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Mobility and Elasticity of Self-Assembled Membranes
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Molecular dynamics simulations are used in order to study the self-assembly process and the physical
properties of flexible membranes composed of amphiphilic molecules. On molecular scales, these mem-
branes are observed to be rather mobile and to have rough surfaces arising from molecular protrusions,
i.e., from the relative displacements of individual molecules. On length scales that are only somewhat
larger than the membrane thickness, on the other hand, the membranes are found to undergo smooth
bending undulations. In this way, our study provides the first explicit connection between computer
simulations with molecular resolution and elastic membrane models based on differential geometry.
[S0031-9007(98)08125-3]
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Flexible membranes and lipid bilayers have fascinatingve have been able to identify those parameter values
physical properties which have been studied for a longvhich correspond tdensionlessstates. This aspect of
time both experimentally and theoretically. During theour work which is rather technical has been described
last decades, two theoretical approaches have reachedelBewhere [11]. Second, we have performed a detailed
certain level of maturity. On the one hand, we haveanalysis of the shape fluctuations of the membranes in
a successful theoretical description based on differentigheir tensionless state. The results of the latter analysis are
geometry by which we can understand the morphology ofeported below. Note that we used molecular dynamics
closed membranes or vesicles on the micrometer scaleather than Monte Carlo simulations, which implies that
see, e.g., [1]. On the other hand, molecular model®ur model systems exhibit a realistic dynamics.
of lipid bilayers on the nanometer scale with (almost) We also find that our data are in fair agreement with
atomic resolution have been intensely studied by computea relatively simple relation in which the bending rigidity
simulations; see, e.g., [2,3]. is expressed in terms of the area compressibility and the

However, these two approaches have remained rathemembrane thickness. This relation provides a shortcut for
distinct and unrelated. In the computer simulations, thduture simulations since it is much easier and less time-
self-assembled bilayers are found to be rather mobile struconsuming to determine the area compressibility from
tures. In particular, the two interfaces bounding thesesuch simulations.
bilayers are roughened by relative displacements or pro- A variety of theoretical approaches has been used previ-
trusions of individual molecules [4,5]. Such protrusionsously in order to provide a microscopic basis for bending
have also been deduced from scattering data of real belasticity: (i) calculations based on the stress profile across
layers [6—8], and they are believed to make an importanthe bilayer membrane [12,13], (ii) self-consistent calcula-
contribution to the short-ranged repulsion between bilaytions in which the amphiphilic molecules are treated as
ers [9,10]. short polymers confined to the curved membrane [14,15],

On the micrometer scale, on the other hand, thend (iii) theories based on local density functionals and
behavior of membranes is well understood in terms ofgradient expansions starting from nonlocal density func-
smooth surfaces as described by differential geometry antibnals [16].
curvature energies. In this latter description, the most In all of these approaches, the interfaces bounding the
important phenomenological parameter is the bendingnembrane were treated as smooth surfaces and molecular
rigidity « which describes the resistance of the membrangrotrusions were not taken into account. Therefore, none
against bending. So far, this elastic parameter has naif these previous approaches can give us information
been addressed in any of the numerous simulations about the transition regime from protrusions to bending
membrane models with molecular resolution. Below, wedeformations. In particular, these approaches cannot tell
show, for the first time, that one can indeed extract a values how far we have to go above the molecular level in
for the bending rigidity from molecular dynamics (MD) order to treat the membrane as a quasielastic sheet. In
simulations of such models. the work reported here, we obtain a definite prediction

In order to investigate the concept of bending elasticityfor this latter length scale. In fact, our data give strong
via computer simulations of molecular models, we usecevidence that the concept of bending elasticity is already
a two-step strategy. First, we systematically studiedneaningful on rather microscopic length scales which are
the effect of boundary conditions on the membraneonly somewhat larger than the bilayer thickness.
behavior and determined the lateral tension induced in the Bilayer membranes are formed by the self-assembly
membrane by these boundary conditions. In this wayof lipids, surfactants, and other amphiphilic molecules;
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see, e.g., [17]. This process can be studied in théime increment per MD step was taken to ke =
context of binary model systems consisting of solvent and,./2000. As discussed in [11], one has some freedom
amphiphilic particles. The model for which we presentin the assignment of numerical values to the basic
our data is a binary Lennard-Jones fluid in which eaclparameterse, A, and m. A reasonable choice for this
amphiphile consists of one lyophilic headgroup particleassignment is given by = 1/3 nm, eN, = 2 kJ, and
connected to a chain of four lyophobic particles [11].mN,4 = 0.036 kg, whereN, denotes Avogadro’s number.
The basic energy and length scales are provided by th€his leads to the basic time scalg = 1.4 ps and to the
depthe and the range\ of the Lennard-Jones potential, time incrementAs = 0.7 fm per MD step. The lateral
respectively. The basic time scale is given Qy =  diffusion coefficient then has a value of the order of
M m/e, where m denotes the mass of the particles. 1078 cm?/s as observed experimentally.

Similar models have been previously studied for ternary A real bilayer membrane which is not subject to
mixtures of oil, water, and surfactant [18]. external constraints adopts an essentihsionlesstate.

In the context of such a model, one may first observe thét takes a certain computational effort to obtain such states
self-assembly of the amphiphilic molecules into bilayers;in simulations. Indeed, the bilayer segments which can
see Fig. 1. Furthermore, direct observation of the motiorbe studied via simulations are usually constrained by the
of the amphiphiles within the self-assembled bilayer showdinite size of the simulation box which induces substantial
that these particles undergo rapid lateral diffusion whicHateral tensions in the membrane. Therefore, one must
implies that the bilayer is in a fluid state. The observedirst determine the membrane tension as a function of the
diffusion coefficient was of the order a0 ~>A2 /1, [11]. size of the simulation box for fixed surfactant number

The MD simulations were performed using the leap-[11]. As shown in Fig. 2, one then finds that the tension
frog algorithm at constant temperatugl’ = 1.35¢. The  changes its sign at a certain box size and, thus, at a certain

t=750-10"> t=800-10"° t=1-10°

FIG. 1. Self-assembly of bilayer membrane in a mixture of amphiphiles and solvent particles. Each amphiphile consists of four
black chain particles connected to one white headgroup particle. The solvent particles are transparent. The initial configuration,
which is not shown, consists of a random mixture of 100 amphiphiles and 840 solvent particles. The six configurations are
snapshots which illustrate the time evolution of the structure; the timsegiven in units of molecular dynamics steps. The time
increment per MD step corresponds to about 1 fs. After abbdutx 10° MD steps, the amphiphiles form a cylindrical micelle

which spans the simulation box horizontally. This state is stable up to dboutl0> MD steps. After this time, the micelle
undergoes a transformation, which takes ad®itMD steps towards a bilayer state. The resulting bilayer is found to be stable for

at least3 X 10° MD steps.
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FIG. 3. Typical configuration of a bilayer membrane com-

-2 L posed of 1152 amphiphiles. At small scales, one sees indi-

A4 | | 375 4 425 45 475 vidual molecules which protrude from the bilayer membrane.

At large scales, the bilayer looks like an elastic sheet which is
1.8 2 22 24 26 2.8 3 curved in a smooth way. The basic length scaleepresents

A the range of the Lennard-Jones potential. The thickness of the
membrane i€, = 6A.

FIG. 2. Lateral tension®, within the bilayer as a function

of projected aread per amphiphile. The two different sets . . . .
of data correspond to amphiphiles which differ in their chainounding the bilayer. The corresponding deformation

stiffnessk. For comparison, the inset shows analogous datanode’(g) with wave numbey is the Fourier transform
for amphiphiles with two chains, each of which consistsof h(r). The fluctuation spectrum or static structure
of four lyophobic particles. All quantities have been madefgctor S(q) = (Iﬁ(q)lz), which is directly accessible to
Egﬁgﬂﬁ%erf:s B(S)Itg%tigll.e rangé and the depthe of the scattering experiments, represents the excitation strength
of these deformation modes. The computational effort

. to determineS(g) via simulations is quite substantial: It
projected area per moleculg. For molecular aread 4 ahout 18 months of CPU time on a silicon graphics
close toAy, one finds a Hookian behavior and the tension;q ystation (R4400, 150 Mhz) in order to collect the data
2 behaves as on which our fluctuation analysis is based.

2 = Ka(A — Ag)/Ao, 1) We find that the data of the fluctuation spectrsity) as

which defines the area compressibility modukis displayed in Fig. 4 are well fitted by the functional form
The projected molecular ared, depends, to some kpT kpT

extent, on the details of the molecular model. This is S(g) ~ — (2)
illustrated in Fig. 2. The latter figure contains data for x4
two different lyophobic chains which are distinguished

by their chain stiffnes&. For comparison, we have also 1
included data for amphiphiles with two chains, each of S
which consists of four lyophobic particles. However, in

all three cases, we obtain roughly the same value for the i
area compressibility moduluk,. In the following, we , B |
will focus on amphiphiles with a single chain and chain 107 .. £ N =
stiffnessk = 2¢. In this case, the area compressibility I e |
modulus is found to b&, = 12¢/A2. 10° T

A snapshot of a tensionless membrane state is displayed

in Fig. 3. In this example, the membrane consists of

1152 amphiphilic molecules and the ambient temperature 10
is kgT = 1.35€. Inspection of this figure shows (i) that 1
the two interfaces bounding the bilayer are not smooth
on small scales but roughened by protrusions of thq_.
amphiphilic molecules and (ii) that the overall shape Ofbrane deformations as a function of the dimensionless wave

the bilayer resembles an elastic sheet which is curved in gumberg. The largest wavelength is provided by the box size
smooth way. and corresponds t¢ = 1. The symbols represent the molecu-

A quantitative measure for the shape fluctuations of théar dynamics data, the full curve the superposition of protru-

bilayer membrane is given by the fluctuation spectrunions and bending modes as explained in the text. The two
hown in Fig. 4. The shape of the membrane idotted lines show the separate contributions of protrusions at

as sh s > . ) sf;argeq and bending modes at smajl These two contribu-

described by the height variable(r) which gives the tons intersect at the characteristic wave numfewhich cor-

position of the midsurface between the two interfacesesponds to the wavelength7.7A.

5
Oprq

IG. 4. Fluctuation spectruny of thermally excited mem-
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This ¢ dependence of the fluctuation spectrum correimodels with (almost) atomic resolution. It will then

sponds to a superposition of (i) bending deformationde possible to study how the elastic properties of the

which behave as-1/4* [19] and (ii) protrusion modes membranes depend on the molecular architecture of

~1/4? [10]. The fit of the data as shown in Fig. 4 leadsthe amphiphiles and how these properties are affected

to the bending rigidityx = 10e and to the protrusion ten- by variations in the composition of multicomponent

siono,, = 6.5¢/A%. membranes. One important example is provided by
The two contributions to the fluctuation spectrumtwo-component bilayers consisting of phospholipid and

arising from protrusions and from bending modes haveholesterol, for which the bending rigidity has been

the same strength at the characteristic wave number  measured experimentally and was found to increase rather

(apr/K)‘/z. The corresponding length scale2is /q. =  strongly with the cholesterol concentration. We expect

7.7A. This must be compared with those length scaleshat the simple relation between area compressibility,

which characterize the bilayer on the molecular levelmembrane thickness, and bending rigidity as found here

There are two such length scales: the lateral size ofvill also apply to such more complex membranes, but this

the amphiphile and the bilayer thickne§g.. For the remains to be studied.

tensionless bilayers discussed here, the lateral size of the

amphiphile is=1.4\ and the bilayer thicknes,. = 6A.

Therefore, the shape fluctuations of the bilayer represent

bending modes as soon as the wavelength is somewhat

larger than the bilayer thickness.

. Somewhat surprisingly, the value of the bending rigid- *Author to whom correspondence should be addressed.
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