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An algorithm to describe molecular scale rugged surfaces
and its application to the study of a water /lipid 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. ®003 American Institute of Physic§DOI: 10.1063/1.1582833

I. INTRODUCTION ther characterized by defining three classés: strongly

. bound internal water(ii) water interacting with the surface;
The properties of macromolecules and molecular asseménd (iii) bulklike water. This characterization was based
blies often hinge on the water in their surrounding environ- )

ment. In particular, it is the water near an assembly’s surfac#POn various static properties and the diffusion and orienta-

that plays a most crucial role. The characteristics of Wate}'ona.I correlatlop times of water in each claSsSimilar dy-
near surfaces such as proteins, biomembranes, DNA, a mical prope_rt|es ‘22‘ﬁater are observed near the su_rface of
micelles can be very different than those seen in bulk Wate's.urfactzzqh micellés** and for water in  confined
Thus, such interfacial water has been the subject of exhau§pace§' . )

tive experimental, simulation, and theoretical studies. Gener- The discrepancy bgtween the behaviors of fre.e and
ally, water near the surface of such assemblies is placed infgPund water near the bilayer surface has been particularly
two categories: bound and free. Bound water is closer to th¥/€!l studied at the interface of phosphatidylcholine bilayer

assembly’s surface and has slower dynamical propertieé”d water. It is known that wgter penetrates dgeply into the
Such water is typically called “slow” or “glassy*~*and in surface of the L,-phase bilayer at the bilayer/water

; 15,16 Thi : : : :
the specific case of biological systems the water is termednterface.” = This penetration gives rise to a maximum hy-

“biological water.”>%® The free water is farther from the dration level for theL ,-phase of DPPC of 25 water mol-

assembly’s surface than the bound water, and is termed &ules per lipid It has been seen that some of the water in

such because of its bulklike properties. such a hydration level remains unfrozen at a temperature
The properties of bound and free water express thembelow 0 OC:}S_ZIAISO, it is known that water at the interface

selves in very interesting ways in the cases of proteins anhas a diffusion coefficient almost 10 times smaller than bulk
. 20,22
DNA molecules. Rocchét al.” and Makarowet al® have per- ~ water:

formed simulation studies that indicated that the translational ~ There are many other properties of water near the sur-
and rotational diffusion of water is affected by the protein/face of bilayers that contribute to their functionality. The
water or DNA/water interface. Padt al. characterized the Wwater at the membrane/water interface is also highly polar-
interfacial water as bulk and rigidly bound water. They foundized and shows a tendency to orient the water dipoles in-
that dynamics of water farther tha7 A from the protein ~wardly, such that the hydrogens are facing toward the center
surface had essentially bulkliike behaidrThe molecular of the bilayer’® This interfacial water determines the sign
dynamics(MD) studies performed by Bizzarri and Cannis- and the value of the dipole potentfdlwhich plays an im-

traro showed that water near the protein surface can be fuportant role in the passive permeation of ions across
membrane$>2® Interfacial water may affect the binding of

SElectronic mail: sagar@email.unc.edu peptides to the membrane surf&édn addition, the way in
bElectronic mail: dbostick@physics.unc.edu which inter_fgcial water interacts with the membrane surface
®Electronic mail: maxb@unc.edu plays a critical role in the so called hydration force, thus
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affecting the fusogenic properties of membraff&s. Thus,

attention to the detailed nature of interfacial water properties c3(Dcs H,

near the bilayer surface, in particular, is warranted. >N1/3 o8 o2
The aim of some simulation studies of water next to P C3T TN

phospholipid bilayer has been to classify the water into re- c2 —c2 P P <@

gions near the bilayér°If one calculates the density pro- 0s 02

file of water next to a rather smooth wall, a layering profile R ;""‘""‘"""""""‘"""""""'""""'""F""""""""'""; """""""

due to the molecular packing effect is obserded@herefore, H 2 C2 :

in this case, the assignment of water to different regions next o\\ :

to the interface can be easily accomplished. In the case of a R /C_os_fH ..........

phospholipid/water interface, a calculation of the water den- 02\ c2 H,

sity profile as a function of the distance from the bilayer c2 : ‘ ;

midplane produces a smooth profile due to the rough and (cz)/ 08

broad character of the membrane surface. For this situation \12 L:o :

one may opt to classify water according to its orientational c3 L

properties. Thus Jedlovszky and Mezei used the orientational ez

ordering of water molecules as a criterion for their classifi- c2

cation. Some of the classification methods used in simulation (02/)12

are analogous to those found in experimental studies. For 3

example, Amaret al.used orientational order parameters de-

rived from simulation datd? Similar order parameters are PC
als‘? m?asureq n NM,R experlmeﬁstlven that the diffi- FIG. 1. The structure of a model DPPC molec(Ref. 43. The regions H,
culties in probing the interface are due to the rugged geomy, and H, of the headgroup show three neutral groups.

etry of the bilayer surface, it may be interesting to investigate

whether alternatives in the geometric constructs for the

analysis of water properties near membranes can lead to gynsisting of 128 DPPC molecules and 6560 water mol-
more detailed perspective for the characterization of interfagcules. An initial configuration for the system was taken
cial water. We propose a novel algorithm for the analysis offrom Tielemari"! Sufficient equilibration was ensured by

the properties of a rugged interface. Application of this algo-performing the analysis over the last 5 ns of the trajectory.
rithm produces a water density plot that shows distinct re-

gions of interfacial water. A similar algorithm was applied to ] ]

the study of water structure at the water/micelle interface. B- An algorithm to calculate the perpendicular

Also, coarser methods have been applied to study liquigfiStance from a rugged surface

liquid interfaces> In this work, our algorithm is specifically The analysis of the properties of water parallel to the
implemented for a rugged planar interface between phosph@ugged membrane surface is done by essentially treating the
lipid membrane and water. We have chosen to analyze thsurface as an assembly of “patches.” In order to quantify the
properties of the interfacial water in a MD simulation of a distance of some speciéa our case a water molecil&om
hydrated dipalmitoylphosphatidylcholiné(DPPQ bilayer.  this approximated surface, we introduce the quandfygb-
(The structure of the DPPC molecule is shown in Fig. 1. tained as follows in our system:

(1) Since our system geometry is planar, we project the co-
I. MODEL AND METHODS ordinates of the DPPC phosphorus atofos any other
chosen DPPC atononto the plane=0.
(2) We perform a Voronoi tessellatidhof the z=0 plane
Molecular dynamics simulation was performed at the  ith the projected coordinates of the phosphorous atoms

A. Simulation details

North Carolina Supercomputing Center using 8ROMACS at the centers of the Voronoi polygons.
package’**° Force field parameters for lipids were based on(3) We then project the coordinates of the water molecules
the work of Bergef® The LINCS algorithm was used to onto thez=0 plane.

constrain all bonds in the systéﬁan'd' allowed for a time  (4) Awater molecule is associated with a Voronoi simplex if
step of 4 fs. Periodic boundary conditions were applied in all  the projected coordinates of the water oxygen fall in the
three dimensions. Long range electrostatics were handled us- interior of that simplex.

ing the SPME algorithmi® The temperature was maintained (5) The simplices are then lifted to thecoordinates of their
at 323 K using the NoseHoover scheme with a thermostat Corresponding DPPC phosphorous atoms.

relaxation time of Q.5 ps. The gnallysis of subsequent r.esult@) The distance from the surface of the bilayer,is now

was performed using a combination 6ROMACs analysis defined as the distance between theoordinate of the

utilities and our own code. The system was equilibrated inan  water oxygen and the coordinate of the corresponding
NPT ensemble using the Parrinello—Rahman pressure cou- |ifted \loronoi simplex(see Fig. 2

pling schem&“°with a barostat relaxation time of 2.0 ps at
a pressure of 1 atm. A schematic drawing depicting this analytical method is
We performed a 10 ns simulation on a hydrated bilayeishown in Fig. 2.
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FIG. 2. Schematic diagram describing the algorithm for the calculation of i':
the distance of a particle from a rugged surface. g
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IIl. RESULTS
A. Characterization of water 0 L

0 05 1 15 2 25 3 35 4
We calculate the density of water as a function of a Z (nm)

distanced, from the surface defined by phosphorus atoms , , ) _ ,
using the above described algorithm. The density profile CaﬁlG' 3. (a) Surface-to-particle correlation functiqdensity for water with

. . ) respect to the phosphorus and carbonyl surfag@surface-to-particle cor-
be thought of as a “surface-to-particle” correlation function. rejation function(zdensity for water with respect to ary-plane placed at
This density is shown in Fig.(8). Note that, unlike the z=o.
z-density profile(z is a distance from the bilayer centethe
water density in Fig. @& is not a smooth sigmoidal
functior™ as in Fig. 3b). The density plot presented in Fig. mated surface made of phosphorus atoms in the DPPC head-
3(a) shows three regions of water. The first region is forgroup. Table | shows the variation of water density in each of
distances below the point where the density plot displays ghe four regions.
local minimum @~0.4 nm), the second region covers the  Previous studies have shown that dynamical properties
range between the first density minimum and the point whergf water next to phospholipid surfaces are very different
the density achieves a bulk valdeetweend~0.4 nm and  from properties of bulk water at the same temperature. It was
d~1.0 nm, and finally, the third region is for distances observed that both translational diffusion and orientational
aboved~1.0 nm, where the density has a nearly constantorrelation time are slowed down substantiafy’ We cal-
bulklike value. In addition we observe that the density plot inculated the translational and rotational motion characteristics
the first region shows a hump aroudet —0.1 nm and there-  for water in the regions determined from the density plot
fore we suspect that the density in this region is actually &jiven in Fig. 3a). The lateral diffusion coefficient of water is
superposition of two peaks. Another important functionalrepresentative of its translational mobility in thg-plane. It
group that is solvated by water and is close to the middle otan be calculated from the long time behavior of the mean
the bilayer is the carbonyl group. Thus, we calculated thequare displacemeriMSD) of a water molecule using the
water density with respect to the surface defined by the carginstein relation,
bonyl oxygens of the Sn-1 and Sn-2 chains. We also plot this
density in Fig. 8a). The two density plots shown in this
figure allow us to separate water closer than 0.4 nm to thagLE I. The average density of water,,, lateral diffusion coefficient of
phosphate surface into two regions, and we refer to them agater,D;, average number of water molecules per lipig,, and the ori-
follows: region lis 1 nm=d<—-0.13 nm(corresponding to entational correlation times; of water for all four regions of water.
water in the vicinity of carbonyl groups in the glycerol back-

Region [ 1 I \Y
bone, region Il is —0.13 nm=d<0.40 nm(corresponding gons
to water in the vicinity of the phosphocholine groupegion .‘I;av (%:_"j)( 2 gggg (1)'?12431 gg;g 2332
. - . ”X m°/s . . . .
[ll'is 0.4 nm=d<1.00 nm(corresponding to water in the n., (No. of waters/lipid 18 6 116 317

second shell of the phosphocholine grpuand region IVis "9 1335 59.1 85 o5
1.00 nm=d, where all the distances are from the approxi-
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FIG. 4. First order orientational autocorrelation functions for water in re- d(nm)
gions 1-1V.
FIG. 5. First order dipolar order parameter for water as a functiahwith
respect to the surface of headgroup phosphorus atoms.
2
_{lp(h)—p(19)]?)
D= im —,

t—oo 4t
values for the rotational correlation time we fit each one of

where p is the lateral position of a water molecule in the the correlation functions to a three-exponent function. These
xy-plane. We extracted this quantity from our trajectory as &itted functions were then used with E€f) to obtain the
function of the parametet by dividing thed domaininto 0.2 \yater orientational correlation time for each region. These
nm slabs. The MSD of each water molecule in each slab waga|yes are summarized in Table I. The correlation time in IV
calculated over 20 ps intervals in the 5 ns production runis in agreement with that found in bulk SPC wéfter.
Then, a least squares straight-line fit of the trajectory aver- e assigned water in our system to regions I-IV using a
aged MSD for each slab was performed over the subintervahcal density plot[Fig. 3(@]. According to the location of
from 5 to 18 ps within the 20 ps interval. The result for eachyater molecules with respect to the bilayer we refer to water
region is reported in Table I. Diffusion of water is seen to bej, yegions | and Il as being “bound” to the membrane. The
roughly 8 times smaller in region I than that in the bulk. This water in region Il can be characterized as “free” or “dif-
is consistent with observations made previod8iyhe value fuse,” while that in IV is “bulklike.” The dynamical proper-
of the diffusion coefficient gradually increases in regions llties of water in these regions are consistent with this classi-
and Il until it reaches a bulk value in region kgee Table)l  fication.

The orientational motion of water can be characterized gy dies which seek to classify water near the membrane/
by the dipolar autocorrelation functioi€),(t)=(P((0)  water interface usually use water orientational order param-
-u(1))). The rotational correlation timer; can be calcu- eters as a basis for classification critédd® Upon plotting

lated using the relation, the first dipolar order parameter as a functiondafFig. 5),
. we can see a characteristic behavior of water in each region.
1= fo dtC,(1). (1) The order parameter is either negative or zero in the entire

domain ofd indicating that water molecules in the interfacial

It was observed that the orientational autocorrelatiorregion are orienting their dipoles inwardly. The minimum in
function of “biological water” displays a slow region | at~—0.4 nm from the phosphorous surface is in-
component~® To observe this slow component we need todicative of the strong inward orientation of water due to the
perform our calculations with some care. If the autocorrelacarbonyl dipole of DPPC. The second minimum in Il shows
tion function is calculated using all the water molecules lo-the strongest orientation. This suggests the orientational role
cated in their corresponding region at the beginning of theof the large dipole formed by the phosphorous and nitrogen
trajectory, molecules which cross regions during the trajec({P—N dipole charges in the lipid headgroup. There is a small
tory would also be included in the calculation. Hence, weshoulder in Il that implies a weak orientation. This is most
calculated the autocorrelation function for each region usingdikely also due to the influence of the P—N dipole. The be-
only those water molecules that remained in their correhavior of the orientational profile in region 1V, is similar to
sponding regions during the time period over which it wasthat in the bulk water. Correspondence between the shells in
calculated. The functions were calculated up to 500, 250, 3Ghe densityFig. 3[@] and the shape of the first dipolar order
and 20 ps for regions I-IV, respectively. Figure 4 showsparameter profilgFig. 5 is evidence that our method of
C}L(t) for water in the four regions. From this figure we interfacial water classification is not inconsistent with the
conclude that in regions | and Il orientational motion of wa- classification based on orientational properties of water.
ter contains a slow component that decays on a time scale of Amanet al. identify “perturbed” interfacial water using
100 ps, while the orientational decay of water in regions llithe second orientational order paraméfewhich is also
and IV is an order of magnitude faster. To get more accurateneasured by NMR experiment. In the simulation coordinate
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FIG. 6. Second order orientational order parameter for water as a function §
of Z'. The dotted lines define our four designated regions of water §
“blurred” by the width of the z-density of the DPPC phosphorus atoms. S
_4 -
system, the second orientational order parameter is

(P,(cos(@))), whereg is the angle between the vector join- 0 2 4

ing oxygen and either hydrogen of water and trexis. Spe- Z (nm)

cifically, they consider water to be perturbed if this ordergi. 7. (a Dipole potential of the system as a functionaf(b) The con-
parameter is nonzero. This identification further classified thdribution of each layer of water from regions I-IV to the total potential
water into two regions based on the sign of the order paran{$°id fin®-

eter. A plot of this quantity has been provided in Fig(e6

similar plot is investigated by kanet al). The abscissa in

this figure has been shifted so that the origin coincides witlB. Electrostatics

the peak of the-density of the phosphorous atom. Hence we
label the absciss" rather than, simply. The function has  gy,gjes of lipid bilayers is normally calculated as a function
clear negatlve(labeled B_ by Aman et al.)_ and positive ¢ the bilayer normal #) as follows:

(B ) regions. Also, the order parameter is seen to be ap-

proximately zero aZ’ reaches 1.2 nm in the bulklike region 1 (z y

(labeledF). Since this figure’s abscissa is rihtthe vertical d(2)—D(0)=— — dz/f p(2"dz", 2)
dotted lines defining our four water regions are blurred by €070 0

the width of thezdensity of the DPPC phosphorous atoms

(illustrated by the horizontal error barst can be seen that Wherep is the local excess charge density in the system. We
the B_ region roughly corresponds to our regions | and ||’choose.the zero of thg potentigl at th_e center of the bilayer.
the B, region roughly corresponds to our region Ill, and the The typical electrostatic potential profile for this type of sys-

F region roughly corresponds to our region IV. As further t€M is negative in the bulk water with respect to the center of

evidence of this correspondence in water cIassificationt,he bilayer. Simulation studies refer to the potential differ-

Amanet al. determined that the number of water molecules®"¢® between these two regions as the “dipole poteﬁﬁal

oer lipid, n,,, in theB_ region is~6, while the sum of, in in the case of neutral bilayers in pure water. Previous simu-
our regions | and Il is~8 (see Table)l Likewise,n,, in the

lations using a similar force field obtain this potential differ-
. 3 . .

B. region is~11, while in Il itis ~12. The total number of ence to be approximately 600 mV:® We show in Fig. Ta)

perturbed molecules per lipid in our casg, is 19.5

The electrostatic potential obtained from simulation

the electrostatic potential profile of our system. It is in agree-
11+ ment with previous simulation studi&$Since the headgroup
while that determined by differential scanning calorimetry isgipoles are arranged with their positive end oriented slightly
at most 25" Note that the correlation between our classifi- outwardly, it is curious that a negative potential difference is
cation and that of Aanet al. is solely based upon the cal- observed. If water were treated as a dielectric continuum,
culation of the density as a function of the parametteCon-  one would expect this potential difference to be positive. Lin
trary to their method, no orientational information is used inet al. emphasized that if the interfacial water is treated ex-
defining our classification of interfacial water. plicitly, this issue can be resolvéfi They also attempted to
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T " T gorithm that performs this task. When we applied our
algorithm to a phospholipid/water interface, we were able to
classify water into regions near this interface based on the
evidence of water “shells” which pack closely near the
membrane surface. It has been shown that distinct regions of
water at the membrane/water interface can be outlined based
solely upon a local density profile if that profile is depicted
as a function of the parametet, the distance from the plane

of phosphorous atoms formed by the lipid headgroups of the
bilayer.

The regions of interfacial water as classified based on
our algorithm are consistent with the classification obtained
by other’s calculations based upon water orientafitid.
Furthermore, the number of water molecules per lipid in
each of our regions is consistent with that obtained from the
FIG. 8. The contribution of each region of the DPPC molecules defined irsimulation of Amaret al. Since past studies’ classification of
Fig. 1 to the total potential due to DPREoIid line) as a function ofz. water has been based upon water orientation, our classifica-
tion method establishes a link between the water orienta-

. . ... tional properties of membrane bound water and the discrete
ascertain the extent to which water must be treated eXp“C'tl¥1ature of its packing near the membrane surface

near the interface in order to obtain the appropriate electro- The classification we establish asserts that water in re-

ic picture. . ; .
Statﬁsﬁncmoir algorithm. which assians water to different 90 Il contributes the greatest amount to the total dipole
9 g ' 9 potential. This is so because it most closely interacts with the

regions, we can fmd. OUt. which of the four regions of WaterP_N dipole of the DPPC headgroup. It is also observed that
we describe is contributing the most to the electrostatic po-

tential difference. The contribution of each region of water? negative dipole p(_)tential can be.obtaingd.only by explicitly
was obtained from the MD trajectory by assigning the sys,-tre""tmg the wa_lter in all four regions. S.'m'.lar results have
tem’s water to the appropriate region based on its positioIl?een obtained in the pa&tOur cIaSS|f|cat|qn_ is not resolved
alongd for each snapshot. Equatid®) was then applied for enough to say how large the layer of epr|C|t. water Shou'.d pe
each region in the snapshot. The total potential due to watdie th_e mempr_ane surface before a continuum deS(_:rlptlon
and the average contribution to the potential of the water irfvil sufflce In giving the correct sign and _valu12340f the dipole
each region is shown in Fig.(). Note that region Il con- potential. Th|s issue is well studied bY Let al. .
tributes most significantly to the total potential due to water. The utility of the methOd we describe for the glescnptlon
When speaking of the dipole potential, it is of interest toOf a rugged surface_ Is not fimited to_ the anaIyS|s of water.
know which part of the lipid headgroup gives the greatesfb‘ny molecula'r species can be de'scn'bed with respect to.our
contribution. We break the headgroup into three majorsurface description. For example, it will be useful to describe

groups, each having a net neutral charge, and calculate tﬁge distribution qf ions in a salt solution with respect to a
potential profile due to each group along with the total po_sun‘ace. Indeed, it has been shown that the rugged surface of

tential due to lipid in Fig. 8. Figure 1 shows the definition of Membrane g’OVIdeS for very subtle issues in the depiction of
each group. The groupi, is seen to give the largest contri- 1" pmdmg. Not only can one analyze the d|§tr|butlon of
bution to the DPPC potential. The carbonyl grouds,and ~ SPECies other than water, but al_so, surfaces with a geometry
Hs, contribute the least. This is in agreement with conclu-Cther than planar can be described. For example one might
sions obtained from experimental wdtkSince the water in US€ our algorithm for the description of the surface of a mi-
region Il corresponds to the region occupied by the Dppcelle. Water Qensny has prevpusly t_>een ca_lculated _Wlth re-
P—N dipole as detailed in our discussion of Fig. 5, it isSPECt to @ micellar surface using this algorithrihe finer
clearly seen that both the P—N dipole from grddipand the details and implications of the algorithm have not been de-

water which orients due to the P—N dipole are the essentiajcribed, and are the focus of this work. Since, in essence, our
contributors to the dipole potential. method interpolates the surface under scrutiny using two-

dimensional constant functioijt can be used to describe
any rugged surface with an underlying smooth geometry.
Thus, the method we describe has implications for the study
Solvent next to smooth molecular surfaces displays af many systems in which an interface plays an integral role.
layered density profile with respect to the surface. Therefore, Finally, we would like to mention that our classification
it can be easily classified into regions depending on the disef water is based on its distance from the surface defined by
tance from the surface. In the case of molecular scale ruggetie positions of phosphorus atoms. We chose this surface
surfaces, the density profile with respect to some arbitrarypecause the peak-to-peak distance in the electron density ob-
plane parallel to the surfadén this case thexy-plane atz  tained from x-ray measurements is used as a measure of the
=0 as in Fig. 8b)] is smooth. Consequently, a more sophis-hydrophobic region of the membrane. The peak-to-peak dis-
ticated procedure is required to resolve the molecular packance is close to the average phosphorus—phosphorus dis-
ing of solvent around that surface. Here, we propose an akance. We also calculated the local density of water as a

Potential (V)

Z (nm)

IV. SUMMARY
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function of the distance from a surface defined by nitrogert®p. Jedlovszky and M. Mezei, J. Phys. Cheml®, 3614 (2001).
atoms and a surface defined by locations of the centers &fJ.-H. Lin, N. A. Baker, and J. A. McCammon, Biophys. &B, 1374

masses of the headgroups. We did not observe serious diffey

ences upon taking these groups of atoms as surface-defini
groups.
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