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Abstract Using 237 all-atom double bilayer simulations,

we examined the thermodynamic and structural changes

that occur as a phosphatidylcholine lipid bilayer stack is

dehydrated. The simulated system represents a micropatch

of lipid multilayer systems that are studied experimentally

using surface force apparatus, atomic force microscopy and

osmotic pressure studies. In these experiments, the hydra-

tion level of the system is varied, changing the separation

between the bilayers, in order to understand the forces that

the bilayers feel as they are brought together. These studies

have found a curious, strongly repulsive force when the

bilayers are very close to each other, which has been

termed the ‘‘hydration force,’’ though the origins of this

force are not clearly understood. We computationally

reproduce this repulsive, relatively free energy change as

bilayers come together and make qualitative conclusions as

to the enthalpic and entropic origins of the free energy

change. This analysis is supported by data showing struc-

tural changes in the waters, lipids and salts that have also

been seen in experimental work. Increases in solvent

ordering as the bilayers are dehydrated are found to be

essential in causing the repulsion as the bilayers come

together.

Keywords Hydration force � Molecular dynamics �
Entropy:enthalpy compensation � Multilayer lipid system

Introduction

Though the interactions of lipid bilayers are fundamental to

much of biology and medicine, there are still many aspects

about the specific nature of these interactions that remain

mysterious. The question of how bilayers interact within a

multilayer stack has been studied experimentally using the

surface force apparatus (Marra and Israelachvili 1985),

atomic force microscopy (Pera et al. 2004; Abdulreda and

Moy 2007) and osmotic stress (LeNeveu et al. 1977;

Parsegian et al. 1979; Rand and Parsegian 1989) over many

years. In addition, an extensive body of continuum theory

(Petrache et al. 1998; Israelachvili 1985; Derjaguin and

Landau 1941; Verwey and Overbeek 1948; Helfrich 1978;

Podgornik and Parsegian 1992; Sornette and Ostrowsky

1986; Leikin et al. 1993; Marcelja and Radic 1976; Israe-

lachvili and Wennerstroem 1990, 1992, 1996) exists to

rationalize these interactions. However, explaining the

origins of repulsive forces at low hydration, termed

‘‘hydration forces,’’ remains a hotly debated topic.

Answering these questions about forces between bilayers is

essential for understanding biological processes like

endocytosis and membrane fusion. Armed with a molecular

understanding of these events, great strides could be made

in rational bioengineering efforts, e.g., in controlling drug

delivery by accurately predicting the properties and inter-

actions of the lipid vesicle encasements to allow the

introduction of drugs directly into cells.

Continuum Theory

Experiments have shown that, for many lipid types, when

water is added to unoriented multilamellar lipid vesicles,

the stack will swell until the interbilayer distance reaches

some value, D0, after which any additional water separates

All authors contributed equally to this work.

A. N. Gentilcore � N. Michaud-Agrawal � T. B. Woolf (&)

Department of Physiology, Johns Hopkins University,

School of Medicine, Baltimore, MD, USA

e-mail: twoolf@jhmi.edu

P. S. Crozier � M. J. Stevens

Sandia National Laboratories, Albuquerque, NM, USA

123

J Membrane Biol (2010) 235:1–15

DOI 10.1007/s00232-010-9249-2



into another phase containing monomeric lipids (Petrache

et al. 1998). Thus, there exists a long-range attractive van

der Waals force between bilayers, which accounts for the

finite swelling behavior. Since the stack remains multila-

mellar and does not condense into one homogeneous phase,

there must also be a repulsive force keeping the bilayers

apart from each other (Petrache et al. 1998).

Initial attempts to describe the interactions between two

surfaces in an aqueous solution explained the phenomenon

as a balance between electrostatic repulsive double-layer

forces and van der Waals attractive forces (Israelachvili

1985). The van der Waals force between two bilayers has

the form (Manciu and Ruckenstein 2001)

VvdwðzÞ ¼ �
H

12p
1

ðzþthÞ2
þ 1

ðzþth þ 2tcÞ2
� 2

ðzþth þ tcÞ2

 !

ð1Þ

where H is the Hamaker constant, th is the thickness of the

lipid head groups, tc is the thickness of the lipid chains and

z is the distance between two bilayers. However, this the-

ory is not sufficient to explain the more complex behavior

of bilayer surfaces interacting because, unlike the assumed

smooth surfaces of the theory, bilayers have large-scale

undulations, small-scale protrusions and complex micro-

scopic lipid head group, water and salt interactions that are

not accounted for in the theory.

Therefore, an additional theory was developed to con-

sider the flexible nature of these assemblies. A bilayer

isolated in solution will have a large number of undulatory

and compressive modes that may be explored. However,

when this bilayer is close to other bilayers, many of these

modes will not be sterically accessible due to the proximity

of the other bilayers. This reduction in conformations

available to the systems results in a decrease in entropy and

therefore a repulsive force between the bilayers as they

move closer to each other. Helfrich (1978) proposed a

repulsive term of the form

fc ¼
ðkTÞ2

128Kcr2
b

ð2Þ

where k is Boltzmann’s constant, T is the temperature, Kc is

the bilayer bending modulus and r2
b is the mean square

fluctuation of the bilayer.

However, other groups (Podgornik and Parsegian 1992;

Sornette and Ostrowsky 1986) have suggested an alterna-

tive form for this force, arguing that the confinement of the

bilayers is not as strong as proposed by Helfrich (1978).

The confinement is not purely steric because each bilayer

can adjust to the confinement enforced by its neighbors and

mitigate the effects of this confinement. This less extreme

confinement has been termed ‘‘soft’’ confinement and has

the form

fsc ¼
pkT

16

AH

Kck
2

� �1=2

e�a=2k ð3Þ

where AH is the hydration force fit constant, k is the

exponential decay length and a is the average bilayer

separation distance.

What has most puzzled researchers studying the inter-

actions of bilayers is the behavior when the bilayers are

quite close together, with less than 15 Å of water thickness

between them. In this regime, strong repulsive forces with

an exponential character have been measured that cannot

be accounted for using any of the previously mentioned

theories (Leikin et al. 1993). These forces between two

neighboring planar bilayers have the form

VHðzÞ ¼ AHe�z=k ð4Þ

and have been termed ‘‘hydration forces’’ because it is

thought that the interactions between the surface and the

solvent cause them, though the exact mechanism is unclear

(Leikin et al. 1993). In one major proposed explanation, the

energetic penalty incurred to desolvate the surfaces so that

the two surfaces may come directly into contact outweighs

any attraction the surfaces may have. In other words, it is

difficult (energetically unfavorable) to remove the final

waters which hydrate the bilayers to bring the surfaces

together. Though there is theory to support this work

(Marcelja and Radic 1976) and while it has been possible

to come to some agreement as to the exponential character

of this force by fits to experimental data, there is still much

debate as to the origins of the force. Other theorists

(Israelachvili and Wennerstroem 1990) propose that this

force is due to lipid head group protrusions. In this theory,

electrostatic interactions between the positively and nega-

tively charged parts of the lipid head groups cause the head

groups to protrude into the gap between the bilayers and

create steric repulsion forces.

For greater insight into the nature of the forces between

bilayers, we set up a bilayer stack mimetic system and varied

the hydration level. We estimated the relative free energy

change as the bilayers come together, a quantity directly

related to the force, which indicates whether the interaction

is attractive or repulsive in character. We also examined

how entropic/enthalpic compensation underlies this esti-

mate. Further detailed analysis of the microscopic changes

in the waters, lipids and salts helps support these results.

Methods

To further understand bilayer-to-bilayer interactions, we

have made a stacked lipid bilayer mimetic system where

the hydration level can be explicitly controlled. Figure 1
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shows a representative double bilayer system used in this

study. The size and number of components for the initial

double bilayer systems were chosen to be consistent with

the work of Sachs et al. (2004a) so that this work could be

compared to that analysis. The initial set-up began with an

equilibrated 1-palmitoyl-2-oleoylphosphatidylcholine

(POPC) lipid bilayer system from the Feller group, which

was expanded to be a double bilayer system of 512 total

lipids by replicating the system in all dimensions. Waters

and salts were added to bring the total to 6,144 TIP3P

(Jorgensen et al. 1983) waters per bath and 120 sodium and

chloride ions per bath. The system measured approximately

90 Å in the x and y directions and 120 Å in the z dimension

(the direction normal to the bilayer).

The x and y dimensions were held fixed in all simula-

tions instead of assuming constant pressure in the x and y

directions. The rationale is that though a biological vesicle

or other membrane assembly has well-defined surface

tension in response to the standard 1 atm of pressure it

feels, a micropatch does not have all of the same undula-

tory modes accessible to it. Thus, 1 atm of pressure exerted

on the patch will cause it to respond in nonphysical ways.

In a coarse-grained system with almost identical system

size and makeup but no harmonic spring restraint (N. Mi-

chaud-Agrawal, personal communication), surface tension

was seen to increase as the bilayers come together, which

suggests the same increase would occur in our atomistic

systems.

In the initial system the bilayers are farthest apart, and for

each subsequent system the bilayers are positioned closer

together. To accomplish this closer spacing of the bilayers

while keeping the concentration constant, one sodium ion,

one chloride ion and 51.2 waters (number of actual waters

removed was rounded to the nearest whole) were removed

from each bath. The waters were removed by slicing out the

middle of the center bath and slicing off the two ends of the

cell. The two halves of the system were then pushed together

and the cell was resized in z. The systems were equilibrated

with constant x and y dimensions and 1 atm of constant

pressure in the z direction for approximately 0.7 ns to let the

cell z-dimension length assume the equilibrium value

characteristic of this new system.

Systems were built in groups of eight using the last of

the previous group of eight systems as a starting point. This

process ensured that each new group was built from a

similar system and allowed for a relatively short equili-

bration time. Originally, the final cell z-dimension length of

the equilibrium simulation was used as the initial cell

z-dimension length for the production runs. However, in

order to get better coverage of the bilayer separation dis-

tance reaction coordinate, for the last approximately two-

thirds of the simulations built, the cell z-dimension length

for each group of eight systems built was set by linearly

spacing the cell z-dimension lengths between the largest

and smallest lengths at the end of the equilibration runs.

As outlined above, systems were built for each integer

number of ions, starting with 120 ions per bath and

shrinking to four ions per bath. However, these 116 sys-

tems were not enough to completely sample the full bilayer

separation distance reaction coordinate. Though the initial

systems were spread out linearly to cover the intervening

bilayer separation distance reaction coordinate, because of

finite sampling capabilities, the mean of the histograms of

bilayer separation distance values deviated from the ideal

mean for the system. Thus, there were gaps between each

sequential system which had to be filled with other systems

to sample the space fully and ensure a meaningful free

energy estimate. To achieve improved sampling, we took

the systems abutting the gaps and modified their cell

z-dimension length to sample the gap region. This process

was not perfect as there was no way to predict what space

the new systems would actually sample. Ideally, with much

longer simulation times, the initial 116 systems would have

sampled more evenly and this extra step may have been

avoided. Figure 2 highlights the uniformity of sampling

achieved across the bilayer separation distance reaction

coordinate using this large number of systems. We sampled

from about 22.8 Å of water between the bilayers to about

3.8 Å. Of course, the amount of sampling yielded a large

data set, in excess of 2.5 terabytes (see below for sampling

rates).

Fig. 1 Representative all-atom double bilayer system used in this

study. Dark sections are the POPC lipids, while lighter sections
represent the solvent. Image created using VMD (Humphrey et al.

1996)
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In order to calculate the relative free energy change using

umbrella sampling, a harmonic spring potential was set

between all atoms of the two bilayers, with a spring strength

of 2 kcal/Å2 mol. The length of the spring was determined

by the cell z-dimension length set after equilibration; it was

half of the cell z-dimension length value. The production

runs were all with constant NVT so as not to add another

force/energy term to be corrected for in the free energy

calculations, and the temperature was set at 298 K. The

simulations used a 10 Å real-space cutoff and employed

full particle–particle particle–mesh (PPPM) electrostatics

(Hockney and Eastwood 1989). Initial system setup and

equilibration were performed in-house using CHARMM

(Brooks et al. 1983), but full equilibration and 10 ns

production runs were completed on Sandia National Labs

supercomputers using the Large-scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS, http://lammps.

sandia.gov) (Plimpton 1995) with the CHARMM all-atom

potential energy function and lipid parameter set PARAM

27 (Feller et al. 2002; Feller and MacKerell 2000;

Schlenkrich et al. 1996). Equilibration time was about

0.7 ns for most systems, but for the closest systems this was

doubled to 1.4 ns. The time step was 2 fs as the SHAKE

algorithm (Ryckaert et al. 1977) was employed to fix the

bond length of bonds to hydrogens. Coordinates were stored

every 1 ps for a total of 10,000 frames per simulation,

though some of the gap-filling systems were stored every

10 ps to save space. With the exception of the hydrogen

bonding analysis, which was calculated using CHARMM,

all analyses were performed using the MDAnalysis toolkit

(http://code.google.com/p/mdanalysis/).

As electrostatic interactions were presumed to be a

significant contributor to the interactions between bilayers

as they approach one another, a double bilayer system

(Sachs et al. 2004a) was employed to allow transient

potential differences to develop across the bilayer, even

though there were periodic boundary conditions in all

dimensions. In a single, periodically connected bilayer

system it would be impossible to have a potential differ-

ence across the bilayer because the bath on one side of the

bilayer is periodically connected to the bath on the other

side of the bilayers; they are, in essence, the same bath.

Though there is ongoing debate, a recent value for the

area per lipid for POPC from the Nagle group is

68.3 ± 1.5 Å2 for a fully hydrated system (Kučerka et al.

2006). The Nagle group also measured a phosphate-to-

phosphate thickness of 37.6 Å and 31.0 waters per lipid at

full hydration (Kučerka et al. 2006). Our initial system with

the bilayers far apart has 24 waters per lipid, and we pro-

gress to 0.8 waters per lipid (the free energy calculation

ends at 2 waters per lipid). Dehydration has been shown

experimentally to reduce the area per lipid and in turn

increase the bilayer thickness. Since our systems assume

constant surface area throughout, we chose an area per

lipid of 64.0 Å, which represents a slightly less than fully

hydrated, thicker bilayer. The initial systems have a

Fig. 2 Histograms of all data

points sampled along bilayer

spacing reaction coordinates

demonstrating thoroughness of

sampling for a all data sets and

b a sample of one section of the

reaction coordinate
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phosphate-to-phosphate thickness of about 38.4 Å, but this

value drops dramatically by about 1.8 Å as the bilayers get

close to each other (data not shown). It is a matter of debate

as to what measurement constitutes the true bilayer thick-

ness, but for this work the bilayer thickness was computed

by calculating the average phosphate position for each

bilayer over the length of the simulation and assuming the

bilayer thickness was the region between the two average

phosphate positions. When the bilayers are at small sepa-

rations, this metric is bound to be less well-defined since

there are fewer water molecules available to form distinct

water layers.

Our simulation conditions and experimental measure-

ment systems differ in the way that they control pressure.

Experimental measurements frequently vary the pressure

as a way to understand the forces between bilayers. For

example, surface force apparatus (Marra and Israelachvili

1985) and atomic force microscopy (Pera et al. 2004;

Abdulreda and Moy 2007) physically push the bilayer stack

together to vary the pressure. This process modifies the

amount of available volume and water between the stacks

as the bilayers are forced closer together. In our simulation

conditions we are not readily able to replicate the experi-

mental conditions due to the large system sizes that would

be required to set up a true multilayer stack and the long

sampling times needed to force the bilayers together with

pressure as the control variable. A particular problem with

simulating the experimental conditions is that, ideally, the

amount of water between the stacks is controlled via a

grand canonical setting, where for a given separation

between the bilayers the amount of water is optimally

adjusted during the simulation to sample on all possible

amounts of water.

To simplify our calculations, we make two assumptions.

First, we assume that the forces between the bilayers can be

measured in the absence of an applied normal pressure; the

force is due to the nature of the interactions between the

two bilayers. Second, we assume that the distribution of

waters between the two bilayers is dominated by the

available volume between the two surfaces and that we can

estimate that optimal number from a consideration of

volume alone. In classical statistical mechanics, it is often

the case that averages computed by considering the opti-

mum of the distribution are nearly identical to those

computed using the full distribution. This is because the

optimum is frequently not just a bit more likely but dra-

matically more likely to visit in conformation space. There

is of course a possible systematic error due to the fluctu-

ations in the particle numbers between the surfaces as a

function of bilayer-to-bilayer distance, which we have no

easy way to measure; but the size of the error has to do

with the fluctuations in the amount of matter between the

surfaces at each separation and should be small relative to

the error associated with sampling on the conformations at

a given separation. One can think of the approach as

generating an estimated relative free energy surface that is

bounded on each side by the surfaces including particle

number fluctuations. Making these assumptions creates a

simulation ensemble that differs from the experimental

ensemble. In principle, it should be possible to understand

how to convert from one ensemble to the other, similar to

transformations of thermodynamic quantities from one

ensemble to another. In practice, a direct conversion is

difficult and analysis of the systems as simulated gives the

most direct connections to the molecular interactions

between the two bilayers as a function of the normal

distance.

The relative free energy change was calculated using

free energy perturbation (FEP) (Zwanzig 1954). Our per-

turbations consisted of linear expansions and contractions

of the systems in the z dimension (both directions were

included for double-wide sampling). We made these small

perturbations to 1,000 frames (every 10 ps) of each of our

runs and averaged these to estimate the relative free energy

changes. The continuum model curves for free energy used

the following values for their parameters. For the van der

Waals force (Eq. 1), we used 27.1 Å for the hydrocarbon

thickness and 9.0 Å for the head group thickness (Kučerka

et al. 2006); and though the Hamaker constant has been

shown to depend on bilayer spacing (Podgornik et al.

2006), 4.3 9 10-21 J is a reasonable value for small

spacing. The Helfrich contribution (Eq. 2) was modeled

using r2 ¼ la2 (Helfrich 1978), assuming uncorrelated

adjacent bilayers, so r2 ¼ 2r2
b, and with a l of 0.183

(Podgornik and Parsegian 1992), where sigma is the mean

square fluctuation in the water spacing and l is a constant.

The bilayer bending modulus, Kc, for POPC was set at

8.5 9 10-20 J, a value that was measured by the Nagle

group (Kučerka et al. 2006) and found not to vary with

bilayer spacing. For the soft confinement and hydration

force terms (Eqs. 3, 4), we set AH to 0.035 J/m2 and k to

2.1 Å as estimated by fits to experimental data (Manciu and

Ruckenstein 2001), though the range of possible values for

these constants is rather large. Enthalpic interaction ener-

gies were calculated using a modified version of LAM-

MPS. Diffusion constants were calculated from the slope of

the mean square displacement, using the last three-fourths

of each nanosecond for the fit.

Entropy Calculations

To calculate the change in entropy due to changes in the

water layers for the different systems, we used an entropy

estimation method developed by the Lazaridis (1998)

group, which examines how a solute affects the water order

surrounding it. Theoretically, the effect on the solvent–
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solvent entropy of adding a solute to a box of solvent will

be so small as to be indistinguishable from the situation

with pure solvent because most of the solvent will be

unperturbed. Therefore, to isolate this small effect, this

theory places the solute at the point of origin and examines

the effect of the solute field on the surrounding solvent

density.

The theory relies on separating entropy contributions out

by spatial and orientational correlation functions and using

these functions to estimate entropy. The solvent-to-solute

correlation entropy is

Ssw ¼ �kqo
w

Z
Gswln Gsw � Gsw þ 1½ �dr ð5Þ

The solvent reorganizational entropy from correlations is

DScorr
ww ¼�

1

2
kqo2

w

Z
GswðrÞ Gswðr0Þ ginh

wwln ginh
ww � ginh

ww þ 1
� ��

� go
wwln go

ww � go
ww þ 1

� � �
drdr0 ð6Þ

where qo
w is the pure solvent density, GSW is the solute–

solvent correlation function with respect to the conditional

solvent density at large distances from the solute, go
ww is the

solvent-to-solvent correlation function, ginh
ww is the inho-

mogeneous solvent-to-solvent correlation function and r

and r0 are the particle positions with respect to the central

particle. However, since our systems are periodic in z,

orientational effects are ignored and z position is the

quantity of interest.

Ideally, one would calculate one-body interactions, two-

body interactions, three-body interactions and so forth.

However, the Kirkwood superposition approximation

expresses the triplet correlation function in terms of pair

correlation functions and allows all terms above the two-

body term to be ignored. The formalism was developed in

the canonical ensemble to allow ease of calculation of

partial molar properties. It was also developed assuming

constant pressure so that when the solvent is put in the box,

the box size will expand to accommodate it.

The method estimates the inhomogeneous partial molar

entropy, which is the entropy of solution with the entropy

of pure solvent interactions subtracted out. A flat bulk

density distribution has zero entropy, while distributions

with order contribute unfavorably to excess entropy. In our

use of this method, we subtract out the entropy of the initial

system with the largest separation instead of the pure sol-

vent because we are more interested in the relative entropy

change as the bilayers come together.

This theory estimates the solvent entropy relative to a

fixed solute, and in our case the solute is the entire bilayer

and the solvent is just the water molecules. Bilayer fluc-

tuations in separation as a whole are on the order of 0.05 Å,

so the bilayers are relatively fixed. Since our system is

symmetric in the z direction, our calculations have been

performed using the z coordinate instead of r from a central

origin. We chose the nitrogen atoms of the lipid head

groups to represent the solute positions, so the two-body

term is the water-to-water correlation function relative to

the positions of each nitrogen atom. The calculation was

repeated 10 times using each nanosecond of data as an

independent data set so that error bars could be assessed.

The reported error bars are the standard deviation seen

from the mean of the set of 10. The two-body calculations

are computationally intensive, scaling as n2, so we used a

relatively coarse grid (20 bins) for our density functions,

thus introducing some systematic error into our

calculations.

Results and Discussion

Our calculated free energy curve in Fig. 3 shows a strong

repulsive contribution to the free energy as the bilayers

approach. We also plot two different continuum model

predictions, one using Helfrich undulation repulsive forces

as described in Eq. 2 and one using ‘‘soft confinement’’

forces described by Eq. 3. Both model curves include the

van der Waals interaction described in Eq. 1 and the

hydration force described in Eq. 4. The free energy change

we see is a few times as large as that predicted by the

models but similar in overall shape. The increased mag-

nitude of the repulsive force in comparison with experi-

ment is most likely due to the fact that the lipids in our

simulations have a set area per lipid, so the bilayers are not

able to thicken in response to dehydration as they would

experimentally. The calculated free energy curve also is

more repulsive at larger bilayer separation distances in

comparison with the theoretical curve, where there is

essentially no repulsive force for large separation distances.

However, comparing the separation distances directly is

difficult because the theoretical work uses simplified

bilayers where separation distance is well-defined but the

theory rests upon experimental work, where defining

bilayers separation distance is much more difficult. The

Nagle group (Petrache et al. 1998) analyzed X-ray dif-

fraction data to determine the contributions from undula-

tion, van der Waals and the experimentally defined

hydration forces to the total measured force between

bilayers. They found that the undulation repulsion domi-

nates at water layer thicknesses greater than 13 Å. A

repulsion that depends exponentially on the separation is

observed in these experiments when the separation dis-

tances are 5–13 Å and is called ‘‘hydration force by con-

vention.’’ Since our bilayer patch is small, undulation

forces likely do not come into play. Thus, the repulsive

force we are seeing is the result of the interactions between

water and lipids that is termed the ‘‘hydration force.’’

6 A. N. Gentilcore et al.: All-Atom Double-Bilayer Simulations
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Possible sources of error in this calculation include the

use of a fixed surface area throughout the series of simu-

lations since experimentally the area per lipid decreases

with dehydration. This choice was made because there is

no clear way to model the change in area per lipid as we

changed the lipid hydration. As a result, our bilayers likely

experienced increasing surface tension as the bilayer-to-

bilayer distance decreased, as seen in an analogous coarse-

grained study (N. Michaud-Agrawal, personal communi-

cation). In experimental systems, the bilayer thickness will

increase as hydration is decreased; but ours is fairly con-

stant, then decreases by 1.8 Å as the bilayers come close to

each other (data not shown). Insufficient sampling could

also be a source of error. Ideally, multiple runs of the

systems would be done from various starting configura-

tions, to ensure a more comprehensive sampling of phase

space. The use of a harmonic constraint between the two

bilayers introduces systematic error into the calculations.

The bilayer fluctuations in separation are on the order of

0.05 Å, while in experimental systems on much larger

bilayer patches they are significantly larger, on the order of

2–5 Å (Petrache et el. 1998). Also, while a high salt con-

centration was used to ensure sufficient salt sampling,

when the bilayers are quite dehydrated, the number of salt

ions becomes very few, so sampling is much less reliable.

Since free energy is made up of both entropic and en-

thalpic energies, we sought to estimate both quantities to

determine how each contributes to the total free energy.

Experimental work from the Heerklotz lab (Binder et al.

1999) measures the free energy, enthalpy and entropy of

dehydration of POPC using humidity titration calorimetry.

They find significant contributions from each at hydration

values less than about 5 waters per lipid. Their measure-

ments for free energy show a repulsive free energy of about

2 kcal/mol at about 2 waters per lipid. They find the

entropic contribution increases from essentially zero for

high hydration to about 6 kcal/mol at about 2 waters per

lipid. They find an enthalpic contribution with a similar

curve, though of the opposite sign. Another group (Mark-

ova et al. 2000) has measured similar results using double-

twin calorimetry.

In our water entropy calculations (Fig. 4), we see about

a 5-kcal/mol change in entropy going from about 24 waters

per lipid to 2 waters per lipid. The entropy calculations

were made using the Lazaridis (1998) entropy method,

which determines the bilayer’s effect on the water order

around it. It examines how water is ordered relative to the

bilayer (Fig. 4b) and relative to both other waters and the

neighboring bilayer (Fig. 4c). This method only considers

the water contribution to entropy and does not explore

possible contributions from the lipid bilayers themselves.

The decreases in entropy as the bilayers come closer

together mean that as the bilayers come into contact,

increased order can be seen in the water layer. This

increase in water order is also borne out by examination of

water diffusion rates (Fig. 5a, b), which are greatly slowed

as the bilayers move toward each other. The water diffu-

sion rates decrease from 1.0 9 10-6 to 2.9 9 10-9 cm2/s

laterally and from 1.4 9 10-7 to 2.0 9 10-9 cm2/s in the z

direction. At 25�C, the bulk water diffusion rate is about

2.3 9 10-5 cm2/s (Mills 1973). However, directly com-

paring our calculated two-dimensional lateral diffusion and

Fig. 3 Relative free energy

change as a function of bilayer

spacing shows an overall

repulsive character to the

interaction. Bilayer separation

distance is shown in terms of

water layer thickness for all

figures. Our calculation is for

relative free energy (solid)

compared to continuum theory

models consisting of van der

Waals forces from Eq. 1,

hydration forces from Eq. 4 and

Helfrich undulation forces from

Eq. 2 (circles) or ‘‘soft

confinement’’ forces from Eq. 3

(dotted)
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one-dimensional z-direction diffusion rates to a bulk three-

dimensional diffusion rate is not possible. The water dipole

rotational autocorrelation coefficient (Fig. 5c) is also

reduced, showing that the water dipole moments are more

correlated as the bilayers come together.

This restriction of water motion by greater proximity to

the lipids has been seen both computationally and experi-

mentally. Using simulation, Bhide and Berkowitz (2006)

calculated the translational and reorientational rates for the

waters in the bulk and in the interfacial and lipid head

Fig. 4 Lazaridis entropy

calculations show reduction in

entropy as bilayer separation

becomes smaller: a the total

entropy, b the bilayer-to-water

correlation entropy and c the

solvent reorganizational entropy

from correlations

Fig. 5 Water diffusion rates

and rotational autocorrelation

coefficient decrease with loss of

hydration: a lateral diffusion,

b diffusion in the z direction and

c the coefficient of rotational

autocorrelation between dipole

moments
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group region and found a decrease in their rates as they

penetrated into the bilayer. They found that lipid head

group motion was a significant factor in this process but did

not account for all of the slowdown. Since, on average, the

waters will be closer to the lipid head groups as the bilayers

come together, there will be reduced motional effects.

These effects were measured in an experimental dioleoyl-

phosphatidylcholine (DOPC) system (Ulrich and Watts

1994), where water motion was three times slower at small

interbilayer distances vs. full hydration distances. Volke

et al. (1994) varied the hydration level from about 30

waters per lipid to 5 waters per lipid and used NMR to

calculate the lateral diffusion constant of water for POPC at

296 K, a system very much like ours. Their curve is similar

in shape to the one we have calculated and ranges from

about 8 9 10-6 cm2/s when the bilayers are far apart to

under 2 9 10-6 cm2/s when the bilayers are dehydrated to

5 waters per lipid. Our rates are slightly lower, perhaps due

to the presence of salt.

This slowdown may only be partially due to hydrogen

bonding patterns because recent work (Scodinu and Four-

kas 2002) where water was confined in nanopores showed a

slowing by a factor of 10 and the authors posited that the

slowdown is not due to formation of hydrogen bonds to the

lipid head groups but to confinement. Another group

(Choudhury and Pettitt 2005) performed simulations

bringing two planes of carbon atoms together and found

that, similar to our work, there is greater water ordering as

the plates approach each other; i.e., both the diffusion

constant and the rotational autocorrelation function are

decreased.

In order to determine the effect of decreasing bilayer

separation on the hydrogen bond network, we calculated

hydrogen bonding partners between pairs of water mole-

cules and between a water molecule and the oxygen atoms

in the phosphate or glycerol groups of the lipid head group.

We found significant changes in the hydrogen bonding

characteristics as the bilayer separation decreased. The

criterion for a hydrogen bond is a hydrogen-to-acceptor

distance of 2.4 Å, which is equivalent to a donor–acceptor

distance of about 3.4 Å. An additional angle criterion adds

little value because steric clashes between the acceptor and

donor enforce this rule automatically (De Loof et al. 1992).

As can be seen in Fig. 6a, which shows the average number

of hydrogen bonds per water per frame, as the bilayers

approach each other, there are fewer waters available for

hydrogen bonding, so many instead bond to the phosphates.

In Fig. 6b, it is clear that at small interbilayer distances, the

hydrogen bond duration for water to phosphate oxygens

grows to be quite long, to about 650 ps.

Other computational groups (Bhide and Berkowitz

2005) have also seen that as the water molecules move

from the bulk into the interface or are buried in the lipid

head groups, they lose some water–water hydrogen bonds

but gain hydrogen bonds to the lipids. Essentially, the

number of hydrogen bonds per water varied somewhat,

Fig. 6 Hydrogen bonding

characteristics between waters

(black), water hydrogens and

lipid phosphate oxygens (dark
gray) and water hydrogens and

lipid glycerol oxygens (light
gray). a The number of

hydrogen bonds per frame

(normalized by total number of

waters available) demonstrates

how more hydrogen bonds are

made to the phosphate groups as

the number of available waters

decreases. b The average

duration of the hydrogen bonds

increases at small bilayer

separations
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though the distribution of hydrogen bonds for each water

molecule was more or less unchanged. The variation was

due to the different bonding geometries available in the

interface and lipid head group regions as well as to an

increased strength of hydrogen bonds in those regions.

Another group (Pasenkiewicz-Gierula et al. 1997) studied

hydrogen bonds in dimyristoylphosphatidylcholine

(DMPC) using geometric criteria and found 5.3 bonds to

water per lipid, 4.4 with the phosphate oxygens and 0.9

with the glycerol oxygens. Hydrogen bond lifetimes were

of the same order of magnitude as what we computed,

averaging about 100 ps. They found that 70% of the lipids

are linked together by hydrogen-bonded water bridges

between lipid neighbors, with average lifetimes of at least

50 ps.

Along with an increase in water order, we also found

evidence of greater order in the lipids and salt behavior as

the bilayers approach each other. Figures 7 and 8 show

how the lipid and salt diffusion rates both slow dramati-

cally as the bilayers come together. Our lipid diffusion

rates decrease from 1.2 9 10-8 to 5.4 9 10-10 cm2/s

laterally. The sodium diffusion rate decreases from

2.9 9 10-7 to 1.9 9 10-10 cm2/s laterally and in the z

direction from 1.0 9 10-7 to 3.0 9 10-10 cm2/s. The

chloride diffusion rate decreases from 7.0 9 10-7 to

3.7 9 10-10 cm2/s laterally and from 6.6 9 10-8 to

6.2 9 10-10 cm2/s in the z direction. Figure 7b shows the

rotational autocorrelation coefficient of the vectors

connecting the phosphate group to the choline group of the

lipid head groups (PN dipole moment), which is again

reduced as the bilayers come to near contact, showing that

the dipole moment orientations are more correlated as the

bilayers move together.

Experimental evidence confirms the reduction in diffu-

sion rate as bilayers are dehydrated. There is NMR spin-

relaxation experimental evidence (Ulrich and Watts 1994)

showing a slowing of choline group motion as DOPC

bilayers approach each other. Gaede and Gawrisch (2003)

measured a reduction in diffusion rates in POPC liposomes

from 1.9 9 10-7 cm2/s in excess water to 8.6 9 10-8 cm2/

s for 8.2 waters/lipid, though in this work the temperature

was 322 K. However, definitions for lipid diffusion rates

vary, as Sackmann (1995) pointed out when proposing that

diffusion had two parts, local motion in its cage and larger

diffusional jumps to new sites. Sackmann (1995) used

dipalmitoylphosphatidylcholine (DPPC) at 12 wt% water

and 60�C and found a lateral diffusion rate of 1 9 10-7

cm2/s and a local diffusion rate of 2 9 10-7 cm2/s. The

time scales accessible to each experimental technique also

vary; macroscopic experiments like fluorescence recovery

after photobleaching measure larger millisecond diffu-

sional jumps, yielding values around 4 9 10-8 cm2/s,

while neutron scattering experiments measure local diffu-

sive motion on picosecond timescales and typically see

diffusion rates between 1 9 10-7 and 4 9 10-7 cm2/s

(Böckmann et al. 2003). Though millisecond timescales are

Fig. 7 Lipid diffusion rates and

rotational autocorrelation

coefficient are both reduced as

the bilayers move together:

a lateral diffusion and

b coefficient of rotational

autocorrelation between dipole

moments
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inaccessible to atomistic simulations at this point, diffusion

rates calculated in simulations correspond to the shorter

timescale that can be measured in neutron scattering

experiments. Simulation groups (Essmann and Berkowitz

1999) have computed lateral diffusion rates of 3 9 10-7

cm2/s, which compare well with experimental results. Our

rates are lower than these estimates, most likely because

they did not include salt in their systems. Böckmann et al.

(2003) calculated POPC lipid diffusion constants with

NaCl from experiments and simulation. Diffusion rates

dropped from 3.9 9 10-8 to 2.6 9 10-8 cm2/s with the

addition of 220 mM salt to their simulated system, so our

1 M salt concentration most likely reduced the diffusion

rate significantly. Böckmann et al. (2003) also determined

diffusion rates experimentally and found rates of about

2.2 9 10-8 and 1.9 9 10-8 cm2/s for 1 M NaCl.

These decreases in entropy and increased order are, of

course, energetically unfavorable and would lend our free

energy curve a repulsive character. However, there may be

other enthalpic effects at play that may either compensate

for or increase these effects. We calculated the infinite

cutoff pairwise enthalpic interaction energies between

different groups in the simulations. Considering only the

bilayer atoms themselves and ignoring any interactions

with the solvent, there is an attractive force from the en-

thalpic interaction energy between the bilayers, as seen in

Fig. 9. Thus, it is clear that the solvent interactions are

essential to making the overall relative free energy change

repulsive. Similar behavior was observed in work by

Pertsin et al. (2007), where there was an attractive char-

acter to the direct interaction between the bilayers that was

overcome by the repulsive forces due to interactions

between the solvent and the bilayers. There are other

attractive interactions between two groups, such as phos-

phate and chloride; but the opposite-sign interaction, of

phosphate and sodium in this case, is repulsive. The

interactions between the phosphate groups and waters is

one example that is not directly compensated for by an

opposite-sign attractive interaction (i.e., choline and water)

and likely also supplies some repulsive energy. These

results, while instructive, are not meant to be taken as

quantitative calculations of enthalpy but as a qualitative

estimate of the source of enthalpic effects in the system.

Likewise, our entropic estimates only include the water,

presumably a major source of entropy changes; but none-

theless, it is not possible to expect that summing the

entropic and enthalpic estimates made here will yield the

free energy change exactly.

At a microscopic level, one would expect to see changes

in the lipids that reflect the increasingly strong interactions

they are feeling as the bilayers approach. There were no

significant changes in lipid chain behavior as measured by

lipid SCD order parameter calculations, and the mean tilt

angle for the lipid head group PN dipole is also unchanged

(data not shown). X-ray diffraction work has shown that

the PN dipole is tilted out from the bilayer at full hydration

(Kučerka et al. 2006), and in simulation work the angle has

been calculated as 73� ± 0.5� (Sachs et al. 2004b) and

Fig. 8 Ion diffusion rates of

chloride (gray) and sodium

(black) slow markedly with

bilayer dehydration: a lateral

diffusion and b diffusion in the z
direction
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70.6� ± 1.4� (Gurtovenko 2005) from the bilayer normal.

Our calculated mean angle values are also in this range.

Experimental 2H-NMR studies examining quadrupolar

frequency splittings of DOPC (Ulrich and Watts 1994) and

POPC (Bechinger and Seelig 1991) show that as the bilayer

is dehydrated, the choline group moves toward the tail

region. Other simulation work (Mashl et al. 2001) found a

similar trend in PN dipole orientation as hydration is varied

in DOPC bilayers.

There are also other significant changes in the ordering

of water between the bilayers beyond diffusion and reori-

entational rates. As seen in work of Sachs et al. (2004a) and

in Fig. 10, the waters form oriented bands between the two

bilayers, with on average more waters closest to the lipid

Fig. 9 Infinite cutoff pairwise

interaction energy per water

between the two bilayers

separated into coulombic (gray)

and van der Waals (black)

showing an overall attractive

interaction

Fig. 10 The cosine of the angle

between the water dipole

moment and the z direction for

the system with 22.79 Å bilayer

separation (solid line) and 3.94

Å bilayer separation (dashed).

The peaks below show where

the phosphate atoms of the lipid

head groups are on average for

that system. The bilayer normal

direction flips in the center, so

the plot is actually symmetric in

the z direction. The largest

peaks correspond to the oxygen

of the water pointing toward the

center of the bilayer, and peaks

of the opposite sign correspond

to the oxygen pointing in the

opposite direction
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head groups oriented with their oxygen atoms pointed

toward the bilayers. Farther out from the lipid head groups,

there is a band of water with on average more waters

pointed in the opposite direction and a third band the other

way. The system is symmetric, so the pattern repeats as we

move toward the other monolayer. When the bilayers are

much closer together, however, there is most likely not

enough room for three distinct bands and there is just one

band for each monolayer.

As a final tantalizing thought, we also investigated

possible prefusion events as the bilayers approach each

other. Previous work (Stevens et al. 2003) has indicated

that to begin a fusion event lipids tails may splay, with one

tail remaining in its ‘‘home’’ bilayer and one tail reaching

into the opposing bilayer. As seen in Fig. 11, we found that

many more terminal carbons explored the head group

region of their own bilayer as the bilayer got close to each

other. Thus, there is a marked increase in possible prefu-

sion splay candidates as the bilayers begin to near one

another.

Conclusion

Lipid multilayer systems have been studied experimentally

for years using surface force apparatus, atomic force

microscopy and osmotic pressure studies; and these studies

find strong repulsive forces as the bilayers come together.

To reproduce this phenomenon and gain insight into its

molecular origins, we performed about 240 all-atom

computational molecular dynamics simulations of lipid

bilayer systems. We calculated the relative free energy

change as the bilayers approach each other and were able to

closely reproduce the repulsive behavior seen in experi-

mental systems. We then broke this free energy into

entropic and enthalpic components in order to gain greater

knowledge of the thermodynamic trends underlying the

behavior. The atomistic simulations also capture micro-

scopic adjustments that are seen experimentally as bilayers

approach each other: decreases in diffusion constants,

slowing of reorientational motion and redistribution of

hydrogen bonds as the amount of water decreases.
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experiment. Birkhäuser, Boston, p 31

Scodinu A, Fourkas JT (2002) Comparison of the orientational

dynamics of water confined in hydrophobic and hydrophilic

nanopores. J Phys Chem B 106:10292–10295

Sornette D, Ostrowsky N (1986) Importance of membrane fluidity on

bilayer interactions. J Chem Phys 84:4062–4067

Stevens MJ, Hoh J, Woolf T (2003) Insights into the molecular

mechanism of membrane fusion from simulation: evidence for

the association of splayed tails. Phys Rev Lett 91:188102

Ulrich AS, Watts A (1994) Molecular response of the lipid headgroup

to bilayer hydration monitored by H-2-NMR. Biophys J

66:1441–1449

14 A. N. Gentilcore et al.: All-Atom Double-Bilayer Simulations

123



Verwey EJW, Overbeek JTG (1948) Theory of the stability of

lyophobic colloids. Elsevier, New York

Volke F, Eisenblatter S, Galle J, Klose G (1994) Dynamic properties

of water at phosphatidylcholine lipid–bilayer surfaces as seen by

deuterium and pulsed field gradient proton NMR. Chem Phys

Lipids 70:121–131

Zwanzig RW (1954) High-temperature equation of state by a pertur-

bation method 1. Nonpolar gases. J Chem Phys 22:1420–1426

A. N. Gentilcore et al.: All-Atom Double-Bilayer Simulations 15

123


	Examining the Origins of the Hydration Force Between Lipid Bilayers Using All-Atom Simulations
	Abstract
	Introduction
	Continuum Theory

	Methods
	Entropy Calculations

	Results and Discussion
	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


