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ABSTRACT Using molecular dynamics simulations, we examine the behavior of lipids whose preferred curvature can be
systematically varied. This curvature is imposed by controlling the headgroup size of a coarse-grained lipid model recently
developed by us. To validate this approach, we examine self-assembly of each individual lipid type and observe the complete
range of expected bilayer and micelle phases. We then examine binary systems consisting of lipids with positive and negative
preferred curvature and find a definite sorting effect. Lipids with positive preferred curvature are found in greater proportions in
outer monolayers with the opposite observed for lipids with negative preferred curvature. We also observe a similar, but slightly
stronger effect for lipids in a developing spherical bud formed by adhesion to a colloid (e.g., a viral capsid). Importantly, the
magnitude of this effect in both cases was large only for regions with strong mean curvature (radii of curvature ,10 nm). Our
results suggest that lipid shape must act in concert with other physico-chemical effects such as phase transitions or interactions
with proteins to produce strong sorting in cellular pathways.

INTRODUCTION

There are hundreds of different naturally occurring lipids that

make up the internal and enclosing membranes of the cell.

They are not just homogeneously distributed but are found in

different concentrations in different organelles. Remarkably,

this specificity occurs in a highly dynamic environment in

which lipids are constantly recycled throughout the cellular

machinery, yet lipids themselves lack lock-and-key type

binding sites found on proteins and other function specific

biomolecules. Examples of lipid sorting are numerous and

include the differentiation between apical and basal regions

of Golgi and endoplasmic reticulum (1), the function of

sorting endosomes (2), and lipid selection during viral bud-

ding (3–5). Just what drives this sorting is currently one of

the key mysteries of cell biology (6).

Consider the example of sorting that occurs between the

endoplasmic reticulum and the plasma membrane. These

regions differ markedly in composition although they are

connected via vesicular endocytic and exocytic pathways. In

fact, it is these pathways that are thought to be responsible

for the sorting, and an indicator toward the mechanism by

which they differentiate between lipids is the presence of

highly curved tubular or vesicular regions that form and bud

off from the parent membrane (1,2,6). The basic principle is

that highly curved regions may selectively include or ex-

clude certain lipids on the basis of their shape or stiffness.

Neither the influence of shape or membrane stiffness is yet

adequately understood, but recent key experiments involving

simple model membranes have demonstrated that lipids with

unsaturated tails (that typically form less stiff bilayers)

become concentrated in tubular regions pulled from a vesicle

(7), and in vivo experiments have demonstrated that lipids

with greater tail unsaturation are sorted into pathways in-

volving highly curved tubular intermediates (8). While these

experiments have begun to address the issue of lipid fluidity/

stiffness in partitioning different lipids, the influence of lipid

shape has so far received little attention (2,8) and to verify

theoretical predictions (9) it is essential that its coupling with

membrane curvature be quantified.

It is important to remember that lipids can be sorted in dif-

ferent ways; either between leaflets of the bilayer (inter-

leaflet) or between highly curved regions and flat regions of

the membrane (interregion). Interregion and interleaflet

sorting involve processes on different timescales (diffusion

versus flip-flop) and depend differently on the makeup of the

lipid mixture that comprises the membrane. To see why this

is the case, consider the fact that there are always two leaflets

to a bilayer and that wherever one leaflet has a curvature K,
the other will have curvature ��K. This means that in a

binary lipid system the curvature coupling will be approx-

imately equal but opposite in each bilayer sheet. Such a sit-

uation is conducive to strong interleaflet sorting when there

are two lipid species with opposing preferred curvature. On

the other hand, interregion sorting is likely to require a third

species with intermediate curvature that will partition into

flat regions of the membrane. Other possible mechanisms for

interregion sorting can be envisaged in biological systems

where flip-flop is very slow, but our purpose here is not to

examine such mechanisms. Instead we will focus on the fun-

damental effect that is common to both interleaflet and inter-

region sorting, that is, the coupling between lipid shape and

membrane curvature.

As a final point of interest it is worthwhile considering the

role of lipid shape when combined with nonequilibrium

processes such as active concentration of lipids via flippases

(10). This is essentially the reverse situation to passive

sorting and represents a mechanism by which the shape of

cellular components may be altered. Such active sorting is
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now thought to be commonplace and represents an important

component in vesicle budding and movement processes (11).

Regardless of whether we are concerned with active or

passive lipid sorting, one of the key physical processes un-

derlying biological function is the coupling between lipid

shape and membrane curvature. The aim of this study is to

systematically examine the physics of this coupling. Firstly

we would like to determine whether lipids with different

shapes will preferentially distribute into monolayers with

a different curvature. More importantly, we aim to quantify

this effect, both as a function of the curvature and of the

deviation of the lipid from a cylindrical shape.

MODEL SURFACTANTS AND
SIMULATION METHODOLOGY

The goals of this study represent a particularly difficult

simulation task. On the one hand, very large systems (10,000

lipids) and very long timescales are required. Yet at the same

time, our goal of observing the effects of molecular shape

necessitates the use of a particle-based model to represent in-

dividual lipids. This requirement clearly excludes non-

particle-based techniques used for large-scale systems such

as dynamic triangulation, and alternatively, our need for

large systems rules out the use of fully atomistic simulations.

This leaves us with coarse-grained particle-based lipid

models, which cover a wide range of complexity from sin-

gle beads per lipid (12) up to models that capture some

chemical detail (13,14), and including many that lie in

between (15–17). Most of these coarse-grained models em-

ploy explicit solvent particles and for certain two-dimensional

geometries such as a flat bilayer this does not pose a serious

performance drawback. For three-dimensional geometries

such as vesicles and budding bilayers, however, the solvent

typically accounts for .95% of computation time and limits

the extent to which large length and timescalesmay be studied.

Of course there remain situations where the effects of the

solvent itself are of interest, or where hydrodynamics are

important. In such cases the solvent particles are treated

explicitly (15,18). An alternative to the explicit approach is to

model the solvent implicitly via attractive interactions between

tails, thereby achieving more than an order-of-magnitude gain

in efficiency. This aim has been pursued formore than a decade

(12) but only recent advances have led to models with well

understood and tunable properties suitable for a wide variety of

applications (see the review by Brannigan et al. (17) and

references therein). In this study, we shall employ a model

developed by us that is based on the use of broad tail attractions

(19). Since this has previously been described in detail (20) we

provide only a brief description here.

Lipids

Throughout this study we employ lipids consisting of a

single head bead (spherical particle) and two tail beads (see

Fig. 1). The size of these beads is fixed by using a purely

repulsive (Weeks-Chandler-Andersen) potential

Vrepðr; bÞ ¼ 4e
b
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with rc ¼ 21/6b and where e is our unit of energy. The

effective size of individual lipids is determined by the

parameter b, which may be set to different values for head

beads (bh) or tail beads (bt) to achieve different types of

conical shapes. For simplicity, we kept the size of tail beads

fixed at bt ¼ s, and varied the size of heads over the range

bh ¼ 0.7. . .1.4s where s is our unit of length. We shall see

later that this encompasses a range of lipid spontaneous

curvatures from strongly negative to strongly positive.

The three beads are linked by two almost inextensible

bonds and the lipid is made stiff through the use of a

harmonic spring with rest length 4s between head bead and

second tail bead. Further details may be found in the ref-

erence (20).

Since no explicit solvent molecules are used, we introduce

an attractive interaction between the tail beads to account for

their hydrophobicity. Although the overall width of this at-

traction is the key to obtaining a realistic fluid bilayer phase

we have previously shown that the precise details of this

potential are of minor importance. We chose a cosine-based

interaction whose width can be easily varied:

VattrðrÞ ¼

�e; r, rc
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FIGURE 1 Representation of the lipids used in this study showing the con-

ical and inverted conical shapes obtained by varying the headgroup size bh.
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This describes an attractive potential with depth e that for

r . rc smoothly tapers to zero. By tuning the range wc it

is possible to alter the stiffness and fluidity of the resulting

bilayer, which effectively mimics real lipid characteristics

such as tail length and saturation.

Comparison with real membranes

Given the strongly coarse-grained nature of our lipids it is

remarkable just how well the physical properties of the

resulting simulated membranes correspond with those of real

systems. Parameters such as stiffness, area stretching mod-

ulus, and rupture tension all lie within their experimentally

observable ranges (20). Nevertheless, there is one important

parameter that is different between simulated and real lipid

systems. That parameter is the flip-flop rate, which is much

faster in the simulation (20), and would be of concern if our

study were to focus on the dynamics of exchange between

leaflets. Since this study is not concerned with dynamics, a

fast flip-flop rate is actually very useful since it allows us to

reach equilibrium quickly. Interestingly, in biological (as

opposed to synthetic experimental) systems, flippases cata-

lyze the flip-flop process (21). Although some types of

flippases are unidirectional—that is, they catalyze flip into

one leaflet only—our simulations are also relevant for the

passive case where catalysis is bidirectional.

Colloidal particles

In the section ‘‘Lipid Shape Coupling During Budding’’, we

simulate the partial wrapping of a colloidal particle by a

section of bilayer membrane. This situation rather closely

models the acquisition of membrane coats via budding as

seen in many common animal viruses (22). In such cases the

viral particles are wrapped due to their adhesion with the

parent membrane. Nevertheless, our purpose was much more

general. We simply wanted to obtain a membrane geometry

close to that which would be found generally for all types

of budding events, i.e., a spherical region, a neck, and a flat

parent membrane.

For various technical reasons it was not convenient tomodel

the colloid as a single large particle with an offset repulsive

potential. Instead, it was constructed by creating a spherical

mesh of small hard spheres enclosing a collection of soft filler

particles. The mesh itself was generated by placing a single

bead of size s at each point in an optimal spherical covering

(23). FENE bonds were then imposed between each bead and

its near neighbors. Tomake the colloid rigid itwas inflatedwith

soft spheres with radius 2.5s. These spheres interacted with

each other via a simple harmonic repulsive potentialU(r)¼ (kf/
2)(rcut – r)

2 where r is the interparticle distance, kf¼ 20e is the

strength of interaction, and rcut¼ 2.5s is the cutoff distance. In

eachof thewrapping simulations in thiswork a single colloid of

radius Rcolloid ¼ 10s consisting of 1002 cage atoms and 1000

filler spheres was used. Using a particle-based colloid model

such as this entails several advantages. The first is that there are

no particularly large particles in the system, which allows

optimizations such as cell and particle lists in the integration to

retain their efficiency gains. The second is that we now have

additional control over the particle shape and interaction. In

particular,we have constructed colloids inwhich one part of the

cage surface adheres to the membrane and the other part does

not. Such attractions, when used, were always imposed via

a simple Lennard-Jones attractive potential with well-depth e

and equilibrium-distance s.

Simulation details and units

We simulated systems consisting of the above-mentioned

model lipids and possibly colloids in the absence of any

explicit solvent particles. The attractive tail-width, wc, was

set to 1.6s, which corresponds to bilayers with a bending

stiffness on the order of 12 kBT. Molecular dynamics

simulations with a Langevin thermostat (fixing the temper-

ature at kBT ¼ 1.1e) were used throughout, with a time step

of dt ¼ 0.01 t and a friction constant G ¼ t�1 (in Lennard-

Jones units). Constant volume simulations were performed

using a box with sides Lx ¼ Ly, Lz subject to periodic bound-
ary conditions. If needed, constant tension conditions were

also implemented via a modified Andersen barostat (24)

allowing box resizing in x and y dimensions only (with a box

friction Gbox ¼ 2 3 10�4 t�1 and box mass Q ¼ 10�5).

All simulations were performed using the ESPResSo pro-

gram (25) with additional bilayer-specific analysis and setup

being performed by the MBtools add-on package.

The basic unit of length in our simulations is s. As

detailed by us in a previous article (20) it is possible to map

this onto real lengths with the convenient result that s �
1 nm. Throughout this article, we shall use ‘‘nm’’ when re-

ferring to biologically relevant quantities such as vesicle size,

but when referring to simulation details we shall continue to

refer to s.

SYSTEMS WITH HOMOGENEOUS
LIPID COMPOSITION

The role of shape in determining the behavior of pure amphi-

phillic systems such as lipids or surfactants is quite complex,

but themost basic effectsmay be summarized rather beautifully

by calculating the packing parameter introduced by (26)

P ¼ v

aolc
; (3)

where v and lc are the tail volume and length, respectively,

and ao is the preferred head area per lipid. For spherical

micelles we have the prediction that P& 1/3, whereas for cy-

lindrical micelles one expects 1/3& P& 1/2, and for bilayers,

P* 1/2 (26). In the spirit of this geometrical approach recent

work has analyzed the more complicated case of branched
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micelles (27) and several simulations (28–30) and experi-

ments (31–34) have varied headgroup size and chain length

to obtain a range of P sufficient to induce changes to micelle

structure. Such variations can be obtained through a change

in salt concentration, a change in pH, or by using specific lip-

id types such as diacylglycerol or lysophospholipids, which

have strong intrinsic curvature that depends on acyl-chain

length and head chemistry (35–37).

Since our study focuses on lipid shape and its interaction

with membrane curvature, it is essential that our model repro-

duce the major known surfactant phases and their relationship

with P. One of the objectives of this section will therefore be
to check that this is the case by examining the self-assembly

of pure systems of our lipids with varying headgroup size.

This will also serve as a reference point for matching dif-

ferent lipids to form mixed systems.

By making the headgroup larger than the tail beads one

can achieve a conical shape, and by using small headgroups,

a cone of the opposite orientation can be obtained. To encom-

pass a wide variety of surfactant behaviors we varied the head-

group size bh over the range 0.7. . .1.4s. Head size is evidently
related to the packing parameter P; however, the relation is

not always easy to calculate accurately since ao and v/lc must

be obtained from the model. In our case, we know that the

transition from wormlike to spherical micelles occurs for

bh ¼ 1.4s and therefore, in that case, P� 1/3. We also know

that for a flat membrane with bh ¼ 1.0s we have ao ¼
1.24s2. Assuming that for all our phases ao � Cbh

2, where C
is a constant, we can now obtain the relation P� (2/3)bh

2/s2.

In Fig. 2, we present a snapshot of each of our self-

assembled systems, taken at the end of a long simulation run

where the energy of the system indicated that it had reached

equilibrium (after;15,000t). Remarkably, our simple model

was not only able to capture the most basic phases such as

bilayers, worms, and spherical micelles but also encompasses

the more subtle phenomena of branched wormlike micelles.

The values of P at which our micellar phases occur sit within

their expected ranges (see Fig. 2 legend), which is pleasing,

given the rather approximate calculation of ao used. What is

more important, however, is that each phase appears in its

correct relative position along a gradient of P. Starting with

values of P . 1 we first observe an unstructured globular

phase. Given the importance of the headgroup in determin-

ing lipid ordering, the existence of such a globule for lipids

with very small heads is unsurprising. As P is decreased, one

finds a range of values over which bilayer phases are ob-

served, 0.6& P&1.0 , and then forP� 0.55, one finds a cross-

linked wormlike micelle phase followed by non-cross-linked

worms, 0.33 & P & 0.5, and eventually spheres P , 0.33.

One particular point of interest in Fig. 2 is the presence of

both branched and unbranched cylindrical micelles. Using

fluorescence imaging and electron microscopy experiments

(33,34,38), it is possible to directly view wormlike micelles,

and both branched and unbranched structures have been ob-

served. It is also well known that the addition of salt to certain

surfactant solutions results in the formation of branched or

cross-linked micelle structures rather than entangled worms

(32,38,39). This is thought to occur because the addition of

salt acts to screen repulsions between ionic headgroups

leading to a decrease in effective headgroup area (27). Pre-

vious simulation results on dimeric surfactants would tend to

agree with this geometrical explanation (30) but also per-

mitted more complicated theories based on the presence of

two surfactant tails (30). Our observation of branched mi-

celles in a simple, single-chained surfactant model confirms

that two tails are not required for the formation of branched

wormlike micelles and that pure packing considerations are

the most likely cause. The ability of our very simple model to

reproduce such subtle changes in morphology is remarkable,

and gives us further confidence in our implementation of pre-

ferred lipid curvature.

Another notable feature of Fig. 2 is the sheer range of

phases that can be observed. This is particularly useful be-

cause it has been achieved within a single consistent model

FIGURE 2 Various single component self-assembled phases corresponding to lipids with headgroup sizes bh in units of s: (a) 0.7; (b) 0.9; (c) 1.1; (d) 1.2;

and (e) 1.4. Corresponding values of the shape parameter P are (a) 1.4; (b) 0.83; (c) 0.55; (d) 0.46; and (e) 0.33. A schematic representation of the constituent

lipids is shown next to each of the phases. All simulations correspond to 4000 lipids in a cubic box of side length 50s. In the case of snapshot e, a simulation

with only 800 lipids was used for visual clarity (shown) but identical spherical micelles were obtained with 4000 lipids. Note that although it is not completely

clear from the snapshot, none of the wormlike micelles in simulation d have any branches.
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framework and depends (as predicted) simply on headgroup

size. We therefore anticipate that a good deal remains to be

learned by applying the present simulation model to micellar

systems.

The final point to note about Fig. 2 is that a bilayer will

only form for relatively small deviations from the ideal head-

size, and only where such deviations are toward smaller

heads. Since our goal was to study mixed binary systems

forming stable bilayers, we designed pairs of lipid types such

that the average of their head-bead sizes would be the ideal

value 1.0s. We tested three such mixtures with head-bead

ratios (1.1:0.9), (1.2:0.8), and (1.3:0.7) for their ability to

self-assemble to bilayer structures (vesicles or lamellae).

Only the two least asymmetric mixtures actually self-

assembled to bilayers on the timescales of our simulations.

In the case of the (1.3:0.7) mixture, spherical micelles rapidly

formed but coalesced extremely slowly and we could not be

certain that a bilayer would ever form.

MIXED LIPID SYSTEMS: CURVATURE COUPLING
ON SPHERICAL VESICLES

The possibility that lipid shape could couple with membrane

curvature to produce a sorting mechanism presents us with

the following questions: How strongly curved must a mem-

brane be to produce a sizeable sorting effect? How does this

effect vary with the degree of asymmetry of the lipid? The

purpose of this section is to examine these two questions

systematically by using the simplest possible curved systems,

namely spherical vesicles.

We simulated vesicles ranging in size from 1000 up to

16,000 constituent lipids, corresponding to a range of radii

from �5 nm up to �30 nm. All vesicles were composed of

equal parts large-headed lipids and small-headed lipids,

where the two head sizes were matched to give an overall

neutral curvature effect. In the previous section we men-

tioned two cases where such binary mixtures self-assemble

to flat bilayer sheets. These corresponded to the head-size

ratios (1.1:0.9) and (1.2:0.8). We restricted our efforts to

these two cases.

After preformed vesicles had reached equilibrium we were

able to examine the profile of bead densities as a function of

radius. Fig. 3 shows a typical plot of such a profile in which

the outer and inner leaflets as well as the densities of heads

and tails of each lipid type can be seen. Due to shape fluc-

tuations, the peaks in this plot are broadened; however, one

can nevertheless see clear evidence of a coupling between

curvature and shape. The density of large-headed lipids is

appreciably larger in the outer leaflet than the inner one, and

the opposite is true for small-headed lipids. This simple

result indicates that lipid shape can act as a sorting criterion.

What remains to be seen is precisely how strong an effect it is,

particularly for vesicles on the order of the sizes seen in the

endosomal pathway, 50 nm. To quantify the enhancement or

sorting effect between bilayer leaflets, we calculated the ratios

fo ¼
No

Mo

and fi ¼
Ni

Mi

; (4)

where No and Ni indicate the number of large-headed lipids

in the outer and inner leaflets, respectively, and where Mo

and Mi are the total number of lipids in these leaflets. If a

curvature-shape coupling exists, then these ratios should be

related to the local curvature of the bilayer K and to the

curvature K‘ that would be optimal for the lipids. We con-

structed a simple theory to model this, based on the follow-

ing two assumptions. First, K and K‘ are harmonically

coupled; i.e., the energy of a lipid with its own curvature K‘

embedded into a monolayer of curvature K is given by

E ¼ 1

2
MðK � K‘Þ2; (5)

where the modulusMmeasures the strength of this coupling.

Second, the curved lipids behave like an ideal lattice gas in the

membrane plane; i.e., the entropy of mixing is given by

S ¼ �kB½Mofoðlnfo � 1Þ1Mifiðlnfi � 1Þ�: (6)

Minimizing the resulting free energy subject to the con-

straint of a given total number of lipids results in the pleas-

ingly simple relation

ln
fo

fi

¼ 2bMK‘K; (7)

where b ¼ 1/kBT is the inverse thermal energy andM is the

coupling constant between lipid and bilayer curvatures. In

the limit of zero curvature, i.e., a flat bilayer, the term on the

left goes to 0. Based on the present analysis it is impossible

to determine eitherM or K‘ independently, so we shall refer

instead to their product, J ¼ MK‘, which summarizes the

strength of curvature coupling for a particular lipid type.

FIGURE 3 Radial density profile across the two monolayers of a vesicle

constructed from 2000 lipids with head size 1.1s and 2000 lipids with head

size 0.9s. Lipids with large heads are represented by bold lines and lipids

with small heads are represented by light lines. In both cases, head beads

correspond to solid lines and tail beads to dashed lines.
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To test the validity of Eq. 7 and also to determine the

strength of coupling effects for our binary systems, we cal-

culated time averages of fi and fo for equilibrated vesicles

ranging in radius from �5 nm up to �30 nm. In each case,

the curvature was calculated from K ¼ 2/R, where R is the

radius at the bilayer midplane. The results are plotted in Fig.

4 for the two different lipid mixtures used. We find a re-

markable agreement with theory even for very tightly curved

vesicles and observe that the range of vesicle sizes used (5–

30 nm) gives rise to a good spread of the possible values

of the enhancement ratio (left-hand side of Eq. 7). Naturally

we also found that the more asymmetric the lipid curvatures

in our mixture, the stronger the coupling. We obtained J ¼
5.58 pN nm2 for the lipid mixture with head ratio (1.2:0.8)

and J ¼ 3.65 pN nm2 for the lipid mixture with head ratio

(1.1:0.9). The large difference in coupling constants between

these two mixtures suggests that very strong effects should

be observed for lipids with more extreme curvature. In that

case, however, one would require a lipid mixture with a small

volume fraction of the extremely curved species in order to

maintain bilayer stability.

Let us now take note of the lipid sorting effect in light of

biological function. Our results convincingly show that lip-

ids can be partitioned on the basis of curvature. This could

potentially be important in any instance where strong

membrane bending is involved, such as, for example, in

endosomal tubules or vesicles, pearling of tubules and fis-

sion, or budding processes. Our results indicate, however,

that the magnitude of any real effect will depend strongly on

the curvatures of membrane and lipids involved. In partic-

ular, if we consider tubules and vesicles in the endosomal

pathway whose radii of curvature are on the order of 50 nm,

the strength of shape-induced partitioning is likely to be

quite weak (&5%) compared with the very efficient sorting

(�95%) seen in experiments (8). It therefore seems doubtful

whether curvature alone could give rise to the sorting seen

in endosomal tubules and vesicles. Taking lipids with very

strong asymmetry such as lysophospholipids (35) or diac-

ylglycerol (36) would clearly increase the effect, but in order

to maintain a stable bilayer membrane, such lipids would

need to be present in relatively small fractions. Such cases

may well be biologically important but are beyond the scope

of our study.

At the interface between a tubule or partially formed ves-

icle and the parent membrane, curvatures can become very

strong indeed. In such cases, the mean curvature is typically

zero, although its two principle components can be very

large. Just how shaped lipids would interact with such an

environment remains an important question and one which

we shall attempt to address in the following section.

LIPID SHAPE COUPLING DURING BUDDING

Having noted in the previous section that the coupling

between lipid shape and curvature is weak when curvature

radii exceed values of ;20 nm, we now turn to the question

of whether effects can be seen in the peculiar membrane

geometries that occur during budding. To generate such a

state we shall examine the wrapping of a membrane around

an adhesive colloid. In so doing, we shall also observe any

influence of the adhesive potential itself on the shape-

curvature coupling.

As detailed in the section ‘‘Colloidal Particles’’, we con-

structed a model spherical colloid from many small beads.

Since budding is a dynamical process and eventually

proceeds to the complete pinching off of a bud, we needed

to take steps to prevent our system from proceeding to com-

pletion. (Note that this process occurs in the absence of

fission proteins. The most likely reason is that our colloid

adhesion potential is comparatively strong. The strength of

colloid adhesion has little bearing on this study.) To do this

and to obtain a partially wrapped state at equilibrium, we

coated 85% of the area of our colloid with beads that adhere

to the surface of our membrane (i.e., an equally strong adhe-

sion to all head beads). The remaining 15% was coated with

simple hard spheres that did not interact with the membrane.

This small 15% region was located as a patch at the top of the

colloid (see inset to Fig. 5).

Although we would ultimately like to have simulated

wrapping for systems with a radius on the order of 50 nm,

this was simply not practical, due to the very long equili-

bration times required for shape deformations, bilayer fluc-

tuations, and lipid diffusion. As a compromise, we simulated

the wrapping of a colloid with radius 10 nm by a patch of

membrane with side �75 nm (8000 lipids) at constant van-

ishing lateral tension. The system was set up with the colloid

just touching the surface of a flat bilayer consisting of a

FIGURE 4 Degree of interleaflet lipid sorting as a function of curvature

for two different lipid asymmetries. The logarithm of the ratio of outer and

inner lipid fractions fo and fi (see text) is plotted against curvature K, which

is computed from the mean vesicle radius at the bilayer midplane. Open

squares correspond to lipids with head size 1.1s and crosses correspond to

those with head size 1.2s. The lines are fits to Eq. 7.
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random distribution of the two lipid types. The adhesion

between bilayer and colloid quickly lead to the desired

partially wrapped state (after ;10,000t; see Fig. 5), and we

then simulated for a further 20,000t to allow the system to

reach equilibrium. Time-averaged quantities were then taken

over the remaining 40,000t of simulation time.

We performed wrapping simulations on both of the lipid

mixtures used in the previous section, but the more asym-

metric of these underwent rupture at the interface between

colloid and parent membrane. That such rupture should

occur is not surprising, given the strong curvatures of the

constituent lipids; and it is also consistent with the behavior

of biological membranes. It was shown long ago that the

structural integrity of plasma membrane in Acholeplasma
laidlawii depends heavily on the shape of its constituent

lipids (40). We present results here only for the mixture with

lipid/head ratio (1.1:0.9).

For the section of membrane that adheres to our colloid, it

is easy to obtain a profile of lipid densities across the bilayer.

Applying the same analysis as we did previously for vesicles,

we obtained a value of ;0.2 for the natural log of the ratio

fo/fi. This is actually considerably greater than the value

(0.15) expected for a vesicle with the same radius as the bud

that wraps our colloid (12.5s; as obtained from Fig. 4). This

additional enhancement is most likely due to the influence

of the adhesion potential between colloid and membrane:

Small-headed lipids are able to pack more tightly at the sur-

face of the colloid and are therefore favored over those with

large heads, simply due to the head-colloid attraction. This

acts in concert with the effect of curvature, and an additional

sorting is produced.

Since the geometry of the nonattached portion of the

bilayer is considerably more complex than that of a simple

sphere, we could not perform our trans-bilayer density anal-

ysis for all regions of the system. In particular, we wanted

to examine the distribution of big and small-headed lipids at

the neck region. To do this we created a density map

utilizing the cylindrical symmetry of the system to reduce it

to two dimensions. In Fig. 6, the density distribution of tail

FIGURE 5 Snapshot of lipid membrane consisting of 4000 lipids with

head size 1.1s (light beads) and 4000 lipids with head size 0.9s (dark

beads). All tail beads are shown in white. The colloid itself is shown as an

inset to clearly display the adhesive (light) and nonadhesive (dark) regions.

Black circles indicate the two principle curvatures in the neck region.

FIGURE 6 Radially projected density maps. The left plot shows the logarithm of the density of tail beads tb for large-headed lipids. The right plot shows the

differential density ln(ts/tb) between large- and small-headed lipid tails, where ts is the density of tail beads for small lipids. In both maps a perfectly circular region

can be seen that corresponds to the location of the wrapped colloid. The bar shown indicates correspondence between shading and relative values but its meaning is

different for left and right plots. In the left plot, lighter hues indicate lower densities and darker hues, higher densities. In the right plot, the extremes of the spectrum

indicate a strong difference in densities whereas hues in the center indicate identical values. The key point to note in the left plot is a dark band along the outer

monolayer of the spherical region, which indicates a high density of large-headed lipids. In the right plot, one should note the extreme contrast between layers in the

spherical region compared with the completely identical layers outside this region.
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beads for large-headed lipids is shown. For clarity, we also

show the ratio of densities between tail beads for large-

headed and small-headed lipids. One can clearly identify

the colloid and the relative preference of large-headed

lipids for the outer monolayer in the part of the bilayer that

wraps around it. What is more interesting, however, is that

this segregation of large- and small-headed lipids is

restricted to the colloidally wrapped region. Looking at

our two-dimensional representation, this might at first seem

surprising since the neck region at the interface between

colloid and membrane appears to be very strongly curved

and should therefore sort our lipids on the basis of their

shape. In fact, however, our two-dimensional projection

shows only one component of the curvature. There is

another component whose radius is the radius of the neck

itself and which has the opposite sign. Indeed, according to

theoretical predictions that model the membrane as a simple

elastic sheet (41), its shape at equilibrium is such that both

opposing curvatures in the neck will essentially average to

zero. Given that this theory ignores any possibilities arising

due to mixtures of differently shaped lipids, it is interesting

to see that its predictions appear to be borne out despite the

additional complexities in our system.

CONCLUSIONS

We have investigated the coupling between local membrane

curvature and the distribution of lipids with noncylindrical

shapes. Our study has focused on a simple two-component

lipid system and analyzed the partitioning between individ-

ual monolayers of the membrane. We have demonstrated that

appreciable sorting of this type can occur where the curva-

ture is very high such as in vesicles or tubules with radii on

the order of 10 nm. For radii of curvature more likely to be

encountered in the endosomal pathways of living cells,

50 nm, this sorting effect was relatively minor. By examining

their self-assembly in the pure phase, we were able to

determine a reference point against which the behavior of the

model lipids used to make these measurements could be

checked. By varying lipid headgroup size we were able to

obtain all major known lipid micelle and bilayer phases in-

cluding branched wormlike micelles. The lipids used to mea-

sure the strength of sorting effects were those that formed

branched and unbranched wormlike micelles in the pure

phase. This suggests that the model lipids examined by us

correspond to real lipids of moderate to strong curvature but

not the strongest possible in a biological system.

Since regions of high curvature may form at the junction of

vesicles or cylinders with a parent membrane we examined

the distribution of differently shaped lipids in the neck of a

partially formed bud. Although the individual components of

the curvature in this region were undoubtedly high, no dif-

ference in lipid composition was observed between mono-

layers. We attribute this to the fact that the mean curvature is

close to zero in such regions. This result suggests that it is the

mean curvature and not its individual components that

determine the degree of curvature-shape coupling.

The main conclusion of this work is that although cou-

pling between curvature and shape may occur, it is likely to

be a relatively weak effect in biologically sized systems.

This does not mean, however, that the curvature of lipids is

unimportant. It may be the case that lipid shape acts in

concert with other physico-chemical properties to produce a

sorting mechanism. For example, a system of differently

shaped lipids that is poised close to a phase boundary could

be pushed over it by an increase in the local curvature. The

occurrence of a relatively weak cause that triggers a sub-

sequent strong effect is indeed a motif frequently encoun-

tered in biology.
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