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Self-consistent-field modeling of hydrated unsaturated lipid bilayers in the liquid-crystal phase
and comparison to molecular dynamics simulations
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A molecular-level self-consistent-field~SCF! theory is applied to model the lipid bilayer structures com-
posed of 1-stearoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine~18:0/18:1v9cis PC! and 1-stearoyl-2-
docosahexaenoyl-sn-glycero-3-phosphatidylcholine~18:0/22:6v3cis PC!. As compared to earlier attempts to
model~saturated! PC membranes several additional features are implemented:~i! A water model is used which
correctly leads to low water concentration in the bilayers.~ii ! Free volume is allowed for, which is important
to obtain bilayers in the fluid state.~iii ! A polarization term is included in the segment potentials; this new
feature corrects for a minor thermodynamic inconsistency present in~all! earlier results for charged bilayers.
~iv! The CH3 groups in the lipid molecules are assumed to have twice the volume of a CH2 group; this leads
to stable noninterdigitated bilayers.~v! A cis double bond is simulated by forcinggaucheconformations along
thesn-2 acyl chain. Results of an all-atom molecular dynamics~MD! simulation, using the collision dynamics
method, on the same system are presented. Both SCF and MD prove, in accordance with experimental facts,
that acyl unsaturation effectively reduces the length of the chain which counteracts interdigitation. It is also
found that the phosphatidylcholine head group is lying almost flat on the membrane surface and the water
penetrates into the bilayer upto the glycerol backbone units. From the SCF results it further followed that the
free volume is not exactly evenly distributed over the bilayer. There is a small increase in free volume in the
center of the bilayer as well as in the glycerol backbone region.

DOI: 10.1103/PhysRevE.67.011910 PACS number~s!: 87.16.Dg, 87.14.Cc, 31.15.Qg, 05.20.2y
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INTRODUCTION

Lipid bilayer membranes are amongst the most esse
entities of the biological cell. They have fascinating physi
and biophysical properties. In this paper the interest is in
structural properties of the bilayer, more specifically, t
conformational characteristics of the constituent molecu
It is important to note that all biological cell membran
contain unsaturated phospholipids@1#; in most cases, at leas
half of the fatty acyl chains of biomembrane lipids are u
saturated. The biological significance of unsaturation
biomembranes is largely recognized~for a review, see Ref
@2#; see also Discussion and outlook section!. Nevertheless,
it remains unresolved exactly how unsaturation participa
in membrane function and/or organization.

Computer aided modeling of lipid bilayer membran
have been used to gain detailed insights~for reviews, see
Refs. @3–6#!. Several computer simulations of unsaturat
and polyunsaturated monolayers and bilayers using mol
lar dynamics~MD!, Monte Carlo and other methods a
known @2#. The MD route has been used to obtain both eq
librium structural characteristics as well as short time d
namics. Limitations of MD approach are well known@3–6#:
comparatively small number of the particles in the syste
studied and/or short simulation time scales~because of time
consumption of MD!, the parameter choice problem, etc. A
a result, phase transitions and various other slow molec
1063-651X/2003/67~1!/011910~17!/$20.00 67 0119
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processes are difficult to study by MD. For these reas
there is a need for more coarse grained modeling of the
layer membrane. Without exceptions these methods are
proximate and typically make use of mean-field approxim
tions.

The classical approach to consider the bilayer probl
from a mean-field modeling point of view is to mod
densely packed chains end grafted onto an impenetrable
face@7–15#. In this case it is not necessary to introduce oth
components than acyl chains. The absence of water is ta
as a boundary condition and only the conformational entro
of the tails is considered. Most of these statistical mechan
approaches were not extended to solve the full ‘‘head-a
tails’’ problem. The full problem is significantly more com
plex because not only the head-group properties mus
considered, also the water phase and the interactions o
lipid molecules with the water molecules have to be a
counted for. The risks for this approach are large. The he
group area is no longer a boundary condition, but must
the result of the calculations. As a consequence, the m
parameter is lost to fit the mean-field predictions to expe
mental and simulation data. A point of historical interest
that as early as in 1983 the self-consistent-field~SCF! tech-
nique was used@16# to show that stable bilayers can be foun
without the need to graft the lipid tails to a mathematic
plane. Around that time the first MD simulations on lipid
were still with restricted head groups@17,18#. In line with
©2003 The American Physical Society10-1
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experimental findings, it was shown that thesn-1 andsn-2
tails in, e.g., dimiristoylphosphatidycholine~DMPC! bilayers
are not equivalent, the tail closest to the head group is p
tioned less deep in the bilayer@19#. Another example is the
finding that the orientation of the head group in DMPC
layers is predominantly parallel to the bilayer@20#. It was
also shown that it is possible to find the gel-to-liquid pha
transition in these bilayers@21#. Another relevant prediction
was that phosphatidylcholine~PC! bilayers are only colloid
chemically stable at intermediate ionic strength. Both at v
low and at very high ionic strength they are attractive@22#.

The advantage of the molecular-level SCF modeling is
course that the method can also be used to study prope
typically out of reach for MD. For example, the structur
properties of lipid vesicles were considered@23#. It was
proven recently@26,25,24# that from such an analysis it i
possible to obtain unambiguously the Helfrich paramet
needed for a mesoscopic analysis of the phase behavio
such systems. It is also straightforward to study bilay
composed of mixtures of different types of amphiphiles
lipid bilayers with additives, etc. Direct comparison to e
periments and to related MD simulation proved, howev
that it is appropriate to extend the SCF approach once m
In the SCF model used below the following extensions
introduced.

A different model is used to treat the aqueous phase wh
is similar in spirit to some of the models by Suresh and N
@27# for associating systems. The water molecules are
lowed to cluster in groups of water molecules. The stren
by which they can do this is an important parameter in
model. The result of this is that much less water can p
etrate into the hydrophobic region of the bilayer. To prev
subsequent crystallization of the bilayer it is necessary
introduce free volume in the calculations. The allowance
free volume also increases the number of parameters in
model. Not only the number of parameters has increa
also the value of the remaining parameters must be adju
according to the altered properties of the water phase.

To counteract the interdigitation of the acyl tails, it w
necessary to consider the CH3 groups at the end of the lipid
tails. In this paper, these groups are modeled having tw
the volume of a CH2 group. In a lattice approach this i
realized by aY-type structure at the tail end~chain branch-
ing!. Again the differentiation between CH3 and CH2 groups
enables one to express the nonideal mixing of the two c
ponents, which may be relevant for the properties of
membrane interior.

As with this refined theory it is possible to model th
bilayer membrane more accurately, it is appropriate to
tempt a comparison with MD simulations. Of course su
comparison can be done on the model lipid DMPC, but i
more challenging to do such comparison for a biologica
more interesting case of an unsaturated phosphatidylcho
system. Before this can be attempted, it is necessary to
a strategy how to model double bonds in the lipid tail in
lattice-based SCF approach. Here Cantor@7# is followed. The
idea is that the cis double bond is approximately equa
having a forced localgaucheconformation in the chain. O
01191
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course this idea is tested against more accurate impleme
tion of thecis double bond in MD simulations.

The remainder of this paper is as follows. Below, deta
about the SCF model with its extra features are presente
must be understood that a full discussion of all details of
SCF model cannot be given in this paper; for this we refe
more detailed reports@28#. In the Results section a detaile
analysis of the SCF results is presented for liquid-crystall
1-stearoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine~18:0/
18:1v9cis PC, SOPC! and 1-stearoyl-2-docosahexaenoy
sn-glycero-3-phosphatidylcholine ~18:0/22:6v3cis PC,
SDPC! bilayers, see Fig. 2. Below we will use the short-ha
notation 18:0/18:1 and 18:0/22:6 for these two lipids, resp
tively. The key results will be compared to complementa
MD data. This enables us to evaluate the status of the S
modeling. In the final section the insights on the role of lip
unsaturation in membranes will be discussed.

SELF-CONSISTENT-FIELD ANALYSIS

Recently Meijeret al. @28# have given a description of th
most detailed SCF modeling up to date. This approach
be followed except for basically two points elaborated
below. In order to do this it is necessary to briefly review t
basic framework of the SCF model.

The SCF technique can conveniently be split up into t
coupled problems.~i! How to find the ensemble average
conformation distribution, i.e., the segment density profil
from the segment potentials and~ii ! how to find the segmen
potentials from the segment distributions. For subproblem~i!
we follow the procedure of Meijeret al. @28# with a single
exception for the water molecules. For subproblem~ii ! a new
term is introduced that accounts for the polarizability of t
segments when these are introduced into an electric fi
Both problems can be presented once the system and its
ecules are discussed.

The discretization scheme and the model for the chains

In principle the ~differential! equations that need to b
solved in an SCF theory are continuous. Unfortunately,
equations are complex and need to be solved numeric
with the aid of a computer. Then it is necessary to discre
the continuous distributions. The result of this operation
usually known by the term ‘‘lattice approximations.’’ In th
lattice approach the fundamental diffusion equation, wh
generates the statistical weight of the full set of conform
tions, transforms into a propagator formalism. The propa
tor formalism represents a Markov approximation. The co
sequence of a Markov approximation is that only loc
along-the-chain excluded-volume correlations are includ
For example, in a rotational isomeric state~RIS! scheme, it is
possible to guarantee rigorously that the chain is locally n
overlapping over a distance of four segments. For chain fr
ments further apart it is not excluded that they occupy
same site. Only through the external potentials a correc
for this problem is introduced~see below!. In the Markov
approximation it is possible to account for the realistic stru
ture of the chain, having semiflexible parts, side chains,
0-2
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For these details we refer to the literature@28#. Below we
will only discuss the formalism in its basic form and omit th
propagator formalism.

It is thus necessary to define a discrete set of coordin
onto which segments can be placed. These coordinates
regularly spaced and organized in layers numbered a
trarily z51,2,3,4, . . . ,M , where the layers 1 andM are the
boundary layers in the system. The lattice layers are a
tance, apart. Reflecting boundary conditions are impos
which implies that layerz50 is made identical in all aspect
to layerz51 and similarly layerM11 is made identical to
layer M. As a consequence a multilamellar system is mi
icked, where the membrane-membrane separation id
52M,. However, if M is sufficiently large, the effect o
nearby membranes is negligible and the results apply fo
isolated bilayer. Each lattice layer consists ofL sites, where
L is taken large enough such that finite size effects are
cluded. Each site has an area in thex-y plane ofa5,82. In
a cubic lattice, which is isotropic, the two length scales
equal,,5,8. In other lattice types, the difference between,
and,8 corrects for the anisotropy in the lattice. In each lay
a mean-field approximation is applied, which effective
means that the lattice sites are indistinguishable. Density
dients are of course allowed in thez direction. The molecules
are represented in a united-atom description, where
united atoms are called segments. Segments have a vo
equal to one lattice site, i.e.,v05,(,8)2. The segments in
the molecule are linked to each other by bonds. End s
ments have one, middle segments have two and bra
points can have three or four bonds. If the segment is a
monomer it has of course no bonds. The molecule is t
completely defined when the segment types as well as
bonds between segments are specified. The lattice type
in the calculations is the tetrahedral one. In this lattice i
possible to develop a three-choice propagator sche
wherein the CuCuCuC conformations can ‘‘realistically’’
be represented. In the lattice essentially four bond directio
a5e, f ,g,h are distinguished. The directionsf andg are two
different directions within a layer,e is a direction from layer
z to z21, andh is a direction formz to z11. The tetrahedra
lattice is anisotropic. This means that a random coil will n
automatically be isotropic in this lattice. It is possible, ho
ever, to show that when,85A2,, the chain extends equall
far into thex, y, andz directions. Then,vo52,3.

From segment potentials to segment and bond densities

It follows from the approach of Meijeret al. @28# that, in
principle, the number of chains in a particular conformati
c, where each conformation is defined by thez position of
each segment in the chain, is found by

nc5C)
s51

N

Gc~z,s! )
t51

N21

Za t

c Gc~z,a t!

3 )
t52

N22

)
t.t9Þt8

lc~a t8 ,t,a t9!, ~1!

where s is the running parameter over all the segments
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51, . . . ,N, t is the index that points to the bonds,t
51, . . . ,N21 ~the number of bonds is one less than t
number of segments!, t8 and t9 are also bonds in the
molecule and the multiple product witht.t9Þt8 runs
over all possible combinations of three consecutive bo
t8utut9 . The constantC is chosen so as to normalize th
distribution, i.e., it fixes the total number of molecules p
unit area in the system.

In Eq. ~1!, Gc(z,s) is the Boltzmann weight that contain
the segment potential for segments in conformation c:
G(z,s)5exp@2u(z,s)/kBT#, wherekBT is the thermal energy
Below it is specified how the segment potentials are fou
and what contributions should be considered.

The second term in Eq.~1! expresses the weight as
result of placing the bond with ranking numbert in the sys-
tem. It is composed of a factor which corrects for the deg
eracy of a conformation:Z52 if the bond directiona of
bond t is f or g and Z51 otherwise, andGc(z,a t) is an
anisotropic weighting factor. This last contribution is linke
to the orientationa of the bondt of the molecule. It assume
a high value if the bond is oriented in the same direction
the other bonds in the system near this coordinate an
therefore promotes cooperative orientational transitions.
formation on bond orientations is equivalent to knowled
on pairs of sites. Therefore this factor corresponds to a q
sichemical approximation for the chain conformations.
deed by using this ansatz one automatically can reprod
the gel-to-liquid phase transition in the bilayers without t
need to invoke extra parameters. Below an expression
G(z,a t) is given.

The third term in Eq.~1! expresses the statistical weig
that originates from the RIS scheme. The term runs over
possible combinations of three neighboring bonds. Ift8 and
t9 are not neighbors oft we havel51 otherwise, when
a t85a t9 the local configuration is a trans and the statisti
weight is l tr51/†112 exp@2DU(t)/kBT#‡ and when this is
not the case agauche is present with weightlg5(1
2l tr)/2. The statistical weight thus is a function of the ce
tral bondt. More precisely,DU(t) depends on the segmen
types of the two segments on both sides of the bondt, i.e., on
a sequence of four segments. For a saturated hydroca
chain the trans configuration is more favorable then th
gaucheconformations. TheDU(t)5Ug(t)2Utr(t) is typi-
cally positive~orderkBT), except when there is acis double
bond. For acis double bond, the localtrans conformation is
made very unfavorable andDU(C5C)!0. When t is a
bond which takes part of a branch, a valueDU50 is imple-
mented. In the lipid molecules there is one asymmetric c
bon atom. In the evaluation of the statistical weight of t
lipid chain there is no account for chirality and thus it
assumed that a racemic mixture is present.

The overall density distributionsw(z,s) for the segments
of lipid molecules are found by generating all conformatio
c with the requirement that no four consecutive segme
overlap. Of course the propagator scheme is used for
summation of all conformations, but the result of that w
not differ from the evaluation of Eq.~1! for each conforma-
tion separately. It is subsequently trivial to find the segm
density distribution for a given segment typeA,
0-3
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LEERMAKERS, RABINOVICH, AND BALABAEV PHYSICAL REVIEW E 67, 011910 ~2003!
wA~z!5(
i

(
s

w i~z,s!ds,i
A , ~2!

whereds,i
A is the chain architecture operator which assum

the value unity when segments of moleculei is of type A
and zero otherwise. In Eq.~2! the summation over the mol
ecule typesi is included to have a general equation. T
segment-type distribution functions are used below, i.e.
the equations for the segment potentials.

From segment potentials to segment densities for water

In principle, Eq.~1! can be applied to monomeric com
pounds. Indeed in the system discussed below there are s
ions such as Na1 and Cl2 which are composed of just on
segment. For such monomer of typeX the densities are pro
portional to the Boltzmann weight,

wX~z!5wX
be2uX(z)/kBT5wX

bGX~z!, ~3!

where in this case the normalization is given by the b
volume fraction of componentX, wX

b which either is an input
quantity or, when the amount of the component is given
the outcome of the calculations.

For the water molecules the same procedure could in p
ciple be followed. However, it was found that using featu
less monomer solvent molecules resulted in too high w
concentrations in the bilayer. The physical reason for th
high water concentrations in the bilayer was also eviden
water is modeled as a small unit that interacts isotropica
in a Bragg-Williams manner, with its surroundings, the m
ing entropy term will prevent very low local concentration
One way to solve this problem is to account for orientatio
dependent interaction in water on a quasichemical appro
such as pioneered by Besseling@29#. In such a method it
becomes rather complicated, however, to deal with ch
molecules and therefore it is necessary to resort to m
pragmatic models.

The important property of water molecules is that it c
form H bonds with neighboring water molecules. Effective
such H bonded water molecules behave as larger clus
This stimulated us to formulate a simple model for wat
which is readily incorporated in the formalism outline
above. The key idea is to allow for the water molecules
cluster and these clusters operate as separate kinetic u
Let us assume that the clustering depends only on the l
water density and is not influenced by the gradient in den
in thez direction. Then the clustering will depend only on th
local z coordinate. As the clustering will be restricted to o
cur in a layer thez coordinate is omitted in the following
equations. Let the density of water that follows from Eq.~3!
be indicated byw1

1, where the superindex 1 is referring to th
size of the cluster, being unity in this case. Introducing
cluster constantK and the probability to have a cluster wit
sizem be given byFm, the following equilibria:

Fm1F1↔Fm11, ; m.0 ~4!
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are assumed to exist, whereK5Fm11/(FmF1), for all m
.0. Equation~4! generates an equilibrium between mon
mers (m51), dimers (m52), trimers (m53), etc. It is eas-
ily shown that the water density of monomersw1

1 is related to
the overall water densityw1,

w15(
m

w1
m5(

m
mFm5

F1

~12KF1!2 5
w1

1

~12Kw1
1!2 ,

~5!

wherew1
m5mFm is the volume fraction due to water mo

ecules that belong to clusters with sizem. Equation~3! can
still be used to obtain the monomer water density:w1

1

5w1
1,bG1, wherew1

1,b is the monomer water density in th
bulk. If the total water volume fraction in the bulkw1

b is
known, one can use Eq.~5! to find the corresponding mono
mer volume fraction of water in the bulk,

w1
1,b5

1

K
1

12A4Kw1
b11

2K2w1
b . ~6!

Inspection of Eq.~5! shows that if the cluster constantK
is large, the presence of free monomers of water is stron
suppressed. Effectively, only the free monomers can parti
into the bilayer and the model therefore has the desired ef
that the water molecules will avoid the membrane interio

From segment densities to segment potentials
and bond-orientation weighting factors

Recall that the procedure outlined above to find the v
ume fraction distributions assumed that the segment po
tials and the bond-orientation weighting factors were know
The key element of a self-consistent-field theory is that th
quantities in turn follow from the segment distributions.
this section we will subsequently assume that all density
tributions and the distribution of bonds in the system a
known. When this is the case, the potentials as well as
bond weighting factors follow straightforwardly. Again w
follow Meijer et al. @28# and only pay some more attention
the point where we deviate from this work.

It follows from differentiation of the mean-field partition
function that the segment potentials are composed of f
terms,

uA~z!5u8~z!1uA
FH~z!1uA

elec~z!1uA
pol~z!, ~7!

where it is understood thatui(z,s)5(AuA(z)d i ,s
A . In Eq. ~7!

u8(z) is a Lagrange field coupled to the constraint that
each lattice layer, each lattice site is, on average, filled
actly once:(AwA(z)51. This means that on a site there c
be a segment of the lipid molecule, one of the ions, a wa
unit or a unitV which represents a free volume site.

The second term in Eq.~7! accounts for the short-rang
nearest-neighbor contact energies which are computed
making a Bragg-Williams approximation. This means th
0-4
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the probability to find a contact between segmentsA andB is
given by the product of the volume fractions. From this
follows that

uA
FH~z!

kBT
5(

B
xAB„@wB~z21!1wB~z!1wB~z11!#/32wB

b
…

5(
B

xAB„^wB~z!&2wB
b
…. ~8!

Here the contact interactions are parametrized by
well-known Flory-Huggins interaction parametersxAB
5(2/kBT)(2UAB2UAA2UBB), where Uxx8 is the interac-
tion energy between unitsx andx8. From this definition it is
seen that the reference for the interactions is that betw
like segments. Perhaps it would intuitively be more easy
take as the reference all the interactions with theV com-
pound. The translation to this scheme is not difficult. As
does not affect the results in any way, we prefer to keep
x parameters as presented in Eq.~8!. Equation~8! defines the
angular brackets notation as a three-layer average den
The reason for this average is that it is possible for a segm
not only to make contacts with segments in the same la
but also with segments in the neighboring layers. Further,
homogeneous bulk density~dilute in lipids and rich in water!
is used as a reference for the segment potential.

The third term in Eq.~7! is the familiar electrostatic term

uA
elec5nAec~z!, ~9!

wherenA is the valence of the segment of typeA, e is the
elementary charge, andc is the electrostatic potential. Th
electrostatic potential follows from the Poisson equation
which it is necessary to know the charge distribution

q~z!5(
A

nAwA~z!e ~10!

and the dielectric permittivity profile. For the latter, a volum
fraction weighted average of the segment contributions« rA
is used,

«~z!5«o(
A

« rAwA~z!. ~11!

This equation guarantees that the local relative dielec
constant in the aqueous phase will be near 80 and in
center of the bilayer near 2. Of course, a discretized vers
of the Poisson equation must be used,

]«~z!]c~z!

]z2 52q~z!. ~12!

At both boundaries the electric fieldE(z)52]c(z)/]z is
zero, which then guarantees that the system will remain o
all electroneutral. Of course, the electrostatic potential is z
in the reference bulk.
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The last term in Eq.~7! is new. We are not going to deriv
this new term here. Instead a qualitative argument why
new term should be included will be given. Physically t
segment potential must express the work per segment
needs to be performed for taking a segment from the b
where there is no electric field, to the interfacial zone wh
there is a given electric field. When a segment is transpo
it will be polarized by the electric field. The magnitude b
which this takes place is proportional to the electric field a
the dielectric permittivity of the segment. The gain in ener
due to this polarization is also proportional to the elect
field and therefore there is a polarization contribution prop
tional to 2« rAE2. The polarization of the molecule has als
an entropic consequence. It can be shown that the free
ergy effect for the polarization, which should be included
the segment potential, is just half this value,2 1

2 « rAE2. On
the lattice the electrostatic potential and not the field stren
is known in each layer and one can use Eq.~12! to derive the
appropriate lattice equation for the polarization term,

uA
pol~z!5« rAF «~z!

«~z21!1«~z!
@c~z21!2c~z!#2

1
«~z!

«~z11!1«~z!
@c~z11!2c~z!#2G . ~13!

It can be shown that when the dielectric constant pro
does not depend on the molecular distribution, term 4 in
~7! can be incorporated in the Lagrange field. This expla
why in the standard Poisson-Boltzmann theory the polar
tion term is never included. In our model it is possible
prove that this term is needed because in absence of
term, the test for internal thermodynamic consistency, i
the Gibbs equation test, fails.

The final problem that needs to be discussed is the bo
orientation weighting factors. Here we follow again the a
proach of Meijeret al. @28# exactly. Recall that the tota
number of bonds of moleculei is given byNi21, and the
volume fraction of moleculei in the bulk byw i

b. The prob-
ability to find a segment in the bulk which has a bond co
nected to it,wbs, is then given by

wbs5(
i

Ni21

Ni
w i

b . ~14!

Let the coordination number of the lattice be given byZ
~for a tetrahedral latticeZ54). This means that the numbe
of possible bonds isZ. One half of these bonds are within th
layer, the other half is between the layers. Now the ani
tropic bond-weighting factors for bonds that are present
tween layersz andz8, G(zuz8)5G(z8uz), depend primarily
on the fraction of segments in layerz which have a bond
towards layerz8. This quantity follows directly from proper
summation of the densities in the stage in which bond inf
mation is~still! available, i.e., fromw(z,sab), where botha
andb refer to the directions of the bonds on segments. Let
us denote byw(zuz8) the fraction of the volume taken up b
bonds between layersz and z8. Now the anisotropic bond-
weighting factors are given by
0-5
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G~zuz11!5G~z,h!5

12
2

Z
wbs

12w~zuz11!
,

G~zuz!5G~z, f !5G~z,g!5

12
1

Z
wbs

12w~zuz!/2
, ~15!

G~zuz21!5G~z,e!5

12
2

Z
wbs

12w~zuz21!
.

In these equations the numenator is a normalization qu
tity which ensures that in the isotropic bulkG(zuz8)51,
whereas the denominator is the ‘‘active’’ part of the equati
Inspection shows that the anisotropic weighting factor
verges whenw(zuz8)→1 ~for z8Þz). This limit cannot ex-
actly be reached because there are always chain ends o
nomeric compounds at each layerz, but it indicates that,
when the system is locally aligned, there will be a loc
bond-weighting factor that is very large. This, in its turn, w
ensure that the ‘‘test’’ chain will follow with higher prob
abilities the local direction of the other molecules in the s
tem. ~This is what happens when the membrane system i
the gel phase.! The division by 2 in the denominator for th
bond-weighting factor for bonds that remain in the lay
originates from the assumption that the bond directions
main isotropic within the layer. Therefore, only half th
bonds effectively lay parallel to the bond that is put in t
layer. This mean-field assumption has the consequence t
is not possible to find crystallization along the membra
surface in the present model.

The SCF solution and the thermodynamics of free flying
membranes

In the previous sections it was shown that the SCF f
malism gives a strategy how to compute the segment den
and bond density profiles from the segment potentials~in-
cluding the polarization contribution and the electrostatic
tential!. On the other hand the segment potentials as we
the electrostatic potential and the polarization contribut
can be computed from the segment density and bond d
tion profiles. A fixed point of these two parts of the calcu
tions is characterized by the fact that the potentials that
used to compute the densities are recovered when they
evaluated from the densities. Besides this self-consist
field requirement it is necessary to force that all lattice sit
also in the reference bulk system, are filled. Only for a p
ticular choice for the Lagrange field profile, this constraint
fulfilled. Then a solution of the equations is accepted. Ty
cally, the precision found for the segment densities is se
significant digits, for which~depending on the initial guess!
only on the order of 100 sec CPU time is needed on a p
sonal computer.

For any SCF solution it is then possible to compute
thermodynamic characteristics of the system. Of interes
the present study is the evaluation of the surface tensio
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the bilayer. For this it is necessary to compute the late
pressure profilep(z). It is well known that, in general, the
lateral pressure has nonlocal contributions and that it is a
trary how to assign the nonlocal contributions of the late
pressure to a particular coordinate. This is the case in
present model as well. However, the surface tension, wh
is found after appropriate summation over the lateral pr
sure,

gl 252(
z

p~z!, ~16!

does not depend on the choices made for the assignm
When the nonlocal terms in the lateral pressure are eve
distributed over the coordinates involved, the following e
pression for the lateral pressure is obtained:

2
p~z!

kBT
52 lnG~zuz!1

ln G~zuz21!1 ln G~zuz11!

2

1Fw1~z!2w1
b2

w1
1~z!

12Kw1
1~z!

1
w1

1,b

12Kw1
1,bG

1(
A

wA~z!uA~z!1 1
2 (

A
(
B

xAB$wA~z!~^wB~z!&

2wB
b !2wA

b~wB~z!2wB
b !%1

1

2kBT
q~z!c~z!. ~17!

With respect to the equation given by Meijeret al. @28#,
only the term in the square brackets is new. This line is
appropriate contribution coming from the distribution of th
water molecules. The indicated terms originate from
quantity (m@w1

m(z)2w1
m,b#(121/m) which is the usual

chain entropy contribution to the lateral pressure, i.e.,
having the orientational-dependent weighting factors. T
factor 2 in the first term on the right-hand side of Eq.~17!
originates from the fact that there are bonds in both thef and
g directions. The division by 2 in the second term origina
from the fact that the lateral pressure contribution is equa
divided between neighboring layers. The other terms in
~17! are standard, where it is understood that the poten
field uA(z) now includes the polarization term mentione
above. Note that in the last two terms there are expl
choices made as to the assignment of contributions to
lateral pressure. Again, these choices are of no consequ
for the surface tension, but are of course affecting the lo
value of the lateral pressure significantly@25#.

Again, for every SCF solution it is possible to evalua
the surface tension of the bilayer. From a thermodynam
analysis for free standing bilayers it follows that the surfa
tension should be zero. In principle, however, one need
search for such an equilibrium point, because this equi
rium point only occurs for a particular well-defined area p
lipid molecule in the bilayer. To obtain such equilibrium
point it is necessary to compute the surface tension a
function of the amount of lipids in the system and sele
from this the tension-free case. Below we will report on t
0-6
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SELF-CONSISTENT-FIELD MODELING OF HYDRATED . . . PHYSICAL REVIEW E67, 011910 ~2003!
structure of the bilayers for which the surface tension is n
ligible, i.e., ug,2u/kBT,1025.

RESULTS

The water model

Let us first discuss the water-vapor phase behavior. T
phase behavior is essential, because the self-assembly o
lipids is invariably linked to the water-vapor propertie
From the known phase diagram it is then possible to se
acceptable parameters for the water phase. These param
will be used in the remainder of this paper.

Let us thus consider the system of water,W, in a free-
volume component which is referred to by the letter V. T
free-volume compound is modeled as a featureless unit
a volume equal to one lattice site. In this system there
two parameters. The first one is the cluster constantK. Physi-
cally one can argue thatK is related toDG of a H bond,
which is severalkBT units. The second parameter is th
Flory-Huggins interaction parameterxVW . When this value
is sufficiently large, it will be the case that there is a solub
ity gap. This means that, at appropriate compositions, th
will be both a V phase and aW phase. It is possible to
numerically evaluate the corresponding binodal condition

In Fig. 1 the phase diagram in terms of the interact
parameterxVW and the binodal densities for various valu
of the cluster constant are presented. WhenK50, the water
phase is modeled as a simple monomer and the Fl
Huggins theory applies. The critical point is exactly atxVW
52 and the critical density iswW50.5; the phase diagram i
completely symmetric. With increasing value of the clus
constant the water clusters in the system increase in s
particularly in the water phase. The phase diagram beco
progressively more asymmetric implying that much less w
ter is found in the V phase, than free volume in the wa
phase. The critical point shifts to lower values of the int
action parameterxVW and approachesxVW50.5 for very
largeK values. The critical density also drops to lower va
ues. This is natural, as the water effectively behaves a
polydisperse ‘‘polymer’’ system. Relatively small values f

FIG. 1. Water-vapor phase diagram for various values of
cluster constantK as indicated. In these phase diagramsxVW plays
the role of the inverse temperature. The densities are presented
log scale. The irregularities of the binodal lines at high values of
xVW parameter are due to lattice artifacts.
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the K value already have a dramatic effect.
Because high values of theK value give problems with

numerical convergence~cf. the irregularities in Fig. 1 for
high K and high xVW values!, it was decided to select a
reasonable value:K550. It is known that at room tempera
ture the water-vapor system is far from the critical point a
therefore a sufficiently high value for the interaction betwe
V andW was chosen:xVW52.5. For this set of parameters
was found that, at coexistence, the volume fraction ofV in
the water phase equalswV

(W)'0.042 475. The amount of wa
ter in the V phase is about a factor of 10 less:wW

(V)

'0.005 06. Of course it would have been better to tak
higherK value such that the experimental values for the f
volume in the water phase and amount of water in the va
phase could have been approached. At this stage, how
we need to settle with the qualitative effect, which is reas
able because true water is of course much more complic
than assumed in our model.

Parameters for the SOPC and the SDPC systems

Having fixed theK value for water, the appropriate valu
for xVW , and the corresponding value of the density of V
the water phase, the stage is set to introduce the corresp
ing parameters for the lipid molecules. For densely pac
layers it is essential that the excluded volume~i.e., the intrin-
sic volume! is realistically represented. In Fig. 2 a graphical
representation is made of 18:0/18:1 PC molecule. Each
drawn in this presentation is a segment which occupies
actly one lattice site. The carbons~open spheres! in the head
group between the choline and the phosphate are numb
a, b. The carbons of the glycerol backbone are numbere
ii, and iii, where thesn-1 chain is grafted on the carbon i an
the sn-2 chain on carbon ii. Halfway along thesn-2 acyl
chain there is acis double bond indicated by the blac
spheres.~Thesn-2 chain in SDPC differs with respect to th
unsaturated bonds as discussed in the legend of Fig. 2.! The

e

n a
e

FIG. 2. The graphical representation 1-stearoyl-2-oleo
sn-glycero-3-phosphatidylcholine used. The open spheres are e
CH2 or CH3 groups, the closed spheres represent the CvC unsat-
uration ~double bond ofcis configuration on position 9! along the
acyl chain. The open squares represent oxygen, the stars repr
the phosphate group and finally the diamond represents the nitr
atom. The numbering of the carbons along thesn-1 andsn-2 tail,
the carbons in the glycerol backbone and the carbons between
nitrogen and phosphate group are indicated. The two spheres a
end of the chains represent the single unit CH3. The positive charge
is located at the nitrogen and the negative charge is distributed
the five units of the phosphate group. In the molecule of 1-stear
2-docosahexaenoyl-sn-glycero-3-phosphatidylcholine, thesn-2
chain contains 22 carbons and the double bonds ofsn-2 chain are
located on 4, 7, 10, 13, 16, and 19 positions.
0-7
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LEERMAKERS, RABINOVICH, AND BALABAEV PHYSICAL REVIEW E 67, 011910 ~2003!
end of the acyl chain is a branched unit which is interpre
as the CH3 group. This is the way how the important fact th
the CH3 group significantly differs from a CH2 group@30# is
implemented. In the present model this is only applied to
ends of the acyl chain, not to CH3 groups in the choline hea
group. In principle, the CH3 groups may interact differently
with its surroundings than CH2 groups. For this disparity a
few choices will be discussed shortly.

An important quantity is the interaction parameter b
tween the hydrocarbon units and waterxC-H2O. The value for
this parameter is estimated by the usual method that
CMC, as predicted by the SCF model, follows experimen
facts for a series of surfactants with increasing tail leng
This occurs to a good approximation~not shown! for
xC-H2O50.8. It is noted that this value is much lower than
previous calculations where water was assumed to be a s
tureless unit. The second important parameter is the inte
tion of the carbon with theV units. From lipid monolayers on
the air-water interface it is known that the hydrocarbon un
prefer theV phase over the water phase. This does not
rectly suggest that the solvent quality is good; this wo
imply that the lipids would easily evaporate. Thus, it is na
ral to also select a reasonably strong repulsion betwee
and V. It is important to mention that the purpose of th
paper is to discuss bilayers in the liquid-crystalline state
this context it is of key importance to select an appropri
value forxC-V . Very high values for this quantity will intro-
duce little free volume in the bilayer and the bilayer will b
in the gel state. Too low values on the other hand will effe
tively suppress the gel state completely. A value ofxC-V52
is chosen which introduces just enough free volume in
bilayer to suppress the gel state. It is not excluded that, w
it is necessary to revisit the gel-to-liquid phase transit
phenomenon, it will prove to be necessary to tune thexC-V to
a more accurate value. One of us has argued in another w
that the CH3 group prefers theV phase over the CH2 groups
@31#. Indeed, this is consistent with MD force fields@32# and
this is implemented in the present work by settingxCH3-V

51 and a small repulsion between the CH3 and CH2 groups.
The interaction between CH3 and O is also made somewh
more repulsive than for CH2 and O. The complete set o
parameters is collected in Table I.

It is essential to mention that the choline group is po
tively charged. Following Meijeret al. @28#, a full positive
charge is placed on the nitrogen. On the other hand,
phosphorus group is composed of five equivalent units wh
are all named P. The charge is distributed evenly over th
units. Finally, there are oxygen atoms in the carbonyl gro
In Fig. 2 these groups are indicated with an open squ
These units are given hydrophilic properties and beca
they lack a charge, it was chosen to give them somew
intermediate properties.

Although the PC head group is zwitterionic, it is not ne
essary to add salt. However, some salt was added in the
case. The bulk concentration of Na1 and Cl2 was fixed to
wNa

b 5wCl
b 50.01. Of course this is a high value, but it wa

shown for calculations on DMPC that the membrane is
extremely sensitive to the ionic strength@22#. A high ionic
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strength reduces the electrostatic screening length and
plifies the calculations. The charged components repel
hydrocarbon phase as well as theV components and there
fore receive a highx parameter. All remainingx parameters
are less important and for this reason they were put to z
This means that enthalpic interactions between water
ions, water and charged units in the head group, and betw
the N and P head-group units are ignored. Of course thi
an idealization of the system and nonzero values for th
parameters should be considered when the effects of par
lar ions on the membrane properties are of interest.

Important for the electrostatics is the dielectric permitt
ity. For water a relative dielectric constant of 80 was us
the hydrocarbon units have a value of 2, theV component
has a value of 1, and for all other units a value of 10 is us
~see also Table I!. Finally, it is necessary to specify the valu
for the difference in energy betweengaucheand trans con-
figurations along the chain. Throughout the chain a value
DU(t)50.8kBT is used except for the double bonds f
which thegauchestate has the lowest energy:DU(CvC)
5210kBT. The classical notion ofgaucheand trans con-
formers is lost for bonds that are connected to a branch po
There is no point in assigning differences in energy for lo
bond orientations and therefore a value ofDU50kBT is
used for all these bonds, irrespective of how these are
ented. Of course the local excluded-volume effects
obeyed, which means that the bonds on the branch poin
not overlap.

In all cases the membranes are a distanced580, apart.
For high ionic strengths such as in the present system, th
large enough to have isolated noninteracting bilayers. For
electrostatic calculations@cf. Eqs.~12! and~13!#, it is neces-
sary to choose a value for,. This molecular length was se
to ,50.3 nm, which is about the value for the size of
water molecule and it is an appropriate value for the wa

TABLE I. Parameters used in the SCF calculations. In the fi
row the relative dielectric constant for the compound is given.
the second row the valence of the unit is given. Remaining par
eters: ~b! The characteristic size of a lattice site 0.3 nm. TheK
constant for water association:K550. The energy difference for a
local gaucheconformation with respect to a localtrans energy:
DUtg50.8kBT. The volume fraction in the bulk~pressure control!
of free volume was fixed towV

b50.042 575.

2 H2O V C CH3 N P O Na Cl

« r 80 1 2 2 10 10 10 10 10
n 0 0 0 0 1 20.2 0 1 21
x H2O V C CH3 N P O Na Cl
H2O 0 2.5 0.8 0.8 0 0.5 0 0 0
V 2.5 0 2 1 2.5 2.5 2.5 2.5 2.5
C 0.8 2 0 0.5 2.6 2.6 2 2.6 2.6
CH3 0.8 1 0.5 0 2.6 2.6 2 2.6 2.6
N 0 2.5 2.6 2.6 0 0 0 0 0
P 0.5 2.5 2.6 2.6 0 0 0 0 0
O 0 2.5 2 2 0 0 0 0 0
Na 0 2.5 2.6 2.6 0 0 0 0 0
Cl 0 2.5 2.6 2.6 0 0 0 0 0
0-8
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FIG. 3. ~a! The overall density profiles across the SOPC bilayer for the water, free volume, and the main lipid fragments: the hea
the tails, the glycerol backbone, and the CH3 units as indicated. The center of the bilayer has the coordinatez50. ~b! The electrostatic
potential profile across the bilayer~left ordinate!, and the overall charge profile~right ordinate!. ~c! The density profile for the monovalen
ions Na and Cl~left ordinate!. ~d! The volume fraction profiles of the nitrogen of the choline group and the central P of the phosphate
~right ordinate!. ~e! The dielectric permittivity profile across the bilayer.
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phase. For the membrane units, and therefore for the m
brane phase this value should more likely be chosen slig
lower. Below, the value of, is kept in the results and it is
suggested that this value is still adjustable in the range
,,,0.3 nm, which gives the opportunity to scale the S
results to a particular MD~or experimental! result for a well-
documented case.

Parameters mentioned in this section will be used in
first part of the Results section. In the second part we w
show some effects of variations in this parameter set.

SCF results for SOPC and SDPC bilayers

The SCF predictions will be presented in this section a
the corresponding MD predictions are collected in the s
sequent one. Let us first analyze the overall features of
SOPC bilayer.

In Fig. 3 the volume fraction distributions of the majo
components in the system are given as well as the elec
static potential profile and the charge density profile~of free
charges! across the bilayer. Thez coordinates are in units o
the size of the lattice site,,, and the numbering is chose
such that the center of the bilayer coincides with the va
z50. From Fig. 3 several important results can be extrac
One of them is the thickness of the bilayer. The value for t
quantity depends strongly on the exact definition. When
thicknessH of the bilayer is defined as the distance betwe
the points where the head-group densities on either sid
the bilayer drop to~nearly! zero, a value of approximatel
H'30, is found. Alternatively, where the maximum of th
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head-group densities on each bilayer leaflet is used, a v
of approximatelyH'20, is found. The average~first mo-
ment! distance between the P groups is found to bedPP
519.93,. The area per lipid molecule in the bilayer on th
other hand, can unambiguously be computed and this v
is ao510.044,2.

From Fig. 3~a! it is noticed that the amount of water in th
hydrophobic region of the bilayers is very small and drops
a value of about 0.01. It is expected that this value is still
overestimation, but this result is much more reasonable t
the predictions from the model of Meijer et al.@28#. The
water phase penetrates not very far into the bilayer. In l
with common knowledge the border between the hydroph
and hydrophobic region is the glycerol backbone regi
These groups are, as expected, situated between the tail
the head groups. A significant overlap of the glycerol ba
bone profile with that of the tails and the heads is predict
The tail profile in Fig. 3~a! includes all the carbon atoms i
the two acyl chains. Inspection of this profile reveals a min
dip in density at the central region of the bilayer. The C3
end groups show a rather broad distribution. The maxim
of this distribution is at the center of the bilayer. Of cour
there are chains that cross the interface as will be discu
below. The free volume profile is nontrivial. There is a loc
maximum in the center of the bilayer and more pronounc
there is a maximum at the interface between the head gro
and the glycerol backbone. This maximum coincides w
the position of the hydrophobic-hydrophilic phase bounda

In Fig. 3~b! the electrostatic potential profile is shown
combination with the corresponding charge density profi
0-9
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FIG. 4. Segment density profiles for ind
vidual segments of thesn-1 ~left panel! andsn-2
~right panel! chains of SOPC bilayers. Only thos
distributions are shown for the chains which ha
the nitrogen of the head group on a positive c
ordinate. For ease of comparison the density p
file of the CH3 group is divided by 2. The cente
of the bilayer is indicated by the vertical line.
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This last profile is composed of the four contributions giv
in Figs. 3~c, d!. It is of no surprise that the number of charg
inside the bilayer is very small indeed. Both the ions as w
as the phosphate and choline group avoid the apolar p
where the dielectric constant is very low.

Let us first evaluate the position of the head groups wh
can be deduced from Fig. 3~d!. It is seen that the distribution
of the nitrogen and the central phosphate have their m
mum on almost the samez position. This means that, o
average, the head group is oriented almost parallel to
membrane surface. This result is in line with experiments:
approximate average tilt angle of the phosphorus-nitro
dipole in a fluid 18:1/18:1 PC bilayer~determined by joint
refinement of x-ray and neutron diffraction methods! was
22°64° with respect to the bilayer surface@33#. It is in
reasonable agreement with the value of 18° obtained f
2H nuclear magnetic resonance and Raman spectrosc
studies of 16:0/16:0 PC@34#. There are other experimenta
data that the polar head groups are approximately paralle
the surface@35–37#. According to the calculations of mode
PC bilayer@38# the polar head group hasa'15° angle of
inclination to the bilayer surface. The SCF result discusse
also in line with previous results from DMPC membran
@20#.

Furthermore, the choline group has a more wide distri
tion. This is natural because end groups in a chain have m
possibilities to sample the space and are the locus of r
tively high conformational entropy. It has been shown bef
that the width of the choline distribution decreases with
creasing ionic strength@20#. As a consequence, the electr
static potential is not only positive on the outside, but a
positive inside and has a negative region at the position
the phosphate group. The small ions in the system follow
electrostatic potential by way of the appropriate Boltzma
factor. At the center the electrostatic potential drops to
most zero and consequently the concentration of Na an
becomes almost identical.

In the same context it is of interest to present the diel
tric permittivity profile across the bilayer membrane as we
In Fig. 3~e! this profile is given. Of course this profile close
follows the water distribution. In the water phase the diel
tric constant is close to 75. The deviation from 80 is due
the free volume in the water phase which is close to 4.25
As anticipated, the relative dielectric constant in the cente
the bilayer is low. Numerical evaluation gives a value ne
2.8.

For a more detailed analysis of conformations of the a
chains one should realize that the overall distributions are
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result of contributions of both monolayers of the bilayer. It
not too difficult to evaluate the distribution function for thos
molecules that have their head group on the positive sid
the coordinate system. Let us thus denote the density pr
of the molecules of the right leaflet asF(z,s)5w(z,suz8
.0,s8) where the position ofs8 determines to which side o
the leaflet the molecule belongs to. The nitrogen group
been selected fors8. In Fig. 4 such profiles of all segment
of both tails are shown. The center of the bilayer is exactly
z50. Of course the two tails have not identical conform
tions in the bilayer. It is known that this is already the ca
for fully saturated lipids, because the head group is asy
metrically coupled to the glycerol backbone. In such bilay
the sn-2 tail penetrates just a bit less deep into the bila
than thesn-1 chain. From Fig. 4 it is easily seen that this
also true for SOPC bilayers. In line with previously obtain
results the distribution is most narrow for the segments n
the glycerol backbone and becomes wider at the chain e
Each distribution may be characterized by a maximum va
Fmax which occurs at a particular coordinatezmax. For the
sn-1 chain it is interesting to note thatFmax(zmax) is a
smooth curve, which near the outside of the bilayer a
proaches a straight line and drops to a lowFmax value near
zmax50.

In the SOPC lipid thesn-2 tail is unsaturated. As men
tioned above thecis double bond is introduced in the cha
by forcing a gauche conformation at the
C8uC9vC10uC11 position. This means that, e.g., if th
C9vC10 bond lies parallel to thez direction, either the
C8uC9 or the C10uC11 bond is forced to lie perpendicu
lar to the membrane director. However, the chain still h
many options to position thegaucheconformer and therefore
the outcome is not trivial. Inspection of Fig. 4 shows th
C10 and C11 have very similar distributions. This sugge
that the C8uC9 and the C9uC10 bonds are preferentiall
aligned in thez direction. Apparently, the segments with th
high ranking number~towards the tail end! are conforma-
tionally perturbed with respect to the saturated case. In o
words the free end must ‘‘correct’’ for the alignment proble
introduced by the double bond. The signature of the dou
bond may also be seen in theFmax(zmax) curve. Especially
nears510 a drop inFmax is found. As a result a signifi-
cantly less smooth curve is found.

It is of interest to notice that the maximum of the dist
bution for the chain end of thesn-1 chain is just at negative
z coordinates. This means that the chains cross the ce
significantly. However, the distribution is asymmetric and
0-10
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SELF-CONSISTENT-FIELD MODELING OF HYDRATED . . . PHYSICAL REVIEW E67, 011910 ~2003!
FIG. 5. Parameter study for SOPC bilayers.~a! The area per molecule in units of,2, ~b! the average position of the CH3 end group of
the sn-1 andsn-2 chain as indicated,~c! the value of the order parameter of thes510 segment of the saturated tail minus that of t
corresponding segment of the unsaturated chain,~d! the difference in average position of theN of the choline group and the phosphate gro
as a function ofxP-H2O . The solid lines are for the case that the CH3 group has twice the volume of a CH2 group. The dashed lines are fo
equal volumes of the CH3 and CH2 groups.xCH3-CH2

50, xCH3-O52 andxCH3-V52 and other parameters as in Table I. The symbols in
figure refer to the~reference! results for the membrane analyzed in the Figs. 3 and 4.
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turns out that the average position remains positive as wil
discussed below. This is a significant result. It shows that
can classify these bilayers as being noninterdigitated. Th
an important property of the present model. In previous w
always strongly interdigitated bilayers were found@21#.

The effects of changes in the parameter set
of the SCF approach

It is important to know how sensitive the SCF results a
for changes in the parameter set. To monitor this sensitiv
four properties of the membrane are selected. The first on
the area per molecule which is inversely related to the m
brane thickness. The second one is the average positio
the CH3 end group of the acyl chains. This quantity giv
insight in the amount of interdigitation of the acyl chain. T
third one is the orientation of the head group characteri
by the difference between average position of the N and
P. The final property that is analyzed has to do with
segmental order parameters. In short, when the segmen
der parameter is high, the chain is locally aligned perp
dicular to the membrane surface. If it is low~near zero!, the
chain fragment is most likely randomly oriented. For a mo
accurate definition and for more details of the order para
eters we refer to Ref.@2#. The double bond in the acyl chai
has an effect on the local ordering. To quantify this w
choose the order parameter at the position of the double b
and compare this with the order parameter of the correspo
ing segment on the saturated chain. The fourth aspect
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will be discussed below is therefore the relative drop of
segmental order parameter of the unsaturated chain.

Without mentioning otherwise it is assumed in this sect
that CH3 and CH2 have identicalx-parameters and thus tha
xCH3-CH2

50, xCH3-O52 and xCH3-V52. This operation
eliminates one row and one column in the parameter ma
as given in Table I. The solid lines in Fig. 5 are for the ca
that the CH3 group has double the volume of a CH2 group.
The dashed line corresponds to the case that both gro
have equal volume and the model reduces~regarding the
chain ends! to the one used in previous studies.

In Fig. 5 the mentioned membrane characteristics
plotted as a function of thexP-H2O. This parameter is used
because of its effects on the ‘‘effective’’ hydrophilicity of th
head group. Many of the trends presented in this graph
easily explained. The area per head group in the bilayer
decreasing function with increasing hydrophobicity taken
the phosphorus group as shown in Fig. 5~a!. This is the case
because the head group will not solvate as much as in
hydrophilic case. The predicted effect is rather large. T
drop in area shown in Fig. 5~a! is from 14 to 10 units,2.
When the membranes become thinner with increasing hy
philicity of the head group, the tails can more easily cross
membrane center. Indeed Fig. 5~b! shows that the averag
position of the end of thesn-1 chain can become negative
This means that the chain is crossing the center with the
segment and correspondingly several other segments wi
the same~not shown!. It is seen that the average penetrati
0-11
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LEERMAKERS, RABINOVICH, AND BALABAEV PHYSICAL REVIEW E 67, 011910 ~2003!
FIG. 6. ~a! Selection of distribution functions
of the SDPC bilayer system. The following dis
tributions are shown as indicated: the overall pr
file, the distribution of water and free volume a
well as the contributions of thesn-1 and sn-2
chains~of each monolayer!, ~b! the electrostatic
potential profile ~left ordinate! and the overall
charge distribution~right ordinate!.
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of thesn-1 chain into the opposite bilayer saturates for ne
tive xPW . However, one should realize that the membra
thickness decreases with increasing hydrophilicity of the
units and therefore the relative penetration depth still
creases. The membrane should thus be classified as~partly!
interdigitated. Thesn-2 chain, however, remains on avera
on the positive side of the bilayer. This illustrates again
dramatic effect of unsaturation. Unsaturation strongly s
presses membrane interdigitation.

In Fig. 5~c! the difference in the order parameter at t
position s510 of the saturated acyl and the unsatura
chain DSCH5SCH(ssn1

510)2SCH(ssn2
510) is given again

as a function of the hydrophilicity of the P group. It is se
that the relative dip in the order parameter decreases
increasing hydrophilicity of the head group. The reason
this is that the overall value of the order parameter profile
reduced when the membrane thickness is reduced. The a
lute value of the order parameter at the dip is not mu
affected by this. This explains the trend shown in Fig. 5~c!.

Finally, in Fig. 5~d! the difference in average position o
the choline group and that of the phosphate group is plot
^z&N-P[^z&N2^z&P again as a function of the value of thex
parameter used for the phosphate-water interaction. In
present model this value tends to be negative, which me
that it is the phosphate group that is positioned more on
outside rather than the choline group. It was shown bef
that it is possible to change the head-group orientation by
addition of a charged additive@22#. The orientation of the
head-group may also depend on the choices made in the
the charge is distributed in the choline group. In the S
model the positive charge is placed on the N atom, wher
in the MD results discussed below the charge is more eve
distributed over the choline group.

The dashed lines in Fig. 5 correspond to the class
approach of equal volumes for the CH2 and CH3 groups. The
most dramatic effect of this choice is that the saturated ch
end is at negative coordinates for all values of the P-wa
interaction. This means that thesn-1 chain is crossing the
center of the bilayer for all these cases. From this it is cl
that, in order to obtain noninterdigitated bilayers, it is ess
tial to choose the proper intrinsic volume of the acyl e
group. Indeed, when thesn-1 chain is interdigitating the
opposite side of the bilayer@cf. Fig. 5~b!# the order along the
chain is higher@cf. Fig. 5~c!#, the area per molecule tends
be lower@cf. Fig. 5~a!#, i.e., the membrane is a bit thicke
and the orientation of the head group is even more flat@cf.
Fig. 5~d!#.
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It is of interest to compare these results for the membr
characteristics found forxP-H2O50.5 with the results pre-

sented in Figs. 3 and 4. This comparison illustrates the ef
of ignoring the disparities between interactions of CH2 and
CH3 groups with their surroundings. In Fig. 5 the values f
the bilayer when all parameters are given by Table I
given by the symbols. Indeed inspection of the result of F
5 shows that the membrane characteristics for the bila
with xP-H2O50.5 are not very strong functions of the param

etersxCH3-CH2
, xCH3-O and xCH3-V . Nevertheless, the sma

differences remain worth discussing. In Fig. 5~b! it is seen
that dismissing the enthalpic effects allows the chain end
be positioned at lower coordinates, i.e., the chains are p
etrating deeper into the other side of the bilayer. At the sa
time the area per molecule tends to be a bit higher@cf. Fig.
5~a!# when the chain ends can penetrate deeper in the bila
This can be explained by results of Fig. 5~c! where it is
shown that the order in the chains tends to be higher w
there is no enthalpic difference between contacts of CH2 and
CH3 groups with other segments. The orientation of the he
group is not much affected of course by dismissing the
thalpic differences between the CH2 and CH3 groups@cf Fig.
5~d!#.

Before moving on to discuss the molecular dynam
simulation results, a selection of the properties of the SD
18:0/22:6 PC, bilayer system is presented~again using the
standard parameter set!. The SDPC lipids are composed o
two acyl chains of which thesn-1 chain is again the fully
saturated C18 chain. Thesn-2 chain is 22 carbons long an
has 6 unsaturated bonds: C3—C45C5—C6, C6—C7v
C8—C9, C9—C10vC11—C12, C12—C13vC14—C15,
C15—C16vC17—C18, C18—C19vC20—C21. The
equilibrated membrane, i.e., the membrane which is free
tension, differs in several aspects from the SOPC membr
The area per molecule for the SDPC molecules is predic
to be ao512.66,2. This is significantly larger than that o
the DOPC membranes. The phosphorus-phosphorus dist
~membrane thickness! is determined to bedPP519.025,. In
Fig. 6 some overall characteristics are presented. The ov
membrane density profile, the water density profile, and
free volume distribution are very similar as in the DOP
layers as shown in Fig. 6~a!. The dip in the center of the
bilayer is more pronounced than in the SOPC case. The
tribution of thesn-2 chain differs significantly from that o
the sn-1 chain. Interestingly, thesn-2 chain, which is four
carbon segments longer than thesn-1 chain does not pen
etrate as far into the opposite monolayer as thesn-1 chain.
0-12
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SELF-CONSISTENT-FIELD MODELING OF HYDRATED . . . PHYSICAL REVIEW E67, 011910 ~2003!
FIG. 7. Mass density distributions for selected groups of atoms in hydrated bilayers of 18:0/18:1 PC and 18:0/22:6 PC along th
normal: PC head groups~1!, four oxygen atoms of phosphate PO4 groups~2!, water~3!, phosphorus atoms~4!, nitrogen atoms~5!, atoms of
glycerol and groups OuCvO ~6!, all the system—the head atoms, glycerol, atoms of lipid hydrocarbon chains, and water~7!. The MD
simulation systems were 48 times 2 lipids per cell, 24 H2O molecules per lipid, all together there were 20 352~SOPC! and 20 544~SDPC!
atoms. Mean cross-sectional areas per lipid molecule were 0.6134 and 0.6624 nm2. The MD trajectories of 1018 ps were computed atT
5303 K. Zero point (z50) is the center of the bilayer: it was calculated during the MD simulations as the middle point between the
of P-N vectors of the two monolayers~the center of P-N vector is the middle of P-N distance!.
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However, the difference is not large and therefore it is p
sible for thesn-1 chain to behave rather similar in the DOP
layer and in the SOPC membranes~cf. Fig. 4!.

In Fig. 6~b! the electrostatic potential profile as well as t
overall charge profile through the cross section of the SD
bilayer are presented. The corresponding curves for
SOPC layers is given in Fig. 3~b!. Again the overall charac
teristics are rather similar. This is not too surprising beca
the electrostatic effects are generated by the zwitter-io
head-group conformations. These are not so much affe
by the tails. Close inspection, however, reveals that the
solute values of the charge and the potential profiles di
somewhat, the absolute values are the largest in the S
case. From the increase in area per lipid molecule an op
site trend could have been expected. Apparently, more f
dom for the head-group orientation allows for effective
fewer head groups to lay parallel to the membrane surfa
This implies that packing effects do not determine the le
of out-of-plane orientation of the head groups.

MOLECULAR DYNAMICS SIMULATIONS

The detailed description of the MD approach, the ma
ematical model used, the PC bilayer simulation box and
force field characteristics were presented in our previous
per @2#. The principle of the MD method is as follows. In th
MD process, the equations of motion of all the atoms of
molecular system are solved. MD algorithm consists of
creation of an initial configuration and then the simulati
procedure: a new configuration is generated by solving
equation of motions, with time stepDt, and so on. Afterk
steps one can obtain time-dependent properties of the sy
~time dependences and time-averaged quantities!, see, e.g.,
Refs. @39,40#. Our simulation boxes for the bilayers con
sisted of 48 lipid molecules per layer and 24 H2O molecules
per lipid ~in all, 96 PC molecules and 2304 water molecu
in each bilayer!. Each lipid molecule contains the saturat
18:0 chain and unsaturated 18:1~in the first bilayer! or 22:6
~in the second one! chain. The structure of lipid molecules—
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the two hydrocarbon tails, the glycerol section, the he
group of PC—were treated in accordance with their r
chemical structure, all hydrogen atoms were included exp
itly in the calculations. A total number of atoms in the sim
lation box was 20 352 for 18:0/18:1 PC bilayer and 20 5
for 18:0/22:6 PC bilayer. The initial structures of the bilaye
were crystallike ordered structures@2#.

The potential energyU of a bilayer was calculated as su
of the bond-stretching energy, the angle-bending energy,
torsion energy, the out-of-plane energy~for the double bonds
and the carbonyl groups!, the van der Waals energy and th
electrostatic energy. Equations of motion were integrated
using the ‘‘velocity Verlet’’ algorithm@39,40# with the simu-
lation time step of 1 fs (10215 sec). Periodic boundary con
ditions in the three directions were used. The two unsatura
bilayer systems were coupled to an external temperature
of 303 K and pressure bath (Px ,Py ,Pz51 atm). MD simu-
lations were performed using collisional dynamics@2#. The
trajectories of 1018 ps were calculated. The average a
per molecule during the simulations were 0.6134 nm2 for
18:0/18:1 PC bilayer and 0.6624 nm2 18:0/22:6 PC bilayer.

MD results for SOPC and SDPC bilayers

Mass density profiles along the bilayer normal for t
head groups, oxygens of phosphate groups, water molec
phosphorus and nitrogens atoms, glycerol and all the sys
for a hydrated unsaturated 18:0/18:1 PC and polyunsatur
18:0/22:6 PC bilayers are shown in Fig. 7. To calculate th
profiles, the total mass of the atoms per slice of 0.01
along the normal was calculated. The profiles were time
eraged over a period of 1018 ps of the MD simulation. It
seen that the water molecules penetrate into the bilayer
to the region of CvO groups of the acyls. The mass dens
profiles of both bilayer systems have two peaks~the loca-
tions of the phosphate groups! and a minimum~or plateau!
near the center of the bilayers. The minimum of polyunsa
rated bilayer is deeper than that for monounsaturated o
This last finding is in line with the SCF results discuss
0-13
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LEERMAKERS, RABINOVICH, AND BALABAEV PHYSICAL REVIEW E 67, 011910 ~2003!
FIG. 8. Mass density profiles along the normal for each carbon atoms of~left! the first monolayer and~right! the second monolaye
saturated and monounsaturated chains of the 18:0/18:1 PC bilayer; the MD computer simulations,t51018 ps,T5303 K. The carbon atom
of CvO group is carbon number 1. Some segment ranking numbers are indicated. Profiles are drawn alternating as dashed and as
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above. The position of the bilayer center (z50) was calcu-
lated during the simulations as the middle point between
centers of PuN vectors of the two monolayers~where the
center of P—N vector is the middle of P—N distance!. The
average distance between P—N vectors along the normal i
4.39 nm for 18:0/18:1 PC and 4.28 nm for 18:0/22:6 P
bilayer. The average phosphorus-phosphorus distancesdPP
are 4.27 and 4.18 nm, respectively. Again there are sev
similarities between the MD and SCF results. For example
is seen that the distribution of the N is wider than that of
P, the distribution of the head group and glycerol unit ov
laps weakly and there are no head groups found in the
of the bilayer.

The result is qualitatively in line with experimental da
and the data of different computer simulations of satura
and unsaturated lipid bilayers. Thus, according to x-ray
fraction studies,dPP is equal to 4.05 nm (60.1 nm) for 18:0/
18:0 PC bilayer atT5333 K @41# and dPP54.04 nm for
18:1/18:1 PC bilayer@33#. It was obtained in MD simula-
tions for 16:0/18:2 PC bilayer at T5321 K
(area per molecule50.7056 nm2) that dPP54.16 nm @42#
and for 18:1/18:1 PC bilayer at T5296 K
(area per molecule50.593 nm2) that dPP54.25 nm@43#.

Figures 8 and 9 show the carbon atom distributions
SOPC and SDPC bilayers calculated by the MD investi
tions. In these graphs both monolayers of the bilayer syst
are shown. From the difference between the two monolay
one can evaluate the success of the averaging procedu
principle both monolayers should be identical. It should
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mentioned that some of the distributions are polymodal:
mass density picture is rather complex. On the whole,
profiles of the carbons near the chain ends are wider t
those situated near the glycerol part. An interesting situa
was observed for the 18:0/18:1 PC bilayer: thez positions of
the end carbon’s centers~carbons number 18! of sn-1 chains
of the first and the second monolayers overlap,z50.10 nm
for the first ~left! monolayer sn-1 carbon and z
520.07 nm for the second~right! monolayersn-1 carbon.
Thez-positions of the end carbon’s centers ofsn-2 chains of
the first and the second monolayers are20.09 nm and 0.15
nm, so they are separated. All the end carbon’sz positions of
the opposite monolayers of 18:0/22:6 PC bilayer are se
rated as well.

The influence of the double bonds may again be discus
by considering the peak value and the peak position of
segment distributions. Of course the noise in the MD sim
lations does not make this operation easy. Nevertheless
curvermax(zmax) is to a good approximation a straight lin
for thesn-1 chain, both for the SOPC and the DOPC case
the SCF result a curved line was found. This indicates t
the tails in the SCF model randomize near the chain e
more than in the MD simulations. In line with the SCF res
for the SOPC case presented above, there is a very
nounced break in thermax(zmax) curve nears510 in the
sn-2 tail of the SOPC bilayer. In the DOPC bilayer, thesn-2
chain has sixcis double bonds positioned on regular pos
tions along the chain. As a result thermax(zmax) curve for
thesn-2 chain of DOPC is again almost a straight line, alb
0-14
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SELF-CONSISTENT-FIELD MODELING OF HYDRATED . . . PHYSICAL REVIEW E67, 011910 ~2003!
FIG. 9. Mass density profiles along the normal for each carbon atoms of~left! the first monolayer and~right! the second monolaye
saturated and polyunsaturated chains of the 18:0/22:6 PC bilayer; the MD computer simulations,t51018 ps,T5303 K. The carbon atom
of CvO group is carbon number 1. Some segment ranking numbers are indicated. Profiles are drawn alternating as dashed and as
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that the slope is high, i.e.rmax drops very quickly withzmax

~with increasings).
The mass density distributions of the glycerol backbo

carbons~not shown! are monomodal and the narrowest
compared with the distributions of Figs. 8 and 9. This is
good agreement with the SCF results where the distribu
of the glycerol backbone units were found to be the narro
est in the whole molecule.

The mean angles of the PuN vectors with respect to the
bilayer surfaces were calculated. These were 15.5°~18:0/
18:1 PC! and 12.8°~18:0/22:6 PC! in the MD simulations.
These findings are in line with the data of experiment a
different computer simulations as mentioned~and refer-
enced! above. In the SCF results also a small angle of
head group with respect to the bilayer surface was repor
albeit that a small negative value was found.

DISCUSSION AND OUTLOOK

All-atom MD simulations give extremely detailed an
rich information on the lipid bilayer systems, much mo
detailed as could be discussed in the MD results for SO
and SDPC bilayers section~see also Ref.@2#!. This comes at
a prize: the MD procedure is very demanding on the co
puter power. The SCF technique on the other hand is c
putationally very inexpensive. It was shown that this qu
technique already presents a detailed picture of the bila
system. Comparison of MD with the SCF results shows t
the SCF results are also reasonably reliable. One clear
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vantage is that the results are noise-free, which facilitates
discussion of the predictions. The accuracy of the SCF
proach should in principle be considered as a surprise, e
cially considering the very serious approximations made
the SCF technique. The most severe approximation is
the system of many chains is reduced to a single chain in
external field. However, detailed Monte Carlo analysis
single chains of the type similar to the acyl chains in t
lipids @45,44# ~for a review, see also Ref.@2#! revealed that
the intramolecular properties of the single chains can, in fi
approximation, be compared to the conformational proper
of the chains packed in the bilayer. This shows that the
properties in the bilayer are in first order following the i
tramolecular characteristics and that in second order th
characteristics are modified by the surrounding lipids. T
result may be related to the success of SCF modeling.
single-chain characteristics survive in the bilayer and th
the SCF technique can do a good job describing the bila
system.

More sensitive measure of the success of the SCF me
is the prediction of the area per molecule of the equilibra
bilayer. Indeed, the SCF results follow the MD prediction
well as the experimental facts semiquantitatively. To app
ciate this result, it is necessary to recall that in order to p
dict the area per molecule one should compute the memb
tension as a function of the area per molecule. Apparen
the SCF technique is doing a good job in predicting t
thermodynamic property. In the SCF results there is still
0-15
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LEERMAKERS, RABINOVICH, AND BALABAEV PHYSICAL REVIEW E 67, 011910 ~2003!
length, which may be used to translate the lattice results
real coordinates. If a value of,50.23 nm is used, reasonab
quantitative agreement is found both with respect to the a
per molecule and the thickness of both bilayers.

Lipid unsaturation is an important fact in biological mem
branes@2#. Above it was argued that unsaturation helps
bilayer to remain in the fluid state. The unsaturation alo
the chain effectively reduces the~effective! length of the
chain. It is for this reason that, especially when the cha
have multiple double bonds, the tails have more C ato
than the saturated chains in the lipids. Further, it was arg
that lipid unsaturation may be used in bilayer systems
counteract the interdigitation of lipids into the oppos
monolayer. The more lipid chains cross the midplane of
bilayer the stronger is the coupling between the two leafl
Of course some coupling will be necessary. The use of
saturated lipids in the bilayer may help to regulate this pr
erty.

The advantage of doing SCF calculations is that, once
parameters needed in the SCF modeling are known, o
characteristics are within reach. It is recently shown that i
possible to find the Helfrich parameters from the analysis
curved bilayers~vesicles! @25#. There are two important pa
rameters, one parameter expresses the resistance a
bending and the other one is associated with the formatio
saddle shaped geometries. The first one is of importance
understanding the undulation force between bilayers,
other one determines the topology of the membrane sys
In other words, if these parameters are known, one can
tain some insight into the phase behavior of the lipids. T
route to obtain these parameters for lipid systems is in p
ciple open.

It is further possible to model lipid mixtures in the SC
approach. These systems are of course important in the
logical context. It will then be more clear what the true ro
of lipid unsaturation is. It is speculated on in the literatu
that the unsaturated lipids have a function as boundary lip
around proteins~for details, see Ref.@2#!. These and othe
aspects will be the subject of future research.
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SUMMARY

The bilayer properties of 1-stearoyl-2-oleoyl-sn-glycero-
3-phosphatidylcholine~18:0/18:1 PC, SOPC! and 1-stearoyl-
2-docosahexaenoyl-sn-glycero-3-phosphatidylcholine~18:0/
22:6, SDPC! were investigated by a molecular realistic se
consistent-field~SCF! theory. The molecular details wer
represented as accurate as presently possible and the r
were compared to an all-atom molecular dynamics simu
tion. The MD simulations, which are more detailed and b
ter validated, are used to judge the performance of the S
theory. The general findings are that the SCF approa
which is 104 to 105 times faster than the MD technique
captures the main results for this system at least semiqu
tatively and almost quantitatively.

Acyl unsaturation has a strong effect on the chain ord
ing and the level of chain interdigitation. It is well know
that volume of a CH3 group is to a good approximation twic
that of a CH2 group. This volume disparity is significant as
strongly opposes interdigitation. Differences in~enthalpic!
interactions between CH3 and CH2 groups with other mol-
ecules are secondary in this respect. The water molec
will not enter the bilayer beyond the glycerol backbone un
Free volume is almost evenly distributed through the bilay
Only small increases of free volume levels are found in
glycerol backbone region and in the membrane center.
parameters needed in the SCF approach are now reaso
validated by the MD results. The availability of reliable p
rameters for a SCF model gives an excellent perspective
future SCF investigations of other membrane properties s
as the mechanical parameters of the bilayers. These las
rameters are important to understand the phase behavio
lipids. A more detailed analysis of the hydrophobic region
the bilayers is discussed in the previous paper of this is
@2#.
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