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Self-consistent-field modeling of hydrated unsaturated lipid bilayers in the liquid-crystal phase
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A molecular-level self-consistent-fiellSCH theory is applied to model the lipid bilayer structures com-
posed of 1-stearoyl-2-oleoglr-glycero-3-phosphatidylcholing(18:0/18:1w9cis PC and 1-stearoyl-2-
docosahexaenogn-glycero-3-phosphatidylcholin€l8:0/22:Gv3cis PC). As compared to earlier attempts to
model(saturate PC membranes several additional features are impleme(tédwater model is used which
correctly leads to low water concentration in the bilay¢iis.Free volume is allowed for, which is important
to obtain bilayers in the fluid statéiii) A polarization term is included in the segment potentials; this new
feature corrects for a minor thermodynamic inconsistency preseiiljrearlier results for charged bilayers.

(iv) The CH; groups in the lipid molecules are assumed to have twice the volume of,ay@idp; this leads

to stable noninterdigitated bilayexs) A cis double bond is simulated by forcirgaucheconformations along
thesn-2 acyl chain. Results of an all-atom molecular dynanid®) 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.
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INTRODUCTION processes are difficult to study by MD. For these reasons
there is a need for more coarse grained modeling of the bi-
Lipid bilayer membranes are amongst the most essentidhyer membrane. Without exceptions these methods are ap-
entities of the biological cell. They have fascinating physicalproximate and typically make use of mean-field approxima-
and biophysical properties. In this paper the interest is in théions.
structural properties of the bilayer, more specifically, the The classical approach to consider the bilayer problem
conformational characteristics of the constituent moleculesrom a mean-field modeling point of view is to model
It is important to note that all biological cell membranes densely packed chains end grafted onto an impenetrable sur-
contain unsaturated phospholipidg; in most cases, at least face[7-15|. In this case it is not necessary to introduce other
half of the fatty acyl chains of biomembrane lipids are un-components than acyl chains. The absence of water is taken
saturated. The biological significance of unsaturation inas a boundary condition and only the conformational entropy
biomembranes is largely recogniz€idr a review, see Ref. of the tails is considered. Most of these statistical mechanical
[2]; see also Discussion and outlook sectiddevertheless, approaches were not extended to solve the full “head-and-
it remains unresolved exactly how unsaturation participatesails” problem. The full problem is significantly more com-
in membrane function and/or organization. plex because not only the head-group properties must be
Computer aided modeling of lipid bilayer membranesconsidered, also the water phase and the interactions of the
have been used to gain detailed insigtfts reviews, see lipid molecules with the water molecules have to be ac-
Refs. [3—6]). Several computer simulations of unsaturatedcounted for. The risks for this approach are large. The head-
and polyunsaturated monolayers and bilayers using molecgroup area is no longer a boundary condition, but must be
lar dynamics(MD), Monte Carlo and other methods are the result of the calculations. As a consequence, the main
known[2]. The MD route has been used to obtain both equijparameter is lost to fit the mean-field predictions to experi-
librium structural characteristics as well as short time dy-mental and simulation data. A point of historical interest is,
namics. Limitations of MD approach are well knoWs+6]: that as early as in 1983 the self-consistent-fi8E€H tech-
comparatively small number of the particles in the systemsique was usefll6] to show that stable bilayers can be found
studied and/or short simulation time scalbscause of time without the need to graft the lipid tails to a mathematical
consumption of MD, the parameter choice problem, etc. As plane. Around that time the first MD simulations on lipids
a result, phase transitions and various other slow moleculawvere still with restricted head group47,18. In line with
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experimental findings, it was shown that the-1 andsn-2 course this idea is tested against more accurate implementa-
tails in, e.g., dimiristoylphosphatidycholifBMPC) bilayers  tion of thecis double bond in MD simulations. .
are not equivalent, the tail closest to the head group is posi- The remainder of this paper is as follows. Below, details
tioned less deep in the bilaygt9]. Another example is the @about the SCF model with its extra features are presented. It
finding that the orientation of the head group in DMPC bi- Must be understood tha_t a fu_II d|§CUSS|on of all _deta|ls of the
layers is predominantly parallel to the bilayk20]. It was SCF model cannot be given in this paper; for this we refer to

also shown that it is possible to find the gel-to-liquid phasemOre Qetailed reportE28). In.the Results sect.ion_ a detaileq
transition in these bilayer&@1]. Another relevant prediction analysis of the SCF results is presented for liquid-crystalline

was that phosphatidylcholing®C) bilayers are only colloid 1-stearoyl-2-oleoylsn-glycero-3-phosphatidylcholing18:0/

chemically stable at intermediate ionic strength. Both at veryls;ngcIS PC, SOPC and 1-stearoyl-2-docosahexaenoyl-

o sn-glycero-3-phosphatidylcholine (18:0/22:Gv3cis PC,
low znd gt very h'g? |rc])n|c stlrengljth ltheyl gr((:eFattraglﬁslzle]. . DPQ bilayers, see Fig. 2. Below we will use the short-hand
The advantage of the molecular-leve MOAEINING 1S Of, 5iation 18:0/18:1 and 18:0/22:6 for these two lipids, respec-

course that the method can also be used to study properti%e'y. The key results will be compared to complementary
typically out of reach for MD. For example, the structural \\p ‘yata. This enables us to evaluate the status of the SCF
properties of lipid vesicles were consideré23]. It was  modeling. In the final section the insights on the role of lipid
proven recently[26,25,24 that from such an analysis it is ynsaturation in membranes will be discussed.

possible to obtain unambiguously the Helfrich parameters

needed for a mesoscopic analysis of the phase behavior of

such systems. It is also straightforward to study bilayers SELF-CONSISTENT-FIELD ANALYSIS

composed of mixtures of different types of amphiphiles or Recently Meijeret al. [28] have given a description of the

Iipiq bilayers with additives, etc.. Diregt comparison to eX- st detailed SCF modeling up to date. This approach will
periments and to related MD simulation proved, howeverye followed except for basically two points elaborated on
that it is appropriate to extend the SCF approach once morgejow, In order to do this it is necessary to briefly review the
In the SCF model used below the following extensions argyasic framework of the SCE model.

introduced. The SCF technique can conveniently be split up into two

A different model is used to treat the aqueous phase whicBoupled problems(i) How to find the ensemble averaged
is similar in spirit to some of the models by Suresh and Naikconformation distribution, i.e., the segment density profiles,
[27] for associating systems. The water molecules are alfrom the segment potentials afid) how to find the segment
lowed to cluster in groups of water molecules. The strengttpotentials from the segment distributions. For subprokliegm
by which they can do this is an important parameter in theve follow the procedure of Meijeet al. [28] with a single
model. The result of this is that much less water can penexception for the water molecules. For subprobl@ma new
etrate into the hydrophobic region of the bilayer. To preventerm is introduced that accounts for the polarizability of the
subsequent crystallization of the bilayer it is necessary t&egments when these are introduced into an electric field.
introduce free volume in the calculations. The allowance ofBoth problems can be presented once the system and its mol-
free volume also increases the number of parameters in thecules are discussed.
model. Not only the number of parameters has increased,
also the value of the remaining parameters must be adjusted
according to the altered properties of the water phase.

To counteract the interdigitation of the acyl tails, it was In principle the (differentia) equations that need to be
necessary to consider the ggroups at the end of the lipid solved in an SCF theory are continuous. Unfortunately, the
tails. In this paper, these groups are modeled having twicequations are complex and need to be solved numerically
the volume of a CH group. In a lattice approach this is with the aid of a computer. Then it is necessary to discretize
realized by aY-type structure at the tail en@hain branch- the continuous distributions. The result of this operation is
ing). Again the differentiation between GHind CH groups  usually known by the term “lattice approximations.” In the
enables one to express the nonideal mixing of the two comlattice approach the fundamental diffusion equation, which
ponents, which may be relevant for the properties of thegenerates the statistical weight of the full set of conforma-
membrane interior. tions, transforms into a propagator formalism. The propaga-

As with this refined theory it is possible to model the tor formalism represents a Markov approximation. The con-
bilayer membrane more accurately, it is appropriate to atsequence of a Markov approximation is that only local
tempt a comparison with MD simulations. Of course suchalong-the-chain excluded-volume correlations are included.
comparison can be done on the model lipid DMPC, but it isFor example, in a rotational isomeric stafRdS) scheme, it is
more challenging to do such comparison for a biologicallypossible to guarantee rigorously that the chain is locally non-
more interesting case of an unsaturated phosphatidylcholineverlapping over a distance of four segments. For chain frag-
system. Before this can be attempted, it is necessary to haweents further apart it is not excluded that they occupy the
a strategy how to model double bonds in the lipid tail in asame site. Only through the external potentials a correction
lattice-based SCF approach. Here Caffgiis followed. The  for this problem is introducedsee below. In the Markov
idea is that the cis double bond is approximately equal t@approximation it is possible to account for the realistic struc-
having a forced locayjaucheconformation in the chain. Of ture of the chain, having semiflexible parts, side chains, etc.

The discretization scheme and the model for the chains
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For these details we refer to the literaty@8]. Below we =1, ... N, t is the index that points to the bonds,
will only discuss the formalism in its basic form and omitthe —1  N—1 (the number of bonds is one less than the
propagator formalism. number of segmentst’ and t” are also bonds in the

It is thus necessary to define a discrete set of coordinatapglecule and the multiple product with>t"#t’ runs
onto which segments can be placed. These coordinates as@er all possible combinations of three consecutive bonds
regularly spaced and organized in layers numbered arbi’'—t—t” . The constanC is chosen so as to normalize the
trarily z=1,2,3,4... M, where the layers 1 anill are the  distribution, i.e., it fixes the total number of molecules per
boundary layers in the system. The lattice layers are a disanit area in the system.
tance( apart. Reflecting boundary conditions are imposed, In Eq. (1), G%(z,s) is the Boltzmann weight that contains
which implies that layez=0 is made identical in all aspects the segment potential for segmestin conformation c:
to layerz=1 and similarly layetM +1 is made identical to  G(z,s)=exd —u(z9)/ksT], wherekgT is the thermal energy.
layer M. As a consequence a multilamellar system is mim-Below it is specified how the segment potentials are found
icked, where the membrane-membrane separatiord is and what contributions should be considered.
=2M¢. However, if M is sufficiently large, the effect of The second term in Eql) expresses the weight as a
nearby membranes is negligible and the results apply for aresult of placing the bond with ranking numltein the sys-
isolated bilayer. Each lattice layer consistsLo§ites, where tem. It is composed of a factor which corrects for the degen-
L is taken large enough such that finite size effects are exeracy of a conformationZ=2 if the bond directiona of
cluded. Each site has an area in thg plane ofa=¢'2. In  bondt is f or g and Z=1 otherwise, and3%(z,a,) is an
a cubic lattice, which is isotropic, the two length scales areanisotropic weighting factor. This last contribution is linked
equal,£=¢". In other lattice types, the difference between to the orientatiorw of the bondt of the molecule. It assumes
and¢’ corrects for the anisotropy in the lattice. In each layera high value if the bond is oriented in the same direction as
a mean-field approximation is applied, which effectively the other bonds in the system near this coordinate and it
means that the lattice sites are indistinguishable. Density graherefore promotes cooperative orientational transitions. In-
dients are of course allowed in telirection. The molecules formation on bond orientations is equivalent to knowledge
are represented in a united-atom description, where then pairs of sites. Therefore this factor corresponds to a qua-
united atoms are called segments. Segments have a volursigchemical approximation for the chain conformations. In-
equal to one lattice site, i.ev,o=€(¢')%. The segments in deed by using this ansatz one automatically can reproduce
the molecule are linked to each other by bonds. End seghe gel-to-liquid phase transition in the bilayers without the
ments have one, middle segments have two and branaieed to invoke extra parameters. Below an expression for
points can have three or four bonds. If the segment is a fre&(z,«;) is given.
monomer it has of course no bonds. The molecule is thus The third term in Eq(1) expresses the statistical weight
completely defined when the segment types as well as thghat originates from the RIS scheme. The term runs over all
bonds between segments are specified. The lattice type uspdssible combinations of three neighboring bonds! land
in the calculations is the tetrahedral one. In this lattice it ist” are not neighbors of we havex=1 otherwise, when
possible to develop a three-choice propagator schemey,, = a;, the local configuration is a trans and the statistical
wherein the G-C—C—C conformations can “realistically”  weight is \,,=1[1+ 2 exg —AU(t)/kgT]] and when this is
be represented. In the lattice essentially four bond directionsot the case agaucheis present with weighth,=(1
a=e¢,f,g,h are distinguished. The directiofgndg are two  —)\)/2. The statistical weight thus is a function of the cen-
different directions within a layee is a direction from layer tral bondt. More preciselyAU(t) depends on the segment
ztoz—1, andhis a direction fornzto z+ 1. The tetrahedral types of the two segments on both sides of the bipnd., on
lattice is anisotropic. This means that a random coil will nota sequence of four segments. For a saturated hydrocarbon
automatically be isotropic in this lattice. It is possible, how- chain thetrans configuration is more favorable then the
ever, to show that whef’ = \2¢, the chain extends equally gaucheconformations. TheAU(t)= Ug(t) — U (t) is typi-
far into thex, y, andz directions. Theny ,=2€3. cally positive(orderkgT), except when there is@s double

bond. For acis double bond, the locatans conformation is

From segment potentials to segment and bond densities made very unfavorable andU(C=C)<0. Whent is a
bond which takes part of a branch, a valhe =0 is imple-
mented. In the lipid molecules there is one asymmetric car-
bon atom. In the evaluation of the statistical weight of the
lipid chain there is no account for chirality and thus it is
assumed that a racemic mixture is present.

It follows from the approach of Meijeet al.[28] that, in
principle, the number of chains in a particular conformation
¢, where each conformation is defined by theosition of
each segment in the chain, is found by

N N-1 The overall density distributiong(z,s) for the segments
n°=C[] G%zs) Il z°G%z a) of lipid molecules are found by generating all conformations
s=1 =1 ¢ with the requirement that no four consecutive segments
N-2 overlap. Of course the propagator scheme is used for the
xTT TI Aaw taw), (1) ~ summation of all conformations, but the result of that will
t=2 (=2t not differ from the evaluation of Ed1) for each conforma-

tion separately. It is subsequently trivial to find the segment
where s is the running parameter over all the segmesits density distribution for a given segment type
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are assumed to exist, wheke=®™"1/(d™PL), for all m
ea(2)=2 2 ¢i(2,9)8%, (20 >0. Equation(4) generates an equilibrium between mono-
b mers (M=1), dimers (n=2), trimers (h=3), etc. It is eas-
ily shown that the water density of monom@’%is related to

where 5§i is the chain architecture operator which assumesya gverall water density,

the value unity when segmestof moleculei is of type A
and zero otherwise. In E@2) the summation over the mol-

ecule typesi is included to have a general equation. The O} go}

segment-type distribution functions are used below, i.e., in  ¢1 - ¢1 = (1-KOH2 ™ (1-Keh)?'

the equations for the segment potentials. ! (5)
From segment potentials to segment densities for water where ¢]'=m®™ is the volume fraction due to water mol-

In principle, Eq.(1) can be applied to monomeric com- ecules that belong to clusters with sige Equation(3) can

pounds. Indeed in the system discussed below there are smﬁ"”lge used to ?Etf’“” the monomer water d?“sl'%’}-
ions such as Naand CI which are composed of just one =1 G1, Where;™ is the monomer water density in the
segment. For such monomer of tyKethe densities are pro- bulk. If the total water volume fraction in the buuatl’ is
portional to the Boltzmann weight, known, one can use E) to find the corresponding mono-

mer volume fraction of water in the bulk,
ox(2)= pre™ xDeT= 410G, (2), &)

where in this case the normalization is given by the bulk TRt ToRkEr 6
volume fraction of componenX, ¢% which either is an input

guantity or, when the amount of the component is given, is Inspection of Eq(5) shows that if the cluster constakt

theFouE[cF‘lome ?f the Icalclulattlﬁns. q din ori is large, the presence of free monomers of water is strongly
_ -orthe water molecules the Same procedure could in prlr‘éuppressed. Effectively, only the free monomers can partition
ciple be followed. However, it was found that using feature-

. . into the bilayer and the model therefore has the desired effect
less monomer solvent molecules resulted in too high wat

, ; . ) Shat the water molecules will avoid the membrane interior.
concentrations in the bilayer. The physical reason for these

high water concentrations in the bilayer was also evident. If B .
water is modeled as a small unit that interacts isotropically, From segment densities to segment potentials
in a Bragg-Williams manner, with its surroundings, the mix- and bond-orientation weighting factors

ing entropy term will prevent very low local concentrations.  Recall that the procedure outlined above to find the vol-
One way to solve this problem is to account for orientation-yme fraction distributions assumed that the segment poten-
dependent interaction in water on a quasichemical approachials and the bond-orientation weighting factors were known.
such as pioneered by Besselifigd]. In such a method it The key element of a self-consistent-field theory is that these
becomes rather complicated, however, to deal with chaiguantities in turn follow from the segment distributions. In
molecules and therefore it is necessary to resort to morghis section we will subsequently assume that all density dis-
pragmatic models. tributions and the distribution of bonds in the system are
The important property of water molecules is that it canknown. When this is the case, the potentials as well as the
form H bonds with neighboring water molecules. Effectively hond weighting factors follow straightforwardly. Again we
such H bonded water molecules behave as larger clustergiow Meijer et al.[28] and only pay some more attention to
This stimulated us to formulate a simple model for water,ihe point where we deviate from this work.
which is readily incorporated in the formalism outlined |t follows from differentiation of the mean-field partition

above. The key idea is to allow for the water molecules tofnction that the segment potentials are composed of four
cluster and these clusters operate as separate kinetic unitgrms,

Let us assume that the clustering depends only on the local
water density and is not influenced by the gradient in density
in thez direction. Then the clustering will depend only on the
local z coordinate. As the clustering will be restricted to oc-
cur in a layer thez coordinate is omitted in the following Where it is understood thak(z,s) = S aUa(2) 8. In Eq.(7)
equations. Let the density of water that follows from E8).  U’(2) is a Lagrange field coupled to the constraint that in
be indicated bwi, where the superindex 1 is referring to the €ach lattice layer, each lattice site is, on average, filled ex-
size of the cluster, being unity in this case. Introducing a@ctly once:Z,¢a(z)=1. This means that on a site there can
cluster constank and the probability to have a cluster with be a segment of the lipid molecule, one of the ions, a water
sizem be given by(I)m, the f0||owing equi“bria: unit or a unitV which I’epl’esents a free volume site.
The second term in Eq7) accounts for the short-range
nearest-neighbor contact energies which are computed by
O+ Pl d™ ¥ m>0 (4) making a Bragg-Williams approximation. This means that

ua(z)=u'(2+uM(2+ui*2)+ 2, @
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the probability to find a contact between segmexendB is The last term in Eq(7) is new. We are not going to derive
given by the product of the volume fractions. From this itthis new term here. Instead a qualitative argument why the
follows that new term should be included will be given. Physically the

ch segment potential must express the work per segment that
ua(2) b needs to be performed for taking a segment from the bulk,
keT :é xne(lee(z=1)+ ¢a(2)+¢a(z+ 1)1/3=¢8)  \yhere there is no electric field, to the interfacial zone where
there is a given electric field. When a segment is transported
_E b it will be polarized by the electric field. The magnitude by
T4 xas((#8(2)) ~ ¢p). ® which this takes place is proportional to the electric field and
the dielectric permittivity of the segment. The gain in energy
Here the contact interactions are parametrized by théue to this polarization is also proportional to the electric
well-known Flory-Huggins interaction parametergag field and therefore there is a polarization contribution propor-
=(2/kgT)(2Upg— Uaa—Upgg), WhereU,,, is the interac- tional to —¢g,AE2. The polarization of the molecule has also
tion energy between unitsandx’. From this definition itis an entropic consequence. It can be shown that the free en-
seen that the reference for the interactions is that betweegfgy effect for the polarization, which should be included in
like segments. Perhaps it would intuitively be more easy tdhe segment potential, is just half this valuege ,E*. On
take as the reference all the interactions with theom-  the lattice the electrostatic potential and not the field strength
pound. The translation to this scheme is not difficult. As itis known in each layer and one can use 84) to derive the
does not affect the results in any way, we prefer to keep th@ppropriate lattice equation for the polarization term,
x parameters as presented in E). Equation(8) defines the
angular brackets notation as a three-layer average density. e(2)
The reason for this average is that it is possible for a segment e(z—1)+e(2)
not only to make contacts with segments in the same layer,

[p(z—=1)—¥(2)]?

| —
URO (2)=gn

but also with segments ir_1 the ngighb_oring Iaygrs._ Further, the £(2) [W(z+1)— (22|, (13

homogeneous bulk densiglilute in lipids and rich in water e(z+1)+e(z)

is used as a reference for the segment potential. ) . )
The third term in Eq(7) is the familiar electrostatic term, |t can be shown that when the dielectric constant profile

does not depend on the molecular distribution, term 4 in Eq.
clec. (7) can be incorporated in the Lagrange field. This explains
Up~ = va€ih(2), © why in the standard Poisson-Boltzmann theory the polariza-
tion term is never included. In our model it is possible to
prove that this term is needed because in absence of this
term, the test for internal thermodynamic consistency, i.e.,
'the Gibbs equation test, fails.

The final problem that needs to be discussed is the bond-
orientation weighting factors. Here we follow again the ap-
proach of Meijeret al. [28] exactly. Recall that the total

Q(Z):§ vaga(2)e (0 number of bonds of moleculeis given byN,—1, and the
volume fraction of molecule in the bulk bycpib. The prob-
and the dielectric permittivity profile. For the latter, a volume ability to find a segment in the bulk which has a bond con-
fraction weighted average of the segment contributions  nected to it,oP?, is then given by
is used,

where v, is the valence of the segment of type e is the
elementary charge, angl is the electrostatic potential. The
electrostatic potential follows from the Poisson equation fo
which it is necessary to know the charge distribution

N;—1
P=2 el (14
8(2)=802, &raPa(2). (12)
A Let the coordination number of the lattice be givendy
éfor a tetrahedral lattic& =4). This means that the number
f possible bonds i&. One half of these bonds are within the
ayer, the other half is between the layers. Now the aniso-
E‘ropic bond-weighting factors for bonds that are present be-
tween layersz andz’, G(z|z')=G(z'|z), depend primarily
on the fraction of segments in layerwhich have a bond
de(2)d(2) towards layerz’. This quantity follows directly from proper
97 =—a(2). (12) summation of the densities in the stage in which bond infor-
mation is(still) available, i.e., fromp(z,s*#), where bothx
At both boundaries the electric fiel(z) = — di(z)/dzis  and B refer to the directions of the bonds on segmeritet
zero, which then guarantees that the system will remain ovemrs denote byp(z|z') the fraction of the volume taken up by
all electroneutral. Of course, the electrostatic potential is zerbonds between layesand z’. Now the anisotropic bond-
in the reference bulk. weighting factors are given by

This equation guarantees that the local relative dielectri
constant in the aqueous phase will be near 80 and in th
center of the bilayer near 2. Of course, a discretized versio
of the Poisson equation must be used,
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2 the bilayer. For this it is necessary to compute the lateral
1=z pressure profiler(z). It is well known that, in general, the

G(z|z+1)=G(z,h)= lateral pressure has nonlocal contributions and that it is arbi-

1-¢(Zz+1)’ trary how to assign the nonlocal contributions of the lateral
pressure to a particular coordinate. This is the case in the
1— E(Pba present model as well. However, the surface tension, which
G(Z2)-G(2.f)-G _ 15 is found after appropriate summation over the lateral pres-
(Z Z)_ (Z: )_ (Z,g)— 1_(,D(Z|Z)/2, ( ) sure,
1_% bo 3’/2:_2 7T(Z), (16)
Z QD z
G(ZlZ— 1)=G(z,e)= m

does not depend on the choices made for the assignments.

In these equations the numenator is a normalization quan/hen the nonlocal terms in the lateral pressure are evenly
tity which ensures that in the isotropic bulk(z|z’)=1, dlstrlputed over the coordinates !nvolveq, the following ex-
whereas the denominator is the “active” part of the equationPression for the lateral pressure is obtained:

Inspection shows that the anisotropic weighting factor di-

verges whenp(z|z')—1 (for z’ #2z). This limit cannot ex- w(2) ING(z]z—1)+InG(z|]z+ 1)

actly be reached because there are always chain ends or mo-j 3 = 2InG(z|2)+ >

nomeric compounds at each layerbut it indicates that,

when the system is locally aligned, there will be a local b go}(z) go}'b

bond-weighting factor that is very large. This, in its turn, will tle(2)—e1— 1-Kol(2) . Kol

ensure that the “test” chain will follow with higher prob- ! !

abilities the local direction of the other molecules in the sys- N

tem. (This is what happens when the membrane system is in +; ea(Z)ua(2)+ EZA % xasl®a(2)((¢g(2))

the gel phasé.The division by 2 in the denominator for the

bond-weighting factor for bonds that remain in the layer b b b 1

originates from the assumption that the bond directions re- —¢p)— ¢eales(z) —@p)}+ WQ(Z) P(z). (17)

main isotropic within the layer. Therefore, only half the

bonds effectively lay parallel to the bond that is put in the , . . -

layer. This mean){fiel)é F;ssumption has the consequence that it With respeqt to the equation given by Me|1er_al._[28]_,

is not possible to find crystallization along the membraneOnIy the. term in the square brackets IS New. Thls_llne is the

surface in the present model. appropriate contrlbutlon_co_mlng from the dl_st_rlbutlon of the
water molecules. The indicated terms originate from the

quantity =.[¢T(z)—¢*](1—1/m) which is the usual

chain entropy contribution to the lateral pressure, i.e., not

having the orientational-dependent weighting factors. The

In the previous sections it was shown that the SCF forfactor 2 in the first term on the right-hand side of Efj7)
malism gives a strategy how to compute the segment densityriginates from the fact that there are bonds in bothf thed
and bond density profiles from the segment potentieds g directions. The division by 2 in the second term originates
cluding the polarization contribution and the electrostatic pofrom the fact that the lateral pressure contribution is equally
tentia). On the other hand the segment potentials as well adivided between neighboring layers. The other terms in Eqg.
the electrostatic potential and the polarization contribution(17) are standard, where it is understood that the potential
can be computed from the segment density and bond diredield ua(z) now includes the polarization term mentioned
tion profiles. A fixed point of these two parts of the calcula-above. Note that in the last two terms there are explicit
tions is characterized by the fact that the potentials that arehoices made as to the assignment of contributions to the
used to compute the densities are recovered when they alateral pressure. Again, these choices are of no consequence
evaluated from the densities. Besides this self-consistenfer the surface tension, but are of course affecting the local
field requirement it is necessary to force that all lattice sitesyalue of the lateral pressure significanfB5].
also in the reference bulk system, are filled. Only for a par- Again, for every SCF solution it is possible to evaluate
ticular choice for the Lagrange field profile, this constraint isthe surface tension of the bilayer. From a thermodynamic
fulfilled. Then a solution of the equations is accepted. Typi-analysis for free standing bilayers it follows that the surface
cally, the precision found for the segment densities is sevetension should be zero. In principle, however, one needs to
significant digits, for which[depending on the initial guess search for such an equilibrium point, because this equilib-
only on the order of 100 sec CPU time is needed on a perium point only occurs for a particular well-defined area per
sonal computer. lipid molecule in the bilayer. To obtain such equilibrium

For any SCF solution it is then possible to compute thepoint it is necessary to compute the surface tension as a
thermodynamic characteristics of the system. Of interest ifunction of the amount of lipids in the system and select
the present study is the evaluation of the surface tension dfom this the tension-free case. Below we will report on the

The SCF solution and the thermodynamics of free flying
membranes
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1
1.5 )
K 512 64 A NC, C, PO,C4CO, Cig c=C CHgq
11 FIG. 2. The graphical representation 1-stearoyl-2-oleoyl-

sn-glycero-3-phosphatidylcholine used. The open spheres are either
CH, or CH; groups, the closed spheres represent taeGCunsat-
uration (double bond oftis configuration on position )9along the

acyl chain. The open squares represent oxygen, the stars represent

FIG. 1. Water-vapor phase diagram for various values of thehe phosphate group and finally the diamond represents the nitrogen
cluster constank as indicated. In these phase diagrapyg, plays ~ atom. The numbering of the carbons along $mel andsn-2 tail,
the role of the inverse temperature. The densities are presented o carbons in the glycerol backbone and the carbons between the
log scale. The irregularities of the binodal lines at high values of thehitrogen and phosphate group are indicated. The two spheres at the
Yvw parameter are due to lattice artifacts. end of the chains represent the single unit;CFhe positive charge
is located at the nitrogen and the negative charge is distributed over
the five units of the phosphate group. In the molecule of 1-stearoyl-
2-docosahexaenogn-glycero-3-phosphatidylcholine, thesn-2
chain contains 22 carbons and the double bondsne? chain are
located on 4, 7, 10, 13, 16, and 19 positions.

10° 10

structure of the bilayers for which the surface tension is neg
ligible, i.e.,|y€2|/kgT<10 °.

RESULTS the K value already have a dramatic effect.
The water model Because high values of th¢ value give problems with
i ) ) ‘numerical convergencécf. the irregularities in Fig. 1 for
Let us first discuss the water-vapor phase behavior. Th'ﬁigh K and high yyw values, it was decided to select a
phase behavior is essential, because the self-assembly of the sonable valudd =50. It is known that at room tempera-
lipids is invariably linked to the water-vapor properties. yre the water-vapor system is far from the critical point and
From the known phase diagram it is then possible t0 seleGherefore a sufficiently high value for the interaction between
aqceptable parameters fpr the water phase. These parametgrgn,qw was chosenyyw=2.5. For this set of parameters it
will be used in the remainder of this paper. was found that, at coexistence, the volume fraction/dh

lLEt us thus contsidﬁ_r rt]h_e syfstemd(?[f Vt\)’at‘ﬁ?' i? 3 frs/e-_rh the water phase equats)”’~0.042 475. The amount of wa-
volume component which 1S reterred 1o by the Ietier v. e}1er in the V phase is about a factor of 10 Ies;sf;},’)

free-volume compound is modeled as a featureless unit W't~0.005 06. Of course it would have been better to take a

a volume equal o one lattice site. In this system there ARigherk value such that the experimental values for the free
two parameters. The first one is the cluster constamhysi- vo%ume in the water phase andpamount of water in the vanor
cally one can argue thd{ is related toAG of a H bond, P . b
A . : phase could have been approached. At this stage, however,
which is severalkgT units. The second parameter is the . o C
we need to settle with the qualitative effect, which is reason-

Elzglgf';?gn%:nsialptgr?tcm?b%a{ﬁggézz“{ha\{vtr;]ee':et?s'sa\/:cl:ljfbil_able because true water is of course much more complicated
ylarge, than assumed in our model.

ity gap. This means that, at appropriate compositions, there
will be both a V phase and & phase. It is possible to
numerically evaluate the corresponding binodal conditions.
In Fig. 1 the phase diagram in terms of the interaction Having fixed theK value for water, the appropriate value
parameteryyy and the binodal densities for various valuesfor y,, and the corresponding value of the density of V in
of the cluster constant are presented. WHenO, the water the water phase, the stage is set to introduce the correspond-
phase is modeled as a simple monomer and the Florying parameters for the lipid molecules. For densely packed
Huggins theory applies. The critical point is exactlyxaty  layers it is essential that the excluded volu¢ne., the intrin-
=2 and the critical density ig\,= 0.5; the phase diagram is sic volumg is realistically represented. In Fig@ a graphical
completely symmetric. With increasing value of the clusterrepresentation is made of 18:0/18:1 PC molecule. Each unit
constant the water clusters in the system increase in sizérawn in this presentation is a segment which occupies ex-
particularly in the water phase. The phase diagram becomextly one lattice site. The carbof@pen sphergsn the head
progressively more asymmetric implying that much less wagroup between the choline and the phosphate are numbered
ter is found in the V phase, than free volume in the watera, 8. The carbons of the glycerol backbone are numbered i,
phase. The critical point shifts to lower values of the inter-ii, and iii, where thesn-1 chain is grafted on the carbon i and
action parametely,y and approachegyw=0.5 for very  the sn-2 chain on carbon ii. Halfway along then-2 acyl
large K values. The critical density also drops to lower val- chain there is acis double bond indicated by the black
ues. This is natural, as the water effectively behaves as spheres(Thesn-2 chain in SDPC differs with respect to the
polydisperse “polymer” system. Relatively small values for unsaturated bonds as discussed in the legend of Bigh2.

Parameters for the SOPC and the SDPC systems
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end of the acyl chain is a branched unit which is interpreted TABLE I. Parameters used in the SCF calculations. In the first
as the CH group. This is the way how the important fact that row the relative dielectric constant for the compound is given. In
the CH, group significantly differs from a CHgroup[30] is the second row the vale_nc_e 01_‘ the unit is given_. Remaining param-
implemented. In the present model this is only applied to thgters:(b) The characterls.tlg size of a lattice site .0.3 nm. TKe
ends of the acyl chain, not to GHjroups in the choline head constant for water associatio:=50. The energy difference for a

s . . local gaucheconformation with respect to a locélans energy:
group. In principle, the Chigroups may interact differently AU'Y=0.8gT. The volume fraction in the bulkpressure control

with its surroundings than CHgroups. For this disparity a ¢ free volume was fixed tgb=0.042 575.
few choices will be discussed shortly.

An important quantity is the interaction parameter be-— H,O V C CHy N P O Na ClI
tween the hydrocarbon units and walRf,o - The value for

this parameter is estimated by the usual method that the'
CMC, as predicted by the SCF model, follows experimentaly
facts for a series of surfactants with increasing tail length
This occurs to a good approximatiomot shown for Ha
Xc-+,0=0.8. Itis noted that this value is much lower than in v

2 . C
previous calculations where water was assumed to be a strug-
tureless unit. The second important parameter is the interac- 3
tion of the carbon with th& units. From lipid monolayers on
the air-water interface it is known that the hydrocarbon unit 0
prefer theV phase over the water phase. This does not di® 0 25 2 2 0
rectly suggest that the solvent quality is good; this wouldNa 0 25 26 26 O
imply that the lipids would easily evaporate. Thus, it is natu-C! 0 25 26 26 O
ral to also select a reasonably strong repulsion between €

and V. It is important to mention that the purpose of thiSgyength reduces the electrostatic screening length and sim-
paper is to discuss bilayers in the liquid-crystalline state. 'rblifies the calculations. The charged components repel the
this context it is of key importance to select an appropriau—:hydrocarbOn phase as well as tiecomponents and there-

value forxc.y. Very high values for this quantity will intro- e receive a highy parameter. All remaining parameters

QUce little free volume in the bilayer and the bilayer_will be gre less important and for this reason they were put to zero.
in the gel state. Too low values on the other hand will effecrhis means that enthalpic interactions between water and
tively suppress the gel state completely. A valuexefv=2jons, water and charged units in the head group, and between
is chosen which introduces just enough free volume in thgne N and P head-group units are ignored. Of course this is
bilayer to suppress the gel state. It is not excluded that, wheg, ijealization of the system and nonzero values for these

it is necessary to revisit the gel-to-liquid phase transition,arameters should be considered when the effects of particu-
phenomenon, it will prove to be necessary to tunext& 10 |ar jons on the membrane properties are of interest.

a more accurate value. One of us has argued in another work |mportant for the electrostatics is the dielectric permittiv-
that the CH group prefers th&/ phase over the CHgroups iy For water a relative dielectric constant of 80 was used,
[3.1]..In(_jeed, this is consistent with MD force flelﬂ?ﬂ] and  he hydrocarbon units have a value of 2, ¥eomponent

this is implemented in the present work by settiggh,v  has a value of 1, and for all other units a value of 10 is used
=1 and a small repulsion between the £&hd CH, groups.  (see also Table)l Finally, it is necessary to specify the value
The interaction between GHand O is also made somewhat for the difference in energy betwegaucheandtrans con-
more repulsive than for CHand O. The complete set of figurations along the chain. Throughout the chain a value of

80 1 2 2 10 10 10 10 10
0 0 0 O 1 -02 0 1 -1

H OV C CH N P O Na Cl

0 25 08 08 0 05 0 O 0
25 0 2 1 25 25 25 25 25
08 2 0 05 26 26 2 26 26
08 1 05 0 26 26 2 26 26
0 25 26 26 0 0O 0 O 0

05 25 26 26 0 0 o0 0
0 0 o0 0
0O 0 o0 0
0O 0 O 0

parameters is collected in Table I. AU(t)=0.8gT is used except for the double bonds for
It is essential to mention that the choline group is posi-which the gauchestate has the lowest energylU(C=C)
tively charged. Following Meijeet al. [28], a full positive = —10kgT. The classical notion ofjaucheand trans con-

charge is placed on the nitrogen. On the other hand, thgormers is lost for bonds that are connected to a branch point.
phosphorus group is composed of five equivalent units whiclThere is no point in assigning differences in energy for local
are all named P. The charge is distributed evenly over thesgond orientations and therefore a value &8 =0kgT is
units. Finally, there are oxygen atoms in the carbonyl groupused for all these bonds, irrespective of how these are ori-
In Fig. 2 these groups are indicated with an open squaresnted. Of course the local excluded-volume effects are
These units are given hydrophilic properties and becausebeyed, which means that the bonds on the branch point do
they lack a charge, it was chosen to give them somewhaiot overlap.
intermediate properties. In all cases the membranes are a distathee80¢ apart.
Although the PC head group is zwitterionic, it is not nec- For high ionic strengths such as in the present system, this is
essary to add salt. However, some salt was added in the SG&rge enough to have isolated noninteracting bilayers. For the
case. The bulk concentration of Naand CI" was fixed to  electrostatic calculatiorsf. Egs.(12) and(13)], it is neces-
PRa=¢2=0.01. Of course this is a high value, but it was sary to choose a value fdr. This molecular length was set
shown for calculations on DMPC that the membrane is noto ¢=0.3 nm, which is about the value for the size of a
extremely sensitive to the ionic strendt?2]. A high ionic  water molecule and it is an appropriate value for the water
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FIG. 3. (a) The overall density profiles across the SOPC hilayer for the water, free volume, and the main lipid fragments: the head group,
the tails, the glycerol backbone, and the Lihits as indicated. The center of the bilayer has the coordimate. (b) The electrostatic
potential profile across the bilayéeft ordinatg, and the overall charge profileight ordinate. (c) The density profile for the monovalent
ions Na and Clleft ordinatg. (d) The volume fraction profiles of the nitrogen of the choline group and the central P of the phosphate group
(right ordinate. (e) The dielectric permittivity profile across the bilayer.

phase. For the membrane units, and therefore for the meniead-group densities on each bilayer leaflet is used, a value
brane phase this value should more likely be chosen slightlpf approximatelyH~20¢ is found. The averagéirst mo-
lower. Below, the value of is kept in the results and it is men) distance between the P groups is found tode
suggested that this value is still adjustable in the range 0.2219.9%. The area per lipid molecule in the bilayer on the
<¢<0.3 nm, which gives the opportunity to scale the SCFother hand, can unambiguously be computed and this value

results to a particular MDor experimentalresult for a well- 1S 8,=10.044% _
documented case. From Fig. 3a) it is noticed that the amount of water in the

Parameters mentioned in this section will be used in thdydrophobic region of the bilayers is very small and drops to
first part of the Results section. In the second part we will® value.of a_bout 0.01.. Itis expgcted that this value is still an
show some effects of variations in this parameter set. overestimation, but this result is much more reasonable than

the predictions from the model of Meijer et 4R8]. The
water phase penetrates not very far into the bilayer. In line
with common knowledge the border between the hydrophilic
The SCF predictions will be presented in this section andand hydrophobic region is the glycerol backbone region.
the corresponding MD predictions are collected in the subThese groups are, as expected, situated between the tails and
sequent one. Let us first analyze the overall features of ththe head groups. A significant overlap of the glycerol back-
SOPC bilayer. bone profile with that of the tails and the heads is predicted.
In Fig. 3 the volume fraction distributions of the major The tail profile in Fig. 8a) includes all the carbon atoms in
components in the system are given as well as the electrahe two acyl chains. Inspection of this profile reveals a minor
static potential profile and the charge density prdfilefree  dip in density at the central region of the bilayer. The CH
chargeg across the bilayer. Thecoordinates are in units of end groups show a rather broad distribution. The maximum
the size of the lattice sitef;, and the numbering is chosen of this distribution is at the center of the bilayer. Of course
such that the center of the bilayer coincides with the valuehere are chains that cross the interface as will be discussed
z=0. From Fig. 3 several important results can be extractedhelow. The free volume profile is nontrivial. There is a local
One of them is the thickness of the bilayer. The value for thismaximum in the center of the bilayer and more pronounced
quantity depends strongly on the exact definition. When thehere is a maximum at the interface between the head groups
thicknessH of the bilayer is defined as the distance betweerand the glycerol backbone. This maximum coincides with
the points where the head-group densities on either side ahe position of the hydrophobic-hydrophilic phase boundary.
the bilayer drop ta(nearly zero, a value of approximately In Fig. 3(b) the electrostatic potential profile is shown in
H~30¢ is found. Alternatively, where the maximum of the combination with the corresponding charge density profile.

SCF results for SOPC and SDPC bilayers
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0.05 " T " r 0.05 r T
0.04} 0.04} FIG. 4. Segment density profiles for indi-
@ @ vidual segments of then-1 (left pane) andsn-2
0.03} 0.03} (right panel chains of SOPC bilayers. Only those
distributions are shown for the chains which have
0.02p 0.02r the nitrogen of the head group on a positive co-
001k 001k ordinate. For ease of comparison the density pro-

file of the CH; group is divided by 2. The center
of the bilayer is indicated by the vertical line.

This last profile is composed of the four contributions givenresult of contributions of both monolayers of the bilayer. It is
in Figs. 3¢, d). It is of no surprise that the number of chargesnot too difficult to evaluate the distribution function for those
inside the bilayer is very small indeed. Both the ions as welmolecules that have their head group on the positive side of
as the phosphate and choline group avoid the apolar phasge coordinate system. Let us thus denote the density profile
where the dielectric constant is very low. of the molecules of the right leaflet aB(z,s)=¢(z,s|z'

Let us first evaluate the position of the head groups which.. 5"y where the position 0§’ determines to which side of
can be deduced from Fig(@. Itis seen that the distribution e |eaflet the molecule belongs to. The nitrogen group has
of the nitrogen and the central phosphate have their maxigeen selected fas'. In Fig. 4 such profiles of all segments
mum on almost the same position. This means that, on of both tails are shown. The center of the bilayer is exactly at

average, the head group is oriented almost parallel to thfzo. Of course the two tails have not identical conforma-

membrane surface. This result is in line with experiments: al0ns in the bilaver. It is known that this is already the case
approximate average tilt angle of the phosphorus-nitrogen yer. y

dipole in a fluid 18:1/18:1 PC bilayeidetermined by joint (0" [ully saturated lipids, because the head group is asym-

refinement of x-ray and neutron diffraction methpateas metrically coupled to the glycerol backbone. In such bilayer
22°+4° with respect to the bilayer surfadg3]. It is in the sn-2 tail penetrates just a bit less deep into the bilayer

reasonable agreement with the value of 18° obtained fropthan thesn-1 chain. From Fig. 4 it is eaSIIy seen that th!s is
2H nuclear magnetic resonance and Raman spectroscopﬁiso true for 'SO.PC.blla.yers. In line with previously obtained
studies of 16:0/16:0 P¢34]. There are other experimental results the distribution is most narrow for the segments near
data that the polar head groups are approximately parallel the glycerol backbone and becomes wider at the chain ends.
the surfacd35-37. According to the calculations of model Each distribution may be characterized by a maximum value
PC bilayer[38] the polar head group has~15° angle of ~®™® which occurs at a particular coordinat€®*. For the
inclination to the bilayer surface. The SCF result discussed isn-1 chain it is interesting to note thab™®{(z™®) is a
also in line with previous results from DMPC membranessmooth curve, which near the outside of the bilayer ap-
[20]. proaches a straight line and drops to a I®¥2* value near
Furthermore, the choline group has a more wide distribuz™®*=0.
tion. This is natural because end groups in a chain have more In the SOPC lipid thesn-2 tail is unsaturated. As men-
possibilities to sample the space and are the locus of reldioned above theis double bond is introduced in the chain
tively high conformational entropy. It has been shown beforeoy ~ forcing a gauche conformation at the
that the width of the choline distribution decreases with de-C8—C9=C10—C11 position. This means that, e.g., if the
creasing ionic strengtf20]. As a consequence, the electro- C9—=C10 bond lies parallel to the direction, either the
static potential is not only positive on the outside, but alsocC8—C9 or the C16-C11 bond is forced to lie perpendicu-
positive inside and has a negative region at the position ofar to the membrane director. However, the chain still has
the phosphate group. The small ions in the system follow thenany options to position thgaucheconformer and therefore
electrostatic potential by way of the appropriate Boltzmanrthe outcome is not trivial. Inspection of Fig. 4 shows that
factor. At the center the electrostatic potential drops to al<C10 and C11 have very similar distributions. This suggests
most zero and consequently the concentration of Na and Ghat the C8—C9 and the C9-C10 bonds are preferentially
becomes almost identical. aligned in thez direction. Apparently, the segments with the
In the same context it is of interest to present the dielechigh ranking numberftowards the tail endare conforma-
tric permittivity profile across the bilayer membrane as well.tionally perturbed with respect to the saturated case. In other
In Fig. 3(e) this profile is given. Of course this profile closely words the free end must “correct” for the alignment problem
follows the water distribution. In the water phase the dielec-introduced by the double bond. The signature of the double
tric constant is close to 75. The deviation from 80 is due tobond may also be seen in tkde"@{(zM2%) curve. Especially
the free volume in the water phase which is close to 4.25%nears=10 a drop in®™2* is found. As a result a signifi-
As anticipated, the relative dielectric constant in the center otantly less smooth curve is found.
the bilayer is low. Numerical evaluation gives a value near It is of interest to notice that the maximum of the distri-
2.8. bution for the chain end of then-1 chain is just at negative
For a more detailed analysis of conformations of the acylz coordinates. This means that the chains cross the center
chains one should realize that the overall distributions are thsignificantly. However, the distribution is asymmetric and it
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FIG. 5. Parameter study for SOPC bilayei@. The area per molecule in units 6f, (b) the average position of the GHnd group of
the sn-1 andsn-2 chain as indicatedc) the value of the order parameter of the 10 segment of the saturated tail minus that of the
corresponding segment of the unsaturated cléjrthe difference in average position of tNeof the choline group and the phosphate group
as a function Ob(P-Hzo- The solid lines are for the case that the koup has twice the volume of a GHgroup. The dashed lines are for
equal volumes of the CHand CH groups.xc,.cH,= 0, Xch,0=2 andXCH3_V:2 and other parameters as in Table |. The symbols in the
figure refer to thereference results for the membrane analyzed in the Figs. 3 and 4.

turns out that the average position remains positive as will b&vill be discussed below is therefore the relative drop of the
discussed below. This is a significant result. It shows that oneegmental order parameter of the unsaturated chain.

can classify these bilayers as being noninterdigitated. This is Without mentioning otherwise it is assumed in this section
an important property of the present model. In previous workhat CH; and CH have identicaly-parameters and thus that

always strongly interdigitated bilayers were fourtd]. Xchgch, =0, Xchny0=2 and xcw,v=2. This operation
_ eliminates one row and one column in the parameter matrix
The effects of changes in the parameter set as given in Table I. The solid lines in Fig. 5 are for the case

of the SCF approach that the CH group has double the volume of a gigroup.

It is important to know how sensitive the SCF results areThe dashed line corresponds to the case that both groups
for changes in the parameter set. To monitor this sensitivity?ave equal volume and the model redu¢ezgarding the
four properties of the membrane are selected. The first one @ain endsto the one used in previous studies.
the area per molecule which is inversely related to the mem- In Fig. 5 the mentioned membrane characteristics are
brane thickness. The second one is the average position Bfotted as a function of thgp.n,0. This parameter is used
the CH; end group of the acyl chains. This quantity givesbecause of its effects on the “effective” hydrophilicity of the
insight in the amount of interdigitation of the acyl chain. The head group. Many of the trends presented in this graph are
third one is the orientation of the head group characterize@asily explained. The area per head group in the bilayer is a
by the difference between average position of the N and thdecreasing function with increasing hydrophobicity taken for
P. The final property that is analyzed has to do with thethe phosphorus group as shown in Figg)5This is the case
segmental order parameters. In short, when the segment drecause the head group will not solvate as much as in the
der parameter is high, the chain is locally aligned perpenhydrophilic case. The predicted effect is rather large. The
dicular to the membrane surface. If it is oiwear zerp, the  drop in area shown in Fig.(8) is from 14 to 10 unitst?.
chain fragment is most likely randomly oriented. For a moreWhen the membranes become thinner with increasing hydro-
accurate definition and for more details of the order paramphilicity of the head group, the tails can more easily cross the
eters we refer to Ref2]. The double bond in the acyl chain membrane center. Indeed Figbb shows that the average
has an effect on the local ordering. To quantify this weposition of the end of then-1 chain can become negative.
choose the order parameter at the position of the double bonthis means that the chain is crossing the center with the end
and compare this with the order parameter of the correspondgegment and correspondingly several other segments will do
ing segment on the saturated chain. The fourth aspect théte samgnot shown. It is seen that the average penetration

011910-11



LEERMAKERS, RABINOVICH, AND BALABAEV PHYSICAL REVIEW E 67, 011910 (2003

1 0.0068
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of thesn-1 chain into the opposite bilayer saturates for nega- It is of interest to compare these results for the membrane
tive xpy. However, one should realize that the membranecharacteristics found fogp.,0=0.5 with the results pre-
thickness decreases with increasing hydrophilicity of the Rented in Figs. 3 and 4. This comparison illustrates the effect
units and therefore the relative penetration depth still in-of ignoring the disparities between interactions of Cihd
creases. The membrane should thus be classifiédaady)  CH,; groups with their surroundings. In Fig. 5 the values for
interdigitated. Thesn-2 chain, however, remains on averagethe bilayer when all parameters are given by Table | are
on the positive side of the bilayer. This illustrates again thegiven by the symbols. Indeed inspection of the result of Fig.
dramatic effect of unsaturation. Unsaturation strongly sup5 shows that the membrane characteristics for the bilayer
presses membrane interdigitation. with xp.4,0=0.5 are not very strong functions of the param-

Ir_1_Fig. 5c) the difference in the order parameter at theetersXCH et Xoro and ey - Nevertheless, the small
position s=10 of the saturated acyl and the unsaturated 372 3 3

. - - o L . differences remain worth discussing. In Figbpit is seen
chain Asc'ﬂ_ Scr(Ssn, =10)~ _SPH(Ssnz_ 10) is given a%ain that dismissing the enthalpic effects allows the chain ends to
as a function of the hydrophilicity of the P group. It is seenpe positioned at lower coordinates, i.e., the chains are pen-
that the relative dip in the order parameter decreases WitByrating deeper into the other side of the bilayer. At the same
increasing hydrophilicity of the head group. The reason fokjme the area per molecule tends to be a bit higlsérFig.
this is that the overall value of the order parameter profile iSS(a)] when the chain ends can penetrate deeper in the bilayer.
reduced when the membrane thickness is reduced. The absphis can be explained by results of Fig(chbwhere it is
lute value of the order parameter at the dip is not muchshown that the order in the chains tends to be higher when
affected by this. This explains the trend shown in Fi@)5  there is no enthalpic difference between contacts o @htl

Finally, in Fig. 5d) the difference in average position of CH, groups with other segments. The orientation of the head
the choline group and that of the phosphate group is plottedyroup is not much affected of course by dismissing the en-
(Z)n-p={Z)n—(2)p again as a function of the value of the thalpic differences between the ¢lnd CH groups[cf Fig.
parameter used for the phosphate-water interaction. In thg(d)].
present model this value tends to be negative, which means Before moving on to discuss the molecular dynamics
that it is the phosphate group that is positioned more on theimulation results, a selection of the properties of the SDPC,
outside rather than the choline group. It was shown beford8:0/22:6 PC, bilayer system is presentedain using the
that it is possible to change the head-group orientation by thetandard parameter $eThe SDPC lipids are composed of
addition of a charged additivi22]. The orientation of the two acyl chains of which then-1 chain is again the fully
head-group may also depend on the choices made in the wapaturated C18 chain. Then-2 chain is 22 carbons long and
the charge is distributed in the choline group. In the SCFhas 6 unsaturated bonds: -C&4=C5—C6, C6—C7—
model the positive charge is placed on the N atom, wherea€8—C9, C9-C10=C11—-C12, C12-C13—C14—C15,
in the MD results discussed below the charge is more evenl¢15—C16—=C17—C18, C18-C19—=C20—C21. The
distributed over the choline group. equilibrated membrane, i.e., the membrane which is free of

The dashed lines in Fig. 5 correspond to the classicalension, differs in several aspects from the SOPC membrane.
approach of equal volumes for the €ind CH, groups. The  The area per molecule for the SDPC molecules is predicted
most dramatic effect of this choice is that the saturated chaito be a,=12.6&2. This is significantly larger than that of
end is at negative coordinates for all values of the P-watethe DOPC membranes. The phosphorus-phosphorus distance
interaction. This means that tten-1 chain is crossing the (membrane thicknegss determined to bépp=19.02%. In
center of the bilayer for all these cases. From this it is cleaFig. 6 some overall characteristics are presented. The overall
that, in order to obtain noninterdigitated bilayers, it is essenmembrane density profile, the water density profile, and the
tial to choose the proper intrinsic volume of the acyl endfree volume distribution are very similar as in the DOPC
group. Indeed, when then-1 chain is interdigitating the layers as shown in Fig.(6). The dip in the center of the
opposite side of the bilayécf. Fig. 5b)] the order along the bilayer is more pronounced than in the SOPC case. The dis-
chain is highefcf. Fig. 5c)], the area per molecule tends to tribution of thesn-2 chain differs significantly from that of
be lower[cf. Fig. 5], i.e., the membrane is a bit thicker, the sn-1 chain. Interestingly, then-2 chain, which is four
and the orientation of the head group is even more[fiat  carbon segments longer than the-1 chain does not pen-
Fig. 5(d)]. etrate as far into the opposite monolayer asghel chain.
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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 the bilayer
normal: PC head grouf4), four oxygen atoms of phosphate P@roups(2), water(3), phosphorus atom@), nitrogen atomg5), atoms of
glycerol and groups ©-C=0 (6), all the system—the head atoms, glycerol, atoms of lipid hydrocarbon chains, and(WafEne MD
simulation systems were 48 times 2 lipids per cell, 2DHnolecules per lipid, all together there were 20 38©PQ and 20 544SDPQ
atoms. Mean cross-sectional areas per lipid molecule were 0.6134 and 0.662ZherMD trajectories of 1018 ps were computedTat
=303 K. Zero point £=0) is the center of the bilayer: it was calculated during the MD simulations as the middle point between the centers
of P-N vectors of the two monolaye(the center of P-N vector is the middle of P-N distance

However, the difference is not large and therefore it is posthe two hydrocarbon tails, the glycerol section, the head
sible for thesn-1 chain to behave rather similar in the DOPC group of PC—were treated in accordance with their real
layer and in the SOPC membrangs$. Fig. 4). chemical structure, all hydrogen atoms were included explic-
In Fig. 6(b) the electrostatic potential profile as well as theitly in the calculations. A total number of atoms in the simu-
overall charge profile through the cross section of the SDPCation box was 20352 for 18:0/18:1 PC bilayer and 20544
bilayer are presented. The corresponding curves for théor 18:0/22:6 PC bilayer. The initial structures of the bilayers
SOPC layers is given in Fig.(8). Again the overall charac- were crystallike ordered structurg3).
teristics are rather similar. This is not too surprising because The potential energy of a bilayer was calculated as sum
the electrostatic effects are generated by the zwitter-ioniof the bond-stretching energy, the angle-bending energy, the
head-group conformations. These are not so much affectedrsion energy, the out-of-plane enerdgr the double bonds
by the tails. Close inspection, however, reveals that the abkand the carbonyl groupsthe van der Waals energy and the
solute values of the charge and the potential profiles diffeelectrostatic energy. Equations of motion were integrated by
somewhat, the absolute values are the largest in the SDP@ing the “velocity Verlet” algorithm[39,40 with the simu-
case. From the increase in area per lipid molecule an oppdation time step of 1 fs (10'° sec). Periodic boundary con-
site trend could have been expected. Apparently, more freaditions in the three directions were used. The two unsaturated
dom for the head-group orientation allows for effectively bilayer systems were coupled to an external temperature bath
fewer head groups to lay parallel to the membrane surfacef 303 K and pressure batt(,P,,P,=1 atm). MD simu-
This implies that packing effects do not determine the levelations were performed using collisional dynamj@3. The

of out-of-plane orientation of the head groups. trajectories of 1018 ps were calculated. The average areas
per molecule during the simulations were 0.6134 nior
MOLECULAR DYNAMICS SIMULATIONS 18:0/18:1 PC bilayer and 0.6624 Arhi8:0/22:6 PC bilayer.

The detailed description of the MD approach, the math-
ematical model used, the PC bilayer simulation box and the
force field characteristics were presented in our previous pa- Mass density profiles along the bilayer normal for the
per[2]. The principle of the MD method is as follows. In the head groups, oxygens of phosphate groups, water molecules,
MD process, the equations of motion of all the atoms of thephosphorus and nitrogens atoms, glycerol and all the system,
molecular system are solved. MD algorithm consists of thefor a hydrated unsaturated 18:0/18:1 PC and polyunsaturated
creation of an initial configuration and then the simulation18:0/22:6 PC bilayers are shown in Fig. 7. To calculate these
procedure: a new configuration is generated by solving therofiles, the total mass of the atoms per slice of 0.01 nm
equation of motions, with time stept, and so on. Aftekk  along the normal was calculated. The profiles were time av-
steps one can obtain time-dependent properties of the systesnaged over a period of 1018 ps of the MD simulation. It is
(time dependences and time-averaged quantite=e, e.g., seen that the water molecules penetrate into the bilayers up
Refs. [39,40. Our simulation boxes for the bilayers con- to the region of &0 groups of the acyls. The mass density
sisted of 48 lipid molecules per layer and 240Hmolecules profiles of both bilayer systems have two pedit® loca-
per lipid (in all, 96 PC molecules and 2304 water moleculestions of the phosphate groupand a minimum(or plateau
in each bilayer. Each lipid molecule contains the saturatednear the center of the bilayers. The minimum of polyunsatu-
18:0 chain and unsaturated 18if the first bilayey or 22:6  rated bilayer is deeper than that for monounsaturated one.
(in the second onechain. The structure of lipid molecules— This last finding is in line with the SCF results discussed

MD results for SOPC and SDPC bilayers
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FIG. 8. Mass density profiles along the normal for each carbon atoniiefof the first monolayer andright) the second monolayer
saturated and monounsaturated chains of the 18:0/18:1 PC bilayer; the MD computer simukati@is3 ps,T=303 K. The carbon atom

of C=0 group is carbon number 1. Some segment ranking numbers are indicated. Profiles are drawn alternating as dashed and as solid lines.

above. The position of the bilayer centea=0) was calcu-

mentioned that some of the distributions are polymodal: the

lated during the simulations as the middle point between thenass density picture is rather complex. On the whole, the

centers of P-N vectors of the two monolayersvhere the
center of P—N vector is the middle of P-N distancé. The

profiles of the carbons near the chain ends are wider than
those situated near the glycerol part. An interesting situation

average distance betweenN vectors along the normal is was observed for the 18:0/18:1 PC bilayer: #@ositions of
4.39 nm for 18:0/18:1 PC and 4.28 nm for 18:0/22:6 PCthe end carbon’s centetsarbons number 1&f sn-1 chains
bilayer. The average phosphorus-phosphorus distadggs of the first and the second monolayers overlzp,0.10 nm

are 4.27 and 4.18 nm, respectively. Again there are severfdr the first (left) monolayer sn-1 carbon and z
similarities between the MD and SCF results. For example, it= —0.07 nm for the secon¢tight) monolayersn-1 carbon.

is seen that the distribution of the N is wider than that of theThe z-positions of the end carbon’s centerssof2 chains of

P, the distribution of the head group and glycerol unit over-the first and the second monolayers ar6.09 nm and 0.15
laps weakly and there are no head groups found in the conem, so they are separated. All the end carbaipssitions of

of the bilayer. the opposite monolayers of 18:0/22:6 PC bilayer are sepa-

The result is qualitatively in line with experimental data rated as well.

and the data of different computer simulations of saturated The influence of the double bonds may again be discussed
and unsaturated lipid bilayers. Thus, according to x-ray difby considering the peak value and the peak position of the

fraction studiesdppis equal to 4.05 nm=£ 0.1 nm) for 18:0/
18:0 PC bilayer aff=333 K [41] and dpp=4.04 nm for
18:1/18:1 PC bilayef33]. It was obtained in MD simula-

segment distributions. Of course the noise in the MD simu-
lations does not make this operation easy. Nevertheless, the
curve pmX(zM®) is to a good approximation a straight line

tions for 16:0/18:2 PC  bilayer at T=321 K forthesn-1 chain, both for the SOPC and the DOPC case. In
(area per molecute0.7056 nmM) that dpp=4.16 nm [42]  the SCF result a curved line was found. This indicates that
and for 18:1/18:1 PC bilayer at T=296 K the tails in the SCF model randomize near the chain ends

(area per molecute0.593 nn?) that dpp=4.25 nm[43].

more than in the MD simulations. In line with the SCF result

Figures 8 and 9 show the carbon atom distributions ofor the SOPC case presented above, there is a very pro-
SOPC and SDPC bilayers calculated by the MD investiganounced break in the™®{(z™®) curve nears=10 in the
tions. In these graphs both monolayers of the bilayer systensn-2 tail of the SOPC bilayer. In the DOPC bilayer, the-2
are shown. From the difference between the two monolayerghain has sixcis double bonds positioned on regular posi-
one can evaluate the success of the averaging procedure:tions along the chain. As a result th&®{(z™?* curve for
principle both monolayers should be identical. It should bethesn-2 chain of DOPC is again almost a straight line, albeit
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FIG. 9. Mass density profiles along the normal for each carbon atoniiefof the first monolayer andright) the second monolayer
saturated and polyunsaturated chains of the 18:0/22:6 PC bilayer; the MD computer simulatib®$8 ps,T=303 K. The carbon atom
of C=0 group is carbon number 1. Some segment ranking numbers are indicated. Profiles are drawn alternating as dashed and as solid lines.

that the slope is high, i.™2* drops very quickly withz™*  vantage is that the results are noise-free, which facilitates the
(with increasings). discussion of the predictions. The accuracy of the SCF ap-
The mass density distributions of the glycerol backboneproach should in principle be considered as a surprise, espe-
carbons(not shown are monomodal and the narrowest ascially considering the very serious approximations made in
compared with the distributions of Figs. 8 and 9. This is inthe SCF technique. The most severe approximation is that
good agreement with the SCF results where the distributiofhe system of many chains is reduced to a single chain in an
of the glycerol backbone units were found to be the narrowexternal field. However, detailed Monte Carlo analysis of
est in the whole molecule. single chains of the type similar to the acyl chains in the
_ The mean angles of the-PN vectors with respect to the lipids [45,44) (for a review, see also Reff2]) revealed that
bilayer surfaces were calculated. These were 1818.0/  he intramolecular properties of the single chains can, in first
18:1 PQ and 12.8°(18:0/22:6 PC in the MD simulations.  onnroximation, be compared to the conformational properties
These findings are in line with the data of experiment anth¢ yhe chains packed in the bilayer. This shows that the talil
different computer simulations as mentionéand refer- roperties in the bilayer are in first order following the in-
Eg;gd ?(:E)L?V(\a/;/i'tlr? rtgs Sgﬁor?ﬁglésnaai? :ursf?cae” Ve;glfeogrttg‘i)ramolecular characteristics and that in second order these
albeit gt]hatg small né)gative value wyas found P Characteristics are modified by the surrounding I|p|d_s. This
' result may be related to the success of SCF modeling. The
single-chain characteristics survive in the bilayer and thus
the SCF technique can do a good job describing the bilayer
All-atom MD simulations give extremely detailed and system.
rich information on the lipid bilayer systems, much more More sensitive measure of the success of the SCF method
detailed as could be discussed in the MD results for SOPG the prediction of the area per molecule of the equilibrated
and SDPC bilayers sectigsee also Ref.2]). This comes at bilayer. Indeed, the SCF results follow the MD prediction as
a prize: the MD procedure is very demanding on the comwell as the experimental facts semiquantitatively. To appre-
puter power. The SCF technique on the other hand is coneiate this result, it is necessary to recall that in order to pre-
putationally very inexpensive. It was shown that this quickdict the area per molecule one should compute the membrane
technique already presents a detailed picture of the bilayaension as a function of the area per molecule. Apparently,
system. Comparison of MD with the SCF results shows thathe SCF technique is doing a good job in predicting this
the SCF results are also reasonably reliable. One clear athermodynamic property. In the SCF results there is still the

DISCUSSION AND OUTLOOK
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length¢ which may be used to translate the lattice results to SUMMARY

real coordinates. If a value éf=0.23 nm is used, reasonable  The bilayer properties of 1-stearoyl-2-olemyi-glycero-
quantitative agreement is found both with respect to the areg-phosphatidylcholin¢18:0/18:1 PC, SOPCand 1-stearoyl-
per molecule and the thickness of both bilayers. 2-docosahexaenogirglycero-3-phosphatidylcholing18:0/

Lipid unsaturation is an important fact in biological mem- 22:6, SDPQ were investigated by a molecular realistic self-
branes[2]. Above it was argued that unsaturation helps theconsistent-field(SCH theory. The molecular details were
bilayer to remain in the fluid state. The unsaturation alongepresented as accurate as presently possible and the results
the chain effectively reduces theffective) length of the were compared to an all-atom molecular dynamics simula-
chain. It is for this reason that, especially when the chaindion. The MD simulations, which are more detailed and bet-
have multiple double bonds, the tails have more C atoméer validated, are used to judge the performance of the SCF
than the saturated chains in the lipids. Further, it was argueteory. The general findings are that the SCF approach,
that lipid unsaturation may be used in bilayer systems tovhich is 10 to 10° times faster than the MD technique,
counteract the interdigitation of lipids into the opposite captures the main results_for_ this system at least semiquanti-
monolayer. The more lipid chains cross the midplane of thd@tively and aimost quantitatively. .
bilayer the stronger is the coupling between the two leaflets. Acyl unsaturation has.a strong gffept on t'he chain order-
Of course some coupling will be necessary. The use of uni'9 and the level of chain interdigitation. It is well known

that volume of a CH group is to a good approximation twice

zi[t;rated lipids in the bilayer may help to regulate this PTOPthat of a CH group. This volume disparity is significant as it

The advantage of doing SCF calculations is that, once thstrongly opposes interdigitation. Differences (enthalpig

) X fhteractions between GHand CH groups with other mol-
parameters needed in the SCF modeling are known, oth cules are secondary in this respect. The water molecules

characteristips are Within. reach. It is recently shown that. it iSyill not enter the bilayer beyond the glycerol backbone units.
possible to find the Helfrich parameters from the analysis ofee volume is almost evenly distributed through the bilayer.
curved bilayergvesicles [25]. There are two important pa- oply small increases of free volume levels are found in the
rameters, one parameter expresses the resistance agaig§icerol backbone region and in the membrane center. The
bending and the other one is associated with the formation Cgarameters needed in the SCF approach are now reasonably
saddle shaped geometries. The first one is of importance fazalidated by the MD results. The availability of reliable pa-
understanding the undulation force between bilayers, theameters for a SCF model gives an excellent perspective for
other one determines the topology of the membrane systenfuture SCF investigations of other membrane properties such
In other words, if these parameters are known, one can olas the mechanical parameters of the bilayers. These last pa-
tain some insight into the phase behavior of the lipids. Theameters are important to understand the phase behavior of
route to obtain these parameters for lipid systems is in printipids. A more detailed analysis of the hydrophobic region of
ciple open. the bilayers is discussed in the previous paper of this issue
It is further possible to model lipid mixtures in the SCF [2].
approach. These systems are of course important in the bio-
logical context. It will then be more clear what the true role ACKNOWLEDGMENTS
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