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Mean-Field Calculations of Chain Packing and Conformational Statistics
in Lipid Bilayers: Comparison with Experiments and
Molecular Dynamics Studies

Deborah R. Fattal and Avinoam Ben-Shaul
Department of Physical Chemistry and the Fritz Haber Research Center, The Hebrew University of Jerusalem, Jerusalem 91904, israel

ABSTRACT A molecular, mean-field theory of chain packing statistics in aggregates of amphiphilic molecules is applied to
calculate the conformational properties of the lipid chains comprising the hydrophobic cores of dipalmitoyl-phosphatidyicholine
(DPPC), dioleoyl-phosphatidyicholine (DOPC), and palmitoyl-oleoyl-phosphatidyicholine (POPC) bilayers in their fiuid state. The
central quantity in this theory, the probability distribution of chain conformations, is evaluated by minimizing the free energy of the
bilayer assuming only that the segment density within the hydrophobic region is uniform (liquidiike). Using this distribution
we calculate chain conformational properties such as bond orientational order parameters and spatial distributions of the
various chain segments. The lipid chains, both the saturated palmitoyl (—(CH,),,—CH,) and the unsaturated oleoyl
(—(CH,),—CH=CH—(CH,),—CH,) chains are modeled using rotational isomeric state schemes. All possible chain confor-
mations are enumerated and their statistical weights are determined by the seif-consistency equations expressing the condition
of uniform density. The hydrophobic core of the DPPC bilayer is treated as composed of single (palmitoyl) chain amphiphiles,
i.e., the interactions between chains originating from the same lipid headgroup are assumed to be the same as those between
chains belonging to different molecules. Similarly, the DOPC system is treated as a bilayer of oleoyl chains. The POPC bitayer
is modeled as an equimolar mixture of palmitoyl and oleoyl chains. Bond orientational order parameter profiles, and segment
spatial distributions are caiculated for the three systems above, for several values of the bilayer thickness (or, equivalently,
average area/headgroup) chosen, where possible, so as to allow for comparisons with available experimental data and/or
molecutar dynamics simulations. In most cases the agreement between the mean-field calculations, which are relatively easy
to perform, and the experimental and simulation data is very good, supporting their use as an efficient tool for analyzing a variety
of systems subject to varying conditions (e.g., bitayers of different compositions or thicknesses at different temperatures).

INTRODUCTION

The molecular structure of lipid bilayers is a subject of
continuous intensive experimental and theoretical research
(for reviews see, e.g., Bloom et al., 1991; Lipowsky and
Sackmann, 1994). The study of such topics as lipid head-
group interactions and chain conformational statistics, and
their dependence on membrane composition, thickness, and
curvature, is of great biological importance, e.g., for the un-
derstanding of membrane phase transitions, lipid-protein in-
teraction, solubilization of hydrophobic solutes, or bilayer
curvature elasticity. The theoretical approaches for treating
these issues involve a variety of continuum theories and mo-
lecular models (see, e.g., Ben-Shaul and Gelbart, 1994). The
latter range from simple (yet often very useful) molecular
packing considerations (Israclachvili, 1985) to very detailed
molecular dynamics (MD) simulations (see, e.g., van der
Ploeg and Berendsen, 1983; Heller et al., 1993). Intermediate
between these two extremes are mean-field theories in which
the conformational properties of any given molecule are cal-
culated subject to the averaged influence (the mean-field) of
its neighbors (Marcelja, 1974; Dill et al., 1988; Gruen,
1985a,b; Ben-Shaul et al., 1985; Szleifer et al., 1985).
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Unlike MD simulations, mean-field theories of molecular
packing in lipid membranes cannot provide dynamical in-
formation on molecular motions (except indirectly; see Re-
sults and Analysis, below). Also, they treat only approxi-
mately thermodynamic properties, such as membrane phase
transitions (Marcelja, 1974) or mechano-thermodynamic
characteristics such as curvature and stretching elasticities
(Szleifer et al., 1990; Ennis, 1992). Yet, at present, they pro-
vide the most efficient (and quite reliable) means of studying
these phenomena. This is because even the most advanced
MD simulations to date are limited to relatively short time
scales (hundreds of picoseconds) and to few specific systems
under special conditions (see, e.g., Heller et al., 1993, and
references therein).

On the other hand, using mean-field theories, e.g., of the
kind described in this paper, it is rather easy to analyze a large
number of systems subject to various conditions (involving,
for instance, molecular composition, bilayer thickness, chain
length, and curvature of the membranes). Some mean-field
theories provide explicit expressions for the probability dis-
tributions of molecular conformations and related properties,
thus allowing for qualitative insights into the underlying
physics. Also, mean-field theories can provide detailed and
reliable information on various “single-chain” (conforma-
tional) properties such as bond orientational order parameter
profiles of the lipid acyl chains or spatial distributions of the
various chain segments (Gruen 1985a,b; Szleifer et al.,
1985). Possibly, the probability distribution of molecular
conformations predicted by mean-field theories may be used
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as initial distributions in many-molecule calculations, to en-
hance the convergence of MD and Monte Carlo simulations.

In this paper we employ a mean-field theory to calculate
the conformational properties of the acyl chains in the
hydrophobic cores of some typical lipid bilayers, involving
dipalmitoyl-phosphatidylcholine (DPPC), dioleoyl-phos-
phatidylcholine (DOPC), and palmitoyl-oleoyl-phosphat-
idylcholine (POPC) as the constituent molecules. This
theory, whose basic concepts are outlined in the next section,
has previously been used to calculate various conformational
and thermodynamic properties of amphiphile chains in mi-
celles, monolayers, and bilayers, including, e.g., orienta-
tional bond order parameter profiles in various aggregation
geometries, chain packing statistics in mixed bilayers, cur-
vature elastic moduli (Szleifer et al., 1990), and lipid-protein
interaction (Fattal and Ben-Shaul, 1993). In all these appli-
cations, however, only fully saturated hydrocarbon chains
have been considered. In this paper we employ the theory to
study lipid bilayers composed of both saturated and monoun-
saturated acyl chains. Our main objective is to test the theory
by comparing its predictions to some recent (and some less
recent) experimental (Konig et al., 1992; Wiener and White,
1992a,b; Seelig and Waespe-Sarevié, 1978) and theoretical
studies (Heller et al., 1993), and demonstrate its potential for
calculating lipid conformational properties for systems of
biological relevance.

THEORY

The calculations presented in this paper in Results and
Analysis are concerned with the conformational properties of
the lipid acyl chains within the hydrophobic core of the bi-
layer. More specifically, we shall be mainly concerned with
the bond orientational order parameters of the hydrocarbon
chains and with the spatial distribution of their various seg-
ments (methyl groups, methylene groups, and double bonds).
In every calculation presented we shall consider a given
cross-sectional area per lipid chain (or headgroup) a, chosen
generally according to the experimental or theoretical study
with which the results will be compared. We shall not con-
sider headgroup interactions, which (together with chain-
chain interactions) determine the equilibrium area per mol-
ecule a (Dill and Stigter, 1988; Stigter and Dill, 1988;
Winterhalter and Helfrich, 1992; Ennis, 1992; Andelman,
1994; Fattal and Ben-Shaul, 1993; Ben-Shaul, 1994). In
other words, we shall treat a as a “boundary condition” in our
calculations. If, as usual, the hydrophobic core of the bilayer
(in its fluid, liquid-crystalline state) is assumed to be char-
acterized by a uniform, liquidlike density of hydrophobic
segments (Tanford, 1980; Israclachvili, 1985; Wennerstrom
and Lindman, 1979), then a is simply related to the thickness
d of the bilayer; namely a = df2v = €/v where € = df2 is
the average length of the hydrophobic tail of the lipid and v
is its volume. As will become apparent from the formalism
below, the theory employed in this paper does not involve
adjustable parameters nor any assumptions besides that of
uniform average segment density within the hydrophobic
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core. (The uniform density constraint can be relaxed, e.g.,
when dealing with dense monolayers, where the density pro-
file decreases toward the chain ends (Ben-Shaul and Gelbart,
1994)).

The basic quantity in our model is the probability distri-
bution of chain conformations, P(a). A given chain confor-
mation a = b, ), x, is characterized by 1) the bond sequence
of the hydrocarbon tail, b, e.g., the trans/gauche sequence in
the case of saturated alkyl chains (Flory, 1969); 2) the overall
orientation of the chain relative to a bilayer’s fixed system
of coordinates, (), (three Euler angles, 0, ¢, and ¢, specify
{); two angles specifying the orientation of the end-to-end
vector of the chain relative to the normal to the bilayer plane;
and one measuring the rotation of the molecule around this
vector); and 3) the position of the headgroup (more precisely,
the origin of the chain), x,, along the normal to the mem-
brane’s plane; see Fig. 1.

In a bilayer composed of several different hydrocarbon
chains i, with corresponding possible conformations {a,},
every chain species will be characterized by its own con-
formational probability distribution P(c) (Szleifer et al.,
1987). Similarly, the two chains constituting the hydrophobic
tail of a phospholipid molecule are generally nonequivalent
(Elder et al., 1977; Biildt et al., 1978; Seelig and Waespe-
Sargevi¢, 1978; Seelig and Seelig, 1980; Hauser et al., 1981),
and thus involve different probability distributions. In all the
calculations presented in the next section we shall consider
only “pure” (single lipid) bilayers composed of doubly
chained lipid tails. If the two lipid chains are different, such
as the oleoyl and palmitoyl chains of POPC, we shall treat
the system as an equimolar binary mixture of the two chains
characterized by two different conformational distributions
P(a,) and P(a,). If the two lipid chains have the same chemi-
cal structure, as in the case of DPPC or DOPC, the bilayer
will be regarded as composed of one type of chain (thus
ignoring the fact that, e_g., the two oleoyl chains in DOPC
are not entirely equivalent; see next section). Alternatively,
we could define P(a) as the conformational distribution of
the whole lipid (doubly chained) tail; yet computationally it
is simpler to consider each of the two lipid chains as a dif-
ferent component.

The derivation of our expression for P(a;) has been de-
scribed in detail elsewhere (Ben-Shaul et al., 1985; Ben-
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FIGURE 1 A schematic illustration of a lipid bilayer and the quantities
appearing in the singlet probability distribution of chain conformations.
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Shaul and Gelbart, 1994; for alternative mean-field/single-
chain theories, see, e.g., Gruen, 1985a,b; and Dill et al.,
1988). Thus we shall first state the result, then write the
(self-consistency) equations one needs to solve to evaluate
the molecular-thermodynamic parameters appearing in P(a,)
and, finally, discuss how the P(a;) can be used to calculate
the free energy and chain conformational properties of the
bilayer. Going backward it will then become apparent how
P(a;) can be derived by minimizing the free energy of the
system.

The conformational probability distribution of a chain of

type i is given by
1
Pa;) =iem[—8€(ai) -B fw(x)dr, ai)dx] o)

Here B = 1/kT is the reciprocal temperature, with k denoting
Boltzmann’s constant, and g, is an (isothermal-isobaric) par-
tition function ensuring that P(a,) is normalized, i.e., X,
P(a;) = 1. o) is the internal (trans/gauche) energy of a
chain in conformation a; and @(x; a)dx is the volume oc-
cupied by this chain within a thin shell of thickness dx par-
allel to the plane of the bilayer and at a distance x from the
midplane of the bilayer; see Fig. 1. For alkyl chains com-
posed of different types of segments s, (s = CH,, CH, or CH
groups), ¢(x; @) = Z,4,(x; ), with ¥,(x;) dx denoting
the number of s segments of an a; chain whose centers fall
between x and x + dx, and v, is the specific volume per
segment in the liquid hydrocarbon phase. The commonly
accepted values for —CH,—, —CH, and —CH=CH—seg-
ments are v = 27 A3, 54 A3, and 43 A?, respectively (Nagle
and Wilkinson, 1978; Wilkinson and Nagle, 1981; Lewis and
Engelman, 1983; Nagle and Wiener, 1988; Wiener and
White, 1992a. For other values see, for example, Small,
1986). It should be noted, however, that v, does not appear
explicitly in our calculations. It is only used to relate the
hydrophobic thickness d of the bilayer to the average area per
molecule a; namely df2 = v/a where v is the volume of the
tail. Explicitly, v = X, n, where n_ is the number of s
segments per molecule. (Note n, = [ dx ¢ (x; ) is inde-
pendent of a,). It is the thickness of the bilayer d that enters
as an explicit input parameter into the calculations. The in-
tegration limits in Eq. 1 extend over the hydrophobic region,
ie., from —d/2 to +d/2.

The function 7(x) appearing in Eq. 1 is the lateral pressure
(or stress) profile acting on the chains within the hydrophobic
core. It accounts for the reduced conformational freedom of
the chains because of interchain excluded volume interac-
tions or, in other words, because of the tight packing con-
ditions within the membrane. The numerical values of the
7(x) are determined by the self-consistency equations (the
“packing constraints”), representing the requirement for uni-
form hydrocarbon density within the hydrophobic core.
More explicitly, consider a portion of a planar bilayer of total
area A, and let NT and N{ denote the number of chains of type
i originating from the “upper” (x = +d/2) and “lower” (x =
—d/2) interfaces of the bilayer, respectively. Consider now

a thin layer x, x + dx of volume A(x) dx = A dx, parallel to
the plane of the bilayer. The contribution of i chains origi-
nating at the upper interface to the segment density in this
volume is N}(g}(x)) dx, with (¢(x)) = X P(a)e"(x;a).
The corresponding contribution from chains originating at
the lower interface is N{ (p{(x)) dx = N3, P{(a)¢"(x;@)dx
with &, denoting the conformations of i-chains originating
from the €-interface. Note that there is a one-to-one corre-
spondence between the a; and the &; via reflection through
the midplane. Using &; to denote the mirror image of a; we
have ¢"(x;a) = ¢'(—xa,) and hence also ¢'(x;&) = ¢
(—x;a). Note further that for a symmetric bilayer, (cor-
responding to N} = N{ = N, for all i) we have P*(a) =
Pi(&) = P(a) and (@}(x)) = (@f(—x)) = (p(x))-

Adding up all the segment volumes in x, x + dx and
requiring that the sum of all the contributions is equal to
the total volume of this layer, Adx, (i.e., requiring uni-
form hydrocarbon density) we find, for a symmetric
bilayer,

SN I Pa)oxa) +te-xa)l=4 (2

for all —d/2 < x < d/2. Or, defining X, = N/ N, = N/N
as the mol fraction of i chains in the bilayer, we find

3 X, 3 Pa)lelx a) + o(—x; a)]

3)
= 2X[(¢,0) + (@(~x)] = a

where a = A/N is the average area per chain (originating
from cither the upper or the lower interface). Note that for
bilayers composed of single chain amphiphiles «a is also
the area per headgroup at the hydrocarbon-water inter-
face. For doubly chained phospholipid bilayers the av-
erage area per headgroup (or per molecule) is 2a.

When Eq. 1 is substituted into Eq. 3 we obtain an integral
equation for #(x). A convenient procedure for solving this
equation is to divide the hydrophobic region into, e.g., 2L
parallel layers of thickness Ax = df2L, thus obtaining 2L-
coupled nonlinear equations for the m(x,), x, = *€Ax (£ =
1, 2, - - -, L), which can be solved by standard numerical
procedures. The ¢(x,; ;) and €(a;) appear as input data in
these equations. To this end we generate many chain con-
formations «; and classify them according to their &(a;) and
¢(x,; o). For chains composed of up to ~20 segments one
can enumerate all possible bond sequences as well as many
combinations (), x, of overall chain orientations and head-
group altitudes (typically we sample ~40). The headgroup
positions x, are uniformly sampled within a narrow range &
at both interfaces (we generally take 8 ~ 2-5 A). However,
the final distribution of headgroup positions, P(x,), is
determined by the solutions of the packing constraints
(Eq. 3), i.e. by P(a). In general P(x,) is nearly a gaussian
distribution whose width, o, = ((x2) — (x.))'?, is less
then & (typically ~1 ;\); see DOPC Bilayers: Adding
Double Bonds, below.
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For simple, saturated alkyl chains the rotational iso-
meric state (RIS) model (Flory, 1969) provides a faithful
representation of the allowed conformations. For a chain of
the type —(CH,),_,—CH; the number of possible (trans/
gauche) sequences is 3""!. This number includes self-
intersecting conformations (e.g., those involving adjacent
bonds in gauche+/gauche— states), which are discarded
from the calculations. For more complex chains such as those
of POPC, an extended RIS model (Flory, 1969) account-
ing also for —C—=C—C— segments is used to generate
the possible bond conformations. See Appendix for more
details.

From Eq. 3 it is clear that the lateral pressure profile, 7(x),
depends on the membrane composition {X,}, and on the value
of a. A qualitative interpretation of the physical significance
of #(x) can be given as follows. Consider a “free”, i.e., an
isolated (“unperturbed”) chain with no neighbors around,
and let (¢(x)); dx denote the average volume occupied by this
chain at x,x + dx. (For the free chain 7(x) = 0). Now consider
a chain packed in a bilayer, for which we have (p(x)) = a.
If (@(x)); > a the free chain must be laterally compressed to
satisfy the packing constraint (¢(x)) = a. n(x), which in-
creases with (@(x)),; — a, is the local lateral stress on the chain
necessary to satisfy the packing constraint. Thus, generally,
as a decreases (m(x)) increases, reflecting the reduced con-
formational freedom of the chains associated with the tighter
lateral packing. (As a decreases the chains are farther
stretched out along the normal to the membrane. In particu-
lar, when a decreases to its lowest possible value, ~20
A2, the predominant a of saturated alkyl chains is an
all-trans conformation oriented along the normal of the
membrane). A typical w(x) profile is schematically il-
lustrated in Fig. 1.

After evaluating the m(x), and hence the P(a;), we can
calculate any desirable conformational property. For in-
stance, the average position (7}) of the segment & of a chain
of type i: (71) = 3, P(a)F;(ex). More generally, using x,(a;),
y{), z(a)) to denote the coordinates of this segment for a
chain in conformation a;, the mth moment of, e.g., the x,
coordinate, is given by

(=)= = 2 Play)x () C))

For instance, o, = ({(x})*) — (x1))'?, the root-mean-square
deviation of x;, measures the width of the spatial distribution
of the segment along the normal of the membrane (see Re-
sults and Analysis). Another measurable quantity of interest
is the orientational order parameter of a given bond k& (e.g.,
a particular C—H or a C—C bond) of the lipid acyl chain,
namely

Si = 2 Pla;)3c0s%6,(a;) — 1)2 &)

where 6,(a;) is the angle between the kth bond and the normal

of the membrane, when the chain is in conformation a,.
Thermodynamic quantities can also be calculated using

the P(a,). In particular, the conformational Helmholtz free
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energy of the membrane is given by
F= ZZNi[Z P(a))e(a) + kT X P(ai)lnP(ai)] ©

where it should be remembered that we consider 2 portion of
a bilayer of area A containing 2N, molecules of type 1, 2N,
of type 2, etc. The first sum in the square brackets, (¢) =
Y P(a)e(a) is the average internal (trans/gauche) energy of
chain i. The second sum —Ts = k T, P(a)ln P(a) is its
entropy. Both (€) and s are evaluated in the mean-field ap-
proximation, inasmuch as we use the singlet distribution
rather than the many-chain distribution. A mixing entropy
term 2 X, N, In X, should be added to Eq. 6 if the membrane
contains more than one lipid component. Of course we do not
include a mixing entropy term when treating a pure bilayer
composed of a single lipid with two different (linked) hy-
drocarbon chains.

We close this section with a remark on the derivation of
the P(a), as given by Eq. 1. If we regard F in Eq. 6 as a
functional of the {P(,)}, then, as is common in statistical
thermodynamic variational derivations, the “true” (or “best”™)
probability distribution function of the system is the one that
minimizes F subject to whichever constraints P(a,) must ful-
fill. In our case the only relevant constraints (apart from
normalization 3., P(a;) = 1) are the packing constraints, Eq.
3. Indeed, the probability distributions that minimize Eq. 6
subject to Eq. 3 are those given by Eq. 1 with the m(x) serving
as the Lagrange multipliers conjugate to the packing con-
straints. Note that the same lateral pressure profile w(x) ap-
pears in all the P(ar).

RESULTS AND ANALYSIS

In this section we present numerical calculations for the con-
formational properties of the lipid chains constituting the
hydrophobic cores of DPPC, DOPC, and POPC bilayers, and
compare them with available experimental and computer
simulation studies. The chemical structure of these lipids
is of the general form R,-H-R, with J{ representing the
headgroup, and R, and R, are the two hydrocarbon
chains. In all these cases the headgroup has the structure
H = (PC)—CH,—CHJ(C,00)—}—CH,[(C,00)—] with
PC = (CH,);N(CH,),—O(PO,)O— denoting the phosphati-
dylcholine group, and C, and C, are the carbonyl
atoms from which the two lipid chains R, and R, originate.
R, and R, are ecither the fully saturated palmitoyl R
= —(CH,),,—CH, (“C,;") chain, or the monounsaturated
oleoyl R = —(CH,),—~(CH=—CH)—(CH,),—CH, (“C,;”
chain. Following Wiener and White (1992a,b) we shall as-
sume that the average position of the carbonyl groups marks
the boundary between the hydrocarbon region and the aque-
ous interfacial region containing the headgroups. We shall
also assume that in the fluid phase of the bilayer the inter-
actions between hydrocarbon chains (R,, R,) originating
from a common headgroup are the same as those between
chains belonging to different headgroups. Although the two
carbonyl groups of the lipids are positionally nonequivalent
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in both the gel and fluid (“liquid-crystalline™) phases (Elder
et al., 1977; Biildt et al., 1978; Seelig and Waespe-Sarevic,
1978; Seelig and Seelig, 1980; Hauser et al., 1981), it has
been argued that the time-averaged thermal motions in the
fluid phase partly obscure the differences between the two
chains (Wiener and White, 1992b; Smith et al., 1992; Hibner
et al., 1994). Accordingly, in the calculations described be-
low, the lipid bilayer has been treated as an equimolar (ran-
dom) mixture of P—R, and P—R, chains, with P symbol-
izing the carbonyl groups.

As explained in the previous section, the segments of the
R, and R, chains are confined to the hydrophobic region of
the bilayer (of thickness d) in which they are packed so as
to ensure uniform segment density. Recall that in generating
the possible chain conformations we allow the (centers of
the) headgroups P to fluctuate (normal to the membrane
plane) within a narrow interval of width 5 at the interface of
the membrane. The actual width of the distribution of the
headgroup, o, = ((x3) — (x)'?), is smaller than 5 (see also
DOPC Bilayers: Adding Double Bonds). The first two to
three segments of the chains are also allowed to protrude into
this region, thus accounting for some “roughness” fluctua-
tions of the hydrophobic core.

DPPC bilayers

We model the hydrophobic core of the DPPC bilayer as a
single component system composed of C, chains (R, =
R, = —(CH,)),,—CH,). The chain packing characteristics
were calculated as explained above, at temperature T = 333
K. At this temperature the bilayer is in its fluid state. The
calculations were performed for four different average head-
group areas (per single chain): a = 25.5, 26.6, 29.6, and 31.3
A 2, which correspond to a hydrophobic bilayer thickness
(i.e., transbilayer separation of the carbonyl groups) of 33.9,
32.5,29.2, and 27.6 A, respectively. The values of the area
per headgroup were chosen so as to correspond to the values
estimated by S. Konig et al. (1992) in their study of DPPC
bilayers using incoherent quasi-elastic neutron scattering.

The motions of the methylene and methyl chain segments
become less restricted the farther they are from the glycerol
backbone (Konig et al., 1992; Wiener and White, 1992b;
Elder et al., 1977). The root-mean-square deviations of chain
segments around their equilibrium positions can be easily
calculated using the singlet probability of chain conforma-
tions, P(a). We shall refer to them as “segment fluctuations”
(following Konig et al., 1992). Yet it should be emphasized
that they do not reflect monomer density fluctuations within
the membrane, which remains uniform throughout.

The segment motion in the plane perpendicular to the
membrane normal (“in-plane motion”) can be described in
terms of the in-plane root-mean-square deviation of the seg-
ment center (“in-plane fluctuation”): a,, = ((v) + (D)**
(the x axis is parallel to the bilayer normal), where the av-
eraging is over all chain conformations. Notice that, because
the in-plane motion is isotropic in the liquid phase, (y,) =
{z.) = 0. Plotted in Fig. 2 are the in-plane fluctuation values
of the chain segments for the four different average head-
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FIGURE 2 Calculated root-incan-square in-plane fluctuations of the car-
bon atoms, k = 1, - - -, 15, aloag the hydrocarboa chains of DPPC. O, [,
A, and ¢ correspond, respectively, to an average cross-sectional area/chain
of a = 255, 26.6, 29.6, 31.3 A2 The straight lincs are linear fits.

group areas. For each a the calculated values were fitted by
a straight line. Clearly, the fit is quite good, meaning that the
in-plane fluctuations of the saturated chain segments grow
approximately linearly with their distance from the glycerol
headgroup. The fluctuations range from ~0.9 A near the
glycerol backbone to 5.1-7.4 A at the terminal methyl group.
The fluctuations of a given segment increase with the average
area per headgroup, a result verified experimentaily. This is
expected, given that interchain repulsion increases with the
headgroup lateral packing density. The range of o, 0.9-6.9
A, found for a = 29.6 A2 agrees well with the range 0.6-7.0
A reported by S. Konig et al. (1992).

The segment root-mean-square deviations parallel to the
membrane normal (“out-of-plane fluctuation™), o, = ((x,%) —
(x,Y)'?, are plotted in Fig. 3 for the different a values. As can
be seen, the out-of-plane fluctuations of the segments do not
vary linearly with the carbon number along the chain, al-
though they do increase monotonically. Also, the range of
out-of-plane fluctuations is smaller than that of the in-plane
motion: 0.6 A to 2.3-2.9 A. Qualitatively, this finding is
supported by the observation of Konig et al. (1992) that the
lipid chains show higher mobility in the plane of the mem-
brane than that perpendicular to this plane. However, the
absolute values of the experimental o, are significantly
lower than the calculated ones. For comparison, Kdnig et al.
(1992‘zrcport a range of 0.5-6.0 A for headgroup area of
29.6 A? (assuming a linear fit) whereas we calculate a range
of 0.6-2.7 A. Note, however, that “global” fluctuations
caused by the slow, thermally excited membrane undulations
that may contribute to the experimental signals are not ac-
counted for by our calculations.



3.0

2.0

1.0

o.o e " n e e A n 2 i 2 " " i
12 3 45 6 7 8 9101112131415

FIGURE 3 Calculated root-mean-square out-of-plane fluctuations (along
the normal to the membrane plane) of the carbon atoms, k = 1, - - -, 15,
along the hydrocarbon chains of DPPC. O, [, A, and ¢ correspond, re-
spectively, to an average cross-sectional area/chain of a = 25.5, 26.6, 29.6,
and 31.3 A2

Generally, our calculations lend support to the model pro-
posed by Konig et al. (1992) for the local lipid motion as a
superposition of in- and out-of-plane diffusion of the meth-
ylene groups inside a restricted volume, which they assume
to be a cylinder. To account for the experimental observation
of increasing flexibility along the hydrocarbon chain they
assume a distribution of radii/heights between two limiting
values, the distribution taken to be linear for simplicity. The
fact that our results are similar to those found by Konig et al.
(1992) by incoherent quasi-elastic neutron scattering sug-
gests that the local average dynamic picture of the bilayer that
they measure is similar to our theoretical static one.

The notion of a flexibility gradient (i.e., increased lateral
mobility along the chain) is further supported by the calcu-
lated C—H bond orientational order parameter profiles as
shown in Fig. 4 for the four different a values. The fraction
of gauche conformers increases with distance from the head-
group, resulting in lower bond orientational order param-
eters. The smaller a is, i.c., the thicker the membrane, the
more the chains must stretch out, resulting in higher orien-
tational ordering.

DOPC bilayers: adding double bonds

The results presented in this section are for a bilayer com-
posed of P —(CH,), —(CH), —(CH,), —CH, (“C;;”) mo-
nounsaturated single chains, with the double bond in the cis
conformation, representing the DOPC double-chain lipids:
H——CH),—(CH),—(CH,),—CH,],- The calculation
was performed for a fluid bilayer at temperature 7 = 296 K
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FIGURE 4 Calculated orientational order parameters of the C,—H bonds
along the hydrocarboa chains of DPPC. O, [J, A, and ¢ correspond, re-
spectively, to an average cross-sectional area/chain of a = 25.5, 26.6, 29.6,
3134%

and for an average area/chain a = 29.7 A% (59.4 A%head-
group), which corresponds to a hydrophobic bilayer thick-
ness of 32.0 A. These values are the same as those measured
by Wiener and White (1992b) in their study of DOPC mem-
branes by joint refinement of x-ray and neutron diffraction
data.

Fig. 5 shows the distribution of methylene (—CH,—)
groups, double-bonded methyne carbons (—CH=) and ter-
minal methyl (CH,) segments as a function of the distance
from the center of the bilayer, for chains originating from
both interfaces. More precisely, the figure shows the volume
density distributions, ie., the contribution (volume/unit
length) of the various segments to the volume of the bilayer;
these are the (@ (x)) defined in the Theory section. Also plot-
ted is the total segment volume density. The segment den-
sities of each chain are normalized to the total chain volume,
in units of ¥ = vy, (i€, X, (@.(x)) dx = v/v where v is the
volume of the chain and ¥ = 27 A%). In these units vq, =
2, vy = 0.8 and the total volume of the —(CH,),—
(CH),—CH,)),—CH;chainis 14 + 2 X 0.8 + 2 = 17.6. The
figure reveals some interdigitation (midplane crossings) of
the methylene and methyl groups of chains originating from
opposite interfaces. On the other hand, the double-bond dis-
tributions do not overlap. Notice that the total density is con-
stant throughout the bilayer, as we assume.

Fig. 6 shows the sum of contributions from chains origi-
nating from both interfaces to the segment number density
distributions; these are designated by the (y(x)) defined in
the Theory section (number of segments/unit length along the
bilayer normal). Also shown, for comparison, are the ex-
perimental distributions reported by Wiener and White
(1992a,b). Both distributions are normalized to the total num-
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FIGURE 5 Segment volume distributions across a DOPC bilayer, as a
function of the distance from the midplane of the bilayer. Solid and open
symbols correspond to chains originating from opposite interfaces. Circles
represent the distribution of CH, groups, the squares correspond to the ter-
minal CH; groups and the triangles represent the CH=CH groups. The
asterisks correspond to the sum of all segment densities. The lines are drawn
only for clarity.

ber of segments of two molecules (two double chains), i.e.,
64; (methyl and methylene groups count as one segment
each; a double bond counts as one segment). Overall, the
agreement between the experimental and calculated results
is quite good. The figure shows that the contribution of the
methyl groups is peaked at the bilayer center where the con-
tribution of the methylenes is minimal. The distribution of
the terminal methyl groups and of the double bonds are ap-
proximately gaussian, as assumed by Wiener and White
(1992a,b). The peaks of the calculated methyl and double-
bond distributions occur at the same positions as the experi-
mental ones, and their widths (at half maximum) are also
about the same. We also note that 1), the calculated methyl
group distributions corresponding to chains originating from
opposite interfaces largely overlap, and are characterized by
relatively long tails; and 2), the calculated double-bond dis-
tributions do not overlap. On the other hand, Wiener and
White (1992b) find some overlap between the double bond
distributions, whereas their (total) methyl distribution is rela-
tively sharply peaked at the midplane of the bilayer. They
interpret the sharp methyl distribution as indicative of chain
tethering. It should be noted, however, that this conclusion
is at variance with the notion that, generally, the motions of
the hydrocarbon chain segments become less restricted the
farther they are from the glycerol backbone, a fact supported
by various experimental results (Konig et al., 1992; Wiener
and White, 1992b; Elder et al., 1977) as well as by several
theoretical studies (Heller et al, 1993; De Loof et al., 1991;
Gruen and de Lacey, 1984). See also the discussion of seg-

FIGURE 6 Scgment (number) distributions across a DOPC bilayer. The
solid symbols represent the sum of contributions from chains originating
from opposite interfaces, calculated by the mean-field theory. O, [, and A
represent, respectively, the calculated number densities of CH,, CH,, and
only for clarity. The dashed lines are the experimental results of Wiener and
White (1992b).

ment distributions in POPC Bilayers: Chain Mixtures, below.
Also, the peak in the experimental methyl distribution cor-
relates with a (small) peak in the hydrophobic segment dis-
tribution across the bilayer, implying a not entirely uniform
density profile, as opposed to our assumption. Wiener and
White attribute this finding to experimental uncertainties.
As noted in the beginning of this section we treat the head-
groups as structureless (“point™) particles, and in generating
the possible chain conformations their positions are sampled
(uniformly) within an interval 8 normal to the interface. The
actual distribution of headgroup positions P(x,) is dictated by
the requirement for uniform hydrocarbon density within the
hydrophobic core, and it is not uniform within 8. For the
calculation shown in Fig. 6 we have used 8 = 5.5 A, but P(xy)
is nearly gaussian with o, = ((x2) — (x))"? = 1.1 A. (The
average separation between the carbonyl groups on opposite
interfaces is d = 2 (x;) = 31 A). Of course, we could allow
for larger o, as well as relax the requirement for uniform
hydrocarbon density to a region somewhat smaller than the
hydrophobic thickness d of the bilayer. This could also im-
prove the fit between the experimental CH, density profile
and the calculated one; the latter is considerably sharper as
we see in Fig. 6. Yet considering our approximate treatment
of the headgroup geometry and the lack of reliable
headgroup-water interaction potentials (which should be in-
cluded if one allows for large headgroup protrusions), we feel
that such ramifications are not warranted at this stage, and
would only add adjustable parameters to our simple model.
Furthermore, it should be noted that several other factors
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could possibly contribute to the larger width of the experi-
mental CH, profile as compared with the calculated one.
Apart from some inherent experimental uncertainties, one
possible contribution could be bilayer thermal undulations
(Wiener and White, 1992b). Note also that the widths of the
experimental distributions (of both headgroup and hydro-
carbon groups) involve a convolution of the van der Waals
hard core radius of the fragments and the gaussian envelope
of the thermal motion of its center. On the other hand, our
calculations involve only the latter factor. Finally it should
be noted that protrusion of the CH, groups to ~3 A beyond
the experimental carbonyl distributions (see Fig. 6), must be
caused by distant methylenes along the chain, given that the
position of the first carbon is constrained by the carbonyl-
carbon bond not to exceed 1.54 A. This behavior is not seen
in MD simulations (on POPC) performed by Heller et al.
(1993); see next subsection for a discussion of these results.

POPC bilayers: chain mixtures

The POPC bilayer is modeled as an equimolar mixture of
palmitoyl chains, P—(CH,),,—CH,, and cis oleoyl chains
P—(CH,),—(CH=CH)—(CH,);—CH,. The calculation
was performed for a fluid bilayer at temperature 7 = 300 K,
for an average total area/molecule (with one oleoyl chain and
one palmitoyl chain) of 60.5 A?, which corresponds to a
hydrophobic bilayer thickness of 30.0 A Recently Heller
et al. (1993) presented results of an MD simulation of a
POPC lipid bilayer composed of 200 molecules in the gel and
liquid phases. For the liquid phase simulation they report an
area/headgroup of 65.5 A? and a transbilayer separation be-
tween the carbonyl groups of 29 A. Notice that the calculated
area/headgroup is based on the assumed total chain volume
and therefore might vary between different calculations.
Thus a comparison of different results should, in principle
and if possible, be done for membranes of the same total
hydrophobic thickness, i.e., equal transbilayer headgroup
separation. The calculations presented in this section were
performed in order to compare the mean-field results with
those of MD simulations (Heller et al., 1993).

In Fig. 7 a we show the total segment (number) densities
calculated according to our mean-field theory. Plotted are the
sums of contributions to the density of CH,, CH,, and CH
segments from two oleoyl chains, originating at opposite in-
terfaces. Also shown is the sum of CH, and CH, segment
densities from the two-palmitoyl chains. For clarity, the cal-
culated points were fitted by a smooth curve using a cubic
spline. For comparison the corresponding distributions cal-
culated by MD simulations (Heller et al., 1993) are plotted
in Fig. 7 b. Notice that only the sum of both the terminal
methyl distributions of the palmitoyl and oleoyl chains are
shown in Fig. 7 b. The distributions in Fig. 7, a and b, of each
chain, are normalized to the total number of segments of two
chains as follows: oy — 28.0, Aqp paimisoy = 20,

Aqpoeon = 28.0, Aqp geoy = 2.0 and Ay ey = 4.0, where
A symbolizes the total area under the respective distribution.
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FIGURE 7 (a) Segment (number) distributions across a POPC bilayer.

The solid and open symbols correspond, respectively, to the calculated sum
of contributions from the oleoyl and palmitoyl chains originating from op-
posite interfaces. Circles, squares and triangles represent, respectively, the
calculated number densities of CH,, CH,, and CH—CH groups. The solid
lines connecting the calculated points are drawn oaly for dlarity. (b) The
corresponding MD distributions of Heller et al. (1993). The dashed, dot-
dashed, dotted, and solid lines are, respectively, the palmitoyl CH,, oleoyl
CH,, oleoyl CH=CH, and total (palmitoyl and oleoyl) CH, distributions.

Comparing the density profiles in Fig. 7, a and b, we note
their similar shapes and peak positions. The major difference
is in the distribution of the CH, segments of the palmitoyl,
which in the MD simulations is larger than ours around the
midplane of the bilayer. The MD distributions are also more
spread out than ours, given that in our calculations we assume
a rather well defined (“compact™) hydrophobic core and rela-
tively small headgroup fluctuations. The small number of
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palmitoyl methylene groups in the bilayer center in Fig. 7 a
is a result of the presence of the longer (unsaturated oleoyl
chain) methylene groups and the terminal methyl groups
there. An obvious result of the packing requirement in the
mean-field theory is the fact that the distribution of CH,
groups of the longer (oleoyl) chain is more concentrated in
the center of the bilayer. Unlike in the MD results, our cal-
culations show no overlap between the distributions of
double-bond segments belonging to chains originating from
opposite interfaces. (See also discussion of Fig. 10, below).
For 2 membrane with a smaller hydrocarbon thickness in-
terdigitation of this sort would be seen. Finally, we note that
in our calculations the methylenes of the oleoyl do not extend
beyond those of the saturated palmitoyl chain, as opposed to
the behavior seen in the MD simulation. This is because of
the fact that in our calculations we have treated the head-
groups as simple rigid atoms, ignoring their internal structure
and conformational degrees of freedom. This shortcoming
could, in principle, be remedied in future calculations.

Fig. 8 shows the orientational bond order parameter pro-
files of CH bonds along the palmitoyl (sn1) and oleoyl (sn2)
chains of POPC. Also plotted are the MD values of Heller
et al. (1993) and the experimental results of Seelig and
Waespe-Saréevié¢ (1978), for the two chains of POPC at a
temperature of 300 K. The different profiles cannot be ex-
pected to be identical, as the experimental hydrophobic bi-
layer thickness was not measured in the experiments, and
therefore might be different from the value of 30.0 A as-
sumed in our calculations, and given that the MD simulation
time was relatively short (56 ps). Furthermore our RIS model
for chain conformations is not identical to the model used in
the MD simulations. Nevertheless, the basic features of the
results obtained by our mean-field calculations are quite
similar to those observed experimentally and in the MD
simulations. The order parameter profiles obtained in the MD
simulations lie below ours for carbons close to the headgroup
and above ours for the end carbons. Heller et al. (1993) note
that the profiles computed toward the end of the simulation
period (longer simulation time) progressively approach the
experimental values. The MD odd-even effect at the begin-
ning of the oleoyl chain as well as the low experimental and
MD values are probably due to the fact that the car-
bonyl—C(1) bond in the sn2 chain is not aligned parallel to
the bilayer normal (Seelig and Seelig, 1980; Hauser et al.,
1981; Seelig and Waespe-Sarevié, 1978), whereas in our
calculation the average bond orientation is parallel to the
bilayer normal because we do not calculate the exact head-
group conformations.

The molecular order parameter we calculate (profile not
shown) for the C=C bond is 0.37, and —0.067 for the fol-
lowing bond. These are in good agreement with the MD
values of 0.40 and —0.063, respectively, as well as with the
experimental value of 0.37 for the double bond as reported
by Seelig and Waespe-Sarevic (1978). We also find that the
average angle between the double bond and the bilayer nor-
mal is 43.92°, in reasonable agreement with the average
value of 38.43° determined by Heller et al. (1993), whereas
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FIGURE 8 Orientational order parameters of the C,—H bonds along the
palmitoyl (@) and oleoyl (b) chains of POPC. O, [0, and A correspond,
respectively, to results calculated by the mean-field theory and MD results

of Heller et al. (1993) and the experimental results of Seelig and Waespe-
Sartevic (1978).

Seelig and Waespe-Saréevi¢ (1978) estimate a value of 9°.
As noted by Heller et al. (1993), for a perfect all-frans chain
(except for the cis-double bond), with the segments from
C(1) to C(7) perfectly aligned along the bilayer normal as in
the gel phase, the angle of the double bond with the bilayer
normal would be 26°, (according to the RIS model the angle
would be 21°; see Appendix). This indicates considerable
motional freedom of the hydrocarbon tail (compared with the
gel phase) and that the low-order parameter for the second
carbon atom of the double bond is a geometrical as well as
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an ordinary liquid-phase fluctuation effect (Seelig and
Waespe-Sarcevié, 1978). For the average angle of the bond
C(9)—C(10) we find 67.84°, which compares well with the
MD value of 65.55°. As noted by Heller et al. (1993) this is
smaller than the value of 86° (76° according to the RIS
model) for a perfect all-frans geometry, a result of the re-
aligning of the tail segments C(10)y—C(17) along the bilayer
normal caused by packing requirements. The low order pa-
rameter that we find for C(10) (in agreement with the ex-
perimental result but at variance with the MD result) there-
fore is caused by a geometrical effect as well as a packing
requirement. An examination of the in-plane and out-of-
plane fluctuations of the different carbons shows that these
effects are quite strict and result in relatively low fluctuation
values for the oleoyl C(10); see the discussion after Fig. 10,
below.

Comparison of different chains
The conformational properties, e.g., the orientational order
parameters, of the chains composing a “pure” (single chain
component) bilayer depend, primarily, on the average cross-
sectional area a per chain (Ben-Shaul and Gelbart, 1994).
Namely, the order parameters decrease as a increases, or
equivalently, as the bilayer thickness d = 2v/a decreases,
with v denoting the volume of the chain. This is the behavior
expected, for instance, in a DPPC or a DOPC bilayer whose
hydrophobic cores are composed of palmitoyl and oleoyl
chains, respectively. On the other hand, in mixed bilayers the
conformational properties may also depend on chain com-
position. It is thus of interest to compare the packing char-
acteristics of the oleoyl and palmitoyl chains in a POPC
bilayer, which we have treated as an equimolar mixture of the
two types of chains, to those in the “pure” DOPC and DPPC
bilayers. Thus, in Fig. 9 we show bond orientational parameter
profiles of the oleoyl and palmitoyl chains packed in DPPC,
DOPC, and POPC bilayers, all of the same thickness d = 30 A
and at the same temperature 7 = 300 K. Using a, and a, to denote
the average cross-sectional area/chain in the DPPC and DOPC
bilayers we have a, = 2v /d = 288 A’and a, = 2v,/d = 31.7
A2 with v, and v, denoting the vohume of the palmitoyl and
oleoyl chain, respectively. The average area/molecule (double
chain) in the POPC bilayer is therefore a = 2(v, + v, Vd = 605
A2, which is simply the sum of the areas per chain in the pure
systems. In other words, on the average, the area per palmitoyl
or oleoyl chain is the same in the pure and mixed bilayers.
The results shown in Fig. 9 reveal a significant change in
the degree of chain ordering upon mixing. The order pa-
rameters of the longer, oleoyl, chains increase, whereas those
of the shorter, palmitoyl, chains decrease. This indicates an
increase in the free energy (lower entropy, lower flexibility)
of the longer chains and an opposite behavior of the shorter
ones. Clearly, the sum of these changes amounts to lower free
energy in the mixed system (as confirmed by numerical cal-
culations of these quantities). This behavior is in qualitative
agreement with a simple scaling argument according to
which the free energy/chain varies with the area/chain g via
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FIGURE 9 Orientational order parameters of the C,—H bonds along the
chains of POPC, DPPC, and DOPC. The solid and open circles correspond,
respectively, to the palmitoyl chains of POPC and DPPC. The solid and open
squares correspond, respectively, to the oleoyl chains of POPC and DOPC.
The average cross-sectional area/chain of the palmitoyl and oleoyl chains
are a = 28.8 and 31.7 A?, respectively.

f ~ nja* where n is the chain length (Fattal and Ben-Shaul,
1993; Ben-Shaul, 1994). According to this rule the free en-
ergy gain of a stretched chain (small g ) whena — a + 8a
is larger than the free energy loss associated with stretching
arelaxed (large a) chain, a’ — a’ — 8a (a’ > a). The behavior
displayed in Fig. 9 is also consistent with the results of Seelig
and Seelig (1977), who found lower-order parameters for the
palmitoyl chains in POPC as compared with DPPC. It should
be noted, however, that in their experiments the POPC bi-
layer has a smaller thickness than that of the DPPC bilayer.
According to our calculations the effects would be even
stronger for a thinner POPC bilayer.

The similarity of the shapes of the order parameter profiles
of a given chain in different environments suggests that the
shape is determined by the chemical structure of the chain.
The absolute values of the order parameter, however, depend
on the membrane composition. Particularly, cis unsaturated
chains have a disordering effect, whereas saturated chains
induce ordering. Finally, a comparison of the two POPC
profiles shows that the end of the oleoyl chain is slightly more
ordered than that of the palmitoyl because of the realigning
effect of the oleoyl C(10)y—C(17) segments along the bilayer
normal, as discussed above. The similarity of the bond order
parameters for the two chains of POPC up to C(4) is a result
of our assumption that they originate from similar head-
groups, which is, obviously, an approximation.

Fig. 10 shows the root-mean-square deviations of the in-
plane and out-of-plane motions of the carbon atoms along the
palmitoyl and oleoyl chains. The fluctuations of the chain
segments grow with their distance from the glycerol head-
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FIGURE 10 Calculated root-mean-square in-plane and out-of-plane fluc-
tuations of the carbon atoms along the palmitoyl and oleoyl chains of POPC.

The solid and open symbols correspond, respectively, to in-plane and out-
of-plane fluctuations. The circles and squares comrespond to the palmitoyl
and oleoyl chains, respectively.

group, in agreement with the MD results of Heller et al.
(1993) and various experimental results (Konig et al., 1992;
Wiener and White, 1992b; Elder et al., 1977). As noted in the
section DPPC Bilayers, above, the amplitudes of out-of-
plane fluctuations are smaller than those of in-plane motion.
The calculated fluctuation range of a saturated palmitoyl
chain in POPC at 300 K is slightly larger than that of a
palmitoyl chain in DPPC at 333 K, of equal headgroup area
(~290 A), even though the range of the fluctuations is ex-
pected to become larger as the temperature is increased (see
Figs. 2 and 3). We therefore conclude that the amplitudes of
chain segment fluctuations depend primarily on membrane
composition and the average cross-sectional area/chain. The
presence of the oleoyl chain allows for larger palmitoyl fluc-
tuations, a notion supported by the lowering of the order
parameter as discussed in relation to Fig. 9. The fluctuations
calculated by Heller et al. (1993) are much smaller than ours
(results not shown), although their qualitative findings are
similar. The differences may be caused by the relatively short
simulation time (46 ps).

From Fig. 10, the fluctuations (both in- and out-of-plane)
of the the two oleoyl carbons C(9) and C(10) are practically
equal. Thus for the oleoyl carbons C(=10) the fluctuation
values are smaller than those of the saturated palmitoy! chain.
According to Heller et al. (1993) (results not shown); how-
ever, the oleoyl carbons C(8) and C(9) show increased flex-
ibility compared with the saturated chain, carbons C(10) to
C(13) have fluctuation values practically equal to those of the
saturated chain, and carbons C(=14) have fluctuation values
below those of the saturated chain. The assertion by Heller
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et al. (1993) that the experiments of Wiener and White
(1992a,b) support their result that the double bond carbons
have increased flexibility, appears lacking: Wiener and
White base this conclusion on the fact that their terminal
methyl group fluctuates less than the double bond (as dis-
cussed in the previous subsection), and this behavior is op-
posed to both our results and the MD ones. The fact that
according to our calculations the fluctuation of the oleoyl
C(10) is relatively small and affects the rest of the hydro-
carbon tail seems reasonable in view of the realigning of
segments C(10) to C(17) along the bilayer normal (caused by
the packing requirement), as discussed above. It cannot be
ruled out, however, that the MD results reflect a cooperative
phenomenon, in which case they cannot be accounted for by
our mean-field approach.

CONCLUSION

The main purpose of this paper was to demonstrate that a
relatively simple molecular theory can account quite well for
many of the important conformational characteristics of lipid
chains in membranes. In fact, as discussed elsewhere (Ben-
Shaul et al., 1985; Ben-Shaul and Gelbart, 1994), it is not too
surprising that a mean-field theory can faithfully reproduce
single-chain properties, i.€., properties that are determined by
the singlet distribution of chain conformations. Considering
the fact that such mean-field calculations are relatively easy
to perform, their usefulness for systematic studies of specific
systems as well as of general trends, e.g., conformational
and/or thermodynamic properties of lipid bilayers of differ-
ent compositions, temperatures, or curvatures is quite obvi-
ous. The major limitation of the approach described here is
the assumption of an a priori given (e.g., a sharply defined)
hydrocarbon-water interface. To remedy this limitation the
electrostatic interactions prevailing in the interfacial (aque-
ous headgroup) region should be treated in a detailed fashion,
comparable to the level we have treated the hydrophobic
chain region. Some models that account for the electrostatic
interactions (Dill and Stigter, 1988; Stigter and Dill, 1988;
Winterhalter and Helfrich, 1992; Ennis, 1992; Andelman,
1994) have been suggested, and it would be of interest to
combine them with our chain packing model to obtain a
unified (albeit mean-field) molecular theory of lipid bilayers.
Clearly, such theories cannot, and are not intended to, sub-
stitute detailed computer simulation studies, but rather are
intended to supplement them by considering wider ranges of
initial conditions and by providing additional qualitative in-
sights into the underlying physics.

APPENDIX: ROTATIONAL ISOMERIC STATES OF
LIPID CHAINS

In all the calculations presented in this work the possible conformations of
the lipid chains were generated and classified according to the rotational
isomeric state model (Flory, 1969). Generally, according to this model every
bond along a hydrocarbon chain can be found in one of several states,
corresponding to specific rotational angles around the particular bond. More
specifically, let C,_,, C,_,, C,, and C,,, denote four consecutive (methyl-
enic, methylic, or methynic) carbon atoms of the chain, and let us refer to
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the vector connecting C, _, and C, as the kth C—C bond. Then ¢, the angle
of rotation around the kth bond, is the (dihedral) angle between the planes
formed by carbons G, , G, _;, Gy, a8d G,_,, G, G,.,,, respectively. In the
rotational isomeric state model ¢, can assume only few special values,
correspoonding to the local minima of the potential encrgy. ¢, and other
molecular parameters used in our calculations to gencrate the conformations
of the saturated and partly unsaturated chains were as follows.

Saturated chains

These chains are of the form P—(CH,),_,—CH,. We have treated the head-
group as the “zeroth” carbon atom. All C—C (as well as the P—C, bond
lengths were taken to be R = 1.53 A. For ZOCC, the angie between two
successive bonds, we bave used the common value 8 = 112°. The possible
values of the rotational angles are ¢, = 0, +120°or —120° (k= 2,3,- - -,
n — 1), comresponding to the trans (1), gauche-plus (g*) and gauche-minus
(g7) states of the kth bond. Setting the trans state energy €, = 0, the gauche
energy is €, = 500 cal/mol (for both g* and g7). In generating the possible
bond sequences we have discarded all the high-encrgy conformations,
namely those involving ncighboring bonds in g*g~ or g g* states, as well
as all conformations in which the nonbonded carbon atoms along the chain
are less than ~3 A apart.

Unsaturated chains

The oleoyt chains considered in the cakulations P—(CH,),—CH=CH—
(CH,),—CH,, contain onc cis double bond, between carbons C, and C,. For
alt C—C bonds (as well as the P—C, bond) we bave used R—. = 1.53
A. The length of the double bond is R,_. = 1.34 A. Forall C,_,—C, bonds
where 2 < k < 7 and 11 < k =< 6 the allowed rotational angles, @, are the
same as for the saturated chains. The ZCCOC bond angies and trans/gauche
encrgies of these bonds are also the same as those of the saturated chains.
The differences appear in the chain scgment involving carbons
C;—Cy=C5—C, The angle between boads C,—C, and Cy=C, as well as
that between C;—=C, and C;—C,, is 8 = 125°. (Note that C, through C,,
are in the same planc). The possible values of the rotational angles around
bonds C,—C; and C;,—C,q arc ¢, = 0, +60 and ¢, = 0, +60. Note that
when ¢, = 0 carbons C; through C, arc in the same planc. However, the
¢ = 0, @,4 = 0 configuration involves a high conformational energy and
has been discarded. Thus, we have only allowed for the combinations ¢,,
@10 = 0, 260° or = 60°, 0 in which case € = 800 cal/mol or for ¢, @) =
+60, =60 in which casc € = 0.
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