus, we calculated
water density with respect to the surface defined by the
bonyl oxygens of the Sn-1 and Sn-2 chains. We also plot
density in Fig. 3~a!. The two density plots shown in thi
figure allow us to separate water closer than 0.4 nm to
phosphate surface into two regions, and we refer to them
follows: region I is 1 nm<d,20.13 nm~corresponding to
water in the vicinity of carbonyl groups in the glycerol bac
bone!, region II is 20.13 nm<d,0.40 nm~corresponding
to water in the vicinity of the phosphocholine group!, region
III is 0.4 nm<d,1.00 nm ~corresponding to water in th
second shell of the phosphocholine group!, and region IV is
1.00 nm<d, where all the distances are from the appro

FIG. 2. Schematic diagram describing the algorithm for the calculation
the distance of a particle from a rugged surface.
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mated surface made of phosphorus atoms in the DPPC h
group. Table I shows the variation of water density in each
the four regions.

Previous studies have shown that dynamical proper
of water next to phospholipid surfaces are very differe
from properties of bulk water at the same temperature. It w
observed that both translational diffusion and orientatio
correlation time are slowed down substantially.19,30 We cal-
culated the translational and rotational motion characteris
for water in the regions determined from the density p
given in Fig. 3~a!. The lateral diffusion coefficient of water i
representative of its translational mobility in thexy-plane. It
can be calculated from the long time behavior of the me
square displacement~MSD! of a water molecule using the
Einstein relation,

f

FIG. 3. ~a! Surface-to-particle correlation function~density! for water with
respect to the phosphorus and carbonyl surfaces.~b! surface-to-particle cor-
relation function~z-density! for water with respect to anxy-plane placed at
z50.

TABLE I. The average density of water,rav , lateral diffusion coefficient of
water,D i , average number of water molecules per lipid,nw , and the ori-
entational correlation time,t1 of water for all four regions of water.

Regions I II III IV

rav ~g/cm3! 0.069 0.553 0.918 0.986
D i31029 ~m2/s! 0.583 1.464 3.528 4.772
nw ~No. of waters/lipid! 1.8 6.1 11.6 31.7
t1 ~ps! 133.5 59.1 8.5 2.5
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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D i5 lim
t→`

^ur~ t !2r~ t0!u2&

4t
,

where r is the lateral position of a water molecule in th
xy-plane. We extracted this quantity from our trajectory a
function of the parameterd by dividing thed domain into 0.2
nm slabs. The MSD of each water molecule in each slab
calculated over 20 ps intervals in the 5 ns production r
Then, a least squares straight-line fit of the trajectory av
aged MSD for each slab was performed over the subinte
from 5 to 18 ps within the 20 ps interval. The result for ea
region is reported in Table I. Diffusion of water is seen to
roughly 8 times smaller in region I than that in the bulk. Th
is consistent with observations made previously.20 The value
of the diffusion coefficient gradually increases in regions
and III until it reaches a bulk value in region IV~see Table I!.

The orientational motion of water can be characteriz
by the dipolar autocorrelation function,Cm

l (t)5^Pl(m(0)
•m(t))&. The rotational correlation time,t1 can be calcu-
lated using the relation,

t15E
0

`

dtCm
1 ~ t !. ~1!

It was observed that the orientational autocorrelat
function of ‘‘biological water’’ displays a slow
component.1–6 To observe this slow component we need
perform our calculations with some care. If the autocorre
tion function is calculated using all the water molecules
cated in their corresponding region at the beginning of
trajectory, molecules which cross regions during the traj
tory would also be included in the calculation. Hence,
calculated the autocorrelation function for each region us
only those water molecules that remained in their cor
sponding regions during the time period over which it w
calculated. The functions were calculated up to 500, 250,
and 20 ps for regions I–IV, respectively. Figure 4 sho
Cm

1 (t) for water in the four regions. From this figure w
conclude that in regions I and II orientational motion of w
ter contains a slow component that decays on a time sca
100 ps, while the orientational decay of water in regions
and IV is an order of magnitude faster. To get more accu

FIG. 4. First order orientational autocorrelation functions for water in
gions I–IV.
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values for the rotational correlation time we fit each one
the correlation functions to a three-exponent function. Th
fitted functions were then used with Eq.~1! to obtain the
water orientational correlation time for each region. The
values are summarized in Table I. The correlation time in
is in agreement with that found in bulk SPC water.42

We assigned water in our system to regions I–IV usin
local density plot@Fig. 3~a!#. According to the location of
water molecules with respect to the bilayer we refer to wa
in regions I and II as being ‘‘bound’’ to the membrane. Th
water in region III can be characterized as ‘‘free’’ or ‘‘dif
fuse,’’ while that in IV is ‘‘bulklike.’’ The dynamical proper-
ties of water in these regions are consistent with this cla
fication.

Studies which seek to classify water near the membra
water interface usually use water orientational order para
eters as a basis for classification criteria.23,30 Upon plotting
the first dipolar order parameter as a function ofd ~Fig. 5!,
we can see a characteristic behavior of water in each reg
The order parameter is either negative or zero in the en
domain ofd indicating that water molecules in the interfaci
region are orienting their dipoles inwardly. The minimum
region I at;20.4 nm from the phosphorous surface is i
dicative of the strong inward orientation of water due to t
carbonyl dipole of DPPC. The second minimum in II show
the strongest orientation. This suggests the orientational
of the large dipole formed by the phosphorous and nitrog
~P–N dipole! charges in the lipid headgroup. There is a sm
shoulder in III that implies a weak orientation. This is mo
likely also due to the influence of the P–N dipole. The b
havior of the orientational profile in region IV, is similar t
that in the bulk water. Correspondence between the shel
the density@Fig. 3~a!# and the shape of the first dipolar ord
parameter profile~Fig. 5! is evidence that our method o
interfacial water classification is not inconsistent with t
classification based on orientational properties of water.

Åmanet al. identify ‘‘perturbed’’ interfacial water using
the second orientational order parameter,30 which is also
measured by NMR experiment. In the simulation coordin

-

FIG. 5. First order dipolar order parameter for water as a function ofd with
respect to the surface of headgroup phosphorus atoms.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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system, the second orientational order parameter
^P2(cos(b))&, whereb is the angle between the vector join
ing oxygen and either hydrogen of water and thez-axis. Spe-
cifically, they consider water to be perturbed if this ord
parameter is nonzero. This identification further classified
water into two regions based on the sign of the order par
eter. A plot of this quantity has been provided in Fig. 6~a
similar plot is investigated by A˚ manet al.!. The abscissa in
this figure has been shifted so that the origin coincides w
the peak of thez-density of the phosphorous atom. Hence
label the abscissaZ8 rather than simplyz. The function has
clear negative~labeled B2 by Åman et al.! and positive
(B1) regions. Also, the order parameter is seen to be
proximately zero asZ8 reaches 1.2 nm in the bulklike regio
~labeledF). Since this figure’s abscissa is notd, the vertical
dotted lines defining our four water regions are blurred
the width of thez-density of the DPPC phosphorous atom
~illustrated by the horizontal error bars!. It can be seen tha
the B2 region roughly corresponds to our regions I and
theB1 region roughly corresponds to our region III, and t
F region roughly corresponds to our region IV. As furth
evidence of this correspondence in water classificat
Åmanet al. determined that the number of water molecu
per lipid,nw , in theB2 region is;6, while the sum ofnw in
our regions I and II is;8 ~see Table I!. Likewise,nw in the
B1 region is;11, while in III it is ;12. The total number of
perturbed molecules per lipid in our case,nwI1II1III

is 19.5

while that determined by differential scanning calorimetry
at most 25.17 Note that the correlation between our class
cation and that of A˚ manet al. is solely based upon the ca
culation of the density as a function of the parameterd. Con-
trary to their method, no orientational information is used
defining our classification of interfacial water.

FIG. 6. Second order orientational order parameter for water as a fun
of Z8. The dotted lines define our four designated regions of wa
‘‘blurred’’ by the width of thez-density of the DPPC phosphorus atoms.
Downloaded 29 Oct 2003 to 152.2.213.56. Redistribution subject to AI
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B. Electrostatics

The electrostatic potential obtained from simulati
studies of lipid bilayers is normally calculated as a functi
of the bilayer normal (z) as follows:

F~z!2F~0!52
1

e0
E

0

z

dz8E
0

z8
r~z9!dz9, ~2!

wherer is the local excess charge density in the system.
choose the zero of the potential at the center of the bila
The typical electrostatic potential profile for this type of sy
tem is negative in the bulk water with respect to the cente
the bilayer. Simulation studies refer to the potential diffe
ence between these two regions as the ‘‘dipole potentia43

in the case of neutral bilayers in pure water. Previous sim
lations using a similar force field obtain this potential diffe
ence to be approximately2600 mV.43 We show in Fig. 7~a!
the electrostatic potential profile of our system. It is in agre
ment with previous simulation studies.43 Since the headgroup
dipoles are arranged with their positive end oriented sligh
outwardly, it is curious that a negative potential difference
observed. If water were treated as a dielectric continuu
one would expect this potential difference to be positive. L
et al. emphasized that if the interfacial water is treated e
plicitly, this issue can be resolved.24 They also attempted to

on
r

FIG. 7. ~a! Dipole potential of the system as a function ofz. ~b! The con-
tribution of each layer of water from regions I–IV to the total potent
~solid line!.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ascertain the extent to which water must be treated explic
near the interface in order to obtain the appropriate elec
static picture.

Using our algorithm, which assigns water to differe
regions, we can find out which of the four regions of wa
we describe is contributing the most to the electrostatic
tential difference. The contribution of each region of wa
was obtained from the MD trajectory by assigning the s
tem’s water to the appropriate region based on its posi
alongd for each snapshot. Equation~2! was then applied for
each region in the snapshot. The total potential due to w
and the average contribution to the potential of the wate
each region is shown in Fig. 7~b!. Note that region II con-
tributes most significantly to the total potential due to wat

When speaking of the dipole potential, it is of interest
know which part of the lipid headgroup gives the great
contribution. We break the headgroup into three ma
groups, each having a net neutral charge, and calculate
potential profile due to each group along with the total p
tential due to lipid in Fig. 8. Figure 1 shows the definition
each group. The group,H1 is seen to give the largest contr
bution to the DPPC potential. The carbonyl groups,H2 and
H3 , contribute the least. This is in agreement with conc
sions obtained from experimental work.44 Since the water in
region II corresponds to the region occupied by the DP
P–N dipole as detailed in our discussion of Fig. 5, it
clearly seen that both the P–N dipole from groupH1 and the
water which orients due to the P–N dipole are the essen
contributors to the dipole potential.

IV. SUMMARY

Solvent next to smooth molecular surfaces display
layered density profile with respect to the surface. Theref
it can be easily classified into regions depending on the
tance from the surface. In the case of molecular scale rug
surfaces, the density profile with respect to some arbitr
plane parallel to the surface@in this case thexy-plane atz
50 as in Fig. 3~b!# is smooth. Consequently, a more soph
ticated procedure is required to resolve the molecular pa
ing of solvent around that surface. Here, we propose an

FIG. 8. The contribution of each region of the DPPC molecules define
Fig. 1 to the total potential due to DPPC~solid line! as a function ofz.
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gorithm that performs this task. When we applied o
algorithm to a phospholipid/water interface, we were able
classify water into regions near this interface based on
evidence of water ‘‘shells’’ which pack closely near th
membrane surface. It has been shown that distinct region
water at the membrane/water interface can be outlined ba
solely upon a local density profile if that profile is depicte
as a function of the parameter,d, the distance from the plan
of phosphorous atoms formed by the lipid headgroups of
bilayer.

The regions of interfacial water as classified based
our algorithm are consistent with the classification obtain
by other’s calculations based upon water orientation.23,30

Furthermore, the number of water molecules per lipid
each of our regions is consistent with that obtained from
simulation of Åmanet al.Since past studies’ classification o
water has been based upon water orientation, our classi
tion method establishes a link between the water orien
tional properties of membrane bound water and the disc
nature of its packing near the membrane surface.

The classification we establish asserts that water in
gion II contributes the greatest amount to the total dip
potential. This is so because it most closely interacts with
P–N dipole of the DPPC headgroup. It is also observed
a negative dipole potential can be obtained only by explic
treating the water in all four regions. Similar results ha
been obtained in the past.24 Our classification is not resolve
enough to say how large the layer of explicit water should
near the membrane surface before a continuum descrip
will suffice in giving the correct sign and value of the dipo
potential. This issue is well studied by Linet al.24

The utility of the method we describe for the descripti
of a rugged surface is not limited to the analysis of wat
Any molecular species can be described with respect to
surface description. For example, it will be useful to descr
the distribution of ions in a salt solution with respect to
surface. Indeed, it has been shown that the rugged surfac
membrane provides for very subtle issues in the depiction
ion binding.45 Not only can one analyze the distribution o
species other than water, but also, surfaces with a geom
other than planar can be described. For example one m
use our algorithm for the description of the surface of a m
celle. Water density has previously been calculated with
spect to a micellar surface using this algorithm.1 The finer
details and implications of the algorithm have not been
scribed, and are the focus of this work. Since, in essence,
method interpolates the surface under scrutiny using t
dimensional constant functions,48 it can be used to describ
any rugged surface with an underlying smooth geome
Thus, the method we describe has implications for the st
of many systems in which an interface plays an integral ro

Finally, we would like to mention that our classificatio
of water is based on its distance from the surface defined
the positions of phosphorus atoms. We chose this sur
because the peak-to-peak distance in the electron density
tained from x-ray measurements is used as a measure o
hydrophobic region of the membrane. The peak-to-peak
tance is close to the average phosphorus–phosphorus
tance. We also calculated the local density of water a

in
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



e
s
iff
n

un
th
ity
ng
he
c

ids

. J.

,

hys.

om-

, J.

G.

hem.

io-

ns
-

a
ter-

2205J. Chem. Phys., Vol. 119, No. 4, 22 July 2003 An algorithm to describe rugged surfaces
function of the distance from a surface defined by nitrog
atoms and a surface defined by locations of the center
masses of the headgroups. We did not observe serious d
ences upon taking these groups of atoms as surface-defi
groups.
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