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ABSTRACT 

    In this work, various effects of cholesterol on cell membranes were investigated, 

including the umbrella model, the condensing effect, the phase boundary of lipid 

mixture containing cholesterol and cholesterol’s resistance against the lytic 

antimicrobial peptide melittin. 

    The instability of cholesterol clusters and the umbrella effect of cholesterol in 

DPPC and DOPC lipid bilayers were investigated via atomistic molecular dynamics 

(MD) simulations. Cholesterol clusters in the phospholipid (PC) bilayers are found to 

be very unstable and to readily disperse into cholesterol monomers. Analysis also 

reveals that the PC headgroups surrounding cholesterol have a clear tendency to 

reorient and extend toward cholesterol. This study demonstrates that the umbrella 

hypothesis is valid in both saturated and unsaturated lipid bilayers. Monte-Carlo 

simulations were conducted to match a recently-constructed ternary phase diagram of 

lipid mixture. The liquid-ordered and liquid-disordered (lo-ld) phase boundary of 

DSPC/DOPC/Cholesterol mixtures is simulated in a lattice model using pairwise 

interactions. A “best-fit” phase boundary was obtained that has a top boundary closely 

resembling the experimental boundary. However, the results show that pairwise 

interactions alone are not sufficient to describe molecular interaction in the ternary 

lipid mixtures; multi-body interaction must be included in the simulation. The 

antimicrobial peptide melittin, is shown to cause membrane lyses, however, its lytic 

activity depends on the lipid composition of the membrane. MD simulations were used 

to study the modulation of melittin activity by cholesterol and negatively-charged 

phospholipid. A pure DPPC bilayer was used as a control. Bilayers with cholesterol 

and negatively-charged phospholipids showed strong resistance to melittin; at the 

mean time, the pure DPPC bilayer was deformed significantly with the introduction of 

melittin. These observations are consistent with experimental results. 
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CHAPTER I 

INTRODUCTION 

1.1 Lipid bilayer structure 

 

    Cell plasma membrane serve not only as a protective skin for the cytosol, but it's 

also the place where many proteins perform their functions. It consists of mainly three 

components: lipids, proteins and carbohydrates. 

    Lipids can be roughly divided into three groups: phospholipids, glycolipids 

(carbohydrate-attached lipids) and sterols (e.g. cholesterol). All lipid molecules are 

amphipathic, meaning that they have both hydrophilic and hydrophobic parts in each 

molecule. The most abundant lipid is phospholipid, which has a polar headgroup and 

two hydrophobic hydrocarbon tails. Figure 1.1a shows the structure of a typical 

phospholipid molecule. There are approximately 6105  lipid molecules in a 1μm
2
 

area of lipid bilayer, or about 10
9
 lipid molecules in the plasma membrane of a single 

cell [1]. 

    Because of their amphiphilic nature, the lipid molecules will form either micelle or 

lipid bilayer spontaneously in aqueous environment in order to keep the hydrophobic 

tails from exposure to water. There are more than 200 varieties of phospholipids 

differing in their headgroups and tails. Four phospholipids dominate in the plasma 

membrane of many mammalian cells: phosphatidylcholine (PC), sphingomyelin (SM), 

phosphatidylserine (PS), and phosphatidylethanolamine (PE). Only PS carries net 

negative charge, others are neutral at physiological pH environment, carrying one 

positive and one negative charge in their headgroups. Other phospholipids, such as 

inositol phospholipids are in small amount but quite important. The fatty chains in 

phospholipids and glycolipids usually contain an even number of carbon atoms, 

typically between 14 and 24. The 16- and 18-carbon fatty acids are the most common. 

Fatty acids may be saturated or unsaturated, with the configuration of the double 
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bonds nearly always cis. Because each cis double bond produces a “kink” in a fatty 

acid chain, the length and the degree of unsaturation of fatty acids chains have a 

profound effect on membrane fluidity. 

    Lipid bilayers are asymmetric, and the asymmetry has important features in order 

for the membrane to function properly. In human red blood cell membrane, almost all 

that have choline in their headgroups (PC and SM) are in the outer leaflet, and all the 

PE and PS are in the inner leaflet. Most of membranes in a eukaryotic cell are 

synthesized in the endoplasmic reticulum (ER), the asymmetry of the bilayer is 

generated by the phospholipid translocators in the ER that move specific phospholipid 

molecules from one leaflet to the other.  

    Cholesterol (CHOL) is the most common sterol in mammalian cell membranes, and 

it plays a crucial role in regulating the function of the membrane. In later sections, the 

structure and properties of CHOL will be discussed in detail. 

    Proteins may takes up to ~75% membrane mass (e.g. in the internal membranes of 

mitochondria and chloroplasts). On average, 50% of membrane weight is protein.  The 

construction of proteins takes place within the rough endoplasmic reticulum (ER), and 

further modifications are done in the smooth ER and Golgi apparatus, while lipids are 

mostly synthesized in the smooth endoplasmic reticulum. 

 

Figure 1.1. Chemical structure of a typical phospholipid and the cholesterol molecule. 

(a) The structure of a POPC (16:0, 18:1 PC) molecule. Each phospholipid has a 
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hydrophilic headgroup and two hydrophobic hydrocarbon tails. The headgroup is 

electrically neutral but it has a positive charge on the choline moiety and a negative 

charge on the phosphate moiety. Notice the “kink” on the sn-2 chain due to its cis 

double bond. (b) The structure of a cholesterol molecule. The hydroxyl group on the 

head of CHOL is the only hydrophilic part of it, while the rest is hydrophobic, which 

makes it highly hydrophobic as a whole. 

 

1.2 Functions of cholesterol in cell membranes and lipid rafts 

 

    Cholesterol is one of the most important and well-studied molecules in cell 

membranes. It is required by the mammalian cells to function normally, but on the 

other hand, excess amount of cholesterol can cause fatal diseases in human, such as 

atherosclerosis. In theoretical work, the impacts of cholesterol on the lipid membrane 

are extensively studied using various experimental techniques and computer 

simulations. With recent improvement on computational power, large scale 

simulations that were inaccessible in the past become possible today. 

    The chemical structure of a CHOL molecule is shown in Figure 1.1b. The only 

hydrophilic group in a CHOL molecule is the single hydroxyl group, while it has a 

relatively large body of hydrophobic sterol ring structure and a small tail. As the 

result, CHOL is highly hydrophobic as a whole. 

    CHOL is required by the body to build and maintain cell membranes; it regulates 

membrane fluidity over a wide range of temperatures. CHOL also aids in the 

manufacture of bile, and is also important for the metabolism of fat soluble vitamins, 

including vitamins A, D, E and K. Excess CHOL may cause the loss of membrane 

fluidity, disruption of membrane domains or cell organelles, or induce apoptosis. The 

disturbance on CHOL level in cells leads to a variety of diseases. When the free 

unesterified CHOL (FC)/phospholipid ratio is above a physiological level, the liquid-

ordered rafts may become too rigid, and the liquid-crystalline domains may begin to 

lose their fluidity. These events adversely affect certain integral membrane proteins 
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that require conformational freedom for proper function and that can be inhibited by a 

high FC/phospholipid ratio. Other mechanisms of cellular toxicity associated with FC 

accumulation include intracellular CHOL crystallization, oxysterol formation, and 

triggering of apoptotic signaling pathways. Intracellular CHOL crystals can probably 

damage cells by physically disrupting the integrity of intracellular structures [2]. 

    CHOL is hypothesized to play an important role in the formation and function of 

“lipid raft”-microdomains in the biomembrane [3]. CHOL depletion causes marked 

disruption of these rafts. 

    The lipid raft refers to domains of lo (liquid-ordered) phase floating in a more fluid 

ld (liquid-disordered) environment. They are small (10-200nm), heterogeneous, highly 

dynamic, sterol and sphingolipid-rich domains [4]. Lipid rafts have been suggested to 

take part in various dynamic cellular processes such as membrane trafficking, signal 

transduction, and regulation of the activity of membrane proteins. Lipid rafts and raft 

proteins are probably the targets for diseases like Alzheimer's disease, Parkinson's 

disease, diabetes and so on. Lipid raft theory has been widely accepted though no 

direct evidence for its existence has been obtained from living cell membranes. 

 

1.3 Theoretical models for cholesterol-lipid interaction 

 

    In order to get the proper physical picture of the CHOL-phospholipid interaction, 

several models were hypothesized, among which are the condensed complex model, 

the superlattice model and the Umbrella Model. The Umbrella Model will be 

described in detail in the next section. 

    The condensed complex model suggests that CHOL form condensed complexes 

with certain lipids based on free energy calculation and interpretation of experimental 

lipid monolayer data at air-water interfaces. The CHOL molecule represented by C, 

and lipids represented by S, are supposed to undergo a reversible reaction to form a 

complex according to a formula:
npnqSCnpS+nqC  , where n is an oligomerization 

parameter and q and p are relatively prime stoichiometry integers. Typical values of 



Texas Tech University, Jian Dai, May 2011 

 

5 

these parameters are q = 1and p = 2, and n ranging from 1 to 10. The detailed structure 

of the complexes is not clear. It has been suggested that the condensed complex is 

related to the lipid raft and it's expected to exist in both the inner and outer leaflets of a 

biomembrane [5, 6]. 

    The superlattice model was first proposed on the observation of dips in the 

concentration dependence of dehydroergosterol (DHE) fluorescence intensity in 

DMPC vesicles [7]. DHE is a common fluorescence substitute for CHOL. The dip 

positions were shown to be reproducible at some DHE concentrations predicted by the 

superlattice model. The general picture of this model is further confirmed by 

experiments with different technology and systems and also predicted by simulation 

studies [8-10]. Essential conclusions of the superlattice model include: sterols tend to 

be separated maximally, which is believed to originate from the long-range repulsion 

force between the bulky rigid carbon ring of sterols; regular and irregular domains 

coexist in the membrane; the sterol arrangements in regular and irregular domains are 

different [7]. 

 

1.4 The Umbrella Model 

 

    In PC and PE bilayers, a maximum solubility limit was found for CHOL by 

applying different sample preparation methods and detection techniques. Beyond this 

limit, CHOL will precipitate as crystals [11]. The Umbrella Model was proposed to 

explain this phenomenon and Monte Carlo simulations were implemented to verify it 

[12].  

    The Umbrella Model, shown in Figure 1.2, suggests that the small headgroup/body 

ratio of CHOL determines its mixing behavior in a lipid membrane. The CHOL 

hydroxyl polar head is too small to cover the much larger nonpolar steroid ring body. 

In a bilayer, nonpolar CHOL relies on polar phospholipid headgroup coverage to 

avoid the unfavorable free energy for CHOL to contact with water.  Since covering a 

CHOL cluster costs much more free energy, there's a strong tendency for the CHOL 
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not to form clusters, even at low concentrations.  As CHOL concentration increases, 

fewer and fewer lipids can satisfy the coverage requirement. When the concentration 

of CHOL increases to the point at which clusters of CHOL begin to form and not all 

CHOLs can be covered by phospholipid headgroups, CHOL chemical potential jumps, 

leading to its precipitation from the bilayer. At these solubility limits, the CHOL-

phospholipid bilayer mixture forms highly regular lipid distributions in order to 

minimize CHOL-CHOL contacts. This shows that dramatic structural and 

thermodynamic changes can occur at particular CHOL mole fractions. This type of 

interaction can only be treated as a form of multi-body interaction in lattice model 

simulations [12]. 

    The Umbrella Model naturally explains CHOL’s mixing behavior with 

phospholipids: searching for a favorable umbrella for coverage. CHOL prefers lipid 

molecules with larger headgroups (e.g. PC or sphingomyelin) over those with smaller 

headgroups (e.g. PE); it also prefers lipids with saturated chains (e.g. DSPC or 

sphingomyelin) over unsaturated chains (e.g. DOPC). Although the mixing of CHOL 

with PC or SM is overall favorable, driven by the coverage requirement, CHOLs need 

to be squeezed into the hydrocarbon region and partially hide under the headgroups of 

neighboring lipid molecules, which results in restricting the motion of the hydrocarbon 

chains and increase the chain order parameter, as described by the condensing effect 

of CHOL to a bilayer [13]. 

    CHOL can mix well with both PCs which have more unsaturated chains, and 

sphingolipids which have more saturated chains, since both can provide the necessary 

coverage for CHOL.  However, association with sphingolipids can be much more 

favorable than association with PCs because: (1) The unfavorable free energy due to 

the chain entropy effect will be reduced by the long and saturated hydrocarbon chains 

having a natural tendency to form straight conformations, even without CHOL; (2) 

PCs with unsaturated hydrocarbon chains will have less room for CHOL due to cis-

double bonds in the hydrocarbon chains which make kinks. The Umbrella Model is 

consistent with experimental findings that CHOL has low affinity to unsaturated acyl 
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chains but can selectively form association with saturated chains even in a pure PC 

bilayer [14, 15]. 

CHOL is the most important lipid in raft formation. Recently, other CHOL-like 

molecules, such as ceramide and diacylglycerol (DAG), have received increasing 

attention due to their involvement in lipid rafts. Recent experimental evidences show 

that ceramide shows behavior similar to CHOL in partitioning into raft domains [16]. 

 

 

 

 

 

 

 

 

 

Figure 1.2. Umbrella model and the physical interpretation of CHOL maximum 

solubility limit. (a) At low CHOL concentration, headgroups of neighboring PCs 

easily cover the hydrophobic bodies of CHOL. (b) At the saturation concentration, 

headgroups of PCs work together to cover the maximum amount of CHOL. (c) If more 

CHOL were added, patches of pure CHOL would form, and some CHOL would be 

exposed to water, which is highly unfavorable. (d) To avoid forming CHOL patches, 

excess CHOL precipitate and form CHOL crystals, and the lipid bilayer retains the 

maximum amount of CHOL that can be covered. 



Texas Tech University, Jian Dai, May 2011 

 

8 

    Since these CHOL-like molecules have small polar headgroups compared to their 

nonpolar body, we hypothesized that the Umbrella Model can also be applied to these 

molecules. The competition between CHOL and brain ceramide in a POPC bilayer 

was investigated [17]. It was found that ceramide has a much higher affinity to the 

ordered bilayers than CHOL, and maximum solubility of CHOL decreases with the 

increase of ceramide content. More significantly, the displacement of CHOL by 

ceramide follows a one-to-one manner: at the CHOL solubility limit, adding one more 

ceramide molecule to the lipid bilayer drives one CHOL out of the bilayer into the 

CHOL crystal phase, however, CHOL is incapable of displacing ceramide from the 

bilayer. Based on these findings, a ternary phase diagram of POPC/ceramide/CHOL 

was constructed. The behavior of ceramide and CHOL in the bilayers can be explained 

by the Umbrella Model as: both molecules compete for the coverage from the 

neighboring PC headgroups to avoid water. This competition results in the one-to-one 

displacement as well as the displacement of CHOL by ceramide from lipid raft 

domains since ceramide has a higher affinity to the ordered bilayers than CHOL. 
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CHAPTER II 

RESEARCH METHODS 

 

2.1 Monte-Carlo (MC) Simulation 

 

    Monte-Carlo (MC) method is a widely used class of computational algorithms for 

studying the behaviors of various physical, statistical and other systems. 

    A MC method generates configurations randomly and uses a special set of criteria 

to decide whether or not to accept each new configuration. Most MC simulations refer 

to the Metropolis method [18, 19]. The Metropolis algorithm generates a Markov 

chain of states and a Markov chain satisfies the following two conditions: 

    1. The outcome of each trial depends only upon the preceding trial and not upon any 

previous trials; 

    2. Each trial belongs to a finite set of possible outcomes. 

    The Metropolis algorithm can be described as follows and the procedure is shown in 

Figure 1.3: a new configuration of the system is generated by randomly moving a 

single atom or a set of atoms; the energy of the new configuration is calculated using 

the potential energy of the system, if the new system energy is lower than the previous 

system energy, the new configuration is accepted; if the new system energy is higher 

than the previous one, the Boltzmann factor of the energy difference is calculated, 

which is       TkrVrV B

NN /exp oldnew  ; a random number is generated between 0 

and 1 and is then compared with this Boltzmann factor; if the random number is 

greater than the Boltzmann factor, the move is rejected, and the system recovers its old 

configuration; if it's lower, the move is accepted and the system adapts the new 

configuration. 

    One important feature of the Monte Carlo simulation is that the final equilibrium 

state of a system must be independent of the arbitrary initial states and if an ensemble 
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is at equilibrium, then subsequent Metropolis moves should return an ensemble that is 

still at equilibrium. 

Figure 2.1. The flowchart of the Metropolis Monte Carlo algorithm. A new system 

configuration is generated by randomly moving a single or a set of atoms and the 

energies between the new and old configurations are compared or further calculated in 

order to decide whether or not the new configuration can be accepted.  
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2.2 Molecular dynamics (MD) simulations 

 

    The first MD implementation was to sample the phase space of a system of hard 

spheres [20]. Later on, MD has been widely used to simulate different systems 

including complex macromolecule like large proteins and DNA. 

Classical MD, solves Newton's equations of motion for a system of N interacting 

atoms [21]: 

N=i,F=
t

r
m i

i
i 1,2,...

2

2




 (1) 

The forces are the negative derivatives of the system potential function  Nr,rrU ...2,1,
, 

which is usually called force field and it determines the behavior of the system: 

N=,i
r

U
=F

i

i 1,2,...





 
(2) 

    The equations of motion are solved numerically in small time steps. The coordinates 

of the every atom in each time step are recorded, which are a function of time 

representing a trajectory of the system.  

Normally, U can be divided into bonded and non-bonded interactions, each of 

which is composed of several parts [22]: 

CoulombLJtorsionanglebond U+U+U+U+U=U
 (3) 

  
ji,

ijij

b

ij
rr

k
=U

20

bond
2

 (4) 

  
kj,i,

ijkijk

θ

ijk θθk=U
20

angle

 
(5) 

   
lk,j,i,

ijkl

n

nijkl
φnφ+

V
=U 0

torsion cos1
2

 (6) 
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ij
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(8) 

    Ubond, Uangle and Utorsion are the bonded interactions, their parameters are obtained 

from quantum mechanical calculations and experimental methods such as 

spectroscopic techniques and X-ray crystallography [22]. Improper dihedrals are used 

to fix the planarity or the tedrahedral conformation of certain functional groups. ULJ 

and UCoulomb describe the non-bonded interactions of atoms, including van der Waals 

force and electrostatic force. The Coulomb potential decays much slowly with 

distance than the Lenard-Jones potential. The non-bonded interactions are usually the 

most computational intensive part of the simulation. 

Under the influence of a continuous potential, the motions of all the particles are 

coupled together, giving rise to a many-body problem that can't be solved analytically 

[23]. Instead, the integration is broken down into many small steps Δt . In 

GROMACS, the leapfrog integrator is used. It uses positions r at time t and velocities 

v at time 2/Δtt  . 
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 (10) 

    The high order terms are ignored. The algorithm is of third order in r and is time-

reversible. The equations of motion are modified for temperature coupling and 

pressure coupling, and extended to include the conservation of constraints. The global 

MD update algorithm, including the temperature and pressure coupling and constraint, 

is shown in Figure 1.4 [24]. 

    There are two kinds of methods to represent a molecule in classical MD: the all-

atom (AA) and the united-atom (UA) representations. The AA force field takes all the 

atoms into account, while the united-atom representation combine the hydrogen atoms 

to the carbon atoms they're attached to, for example, the group –CH2– or –CH3 on an 
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acyl chains is handled as a united atom type CH2 or CH3. This simplified treatment 

saves computational time. 

    Detailed atomistic features of the system can be obtained from a MD simulation, 

enabling users to get a clear picture of the dynamic and the statistical behaviors of the 

system. However, there are some shortcomings. For example, the quantum effects are 

not taken into account, force field are approximate, long-range interactions are cutoff 

and periodic boundary condition is unnatural [21]. Due to the limitation of the 

computation power today, more realistic simulations are not possible yet. 

Figure 2.2. The global MD algorithm update flowchart. The system is coupled to an 

external heat bath and a pressure bath. A constraint is also applied. 
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CHAPTER III 

INSTABILITY OF CHOLESTEROL CLUSTERS IN LIPID BILAYERS AND THE 

CHOLESTEROL’S UMBRELLA EFFECT 

Abstract 

    The instability of cholesterol clusters and the Umbrella effect of cholesterol in 

dipalmitoylphosphatidylcholine (DPPC) and dioleoylphosphatidylcholine (DOPC) 

lipid bilayers were investigated via atomistic molecular dynamics (MD) simulations. 

Cholesterol clusters in phosphatidylcholine (PC) bilayers are found to be very unstable 

and to readily disperse into cholesterol monomers. This instability results from the 

difficulty of the bilayer system in preventing water exposure to cholesterol’s bulky 

hydrophobic bodies in a cluster. The system responds to artificially arranged 

cholesterol clusters in several interesting manners: (i) cholesterol clusters quickly form 

a “frustum” shape to reduce water penetration between cholesterol headgroups; (ii) 

many clusters bury themselves deeper into the bilayer interior, causing bilayer 

deformation; and (iii) cholesterol fluctuates rapidly, both laterally and vertically, to 

escape clusters. These fluctuations result in the disintegration of clusters and, in one 

incidence, a highly unusual flip-flop event of cholesterol across the DOPC bilayer. 

Our results show that cholesterol has a strong tendency to avoid forming clusters in 

lipid bilayers and that the fundamental cholesterol-cholesterol interaction is 

unfavorable. Furthermore, the radial distribution functions of cholesterol hydroxyl 

oxygen to various headgroup atoms of PC reveal that the PC headgroups surrounding 

cholesterol have a clear tendency to reorient and to extend toward cholesterol. This 

reorientation has a layered structure that extends 2-3 nm from the cholesterol 

molecule. This study demonstrates that the Umbrella hypothesis is valid in both 

saturated and unsaturated lipid bilayers. 
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3.1 Introduction 

    Among the many lipids that make up cellular membranes, cholesterol is the most 

important. Knowledge of the molecular level interactions between cholesterol and 

neighboring lipids is critical to understanding membrane domains and phase formation 

[25] and, consequently, illuminating their vital roles in cellular functions [26]. At 

present, several models seek to explain the key cholesterol-lipid interaction: the 

Condensed Complex Model [6], the Superlattice Model [7, 27], and the Umbrella 

Model [12, 28]. The three models assume that the cholesterol-cholesterol interaction is 

unfavorable or repulsive; however, it has been suggested that the interaction may be 

attractive as well [29]. Therefore, it is imperative to verify these fundamental 

assumptions. 

 

Figure 3.1. The Umbrella Model: (A) At low cholesterol concentration, headgroups of 

neighboring PCs easily cover the hydrophobic bodies of cholesterol. Motion of acyl 

chains next to cholesterol is restricted by the rigid body of cholesterol. (B) At high 

cholesterol concentration, headgroups of PCs work together to cover more cholesterol. 

The acyl chains of PCs become highly ordered. (C) The frustum shaped cluster: a 

cholesterol cluster adopts the “frustum shape” to reduce water penetration between 

cholesterol headgroups. The cluster also moves deeper into the bilayer interior, 

allowing a better coverage of its outskirts by surrounding PC headgroups. 
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    The Condensed Complex Model hypothesizes the existence of low free-energy 

stoichiometric cholesterol-lipid chemical complexes, which occupy smaller molecular 

lateral areas than the sum of the component areas [5, 6]. The Superlattice Model 

hypothesizes that differences in the cross-sectional area between cholesterol and other 

lipid molecules can result in a long-range repulsive force among cholesterols and 

thereby produce superlattice distributions [7, 27]. The Umbrella Model proposes that 

the small, polar cholesterol headgroup provides insufficient coverage of the bulky, 

hydrophobic, sterol body, and therefore, cholesterol will seek association with large-

headgroup lipids, such as PC or sphingomyelin [12, 30]. In water, pure cholesterol 

forms monohydrate crystals instead of bilayers because the small hydroxyl group is 

unable to protect its large nonpolar body from water. When cholesterols are 

incorporated into a phospholipid bilayer, cholesterol’s hydroxyl group interacts with 

water at the bilayer-aqueous interface to provide partial coverage. This interaction also 

anchors the cholesterol headgroup to the interface; however, the small hydroxyl 

headgroup cannot provide complete coverage of the large cholesterol body without the 

assistance of neighboring phospholipid headgroups. This is illustrated schematically in 

Figure 2.1A. Phospholipid headgroups act like umbrellas by shielding part of the 

cholesterol nonpolar body from the aqueous phase, thus avoiding an unfavorable free 

energy state. Beneath the phospholipid headgroup “umbrella”, the acyl chains of the 

phospholipid and the hydrophobic cholesterol bodies share space, thereby causing the 

long-known “cholesterol condensing effect”. As the cholesterol content of a bilayer 

rises, small cholesterol clusters begin to form, phospholipids laterally redistribute, and 

their polar headgroups reorient to provide more coverage per headgroup for the added 

cholesterol molecules, as drawn in Figure 2.1B. The headgroup umbrellas are 

“stretched” to provide more coverage area. Beneath the umbrella, acyl chains and 

cholesterol sterol rings become tightly packed. Understandably, saturated acyl chains 

would pack well with cholesterol, whereas polyunsaturated chains would pack very 

poorly, resulting in poor coverage of cholesterol. Thus, cholesterol preferentially seeks 

phospholipids with saturated chains, rather than those with mono- or polyunsaturated 
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chains. Furthermore, neighboring phospholipids may not be able to provide sufficient 

coverage to cholesterol in a cluster, particularly to the cholesterol in the center of the 

cluster, which may not receive any coverage. The free energy cost of the umbrella 

coverage must rise rapidly with the increasing size of the cholesterol cluster. Thus, 

cholesterol molecules have a strong preference against clustering in lipid membranes. 

Any of the three conceptual models can explain certain experimental results; however, 

only the Umbrella Model is consistent with data from a recent experimental 

measurement of cholesterol chemical activity in DPPC, POPC, and DOPC bilayers 

[31]. 

    Molecular dynamics (MD) simulation has recently become a powerful investigative 

tool for testing and verifying the conceptual models of cholesterol-lipid interaction 

[32-35]. Zhang et al. studied the possibility of cholesterol-sphingolipid 1:1 and 1:2 

complexes through a comparison of 16:0-18:1PC (POPC)-cholesterol interaction 

energies with sphingolipid cholesterol interaction energies [36]. They concluded that 

the difference between the two energies was too small to indicate the formation of a 

complex. On the other hand, calculation of the free energy associated with complex 

formation turned out to be challenging and inconclusive [32]. At present, no image of 

a cholesterol-phospholipid complex at the molecular level exists. Zhu et al. used MD 

simulation to investigate the cholesterol superlattice in POPC bilayers containing 40 

mol % of cholesterol [37]. By artificially arranging cholesterol into a superlattice 

distribution, they discovered that the lateral distribution of cholesterol in the 

superlattice bilayer is more stable than that in a random bilayer; however, at the 

completion of the 200 ns simulation, the final lateral distribution of cholesterol lacks 

long-range order, which is the proposed signature characteristic of a superlattice. 

Thus, a much longer simulation time might be needed to simulate a cholesterol 

superlattice. Nonetheless, a number of MD investigations into the arrangement and 

orientation of phospholipid headgroups near cholesterol make it possible to examine 

and test the Umbrella Model. Despite the direct interaction of the cholesterol 

headgroup with water, Pitman et al. showed that the cholesterol body is quite dry [38]. 
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They constructed a probability isosurface for phosphate and choline atoms of PC near 

cholesterol and demonstrated that the hydrophilic choline groups of PC cover the 

cholesterol surface. These observations are in good agreement with the Umbrella 

hypothesis. Kucerka et al. analyzed the locations of choline nitrogen and phosphate 

atoms relative to cholesterol’s hydroxyl group and showed that the Umbrella Effect is 

largest for the first nearest-neighbor PCs and smaller for the second nearest neighbors, 

and no Umbrella Effect can be detected for the third nearest-neighbor PCs [33]. 

Interestingly, a recent coarse grain simulation study by de Meyer and Smit 

demonstrated that no cholesterol condensing effect could be observed if they slightly 

modified the cholesterol structure with the addition of an extra hydrophilic headgroup 

or a reduction in the size of the hydrophobic body [39]. This study confirmed that the 

cholesterol condensing effect originates directly from the mismatch between 

cholesterol’s small polar headgroup and its large nonpolar body.  

    The studies described here examined two critical claims of the Umbrella hypothesis 

at the molecular level: (i) large cholesterol clusters are unfavorable in a lipid bilayer, 

and the instability arises directly from the inability of the system to sufficiently cover 

the hydrophobic bodies of cholesterol in a cluster; and (ii) neighboring phospholipids 

should exhibit a tendency to maneuver their headgroups toward cholesterol to provide 

coverage to the nonpolar bodies of cholesterol. MD simulations were performed for 

di16:0PC (DPPC) and di18: 1PC (DOPC) lipid bilayers, both containing 20 mol % 

cholesterol. For each PC system, we performed two 200 ns simulations: the first 

involved artificially arranged cholesterol clusters, and the second featured randomly 

located cholesterols. To compare the simulation results to pure PC bilayers, a third 200 

ns simulation of a system without cholesterol was performed. Our results show that 

cholesterol clusters in PC bilayers are very unstable and readily disperse into 

cholesterol monomers. The systems responded to the artificially arranged, large, 

cholesterol clusters in several interesting manners: cholesterol clusters quickly adopted 

a “frustum” shape to reduce water penetration between cholesterol headgroups; large 

clusters submerged deeper into the bilayer interior, causing some bilayer deformation; 
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cholesterols fluctuated rapidly, both laterally and vertically, to escape the clusters. 

These fluctuations resulted in the eventual disintegration of the cholesterol clusters. A 

highly unusually flip-flop event of cholesterol across the DOPC bilayer was also 

observed, further demonstrating that cholesterol clusters are exceptionally unfavorable 

structures. Furthermore, the radial distribution functions of cholesterol hydroxyl 

oxygen to various headgroup atoms of PC reveal that the PC headgroups surrounding 

cholesterol have a clear tendency to reorient and extend toward cholesterol. This 

Umbrella Effect can influence the headgroup orientation of PCs that are 2-3 nm away 

from a cholesterol headgroup. Our results show that the Umbrella hypothesis is valid 

in both saturated and unsaturated lipid bilayers. 

 

3.2 Simulation methods 

 

Six independent 200 ns simulations were performed at 323 K, with a time step of 

2.0 fs. In the simulations of pure PC bilayers, there were 256 PC molecules in each 

leaflet. In the simulations of PC bilayers containing 20 mol % of cholesterol, the total 

number of lipids in each leaflet was also kept at 256, in which 204 were phospholipids 

and 52 were cholesterols. All systems contained 14 656 water molecules. 
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Figure 3.2. Initial and final snapshots of the cholesterol distribution in the cluster and 

the random systems. Cholesterol (in yellow) is represented by the space-filling model. 

Only the lipids on the top leaflet are shown. 

    The phospholipid force field was from Berger et al. [40], and the force field for 

cholesterol was based on the GROMOS force field from Holtje et al [41]. The simple 

point charge (SPC) model was used for water molecules. The force field parameter 

files for phospholipids were obtained from Dr. Peter Tieleman’s Web site, and the file 

for cholesterol was obtained from the GROMACS Web site. The MD simulations 

were performed using GROMACS 4.0.3 [21], and the analysis was done using the 

GROMACS tools as well as our own programs. The LINCS algorithm was used to 

keep the lengths of all bonds constant. The cutoff distances for Lennard-Jones 

interactions and electrostatic interactions were both set at 1.0 nm. Long-range 

electrostatic interactions were handled with the particle mesh Ewald (PME) method 

[42]. All systems were run for 200 ns in the NPT ensemble using Berendsen’s 

thermostat and barostat with a coupling time constant of 0.1 and 1.0 ps, respectively. 

The pressures normal and parallel to the bilayer were coupled separately at 1 bar. 

    The final structure (i.e., run E) obtained from a previous simulation study [43] was 

used as the starting point for constructing the DPPC systems. The original structure 
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was a pure DPPC bilayer with 128 lipids (i.e., 64 lipids in each leaflet) and 3655 water 

molecules. Thirteen randomly chosen DPPC molecules in each leaflet were replaced 

with cholesterols so that the center of mass (COM) of cholesterol coincided with the 

COM of the replaced DPPC. Nearby molecules were translated to avoid bad contacts 

between atoms using VMD and energy minimization. This structure was first run for 

200 ns and was then enlarged four times, using the GROMACS tool “genconf”, to 

create the initial random DPPC system of 512 lipids. Additionally, another copy of the 

equilibrated 128-lipid random system was used to construct the cluster system. 

Cholesterol clusters were constructed by exchanging DPPCs near cluster sites with 

some distant cholesterol molecules. Two clusters were built in each leaflet: one 

contained six cholesterols, while the other contained seven cholesterols. VMD and 

energy minimization were used again to eliminate bad contacts. Finally, this 128-lipid 

cluster system containing two cholesterol clusters in each leaflet was duplicated four 

times to obtain a 512-lipid system with eight cholesterol clusters in each leaflet. 

    The initial structures for the DOPC systems were constructed differently. The pure 

DOPC bilayer was constructed by first obtaining the PDB coordinates file of a single 

DOPC molecule from the Dundee PRODRG2 Server [44]. A single DOPC was placed 

inside a solvent box, and a simulation was performed to relax the lipid.  Afterward, a 

bilayer of 128 DOPCs was built from this relaxed DOPC. After running the 128-

DOPC bilayer for a short period of time, “genconf” was used to create a bilayer of 512 

DOPC. To construct the random system, 52 DOPCs in each leaflet were randomly 

selected and replaced with cholesterol. During the replacement, the COM of 

cholesterol coincided with the COM of the replaced DOPC, and the cholesterol 

orientation was chosen at random. The VMD program was then used to remove any 

bad links or overlaps that could happen after cholesterol insertion. For the cluster 

system, eight randomly chosen DOPCs in each leaflet were first replaced with 

cholesterol, and the system was run for a short period of time. Eight cholesterol 

clusters were then built by replacing DOPCs surrounding the original eight 

cholesterols with other cholesterol using the VMD program. Four of the clusters had 
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seven cholesterols, and the others had six cholesterols. All initial structures went 

through energy minimization using both the steepest descent and conjugate gradient 

algorithms; each ran for 10,000 steps to eliminate any bad contacts between atoms. 

 

3.3 Results and discussion 

 

3.3.1 Area per lipid 

 

    The area per lipid for a pure DPPC or DOPC bilayer arrived at a stable value almost 

immediately after the start of the simulation. This was largely for the reason that our 

initial structures were established using the final structures of previous simulations 

(see the Simulation Methods section). Initially, the area per lipid decreased sharply in 

the four systems containing 20 mol % cholesterol before becoming stable after 100 ns. 

The average values for the pure, random, and cluster DPPC systems are 65.4 ± 0.5, 

48.1 ± 0.4, and 48.3 ± 0.5 Å
2
, respectively; the average values for the pure, random, 

and cluster DOPC systems are 67.1 ± 0.5, 51.9 ± 0.4, and 51.9 ± 0.4 Å
2
, respectively. 

These values were determined using the last 50 ns of simulation. 

 

3.3.2 Dispersing of large cholesterol clusters 

 

    Figure 3.2 depicts the initial and final snapshots of a single leaflet of a bilayer in 

both the cluster and the random systems. For clarity, cholesterol is represented by 

space-filling models, and water molecules are not shown. Upon considering the 

snapshots for the cluster systems, it becomes clear that by the end of the 200 ns 

simulation, the original large cholesterol clusters, which were artificially arranged, 

have dispersed, primarily into cholesterol monomers. For ease of comparison, 

snapshots of the initial and final lateral distributions of both random systems are also 
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shown in Figure 3.2. By the end of the 200 ns simulation, cholesterol molecules are 

more uniformly distributed over the bilayer in the random systems than in the 

corresponding arranged cluster systems. 

 

Figure 3.3. Average cluster size vs. time for the cluster and the random systems. 

Insets: The total number of cholesterol clusters vs. time in the two systems. 

 

    For the purposes of studying the time course of cluster size evolution, we performed 

a cluster size analysis. We arbitrarily defined a cluster counting criterion: if the 

distance between the centers of mass of two neighboring cholesterol molecules was 

less than 0.9 nm, the two molecules would be considered members of the same cluster. 

Cholesterol monomers were classified as a cluster of size 1. Figure 3.3 shows the 

average cholesterol cluster size versus time in both the cluster and the random 
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systems. Initially, the average cluster sizes of the two systems were very different: 

about 1.4 in the random system and about 6 in the cluster system. As the simulation 

progressed, the average cluster size in both random DPPC and DOPC systems only 

changed slightly, to a final value of 1.2. In contrast, the average cluster size in the 

artificially arranged cluster systems initially decreased sharply and then arrived at 

values similar to those of the random systems at 100-150 ns. The decrease in average 

cluster size appears to be slower in the DPPC system than in the DOPC system; 

however, this could have resulted from the different initial cluster arrangements: two 

7-cholesterol clusters were closely paired in the DPPC system, almost as a single 14-

cholesterol cluster, whereas the two clusters were more divided in the DOPC system 

(Figure 3.2). 

    The total number of cholesterol clusters must increase as larger clusters disperse 

into smaller clusters. The insets in Figure 3.3 graph the total count of cholesterol 

clusters versus time in both the DPPC and the DOPC systems. Analogous to the 

decrease in cholesterol cluster size of the cluster systems, the total cluster count 

increases rapidly before approaching values that correspond to the cluster count of 

random systems, at 100-150 ns. 

    Previous Monte Carlo simulations have shown that some clustering of cholesterol is 

expected in a PC bilayer containing 20 mol % of cholesterol, even when the mixing is 

ideal. Considering that in both the DPPC and the DOPC systems all large cholesterol 

clusters dispersed into cholesterol monomers so quickly (<150 ns) and the randomly 

distributed cholesterol did not spontaneously reform into large clusters, it can be 

concluded that the artificially arranged cholesterol clusters are unfavorable structures 

and that the general cholesterol-cholesterol interaction is a strongly repulsive one. If 

the concentration permits, cholesterol has a strong tendency to remain as monomers in 

both saturated and unsaturated PC bilayers.  

    The angles at which cholesterol molecules faced each other in a cluster were 

randomly chosen (see Simulation Methods section). The sterol ring structure of a 

cholesterol molecule contains a smooth face and a rough face. By visually inspecting 
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the initial cluster systems, the numbers of cholesterol pairs having smooth-smooth, 

smooth-rough, and rough-rough contacts in the initial DPPC cluster system were 

determined to be 8, 4, and 8, respectively. Similarly, the number of cholesterol pairs 

having smooth-smooth, smooth-rough, and rough-rough contacts in the initial DOPC 

cluster system were 6, 4, and 2, respectively. We monitored the average distances 

between these cholesterol pairs as a function of time to determine which pair group is 

more stable than others. As expected, all three average distances increased with time 

as cholesterol clusters dispersed. Nonetheless, there is no clear evidence that any 

particular pair group is more stable than another (data not shown). This result should 

be noted with caution as we did not attempt to construct the pairs in the most stable 

fashion. It is entirely possible that a certain pair type is more stable at a higher 

cholesterol concentration, at which cholesterol clustering cannot be avoided. 

 

3.3.3 Frustum shaped cholesterol clusters 

 

The Umbrella Model proposes that cholesterol clusters in a lipid bilayer are 

unfavorable because it is difficult for neighboring PC headgroups to effectively shield 

cholesterol’s large hydrophobic body from water, most notably for cholesterols at the 

center of a cluster. Thus, in the systems with artificially arranged clusters, the 

cholesterol molecules actively dispersed into surrounding PCs. The substantial 

cholesterol clustering created in the initial stages of the simulation granted us an 

opportunity to observe the interactions between the bilayer and the clusters at the 

molecular level, thereby illuminating the nature of the unfavorable cholesterol-

cholesterol interaction. 
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Figure 3.4. Conformations of a cholesterol cluster. Left: An artificially arranged 

cholesterol cluster in the DOPC cluster system at the start of the simulation. Right: At 

1 ns, the cluster has already adopted the frustum shape. 
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Figure 3.5. Radial distribution functions (RDFs) in the cluster systems over the first 20 

ns. Solid line: The RDF between cholesterol oxygen O6. Dashed line: The RDF 

between the center of mass (COM) of cholesterol. 

 

    Promptly after the start of the simulation, the hydroxyl headgroups of the clustered 

cholesterol gathered together in a pinching action, causing their large, bulky sterol 

rings to fan out within the bilayer, creating a “frustum” (truncated cone) shaped 

cluster. The bunched hydroxyl headgroups, which face the aqueous phase, form the 

top of the frustum, while the larger sterol rings, situated in the hydrophobic core of the 

membrane, spread apart to form the base. Figure 3.4 illustrates the shape transition of 

a particular cholesterol cluster in the DOPC cluster system. Seven cholesterol 

molecules were artificially grouped to form the cluster. The closely packed 
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hydrophobic bodies were parallel to one another at the start of the simulation. 

Strikingly, the frustum shape depicted in Figure 3.4 is formed just 1 ns after the 

simulation began. In both the DPPC and DOPC systems, numerous frustum shaped 

clusters were observed in the early stages of simulation. It is intriguing to note that a 

number of inverse examples can also be found among the snapshots; therefore, 

statistical data are needed to confirm the observation of frustum shaped clusters. For 

this purpose, two radial distribution functions (RDFs) were computed: one between 

cholesterol hydroxyl oxygen (O6) atoms and a second between centers of mass 

(COM) of cholesterol molecules. The center of mass of cholesterol is located near the 

center of the sterol rings. If there was no tendency for the headgroups of clustered 

cholesterol to gather closer together than their sterol bodies, the two RDFs should 

overlap. However, if the observation of frustum shaped clusters has statistical 

significance, then RDF between hydroxyl O6 atoms should have a higher density at 

short distances than the COM-to-COM RDF. Figure 3.5 shows the two RDFs over the 

first 20 ns in the simulation of the DPPC and the DOPC cluster systems; during these 

20 ns, many cholesterol clusters remain intact. Clearly, the two RDFs are very 

different at short distances. In the DPPC cluster system, the headgroup O6-to-O6 RDF 

has a large sharp peak at about 0.5 nm, while the body COM-to-COM RDF has a 

smaller peak at about 0.7 nm. Additionally, the magnitude of O6-to-O6 RDF is 

significantly greater than that of the COM-to-COM RDF for distances <0.7 nm. 

Therefore, the statistical data clearly support the conclusion that cholesterol clusters 

do generally have a frustum shape. We were unable to study the shape of cholesterol 

clusters in the late stages of simulation as an insufficient number of cholesterol 

clusters remained. This was the case even in the cluster systems. Nonetheless, a degree 

of cholesterol clustering in a lipid membrane of high cholesterol content cannot be 

avoided. It would be interesting to investigate whether these clusters also adopt a 

frustum shape. 
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Figure 3.6. Electron density profiles of PC, cholesterol, and solvent across the bilayer 

in the cluster and the random systems. 

 

    The hydrophobic interaction is the driving force behind the tendency for cholesterol 

to adopt a frustum shape. As cholesterol forms a cluster, it is very difficult, and 

sometimes impossible, for neighboring PC headgroups to fill the spaces between 

cholesterol headgroups. Water is then able to penetrate through the gaps between 

cholesterol headgroups and make unfavorable contact with the hydrophobic body of 
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cholesterol. The pinching action of cholesterol headgroups mitigates the situation by 

reducing the gaps, thereby decreasing the unfavorable water penetration. Ultimately, 

unfavorable cholesterol clusters disperse into cholesterol monomers through lateral 

diffusion, as shown in Figures 3.2 and 3.3; however, this is a relatively time-

consuming process (>100 ns). The formation of frustum shaped cholesterol clusters is 

the system’s immediate response (<1 ns) to the unfavorable situation. 

 

Figure 3.7. Snapshots of an unusual flip-flop event of cholesterol across the DOPC 

bilayer in the cluster system. Insets: the snapshots of the membrane surface viewed 

from the top aqueous phase. 0 ns: an artificially arranged cholesterol cluster at the start 

of the simulation. 4 ns: the cluster adopted the frustum shape and also moved deeper 

into the bilayer. One cholesterol molecule was halfway into the bottom leaflet. 9 ns: 

The cholesterol was completely inside the bottom leaflet but was also upside down. 

12-26 ns: The cholesterol completed the flip entirely within the bottom leaflet. At the 

same time, the cluster dispersed into smaller pieces. 
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3.3.4 Location of cholesterol clusters 

 

    Along with adopting a frustum conformation, cholesterol clusters also showed a 

clear tendency to bury themselves deeper into the lipid bilayer than a cholesterol 

monomer does. In numerous cases, the cholesterol tails even burrowed into the 

opposite leaflet of DOPC or DPPC bilayers. Figure 3.6 depicts the electron density 

profiles of cholesterol, PC, and water across the bilayer in both cluster and random 

systems. During the first 20 ns of simulation, the cholesterol electron density in the 

cluster systems (green curves) is distributed closer to the bilayer center (i.e., z = 0) 

than in other distributions. This phenomenon was more pronounced in the DPPC 

bilayer. We calculated the average locations of PC’s phosphate residue and of 

cholesterol’s hydroxyl in the direction of the bilayer normal and discovered that 

relative to PC’s phosphate the average position of cholesterol hydroxyls in a 

cholesterol cluster is approximately 2 Å deeper into the bilayer interior than the 

average position of cholesterol monomers in the random system. The average position 

of clustered cholesterol gradually rose higher in the bilayer, as the clusters dispersed 

into monomers. During the final 50 ns of simulation, the difference in the electron 

density profiles between the cluster system (red curves) and the random system (cyan 

curves) became very small. It appears that cholesterol clusters try to move away from 

the aqueous phase and that by burying cholesterol clusters deeper into the bilayer 

interior neighboring PCs can cover the outskirts of the frustum shaped clusters, in an 

“Umbrella action”, more effectively (Figure 3.1C). 

 

3.3.5 Unusual cholesterol flip-flop event 

 

A peculiar flip-flop of a cholesterol molecule in a cluster was observed in the 

simulation of 20 mol % of cholesterol in a DOPC bilayer. Figure 3.7 shows the time 

sequence snapshots of the event. The insets in Figure 3.7 are corresponding snapshots 
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of the membrane surface when viewed from the top aqueous phase. For purposes of 

clarity, water molecules are not shown, and only cholesterol molecules of the cluster 

in question are represented by the space-filling model. The initial arrangement of the 

cluster is shown in the snapshot at 0 ns. At 4 ns, the cluster has clearly adopted a 

frustum conformation and has submerged approximately 4 Å into the lipid bilayer 

from its initial position. Cholesterol in the cluster fluctuated rapidly in the direction of 

the bilayer normal; one cholesterol molecule was buried nearly halfway into the 

opposite leaflet of the bilayer. At 9 ns, that particular cholesterol molecule had 

submerged completely into the opposite leaflet with an “upside down” orientation: the 

headgroup was at the center of the bilayer, while the hydrocarbon tail was exposed to 

the aqueous surface. From 12 to 26 ns, the orientation of the cholesterol molecule 

fluctuated back and forth, eventually completing the flip-flop.  

    This cholesterol flip-flop event is noteworthy for several reasons. First, it has been 

reported that no cholesterol flip-flop has ever been observed in atomistic molecular 

dynamics simulations of a DPPC or a DOPC bilayer, making this event particularly 

unique [45]. The estimated half-time for such a cholesterol molecule flip-flop ranged 

from seconds to hours [46]. It follows that the chances of observing a flip-flop in a 

small system during a 200 ns simulation is exceptionally low. Second, unlike other 

observed flip-flops, the motions of the flip and the flop were completely decoupled 

from each other. The cholesterol molecule did not gradually rotate and lay flat at the 

center of the bilayer, as expected in a normal membrane flip-flop [33, 45, 47]. Instead, 

the cholesterol molecule submerged directly into the destination leaflet without 

changing orientation. When fully integrated into the destination leaflet, the cholesterol 

molecule completed the flip-flop and adopted the proper orientation. In a normal 

cholesterol flip-flop, a cholesterol molecule is surrounded by PC molecules. As the 

cholesterol gradually rotates toward the center of the bilayer, the cavity created by the 

rotation at the bilayer-aqueous interface is quickly filled by surrounding PCs. This can 

be clearly seen in the snapshots of normal cholesterol flip-flop in other studies [33, 45, 

47]. However, there are few surrounding PCs in a cholesterol cluster, and the cavity 
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created by a rotating cholesterol would not be easily covered by other cholesterols, as 

cholesterol is a largely hydrophobic molecule. Additionally, the surrounding PC 

molecules would not be physically close enough to fill the cavity. Thus, a higher free 

energy penalty would result if a cholesterol molecule within a cluster flip-flopped 

through a bilayer in the normal fashion. Submerging directly into the other leaflet 

without changing headgroup orientation could be a quick manner to complete the flip-

flop with a low free energy cost. 

    There have been a number of reports on sterol flip-flops in other bilayer systems. 

Kucerka et al. have observed several cholesterol flip-flops in short chain diC14:1PC 

bilayers, which are more disordered, have higher molecular tilts and greater lateral 

area [33]. Rog et al. showed that replacing the cholesterol hydroxyl group with a 

ketone group can result in some flip-flops of ketosterone across DPPC bilayers [45]. 

Ketone groups are less hydrophilic than hydroxyl groups are and produce a greater tilt 

angle for ketosterone with respect to the membrane normal. These factors facilitate 

ketosterone flip-flops. In both cases, flip-flops were encouraged by destabilizing the 

sterol from the normal “upright” position, causing the sterol to lie flat at the center of 

the bilayer for a certain period of time during the flip-flop. The flip-flop event we 

observed in the DOPC bilayer was an unusual event and was promoted by artificially 

arranging cholesterol into an unfavorable situation: cholesterol clusters. In such a 

cluster, it is very difficult for a bilayer system to shield the large, bulky hydrophobic 

body of cholesterol from water. In response, clustered cholesterol molecules fluctuate 

rapidly in all directions to escape the cluster. The flip-flop event we observed is a 

quick way to escape. This situation bears similarity to cholesterol in a polyunsaturated 

PC bilayer. Compared to monounsaturated PCs, polyunsaturated PCs are less suitable 

as “umbrella providers” for cholesterol. The multiple double bonds in the acyl chains 

prevent cholesterol from approaching a polyunsaturated PC. Ergo, such a bilayer 

cannot effectively cover cholesterol. It has been reported that in a di20:4PC bilayer 

cholesterol is not in an “upright” orientation but instead lies flat in the middle, 

between the leaflets [48]. A recent coarse-grained simulation also confirmed that a 
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large population of cholesterol lies flat between the leaflets in the di20:4PC bilayer 

[47]. However, it has been shown experimentally that adding either 40 mol % POPC 

or just 5 mol % di14:0PC (DMPC) reverted cholesterol to the upright orientation [49]. 

POPC has one saturated chain and one monounsaturated chain; therefore, POPC 

should be considered a good umbrella provider. Similarly, DMPC has two saturated 

chains and is an even better umbrella provider. These findings demonstrate that the 

orientation of cholesterol in the normal upright position is directly related to whether 

the cholesterol can be effectively covered in that position. The flip-flop event is a clear 

indicator that cholesterol in clusters cannot be effectively covered and that cholesterol 

clusters are therefore an unfavorable arrangement. 

 

3.3.6 Umbrella effect 

 

    To provide partial coverage for its large hydrophobic body, cholesterol’s small 

hydroxyl group can form hydrogen bonds with water molecules at the bilayer-aqueous 

interface. A unique aspect of the Umbrella Model is that it specifically predicts that 

headgroups of neighboring PCs should rearrange to assist cholesterol in covering the 

rest of its hydrophobic body [12, 28]. Therefore, PC headgroups are expected to 

relocate closely around cholesterol hydroxyl groups and thus cover the hydrophobic 

body of cholesterol. Additionally, some form of preferred PC headgroup orientation is 

expected for PCs close to cholesterol. 
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Figure 3.8. RDFs over the last 50 ns in the random system. Solid line: The RDF 

between cholesterol oxygen O6 and the nitrogen atom of PC choline group. Dashed 

line: The RDF between cholesterol oxygen O6 and PC phosphate atom P8. 

 

    As discussed earlier, discoveries that are solely based on snapshot examples may 

not be reliable. To confirm or invalidate the Umbrella Model, we must seek statistical 

data. For this purpose, two 2D RDFs were calculated in the plane parallel to the 

bilayer surface: one between the cholesterol hydroxyl oxygen (O6) and the nitrogen of 

PC’s choline group (N4) and a second between cholesterol hydroxyl oxygen (O6) and 

PCs phosphate residue (P8). If the orientation of PC headgroups was not affected by 
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the presence of cholesterol, the two RDFs would overlap. Figure 3.8 shows the 2D, 

O6-N4, and O6-P8 RDFs for the random systems over the last 50 ns of the simulation. 

As depicted in Figure 3.3, the systems were relaxed and stable during this period. In 

Figure 3.8, we see clear evidence of the reorientation of PC headgroups surrounding 

cholesterol. In DOPC/cholesterol bilayers, the density of N4 has a large, single peak at 

0.3 nm from a cholesterol hydroxyl O6; the density of P8 has a smaller peak at about 

0.3 nm and another smaller, but broader, peak at about 0.7 nm. The two RDFs first 

cross at 0.4 nm from a cholesterol hydroxyl O6 and cross once again at 0.85 nm. The 

data indicate that either N4 or P8 can get quite close to the cholesterol hydroxyl O6. 

Correspondingly, within 0.4 nm of a cholesterol hydroxyl O6, the density of PC 

nitrogen (N4) is statistically significantly greater than the density of PC phosphate 

(P8). In contrast, at distances between 0.4 and 0.85 nm, the density of PC phosphate is 

greater. Because each PC headgroup has one nitrogen and one phosphate, and the area 

per lipid in this DOPC/cholesterol bilayer is 51.9 Å2, the RDFs indicate that the first 

layer of PC surrounding cholesterol has a statistical preference to orient their 

headgroups (i.e., the P-N vectors) radially inward toward cholesterol. Furthermore, 

judging by the distances, the PC headgroups are closely packed around cholesterol’s 

hydroxyl group and above the large, hydrophobic body of cholesterol. These findings 

are in favorable agreement with the predictions of the Umbrella Model. 

    A rigorous examination of Figure 3.8 also reveals that the alternating change in 

magnitude of O6-N4 and O6- P8 RDFs occurred at least five times in the 

DPPC/cholesterol system and six times in the DOPC/cholesterol system before the 

two RDFs overlapped with each other. The implication of this is that cholesterol can 

affect PC headgroup orientation up to a distance of 2 or 3 nm and that PC headgroups 

form a layered structure around cholesterol hydroxyls, like the rings of a tree. This is 

an important new finding. Understandably, the difference in RDF magnitude decreases 

with distance from a cholesterol hydroxyl. Thus, the ordering effect is largest for the 

first layer of nearby PC headgroups and becomes progressively smaller for the second 

and the third layers of PC headgroups. This begs the question of how cholesterol can 
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affect the orientation of PC headgroups in the second or third layer. Clearly, only the 

PCs in the first layer can physically participate in the covering action; however, this 

action requires a preferential orientation of PC headgroups in the first layer. This 

ordering of PC headgroups in the first layer also induces a weaker ordering of 

orientation in PC headgroups farther away, possibly through the electric dipole 

interactions between PC headgroups. The induced ordering is gradually relaxed over 

distance, which resulted in the alternating magnitude change of O6-N4 and O6-P8 

RDFs in Figure 3.8. 

    We can define the range of the Umbrella Effect as the distance from cholesterol O6 

at which the two above RDFs overlap. In Figure 3.8, it is interesting that the range of 

the Umbrella Effect in the DPPC bilayer is shorter (∼1.6 nm) than the range in the 

DOPC bilayer (∼2.7 nm). Several factors could contribute to the extended range of 

umbrella effect in unsaturated PC bilayers. First, as headgroups of DOPC in the first 

layer cover a cholesterol molecule, the cis double bonds in DOPC chains make close 

contact with the cholesterol sterol body more difficult; consequently, this could induce 

a packing stress in the acyl chain region. This packing stress also needs to be relaxed 

over a distance. Additionally, the area per lipid for the DOPC bilayer is larger than 

that of the DPPC bilayer. In other words, each DOPC headgroup must cover more 

lateral area than a DPPC headgroup does. These constraints on DOPC could make 

DOPC less efficient in relaxing the ordering of headgroup orientation, resulting in a 

longer range of the Umbrella Effect in DOPC bilayers. On the other hand, saturated 

PCs, such as DPPC, are better umbrella providers and can cover cholesterol more 

effectively. Less packing constraints make saturated PCs more effective in relaxing 

the headgroup orientation order over distance. Thus, the range of the Umbrella Effect 

is shorter in saturated PC bilayers. We also computed the 3D RDFs of O6-N4 and O6-

P8 (data not shown). The Umbrella Effect appears more obvious in the 2D RDFs than 

in 3D RDFs. This is likely because 2D RDFs reduce the P-N vector fluctuation in the 

direction of bilayer normal.  
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    Another research group has previously investigated the Umbrella Effect. Kucerka et 

al. first separated PCs surrounding cholesterol in diC22:1PC or diC14:1PC bilayers 

into first, second, and third nearest-neighbor groups [33]. The 2D RDFs of O6-N4 and 

O6-P8 were calculated for each group. They showed that the Umbrella Effect is 

largest for the first nearest neighbor PCs and smaller for the second nearest neighbors. 

However, they also concluded that no Umbrella Effect can be detected for the third 

nearest-neighbor PCs. A snapshot that clearly captures two PC headgroups in 

“Umbrella action” was shown in their paper. It should be noted that they classified 

PCs into groups according to the actual distance from each cholesterol headgroup. If 

there were three PCs within 0.85 nm from a cholesterol headgroup, they would 

classify the three PCs according to distance, as the first, the second, and the third 

nearest neighbor. However, in our analysis, we would place all three PCs in the first 

layer of PCs from a cholesterol headgroup. Consequently, their first, second, and third 

nearest-neighbor PCs are subsets of our first layer PCs. Therefore, their conclusion is 

in good agreement with our result: there is a large Umbrella Effect for the first layer of 

PCs surrounding a cholesterol headgroup. Additionally, our data indicates that the 

range of the umbrella effect (i.e., headgroup orientation order) is farther than what has 

been previously reported: it can extend up to 2-3 nm (or 2 to 3 lipid distance) from a 

cholesterol headgroup. 

 

3.4 Conclusions 

    Our results demonstrate that cholesterol clusters are very unstable in DPPC and 

DOPC lipid bilayers containing 20 mol % of cholesterol and that cholesterol-

cholesterol interaction is generally unfavorable (repulsive). During 200 ns simulations 

of DPPC and DOPC bilayers, a very brief period when compared to traditional “wet” 

experiments, artificially arranged cholesterol clusters dispersed into cholesterol 

monomers. At the outset of the simulations, numerous statistical quantities, such as 

average cluster sizes and electron density profiles, differed substantially between the 

random and the cluster systems; however, these differences significantly diminished 
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by the end of the simulation. Additional indicators of cholesterol cluster instability 

arise from observations that cholesterol clusters are often frustum shaped, are buried 

deeper in the lipid bilayer than cholesterol monomers are, and can even cause an 

unusual cholesterol flip-flop across the DOPC bilayer. These results suggest that 

cholesterol cluster instability stems from the inability of the bilayer system to cover 

the bulky hydrophobic bodies of cholesterol in a cluster. Among the three major 

models of cholesterol-lipid interaction, only the Umbrella Model suggests that the 

unfavorable cholesterol-cholesterol interaction is attributed to the hydrophobic effect. 

Necessarily, a frustum shaped cholesterol cluster sitting deep in a lipid bilayer must 

create some degree of membrane deformation and lipid packing stresses, which are 

highly unfavorable. For the system to respond in this manner clearly implies that it has 

done so only to avoid an even more unfavorable situation, i.e., large cholesterol 

clusters in their “normal” shape and position in the bilayer. In cell plasma membranes, 

local cholesterol clusters can form during natural membrane turnover, as newly 

synthesized cholesterol is delivered to cell membranes via vesicle fusion. Our results 

indicate that these cholesterol clusters could be quite short-lived: dissipating almost 

immediately upon formation. A more accurate estimation of cluster lifetime should be 

made for a larger multi-component bilayer system, where the heterogeneous 

environment of biomembranes can be mimicked. 

In addition, our results show that the Umbrella Effect of cholesterol exists in both 

saturated DPPC and unsaturated DOPC bilayers. The radial distribution functions of 

cholesterol hydroxyl oxygen to various headgroup atoms of PC reveal that the PC 

headgroups surrounding cholesterol have a clear tendency to reorient and extend 

toward cholesterol’s hydroxyl group. The orientation of the PC headgroups has a 

layered structure, which can extend 2-3 nm from a cholesterol molecule. The results of 

this study strongly support the Umbrella Model and provide new insights into the 

fascinating mechanics of cholesterol-lipid interactions. 
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CHAPTER IV 

SIMULATION OF THE LO-LD PHASE BOUNDARY IN 

DSPC/DOPC/CHOLESTEROL TERNARY MIXTURES USING PAIRWISE 

INTERACTIONS 

Abstract 

 

    Recently, a number of ternary phase diagrams of lipid mixtures have been 

constructed using various experimental techniques with a common goal of 

understanding the nature of lipid domains. An accurate experimental phase diagram 

can provide rich thermodynamic information, and can also be used to extract 

molecular interactions using computer simulation. In this study, the liquid-ordered and 

liquid-disordered (lo-ld) phase boundary of DSPC/DOPC/Cholesterol ternary mixtures 

is simulated in a lattice model using pairwise interactions.  The block composition 

distribution (BCD) technique was used to accurately locate the compositions of 

coexisting phases and thermodynamic tie-lines in the 2-phase region, and the Binder 

ratio method was used to determine the phase boundary in the critical region.  In 

simulations performed along a thermodynamic tie-line, the BCD method correctly 

samples the compositions as well as the relative amounts of coexisting phases, in 

excellent agreement with the Lever Rule. A “best-fit” phase boundary was obtained 

that has a top boundary closely resembling the experimental boundary.  However, the 

width of the simulated 2-phase region is significantly wider than the experimental one. 

The results show that pairwise interactions alone are not sufficient to describe 

molecular interaction in the ternary lipid mixtures; other forms of interactions, 

possibly multi-body interaction or domain interfacial energy, must be included in the 

simulation. 
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4.1 Introduction 

 

    Lipid rafts are cell membrane domains that are rich in cholesterol, certain high 

melting-temperature lipids, and certain membrane proteins. In model membranes, 

ternary lipid mixtures are a minimal system to model biomembrane rafts. In order to 

understand the biochemical and thermodynamic properties of lipid raft domains, a 

number of phase diagrams of ternary lipid mixtures have been constructed in recent 

years using various experimental techniques [50-53]. Typically, the mixtures consist 

of three components: cholesterol, a high melting-temperature lipid (such as 

sphingomyelin, 1,2-palmitoyl-sn-glycero-3-phosphocholine (DPPC), or 1,2-distearoyl-

sn-glycero-3-phosphocholine (DSPC)), and a low melting-temperature lipid (such as 

1,2-oleoyl-sn-glycero-3-phosphocholine (DOPC)). A phase diagram of multi-

component lipid mixtures can provide rich thermodynamic information about the 

mixtures [25]. An experimental phase diagram with accurately determined phase 

boundaries and tie-lines could also be extremely valuable for extracting molecular 

interactions between lipids using computer simulation or mean-field calculation [12, 

54, 55]. For a given set of hypothesized molecular interaction energies, the 

corresponding theoretical phase diagram can be generated through computer 

simulation. An experimental phase diagram provides strong constraints on the possible 

molecular interactions. Simulation of a phase boundary can greatly narrow down both 

the possible types of molecular interaction, as well as the possible magnitudes of 

interactions. Simulation of the experimental phase boundary can help researchers to 

understand the key interactions between membrane molecules or even the driving 

force of lipid raft formation. In addition, computer simulation would allow researchers 

to conveniently visualize lipid domains, phases, and interfaces, in various length and 

time scales. 

The ternary phase diagram of DSPC/DOPC/cholesterol has been recently 

constructed using techniques including confocal fluorescence microscopy, 

fluorescence resonance energy transfer (FRET), single probe fluorescence 
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spectroscopy, electron spin resonance (ESR), and wide angle X-ray diffraction [50, 

53].  The phase diagram has numerous interesting properties, but the region of 

biological importance is the coexisting region of liquid-ordered (lo) and liquid 

disordered (ld) phases. 

    In this study, the lo-ld phase boundary in DSPC/DOPC/Cholesterol ternary mixtures 

is simulated in a lattice model using pairwise interactions.  The block composition 

distribution (BCD) technique was used to effectively locate coexisting phases and 

thermodynamic tie-lines in the 2-phase region and the Binder ratio method [56-59] 

was used to accurately determine the phase boundary in the critical region. We found 

both that the BCD method can correctly estimate the amounts of coexisting phases, 

and also that the Lever Rule is followed in simulations performed along a 

thermodynamic tie-line. A “best-fit” phase boundary was obtained, and the top 

boundary closely resembles the experimental boundary.  However, the width of the 

simulated 2-phase region is wider than the experimental one: the compositions of 

simulated coexisting phases cannot be exactly correct. Therefore, we have found that 

pairwise interactions alone are not sufficient to describe molecular interactions in the 

ternary lipid mixtures, and other forms of interactions, possibly multi-body interaction 

or domain interfacial energy, must be included in the simulation. 

 

4.2 Simulation methods 

 

A lipid bilayer is modeled as a 2D triangular lattice. A phospholipid molecule is 

treated as a physically linked dimer occupying two adjacent sites, representing the 

thermodynamically coupled acyl chains [60, 61]. A cholesterol molecule occupies 

only one site due to its small cross-sectional area [12]. The lipid composition of a 

ternary mixture is specified by two parameters: χc and R. χc is the mole fraction of 

cholesterol and R is the ratio of DSPC to all PC, defined as R = χDSPC/(χDSPC + χDOPC).  

In order to reduce simulation size effects, a large lattice size, 300300, was used for 

all simulations. The number of lipid molecules in a 300300 simulation lattice is 
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approximately equal to the number of lipid molecules in one leaflet of a 0.1 µm 

diameter large unilamellar vesicle (LUV).   

    Simulations were performed in the canonical ensemble using the Metropolis method 

[19]. The standard periodical boundary condition was used.  As illustrated in Figure 

4.1, three types of particle moves were implemented: (A) nearest-neighbor dimer pair 

rotation, first introduced by Jerala et al. [60]; (B) long-range dimer-dimer exchange, in 

which two pairs of linked PC chains over any distance exchange positions; and (C) 

nearest-neighbor cholesterol-dimer flipping, in which a cholesterol and a pair of linked 

PC chains exchange positions. The long-range dimer-dimer exchange is very efficient 

to bring simulations to equilibrium [62]. Without it, a simulation containing coexisting 

phases can be trapped at a local free energy minimum almost indefinitely.  Most of the 

simulations started from an initial configuration in which molecules of the same kind 

were placed together as big blocks ("block state").  Equilibrium was checked by 

monitoring the convergence of system parameters when parallel simulations were 

started from two very different initial configurations: the block state and a random 

mixing state.  This long-range particle exchange is not a physical process, since lipids 

in a real bilayer cannot jump over a long distance. However, a relaxation method in 

MC simulation is not required to be physical: as long as the method can bring the 

system to equilibrium and can sample the phase-space effectively, the equilibrium 

thermodynamic properties of the mixture can be correctly simulated. A single Monte-

Carlo (MC) step is defined as going over every lattice site one time in a random 

sequence to make the possible dimer pair rotation and dimer-dimer exchange moves.  

To compensate for the lack of long-range exchange for cholesterol, cholesterol-dimer 

flipping was performed 6 times more often than the other two moves.  The typical 

equilibration time was between 10,000 to 30,000 MC steps; equilibrium statistical data 

were computed during 80,000 – 500,000 MC steps after equilibrium was reached. 
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Figure 4.1. Three types of particle moves used in simulations. A phospholipid is 

treated as physically linked dimer chains occupying two adjacent sites and a 

cholesterol molecule occupies one site. DSPC acyl chains: red; DOPC acyl chains: 

yellow; cholesterol: black. (A) Nearest-neighbor dimer pair rotation; (B) long-range 

dimer-dimer exchange; and (C) nearest-neighbor cholesterol-dimer flipping. 

 

4.2.1 Pairwise interaction Hamiltonian 

 

    The pairwise Hamiltonian that accounts for acyl chain-acyl chain, cholesterol-

cholesterol and cholesterol-acyl chain interactions is given by 
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where EOO, ESS, and ECC are pairwise interaction energies between DOPC acyl chains, 

between DSPC acyl chains, and between cholesterols, respectively.  LOi, LSi, and LCi 

are occupation variables (= 0 or 1) of DOPC acyl chains, DSPC acyl chains, and 
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cholesterols, respectively. The summation i is over all lattice sites, and j is over the 

nearest-neighbor sites of i only. Z (= 6) is the number of nearest-neighbors to a lattice 

site.  ∆EOS, ∆EOC, and ∆ESC are the pairwise excess mixing energies between DOPC 

and DSPC acyl chains, between DOPC acyl chains and cholesterol, and between 

DSPC acyl chains and cholesterol, respectively, which are defined as 

)E+(EE=E SSOOOSOS
2

1
  (12) 

)E+(EE=E CCOOOCOC
2

1
  (13) 

)E+(EE=E CCSSSCSC
2

1
  (14) 

where EOS, EOC, and ESC are pairwise interaction energies between DOPC and DSPC 

acyl chains, between DOPC acyl chains and cholesterol, and between DSPC acyl 

chains and cholesterol, respectively.  

    The first 3 terms in Hamiltonian Eq. 11 are constants, independent of lipid lateral 

distribution.  Lipid mixture behavior is entirely determined by values of the 3 excess 

mixing energies.  Based on the previous experimental measurements of chemical 

activity of cholesterol in PC bilayers and MC simulations [31], the mixing of 

cholesterol with DSPC or DOPC is overall energetically favorable. This is expressed 

by large negative values of ∆EOC and ∆ESC.  Also, cholesterol should prefer DSPC 

over DOPC due to the cis double bonds in DOPC chains [28], and this preference is 

expressed by assigning |∆ESC | > |∆EOC|.  ∆EOS has a large positive value, because the 

mixing of DOPC with DSPC is unfavorable, and is the driving force of the lo-ld phase 

separation.  

 

4.2.2 The Block Composition Distribution (BCD) Method  

 

The BCD method has been widely used to determine the compositions of coexisting 

phases in canonical ensemble simulations [56-59]. The essential feature of the BCD 
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method is to systematically “scan” each equilibrium lateral lipid distribution by 

moving a square “phase mask”. The local lipid composition within the phase mask 

centered at every lattice site is recorded, and a local composition histogram for the 

whole mixture is generated at every 20 MC steps after equilibrium. The method gives 

a very straightforward visual approach to determine the number of phases of a 

simulated mixture: if a mixture has only one phase, the local composition histogram 

should have only one large peak centered at the bulk (overall) composition of the 

mixture; if a mixture has two coexisting phases, the local composition histogram 

should have two large peaks, each centered at the composition of a coexisting phase. 

These two local compositions are two points on a phase boundary that separates a 1-

phase region from a 2-phase region. Furthermore, a straight line connecting these two 

points in a phase diagram is the thermodynamic tie-line. Programming for the BCD 

method is quite simple, because it does not require any changes to the canonical 

ensemble simulation.  The size of the “phase-mask” is an important issue for the 

method to work properly. In the Results section, we will show that a proper phase-

mask size can be chosen through a set of simulations. 

 

4.2.3 The Binder ratio 

 

With various simulation techniques, including the grand canonical ensemble or the 

Gibbs ensemble [63, 64], the BCD method becomes ineffective in the critical region, 

since critical fluctuations become significant and the compositions of coexisting 

phases become too close to be resolved. It is well known that the critical temperature 

is a function of the simulation size.  In the critical region, even a large size simulation 

could suffer from this effect. The Binder ratio method is convenient to obtain the true 

critical temperature or phase boundary, based on the techniques of finite-size scaling. 

The Binder ratio is a fourth-order cumulant of the order parameter, defined as B(L)= 1 

- <m(L)
4
>/(3<m(L)

2
>

2
), where L is the linear size of “phase mask” and m(L) is the 
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order parameter [57-59]. At the true critical temperature, the Binder ratio is 

independent of the system size.  Since the coexisting phases in our system primarily 

differ in the R value, we define the order parameter as m(L) = R(L)-R(bulk).  The order 

parameter m(L) ≈ 0 for 1-phase mixtures.  For 2-phase mixtures, m(L) > 0 in the lo 

phase and m(L) < 0 in the ld phase, because the local concentration of DSPC is higher 

or lower than its bulk concentration in the lo phase or in the ld phase, respectively. 

                                    (15) 

where NAB(r) is the average number of occurrences in which type A particle is located 

at a distance r from a type B particle. By definition, gAB(r) = 1 for an ideal mixture. 

For a non-ideal mixture, gAB(r) > 1 for small r if type A and type B particles attract 

each other, and gAB(r) < 1 if two particles repel each other. For convenience, the 

functions were only evaluated along the three symmetrical axes of the triangular 

lattice. 

Pair correlation length, , is an indicative parameter that can be used to describe 

domain formation or phase separation in a mixture. In a phase separated mixture, 

certain correlation lengths become very long, as certain particles are more 

concentrated in a particular phase. On the other hand, in a 1-phase mixture, correlation 

lengths are typically quite short, reflecting the sizes of non-ideal mixing clusters or 

domains. In this study,  is defined as the largest distance r at which 

                             (16) 

where gAB(rmax) is the maximum deviation of gAB(r) from the ideal mixing value of 1, 

which usually occurs at one or two lattice spacings. Also, in order to distinguish two 

opposite types of deviation from ideal mixing,  is assigned as a negative number if 

type A and type B molecules repel each other, and  is assigned as a positive number 

when type A and type B molecules attract.  Pair correlation functions were calculated 

at every 20 MC steps after equilibrium. 
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4.3 Results and discussion 

4.3.1 Mapping a phase boundary by the BCD method 

 

 

Figure 4.2. Snapshots of lateral lipid distributions for some DSPC/DOPC/cholesterol 

mixtures simulated with pairwise interaction energies (ΔEOS = 0.54 kT, ΔEOC = -1.0 
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kT, ΔESC = -1.3) reveals phase separations and the range of cluster sizes. Black dots, 

cholesterol; Yellow dots, DOPC acyl chains; Red dots, DSPC acyl chains. Two chains 

from the same PC were physically linked. All mixtures have the same R ratio (i.e., 

χDSPC/(χDSPC+χDOPC)) of 0.5, but different cholesterol mole fraction χc. (A) and (B) are 

2-phase mixtures, (D) and (E) are 1-phase mixtures, and (C) is a mixture at the phase 

boundary. (F) is an ideal (random) mixing distribution at χc = 0.48. 

    Our goal is to find a set of pairwise interaction parameters (∆EOS, ∆EOC, ∆ESC) that 

can closely reproduce the experimental lo-ld phase boundary of 

DSPC/DOPC/cholesterol mixtures.  First, an initial set of interaction parameters was 

chosen, and the BCD method was used to partially map out the corresponding phase 

boundary.  The simulated boundary was then compared to the experimental boundary, 

and the interaction parameters were adjusted for a better fit.  After testing several 

dozen parameter sets, parameters were narrowed down to a small range.  Then Binder 

ratio method was used to find the true critical temperature.  We found that the “best-

fit” interaction parameter set was (∆EOS = 0.54 kT, ∆EOC = -1.0 kT, ∆ESC = -1.3 kT).  

The simulation lattice size and the phase-mask size used were 300300 and 2525, 

respectively. 

    Figure 4.2 shows a series of snapshots of lipid lateral distributions simulated with 

(∆EOS=0.54 kT, ∆EOC=-1.0 kT, ∆ESC=-1.3 kT).  The R value for all snapshots is 0.5.  

At lower cholesterol concentration C ≤ 0.36, the mixtures clearly have two coexisting 

phases: a liquid-ordered phase (red) that is rich in DSPC and cholesterol, and a liquid-

disordered phase (yellow) that is rich in DOPC (Figure 4.2 A & B). At c = 0.40, the 

mixture is at the phase boundary (Figure 4.2C). When c > 0.40, mixtures have only 

one phase. However, large clusters of lipids are still visible at c = 0.42 (Figure 4.2D), 

with the clustering becoming somewhat smaller at c = 0.48 (Figure 4.2E). For 

comparison, Figure 4.2F is a snapshot of ideal (i.e., random) mixing at c = 0.48.  

Even with random mixing, small clusters of like molecules already exist; however, the 

cluster sizes are smaller than those in Figure 4.2E.  Note that due to figure space 
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limitations, the snapshots in Figure 4.2 were generated using a small simulation size, 

150150. With our standard size of 300300, the sizes of coexisting phases in our 

simulations actually are somewhat larger than shown in Figure 4.2A & 4.2B. In 

general, the sizes of coexisting phases in a 2-phase region always increase with the 

simulation lattice size, whereas the size of lipid clusters in 1-phase regions becomes 

independent of the simulation lattice size if the lattice is sufficiently large.  Figure 4.2 

also demonstrates that it is often difficult to tell the number of phases or the lipid 

compositions of coexisting phases in a simulated snapshot through visual inspection. 

The BCD method is a systematic and quantitative way to determine these properties. 

    After the simulations reached equilibrium, the average local composition 

histograms were computed using the BCD method. Figure 4.3 shows the resulting 3D 

histograms for the five ternary mixtures shown in Figure 4.2. The two "horizontal" 

axes are local R value and local c, representing the local lipid composition evaluated 

within the phase mask. The vertical axis is the number of sites having a particular 

local lipid composition (local R and local c).  For the mixture with bulk (overall) 

cholesterol mole fraction of 0.32, the local composition histogram shows two well 

separated sharp peaks, corresponding to the two coexisting phases with very different 

lipid compositions (see Figure 4.2A). There is a small “ridge” connecting the two 

peaks, which arises from the interface area between coexisting phases. For the mixture 

with overall c of 0.36, the local composition histogram also has two peaks. However, 

the peaks are broader and the distance between peaks is shorter, indicating that the 

difference in lipid composition between the two phases becomes smaller (see Figure 

4.2B). In addition, the “ridge” grows taller, caused by the increased contribution from 

interfacial area. The mixture with overall c of 0.40 is essentially on the phase 

boundary: in its composition histogram, one can no longer distinguish peaks or ridge. 

The mixture with overall c of 0.42 is a 1-phase mixture, but very close to the phase 

boundary. Its composition histogram shows a single broad peak; the broadness 

indicating a highly non-ideal 1-phase mixture with significant clustering of molecules 

(see Figure 4.2D). Finally, the mixture with overall c of 0.48 is a 1-phase mixture, 
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away from the phase boundary. The corresponding histogram has a single taller and 

narrower peak. This mixture is more ideal, with less clustering than that at c = 0.42 

(see Figure 4.2E). 

 

Figure 4.3. Local composition histograms for the five mixtures in Figure 4.2 reveals 

coexisting phases. A local lipid composition is specified by a local R ratio and a local 

χc. The vertical axis is the number of the lattice sites having a particular local lipid 

composition. Some histograms have been shifted in local χc axis to facilitate viewing. 

χc is the bulk (overall) cholesterol mole fraction of a simulated mixture. 

 

    The center of mass (COM) of each peak is used to identify the composition of the 

phase using the following procedures: (i) The maximum height of a peak (hmax) is 

determined; (ii) Any grid point surrounding the peak with a height lower than 2/3 of 

hmax is set to zero. This effectively removes the contribution from the interfacial area; 

(iii) The COM of the other peak is calculated using c(COM) = c(i)h(i) / h(i) and 

R(COM) = R(i)h(i) / h(i), where h(i) is the height of the histogram at the 

composition i. After the compositions of the two coexisting phases are determined, the 
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straight line connecting these two compositions on the triangular phase diagram is the 

thermodynamic tie-line. Thus, each simulation in the 2-phase region can provide two 

points on the phase boundary as well as a thermodynamic tie-line. In order to map out 

the phase boundary, a series of simulations is performed, usually starting near the 

middle of the 2-phase region, and crossing the phase boundary into the 1-phase region 

through small increments of cholesterol mole faction (typically 1 mol %). The 

boundary points obtained were connected together to form a phase boundary. Figure 

4.4 is the simulated phase diagram constructed using the BCD method. The 

simulations were performed with the bulk lipid composition marked as filled triangles 

() in Figure 4.4. The left phase boundary points obtained by the BCD method were 

plotted as open circles (), and the right boundary points were plotted as open squares 

(). The dashed lines connecting two boundary points obtained from the same 

simulation are thermodynamic tie-lines. In Figure 4.4, the triangle labeled with letter 

“a” represents the mixture with bulk c = 0.32 and R = 0.5. Its lateral distribution 

snapshot is shown in Figure 4.2A and its local composition histogram is shown in 

Figure 4.3A. Similarly, the triangle labeled with letter “b” represents the mixture with 

bulk c = 0.36 and R = 0.5; its lateral distribution snapshot is shown in Figure 4.2B 

and its local composition histogram is shown in Figure 4.3B.  The thin solid line is the 

simulated phase boundary corresponding to the “best-fit” interaction parameter set 

(∆EOS = 0.54 kT, ∆EOC = -1.0 kT, ∆ESC = -1.3 kT), and the thick solid line is the 

experimental phase boundary. 
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Figure 4.4. The upper boundary of phase coexistence of lo + ld is shown on the ternary 

phase diagram of DSPC/DOPC/cholesterol simulated with pairwise interaction 

energies (ΔEOS = 0.54 kT, ΔEOC = -1.0 kT, ΔESC = -1.3). Open circles and open squares 

are boundary points obtained by the BCD method. Dashed lines are simulated 

thermodynamic tie-lines. The filled squares are the boundary points obtained from 

Binder ratio method. The thin solid line is the phase boundary determined using the 

BCD method and the Binder ratio method together. The thick solid line is the 

experimental phase boundary. Filled triangles represent overall (bulk) lipid 

compositions at which simulations with the BCD method were performed. Filled 

triangles labeled as “a” and “b” indicate the overall lipid compositions of the mixtures 

“a” and “b” in Figure 4.2 and Figure 4.3. 
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4.3.2 Phase boundary in the critical region 

 

    As shown in Figure 4.3C, near the critical region, it is very difficult to judge 

whether a mixture has one or two phases from the local composition histogram.  In 

order to overcome this difficulty, we used the well-established Binder ratio method to 

accurately determine the phase boundary in the critical region.  The experimental 

phase boundary passes through the lipid composition (c = 0.40, R = 0.5) (Figure 4.4).  

Using the BCD method, the range of pairwise interaction parameters was first 

narrowed down to (∆EOS  =  0.51-0.55 kT, ∆EOC  = -1.0 kT, ∆ESC = -1.3 kT).  The 

Binder ratio method was then used to find the value of ∆EOS (equivalently, the true 

critical temperature) that produces a boundary passing through the point at (c = 0.40, 

R = 0.5).  Figure 4.5 shows the Binder ratio as a function of ∆EOS calculated using 

three different sizes of phase mask: 9191, 121121, and 141141.  The simulations 

were carried out at the fixed bulk lipid composition (c = 0.40, R = 0.5), and with two 

fixed interaction parameters (∆EOC = -1.0 kT, ∆ESC = -1.3 kT), since the top boundary 

is most sensitive to the values of ∆EOS.  For ∆EOS  0.55 kT, the Binder ratio has a 

strong phase mask size dependence: the Binder ratio is higher with a smaller mask 

size. For ∆EOS  0.53 kT, the size dependency is reversed: Binder ratio is lower with a 

smaller mask size.  The crossover occurs at ∆EOS = 0.54 kT, at which the Binder ratio 

becomes independent of system size, and the true critical temperature is found. Thus, 

the interaction energy set (∆EOS= 0.54 kT, ∆EOC =-1.0 kT, ∆ESC= -1.3 kT) produces a 

phase boundary passing through the lipid composition (c = 0.40, R = 0.5), which is 

represented by the filled square () in Figure 4.4. Together with the boundary points 

determined by the BCD method, the entire phase boundary was obtained.  Calculation 

of Binder ratio requires long simulations:  500,000 MC steps were used for each data 

point in Figure 4.5. 
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Figure 4.5. The Binder ratio as a function of ΔEOS calculated using phase mask size of 

9191, 121121, and 141141 at the bulk composition of R = 0.5 and χc = 0.40. The 

crossover occurs at ΔEOS ≈ 0.54 kT, at which the Binder ratio becomes independent of 

system size. 

    The Binder ratio method can accurately determine the phase boundary in the critical 

region. Away from the critical region, the BCD method works very efficiently. 

Therefore, the BCD method and the Binder ratio method are complementary. Using 

the two methods together, an entire phase boundary can be determined.  Note that in 

the process of searching for a set of molecular interaction energies that could closely 

reproduce an experimental phase boundary, one only needs to perform the Binder ratio 

method for the final few promising sets of parameters. In most cases, a boundary 

produced by the BCD method alone can give a good representation of the shape and 

location of the simulated boundary, and adjustment of interaction energy parameters 

can be made based on such a boundary. 
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4.3.3 Pair-correlation functions and lengths 

 

    Figure 4.6a shows six pair-correlation functions for a 2-phase mixture with the bulk 

lipid composition R = 0.5 and c = 0.36 (see Figure 4.2B). DSPC and cholesterol are 

more concentrated in the liquid-ordered phase, and DOPC is more concentrated in the 

liquid-disordered phase. As expected, the DSPC-DSPC pair-correlation function and 

DOPC-DOPC pair-correlation function are both well above the ideal mixing value of 

1 over a very long distance. On the other hand, due to the physical separation of 

DOPC and DSPC, the DOPC-DSPC pair-correlation function is well below the ideal 

mixing value of 1 over a long distance. The correlation length is measured in units of 

lattice spacing, i.e., the distance between two adjacent sites. The calculated correlation 

lengths for these functions are very long and are only limited by the size of the 

simulation lattice. Thus, these long correlation lengths signify a 2-phase mixture. The 

actual values of the correlation lengths in a 2-phase region are not meaningful if they 

are longer than about half of the simulation box dimension, since the sizes of 

coexisting phases are limited by the size of the simulation lattice. However, the 

correlation lengths in 1-phase regions are determined by non-ideal mixing, and 

directly reflect the equilibrium average cluster size of molecules. If the simulation 

lattice is sufficiently large, the correlation lengths in 1-phase regions do not depend on 

the size of the simulation lattice. Figure 4.6b shows the correlation lengths as a 

function of c for mixtures with the bulk R value of 0.5. For c < 0.35, four pair-

correlation lengths (DOPC-DOPC, DSPC-DSPC, DOPC-DSPC, and DOPC-Chol) are 

longer than 150 lattice distance (i.e., more than 1/2 of the simulation lattice 

dimension). Clearly, these mixtures are in a 2-phase region. Between 0.37 and 0.40 of 

c is the boundary region: all four correlation lengths show drops in magnitude in this 

narrow region. For c > 0.40, correlation lengths slowly decrease as c increases, and 

all correlation lengths become less than 10 lattice distances; clearly, this is a 1-phase 

region. 



Texas Tech University, Jian Dai, May 2011 

 

57 

 

Figure 4.6. Pair correlation functions. (a) Pair-correlation functions for the 2-phase 

ternary lipid mixture with R = 0.5 and χc = 0.36. (b) Pair-correlation lengths as a 

function of χc for mixtures with constant R ratio of 0.5. The phase boundary is at χc= 

0.40. 
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4.3.4 Effect of phase mask size 

 

    If the size of phase mask were too small, the method would misinterpret the mere 

clustering of molecules in a 1-phase region due to non-ideal mixing as distinct phases. 

On the other hand, if the mask size were too big, it would not be able to detect 

compositionally distinct large regions (i.e., separated phases) in a simulation. Thus, 

the size of the phase mask should be larger than the size of clusters (or pair-correlation 

lengths) in a 1-phase region, but be significantly smaller than the size of individual 

phases in a 2-phase region, which is related to the size of the simulation lattice. 

Therefore, a proper size for the phase mask can be selected through simulation. Figure 

4.7 shows the effects of phase mask size on phase boundary determination. The phase 

boundaries of the ternary mixtures were simulated with (∆EOS = 0.53 kT, ∆EOC = -

1.0kT, ∆ESC = -1.3 kT). The simulation lattice size was fixed at 300300, and only the 

size of the phase mask was changed.  As shown in Figure 4.7, when the size of the 

phase mask was too small, such as 99, 1313, and 1717, the resulting phase 

boundaries were noisy and sensitive to the size of the phase mask used. This result is 

consistent with the fact that the largest pair-correlation length in the 1-phase region is 

about 15 lattice spacings (Figure 4.6B).  However, when the size of the phase mask is 

larger than 2121, the boundary becomes smooth and stable. The boundaries obtained 

using phase mask size of 2525 or 2929 were very similar. It has been shown that 

further increase of mask size reduces the sharpness of the peaks and the sensitivity of 

the method, but the positions of the peaks remain the same. For 

DSPC/DOPC/cholesterol mixtures, we chose 2525 as our standard phase mask size 

and 300300 as the simulation lattice size.  
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Figure 4.7. Simulated left and right phase boundaries using the BCD method with 

different sizes of phase-mask. Simulation lattice size was fixed at 300300. 
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4.3.5 Pairwise interactions are insufficient 

 

    The “best-fit” pairwise interaction parameters were found to be (∆EOS = 0.54 kT, 

∆EOC = -1.0kT, ∆ESC = -1.3 kT). The positive ∆EOS represents the unfavorable 

interaction between DSPC and DOPC.  The location of the top phase boundary is very 

sensitive to the value of ∆EOS: An increase of ∆EOS moves the top boundary to a 

higher cholesterol mole fraction.  The entire 2-phase region would disappear if ∆EOS is 

less than ~0.3 kT. The magnitude of unfavorable interaction between DSPC and 

DOPC, 0.54 kT or 320 cal/mol, is similar to the magnitudes of pairwise interaction 

found in other lattice model MC simulations [54]. The negative ∆EOC and ∆ESC 

represent the favorable DOPC-cholesterol and DSPC-cholesterol interactions, 

respectively.  The difference between these two values largely determines the slope of 

the top boundary.  The fitted values indicate that cholesterol more favorably interacts 

with DSPC than with DOPC.  Previously, a series of jumps in chemical activity of 

cholesterol was observed in DOPC/cholesterol and DPPC/cholesterol binary mixtures, 

indicating that the favorable interactions are quite large [28, 31].
 

As shown in Figure 4.4, the “best-fit” 2-phase region simulated using pairwise 

interactions is significantly wider than the experimental phase boundary.  Thus, the 

compositions of coexisting phases are incorrect.  For example, the experimental ld 

phase contains roughly 10 mole % of DSPC, while the simulated ld phase only has 

about 1-3 mole %.  After testing several dozen sets of energy parameters, we found 

that as long as the top boundary is located around c = 0.4, the simulated 2-phase 

region is always significantly wider than the experimental one.  This is an intrinsic 

property of pairwise interactions and the problem cannot be fixed by adjusting energy 

parameters.  Our result clearly shows that some other interactions must play important 

roles in producing lo-ld phase separation in DSPC/DOPC/cholesterol ternary mixtures, 

and these interactions should be included in simulations.  Previously, it has been 

shown that the measured maximum solubility of cholesterol in lipid bilayers and the 

chemical activity of cholesterol in PC bilayers cannot be modeled by pairwise 
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interactions alone, and some forms of multi-body interactions are necessary [11, 12, 

28, 31].  Here we see another clear case where pairwise interactions are insufficient to 

describe lipid-lipid interactions.  In previous studies, the molecular origin of the multi-

body interactions was identified as the requirement for large headgroup lipids (such as 

PC) to cover the hydrophobic bodies of cholesterol in a lipid bilayer, described by the 

Umbrella Model [12]. It will be interesting to find out whether line tension or 

interfacial energy play significant roles in lo-ld phase separation in ternary lipid 

mixtures. 

 

4.3.6 The effect of linking two acyl-chains 

 

    In this study, a phospholipid is treated as physically linked dimer chains occupying 

two adjacent sites [60, 61]. Obviously, this treatment avoids many unrealistic 

distributions, such as a single acyl chain of DOPC completely surrounded by DSPC 

chains and cholesterol. In addition, the distributional entropy is more correctly 

accounted for. However, a more significant effect of the dimer treatment is that it 

alters the magnitudes of pairwise interaction energies.  For example, without the dimer 

treatment, in order to generate a similar lo-ld phase boundary, the value of pairwise 

interaction energy ∆EOS would be ~0.8 kT, instead of 0.54 kT (data not shown).  This 

shows that the magnitude of interaction energy in a simulation is depending on the 

detailed model: whether a phospholipid is treated as a linked dimer, or two unlinked 

chains, or a particle occupying a single lattice site.  Furthermore, the result suggests 

that the magnitude of interaction energy required to create a phase separation would 

become less, if some particles were physically linked together.  The result can be used 

to explain some cross-linking experiments.  For example, it has been reported that if 

the lipid GM1 is included in sphingomyelin/DOPC/cholesterol at as little as 0.5 mole 

% in a 1-phase mixture that is close to macroscopic phase separation of lo-ld phases, 
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then crosslinking the GM1 into pentamers by means of cholera toxin B subunit 

induces the entire sample to phase separate [65]. 

 

4.3.7 Importance of an accurately determined phase boundary 

 

    An accurately determined experimental phase diagram is extremely valuable for 

testing hypothesis and extracting molecular interactions. An experimental phase 

boundary, which includes the critical point, the compositions of coexisting phases, and 

thermodynamics tie-lines, provides strong constraints on the types and magnitude of 

molecular interactions that can be used in simulation.  It is relatively easy to move the 

phase boundary to a single composition point by adjusting interaction parameters; 

however, fitting the entire phase boundary is far more challenging, but also far more 

meaningful. 

 

4.3.8 Testing of the Lever Rule 

 

    To test whether the BCD method is capable of quantitatively estimating the relative 

amount of coexisting phases, we performed a series of simulations along a 

thermodynamic tie-line, and compared the result with the Lever Rule. According to 

the Lever Rule, the compositions of two coexisting phases are fixed along a tie-line, 

and the relative amount of each phase can be calculated using x/(x+y) and y/(x+y), 

where x and y are the distances from a given point on a tie-line to the two end points 

[66]. Figure 4.8 (upper) shows the local composition histograms at five different 

points along a tie-line. Point a (c = 0.174 and R = 0.022) and point e (c = 0.294 and 

R = 0.973) are the left and right end-points of the tie-line, respectively. Therefore, 

each is a 1-phase mixture, and only a single peak is present in the composition 



Texas Tech University, Jian Dai, May 2011 

 

63 

histogram. Point b is located at 1/4 of the distance along the tie-line from the left side, 

with the bulk composition in the 2-phase region. Its local composition histogram 

shows a large peak corresponding to the left end-point of the tie-line, and a small peak 

corresponding to the right end-point. Point c is the midpoint of the tie-line, and the 

heights of the two peaks appear to be very similar. Point d is located at 1/4 of the tie-

line length from the right side, and the peak corresponding to the right end-point is 

significantly higher than that corresponding to the left end-point. Figure 4.8 clearly 

shows that as the simulation moves along a tie-line, the compositions of the two 

coexisting phases (i.e., the center positions of the two peaks) are unchanged, while the 

magnitude of one peak decreases and the magnitude of the other peak increases. It is 

also interesting that for 2-phase mixtures (b, c and d in Figure 4.8), there is a ridge 

connecting two main peaks in the local composition histogram. No such ridge exists 

for 1-phase mixtures (a and e in Figure 4.8). The ridge results from the interfacial area 

separating the two phases. In order to quantitatively test the Lever Rule, we had to 

remove the contribution from the interface area in the composition histograms, since 

the Lever Rule was derived with the assumption that the system is sufficiently large 

that the interface between two phases is negligible. First, we found the maximum 

height of the ridge, then the magnitude of any histogram grid was set to zero if the 

magnitude was less than the maximum ridge height. After this treatment, only two 

isolated peaks were left in the histograms. The total weight of each peak (h(i)) was 

then calculated. Figure 4.8 (bottom) shows the relative weight fraction of each peak as 

the simulation moves from one end-point of the tie-line to the other end-point. The 

solid straight lines represent the expected result given by the Lever Rule, and symbols 

are the simulation results using the BCD method. Clearly, the agreement is excellent. 

    The Lever Rule test is a strong test, further illustrating the capabilities of the BCD 

method: (i) The excellent agreement above indicates that the BCD method is capable 

of correctly determining the composition as well as the relative amount of each phase, 

as long as the two peaks are well separated; (ii) Typically, in order to map out a phase 

boundary, a series of simulations with the BCD method was performed crossing the 
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middle of the phase diagram (i.e., R = 0.5), marked as the filled triangular points in 

Figure 4.4. The advantage of this choice is that two peaks would have similar weights. 

We also tested the BCD method with some “off-center” simulations, i.e., using R = 

0.35 or 0.6, instead of 0.5.  The phase boundaries obtained from these “off-center” 

simulations were essentially identical to the “on-center” simulations (data not shown). 

Our Lever Rule test naturally explained why the boundaries obtained were not 

sensitive to the choice of simulating composition; finally, (iii) the results also indicate 

that true thermodynamic equilibrium was reached in all simulations, including those in 

the 2-phase region. 
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Figure 4.8. The BCD method is consistent with the Lever Rule. Upper: Local lipid 

composition histograms for five ternary lipid mixtures along a thermodynamic tie-line. 

The lipid compositions of the left and the right end-points of the tie-line are (R = 

0.022, χc = 0.174) and (R = 0.973, χc = 0.294), respectively. Triangle inset: Schematic 
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representation of a thermodynamic tie-line (dashed line) and a phase boundary (solid 

line). Points “a” to “e”, at which the simulations were performed, evenly divide the 

length of the tie-line. Bottom: The “weight” fractions of the left and right peaks in the 

local composition. The solid straight lines are the expected weight fractions according 

to the Lever Rule. X and Y are the distances from a given point on the tie-line to the 

two end-points. 

 

4.4 Summary 

 

    In this study, the lo-ld phase boundary in DSPC/DOPC/cholesterol ternary mixtures 

is simulated using pairwise interactions. A “best-fit” phase boundary was obtained, 

and the top boundary closely resembles the experimental boundary. However, the 

width of the simulated two-phase region is significantly wider than the experimental 

one. A very wide two-phase region is an intrinsic property of pairwise interactions, 

and the fitting cannot be improved by adjusting interaction parameters. Although 

pairwise interactions, as the simplest form of interactions, are often used in lipid 

bilayer simulations, our result clearly shows that pairwise interactions alone are not 

sufficient to describe the molecular interactions between lipids, and more complex 

forms of interactions, possibly multi-body interaction or domain interfacial energy 

should be included in the simulation. We show that the BCD method and the binder 

ratio method can be used in a canonical ensemble simulation to produce accurately the 

entire phase boundary. An important advantage of canonical ensemble simulation is 

that it can generate the entire lateral distribution of membrane molecules, which is 

very helpful for biomembrane research because not only coexisting phases or domains 

but also the interfacial area or critical fluctuations near critical points could have 

significant effects on membrane functions. The simulation techniques adopted in this 

study, together with an accurately determined experimental phase diagram, make it 
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possible to refine further the interaction model and uncover crucial molecular 

interactions in multi-component lipid mixtures. 
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CHAPTER V 

MODULATION OF MELITTIN ACTIVITY BY MEMBRANE CHOLESTEROL 

AND NEGATIVELY-CHARGED LIPIDS STUDIED BY MOLECULAR 

DYNAMICS SIMULATION 

Abstract 

 

    Melittin is shown to cause membrane lyses, however, its lytic activity depends on 

the lipid composition of the membrane. Experiments have shown that the presence of 

certain lipid components in the membrane can modulate melittin’s lytic power against 

the membrane; however, this modulation of melittin activity by different membrane 

components has not been studied by molecular simulations. For the sake of atomistic 

details, molecular dynamics simulation was used to investigate the modulation of 

melittin activity by cholesterol (CHOL) and negatively-charged phospholipid (POPS). 

Since melittin associates with membranes in a time scale of milliseconds, which is 

way beyond today's computational power for all-atom simulations, what we have 

studied here is the initial binding of melittin to the membranes prior to the pore 

formation. A pure dipalmitoylphosphocholine (DPPC) lipid bilayer with melittin was 

simulated as a control, and significant disturbance of the bilayer by melittin was 

observed. The order parameter of DPPC changed dramatically and a large curvature 

was induced in this system, probably leading to a membrane rupture. One the other 

hand, a DPPC bilayer with cholesterol showed strong resistance to melittin: Melittin 

can hardly bind to the membrane surface. The effect is likely due to the increase of 

membrane order by cholesterol. Furthermore, melittin binds strongly to negatively-

charged POPS; interestingly, the strong binding did not translate to inducing 

membrane curvature or disruption, presumably because of reduced melittin mobility.  

In all three simulations, the C-terminal region of melittin showed a higher probability 

to bind the membrane surfaces than the N-terminal region. A deep and stable 
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adsorption of melittin to the membrane requires the binding of both N- and C-terminal 

regions to the membrane. The tendency of melittin to aggregate was observed in all 

simulations, especially in the simulation containing cholesterol. This study provides 

insight into the possible mechanisms of the modulation of melittin’s lytic activity by 

membrane lipids. 

 

5.1 Introduction 

 

    Antimicrobial peptides (AMP) are a type of peptides produced by some eukaryotic 

organisms to fight against invading fungi, bacteria, etc [67]. AMPs share some 

common properties. They are typically short, consisting of 20 to 50 amino acid 

residues; they generally have a relatively large number of positively-charged amino 

acid residues, such as arginine and lysine; they also have some hydrophobic amino 

acids, making them amphipathic; their functional secondary structure is usually α-

helical, but β-sheet is also common. AMPs function by directly interacting with 

membrane lipids, instead of via a receptor-mediated recognition procedure [68, 69]. 

The most popular model for the peptide-lipid interaction is the Shai-Matsuzaki-Huang 

model [68, 70, 71], which proposes that the peptides first bind to the membrane 

surface; after a critical local peptide concentration is reached, these peptides insert into 

the membrane and cause subsequent membrane rupture and cell death. 

    Melittin is one of the most studied AMPs, both by experiments [69] and computer 

simulations [72, 73]. Melittin is the main component of the venom of the European 

bee Apis mellifera [74] and it causes hemolysis [75]. Melittin has 26 amino acid 

residues, the first 20 of which are mainly hydrophobic while the last 6 residues are 

intensively charged and hydrophilic [76, 77]. Melittin has +6 net charges if its N-

terminus is protonated and it has no negative charge. The other five charged residues 

are Lys7, Lys21, Arg22, Lys23 and Arg24. As revealed by X-ray crystallography [78], 

melittin is predominantly α-helical, though the helix is broken by a Pro residue at the 
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14th position of the sequence. In aqueous solutions, melittin is a random coil [79], but 

it could aggregate into a tetramer depending on the salt and peptide concentrations, 

temperature, and pH value [80, 81]. Monomeric and tetrameric forms of melittin can 

transform into each other and their concentrations are in equilibrium [82, 83], 

however, the tetrameric melittin was found to lack the lytic effect as the monomeric 

melittin has [84]. High concentration of melittin can induce lipid micellization. The 

micellization of DPPC multilamellar vesicels is complete when the incubation lipid-

to-peptide molar ration is equal or less than 20 [85]. 

    Molecular dynamics (MD) simulation offers atomistic details about the dynamics 

and interaction between biological molecules. Melittin has been studied extensively by 

MD simulations. Berneche et al. [86] placed a single melittin peptide at the 

membrane-water interface to study the wedge model [87]. The peptide was initially 

parallel to the interface. A reduction of local order parameter and a thinning in the 

membrane thickness was observed. Lin and Baumgaertner [88] arranged four melittin 

peptides inside a lipid bilayer, forming a pore, and observed the evolution of the 

tetramer, which turned out to be unstable. Bachar and Becker [77] inserted a melittin 

peptide vertically into the lipid bilayer. They found that melittin perturbed the 

membrane and the effect of the peptide on the lipid bilayer is local. Glattli et al. [89] 

have simulated melittin in three different environments and found that the secondary 

structure of melittin is more stable in apolar environments, such as methanol solution 

and lipid bilayer, than in a polar environment, such as water. Sengupta et al. [90] have 

studied the interaction between the melittin peptides and DPPC bilayers under various 

conditions, including different peptide/lipid ratio, various system sizes, whether or not 

the counter-ions are present, whether or not the charges on melittin are modified, etc. 

They concluded that a local peptide concentration and aggregation should be achieved 

to facilitate the poration of the membrane by melittin. Melittin could not induce pores 

without charges and counter-ions slowed down the pore formation. A recent study by 

Manna and Mukhopadhyay [91] placed a melittin tetramer vertically into the bilayer. 

They have observed membrane disruption by melittin, and also ion and water 
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permeation through the pore lined by melittin. Magainin and its derivatives, which are 

similar to melittin, have also been studied by MD simulation [92, 93]. 

    The binding ability of melittin to the membrane is affected by the lipid composition 

of the membrane [85, 94]. Cholesterol is an important component in biological 

membranes [95]. It rigidifies the membrane by the condensing effect [96] and induces 

the liquid-ordered phase [97]. Experimentally, the addition of cholesterol to the single-

component lipid bilayer seems to enhance its resistance to the lytic effect of melittin 

and the affinity of melittin to cholesterol-containing membranes appears to be reduced 

[98-100]. Melittin has a much higher affinity to negatively-charged phospholipids than 

that to zwitterionic lipids [101]. Although bound more strongly to the membrane 

containing negatively-charged lipids, melittin shows reduced ability to penetrate the 

bilayer [102], probably due to its reduced mobility. 

    The goal of the present study is to examine the different behaviors of melittin when 

interacting with distinct membrane components, and to elucidate the mechanisms 

behind these differences. Interaction between melittin and three different membrane 

components are examined, including1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC), cholesterol (CHOL), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-

serine (POPS). Melittin peptides were initially placed in the water slab above the 

upper leaflet of the bilayers. The peptides either adsorbed to the membrane or 

aggregated near the surface of the membrane, though to different extents. 200 ns 

production trajectories were produced. The peptides and membranes are mutually 

interactive: Their properties and structures are influenced by each other. Snapshots 

and statistical data are presented to show that melittin has the biggest influence on the 

pure DPPC bilayer, while the DPPC bilayer containing cholesterol and the bilayer 

with POPS both show different levels of resistance to the lytic effect of melittin, 

consistent with experimental observations. Structural properties of melittin, membrane 

thickness, membrane density profiles, contacts between melittin and lipids and order 

parameter profiles for the lipid acyl chains are analyzed. The possible mechanisms 

behind the interaction of melittin with different membrane components are discussed. 
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5.2 Methods 

 

5.2.1 General information 

 

    In order to get a reasonable starting point, lipid bilayers without peptides were 

relaxed prior to the introduction of melittin. After a relatively short equilibration 

phase, melittin was added to the water phase above the upper layer by removing 

overlapping water molecules. 

    In total, six sets of simulations were conducted: pure DPPC bilayer, DPPC-CHOL 

bilayer, POPE-POPS bilayer, DPPC bilayer + MLT (with four melittin peptides), 

DPPC-CHOL bilayer + MLT, and POPE-POPS bilayer + melittin. Each simulation 

went through energy minimization, equilibration, and production stages.  In each 

leaflet of the bilayer, there were 86 lipid molecules. For the lipid binary mixtures, i.e., 

the DPPC-CHOL and POPE-POPS bilayers, the concentrations of cholesterol and 

POPS were both 20 mole %. 

    All simulations were performed with NAMD 2.7b1 [103] using CHARMM31 force 

field [104] with CMAP correction [105]. TIP3 model was used for water [106]. The 

parameter for cholesterol was adopted from a previous study [38]. Topology files were 

generated using psfgen [103] and initial system configurations were generated using 

VMD [107]. System snapshots were also made by VMD. Data analyses were done 

using VMD Tcl/Tk scripting interface and plugins, especially the bigdcd trajectory-

reading tool, and the LOOS C++ library by the Grossfield laboratory [108].  All 

production simulations were run on the Grendel and Hrothgar clusters at the High 

Performance Computing Center at Texas Tech University. 
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5.2.2 Lipid bilayer simulation 

 

    The initial structures of the three bilayer systems were obtained through different 

approaches. (a) A pre-equilibrated DPPC bilayer of 72 lipids was downloaded from 

Dr. Jeff Klauda's website and was used as the building block for the VMD Membrane 

plugin to generate a DPPC bilayer of arbitrary size. A DPPC bilayer with the 

dimension of ~ 80 Å  80 Å in the xy plane was generated. Several DPPC molecules 

were deleted from the lower leaflet so that the upper and lower leaflets both had 86 

lipids. Extra water molecules were added using VMD Solvate plugin so that the water 

to lipid ratio was kept around 52, corresponding to a fully hydrated membrane 

environment. (b) The initial coordinates of a cholesterol molecule was downloaded 

from the CHARMM-GUI small molecule library [109]. The coordinates of the DPPC 

bilayer after stage-3 equilibration in the aforementioned simulation was used as the 

starting point to create a DPPC-CHOL binary membrane containing 20 mole % of 

cholesterol. 17 DPPC molecules in each leaflet were randomly replaced by cholesterol 

molecules, each with its center of mass overlapping with that of the removed DPPC 

molecule. Minor position adjustments were done in VMD to avoid critical overlaps 

between newly introduced cholesterol and its surrounding lipids. (c) A POPE bilayer 

was generated directly using VMD Membrane plugin and was used as the base for the 

POPE-POPS system. The initial system size in the x and y axis were 80 Å and 81 Å, 

respectively. Some lipids were removed to ensure that the upper and lower layer each 

had 86 lipids. This system was also further solvated at a water-to-lipid ratio of 61. A 

collection of configurations for POPS was downloaded from the CHARMM-GUI 

individual lipid molecule library. Number 5 configuration from the folder "conf1" was 

used for POPS coordinates. POPE and POPS molecules have the same acyl chains, 

making it possible to obtain a POPE-POPS mixture by "mutating" some head groups 

of POPE with that of POPS. This procedure avoided the trouble of introducing 

possible atomic overlaps by replacing a whole POPE molecule with a whole POPS 
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molecule. Since POPS has one net negative charge, 34 sodium ions were added into 

the system using the VMD AutoIonize plugin to keep the system charge neutral. 

    After getting the initial coordinates for the three lipid bilayers, each system 

underwent a series of equilibration stages before the production run. In stage-1, the 

system was run in a constant volume ensemble. It was first energy minimized for 1000 

steps, then the temperature of this system was gradually increased from 10 K to 323 K 

with an increment of 20 K, and the system run for 1000 steps after each increase. 

Following this simulated annealing procedure, the system underwent a 500 ps run. In 

stage-2, the procedure in stage-1 was repeated, only then a constant pressure was 

introduced. In stage-3, the system was again energy minimized for 1000 steps before a 

500 ps run and this time the membrane lateral area was restricted and the temperature 

and pressure was kept constant. After these equilibration stages, a production run of 8 

ns in the constant pressure, constant lateral area and constant temperature (NPzAT) 

ensemble was performed. The NPzAT ensemble has also been used in another melittin 

+ membrane simulation study [77]. 

 

5.2.3 Membranes with the peptide 

 

    Coordinates for melittin was retrieved from PDB entry 2MLT [80]. Chain A of this 

structure was used as the initial structure for melittin in all simulations. The N-

terminus of melittin was protonated and the C-terminus was amidated, resulting in a 

total net charge of +6e.  Four melittin monomers were translated and placed above the 

upper leaflet in each system. The peptide was placed so that the hydrophobic side was 

facing the membrane. The distances between the centers of mass of melittin and the 

average position of upper phosphorus atoms varied, but were all within the range of 10 

to 20 Å. Melittin and the bilayer system was combined, and water molecules that were 

within 2 Å from melittin were removed. VMD AutoIonize plugin was used again to 

make the systems charge neutral. 
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    Each combined system then went through two stages of equilibration similar to 

what had been done for the pure lipid bilayers. In stage-1, the system was in the NVT 

ensemble and a position constraint was applied on the peptides. It was energy 

minimized for 5000 steps, followed with a simulated annealing procedure with a 

temperature increment of 10 K. After this, it run for 500 ps. Stage-2 resembled that of 

stage-1, only with the system running in the NPzAT ensemble. After energy 

minimization and equilibration, a production run of 200 ns was performed. 

 

5.2.4 Simulation parameters 

 

    In stage-1 equilibration of both pure lipid bilayers and combined systems, the time 

step used was 1.0 fs; in all other stages of simulation, the time step was 2.0 fs. The 

non-bonded cutoff distance was 12 Å, while the pair list distance was 13.5 Å. The pair 

list was updated every 20 steps. Temperature was controlled using Langevin dynamics 

at 323 K with a damping coefficient of 1 ps
-1

. Pressure was maintained at 1 atm, using 

a Nose-Hoover Langevin piston pressure control [110, 111] with a piston oscillation 

period of 0.2 ps and a decay time of 0.05 ps. All simulations were performed using 

particle mesh Ewald (PME) method [112] and periodic boundary condition in all three 

dimensions. Some basic information about the systems is summarized in Table 1. The 

values of area per lipid for DPPC and DPPC + CHOL bilayers are reasonable, 

however, due to the lack of experimental and simulation data, comparisons of area per 

lipid for the POPE + POPS bilayer, and for bilayers with melittin, are not possible at 

this time. 
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Table 5.1: A summary of basic information about simulations done in this study. A 

comparison is made between the area per lipid of current simulations and other 

simulations, as well experimental ones. Particularly, there's no experimental data for 

the systems with the peptide. 

 

System 

name 

Atom 

number 

Ions Area per 

lipid 

Other 

simulations 

Experimental 

DPPC 49672 0 65.30 A
2
 64.6 A

2[113]
 64.0 A

2[114]
 

DPPC-

CHOL 

47768 0 53.20 A
2
 ~ 48 A

2[115]
 NA 

POPE-

POPS 

52967 +34 58.15 A
2
 NA NA 

DPPC-

MLT 

49061 -24 65.30 A
2
 NA NA 

DPPC-

CHOL-

MLT 

47196 -24 53.20 A
2
 NA NA 

POPE-

POPS-MLT 

52359 +19/-9 58.15 A
2
 NA NA 

 

5.3 Results 

 

5.3.1 Peptide structure 

 

    The initial and the final structures of each system are shown in Fig. 5.1. Although 

melittin peptides in all simulations were initially placed relatively close to the surface 

of the upper layer, some of the peptides flipped to the opposite water slab and were 
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sometimes closer to the lower layer. This was unavoidable because the periodical 

boundary condition was used and there was no constraint on the positions of melittin. 

This phenomenon was also observed in a previous study [90]. 

 

Figure 5.1. Snapshots for the starting and final system configurations. (a & b) The 

DPPC-MLT system; (c & d) The DPPC-CHOL-MLT system; (e & f) The POPE-

POPS-MLT system. The N-terminal regions (residues 1 to 20) of the peptides are 

displayed in yellow balls and the C-terminal regions are in purple balls. DPPC 

molecules in the upper layer and POPE molecules are shown in gray lines, DPPC 

molecules in the lower layer are shown in orange in order to manifest the detailed 

structure of the lipid chains. The phosphorus and nitrogen atoms of phospholipids are 

shown in gray spheres. Cholesterol and POPS molecules are shown in orange sticks. 

 

    Figure 5.2a shows the average percentage of helicity of melittin peptides vs. time. 

The VMD tool was used to count the number of alpha helical elements in a helix, then 

this number was divided by the number of amino acid residues (26). As shown in Fig. 

6.2a, the helicity in all three systems was quite high and fluctuated between 90% to 
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95% for the most of the time. During the simulations, the secondary structure of 

peptides remains pretty much the same: Most peptides keep their α-helical 

conformations.  However, these helices were broken and bent at Pro14, with both parts 

remaining in α-helices (see the discussion below). A circular dichroism CD data 

indicates that the helical content of membrane-bound melittin is about 72% [116]. 

 

Figure 5.2. Melittin helicity and kink angle behavior. (a) Evolution of percentage of 

melittin helicity; (b) Kink angle between two parts of melittin, separated by Pro14. 

The first part is from residue 1 to 13, and the second part goes from residue 14 to 26. 

 

    The time evolution of average kink angle of melittin is shown in Figure 5.2b. The 

angle is defined as the angle between the two parts of melittin which are separated by 

the Pro14 residue, i.e., the angle between the vector that goes through residue 1 to 13, 
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and the vector that goes through 14 to 26. Proline is a helix breaker [117] and might be 

important for the function of melittin [118]. The peptides in the DPPC-MLT system 

underwent a few large conformational changes during the first 50 ns, as indicated by 

the two large spiky peaks.  The average kink angle fluctuated around ~48 degree 

during the last 50 ns.  On the other hand, the peptides in the DPPC-CHOL-MLT 

system did not change their kink angles very much throughout the simulation. In 

contrast, the kink angle of melittin in the POPE-POPS-MLT system increased 

drastically in the early stage and stayed at a relative high value (~60 degree) for the 

rest of the simulation. Kink angles for individual melittin peptide are compared [data 

not shown], but no direct correlation between the kink angle of a peptide and its bound 

state is observed. For example, in the DPPC-MLT system, peptide number 4 is stably 

bound to the membrane with both its terminal regions and main body shortly after the 

simulation begins. On the other hand, the other three peptides in the system don’t have 

such a deep binding with the membrane; however, the kink angles for these four 

peptides cannot be distinguished. 

    Root mean square deviation (RMSD) and root mean square fluctuation (RMSF) for 

melittin are shown in Fig. 5.3. Melittin peptides generally keep their helical shape, as 

shown in Fig. 5.2a, and the biggest contributor for it to deviate from its original crystal 

form comes from the bending, as shown in Figure 5.2b. Melittin in POPE-POPS-MLT 

and DPPC-MLT systems have the largest RMSD value because the kink angles are 

large. Melittin peptides in the DPPC-CHOL-MLT system are the most inertial ones, 

and their shapes don't change very much, probably due to the difficulty of interacting 

with the bilayer. 
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Figure 5.3.RMSD and RMSF of backbone atoms of melittin. (a) Root mean square 

deviation (RMSD) and (b) Root mean square fluctuation (RMSF) of the backbone of 

melittin. Both of these properties are calculated for melittin peptides with the crystal 

structure as their reference structures. 

 

    Three active regions having large RMSF values can be seen from Fig. 5.3b: the N 

and C-terminal regions and the middle region. Both terminal regions have large RMSF 

probably because residues in these regions have to change their conformations in order 

to adapt to the lipid environment, since the N-terminal regions is supposed to be 

inserted into the hydrophobic core of the lipid bilayer and the C-terminal region is an 
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anchor between the peptide and the lipid head groups [89]. The middle part of melittin 

also has a high RMSF value because of the kink caused by Pro14. 

5.3.2 Membrane thickness 

 

    AMPs are well known for causing membrane thinning, observed by both 

experiments and computer simulations [91, 119, 120]. The strain and thinning caused 

by the peptides are likely leading to membrane poration and subsequent rupture. 

Experiments have also shown that AMPs affect the curvature of lipid bilayers [121], 

which has been observed in other simulation studies as well [86, 91]. In this study, a 

large curvature was observed in the DPPC-MLT system, and the average thickness of 

the DPPC bilayer was also greatly reduced, as shown in Figure 5.4. The thickness of 

the membrane was determined by measuring the average distance in the z-axis 

between the phosphorus atoms in the upper and lower leaflets. The thickness at a 

curvature region is, of course, smaller. More interestingly, when taking a closer look at 

Figure 5.1b, one can see that the acyl chains of DPPC in the curvature region are more 

ordered than those in other region. DPPC chains from the upper leaflet (Figure 5.1b, 

gray lines) and those from the lower leaflet (Figure 1b, orange lines) interdigitate into 

each other, whose tips of the chains are almost reaching to the head groups of DPPC at 

the opposite leaflet. This interdigitation causes a large increase in the order parameter 

in that region. 
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Figure 5.4. Membrane thickness versus time. The thickness of the bilayer is defined as 

the average distance between the phosphate atoms in the upper and lower leaflets. 

 

    In contrast, in the other two simulations, the thicknesses of the bilayers only slightly 

fluctuated around certain values (Figure 5.4) and no obvious membrane curvature was 

observed (Figure 5.1). Cholesterol is shown to inhibit the lytic activity of melittin 

[122], and this inhibition effect is probably due to the condensing effect of cholesterol 

[99]. The condensing effect of cholesterol [96] was indeed observed in this study, 

since the order parameter of the lipids in membranes containing cholesterol was 

significantly higher than that those without cholesterol [data not shown]. The average 

membrane thickness for DPPC-CHOL-MLT system is highest among the three and is 

significantly larger than that of DPPC-MLT bilayer. Cholesterol makes the membrane 

rigid and precludes deep melittin penetration. The presence of cholesterol also leads to 

the increase in the compressibility modulus, KA [123]. It's more difficult to induce a 

curvature on a material of higher KA. Cholesterol increases the bending rigidity of the 

membrane, making it more difficult for melittin to form small pores on the membrane 

surface [124]. The thickness of the membrane containing POPS did not change very 
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much either. This result indicates that melittin is able to induce a decrease in 

membrane thickness for the pure DPPC bilayer, though for the other two lipid 

bilayers, melittin seems to have much less influence. 

 

5.3.3 Mass density profiles 

 

Figure 5.5. Mass density of the lipid components. (a) DPPC-MLT; (b) DPPC-CHOL-

MLT; (c) POPE-POPS-MLT. Components that are calculated include: all the acyl 

chain carbon atoms except the carbonyl carbons and the terminal carbons on the tip of 
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the chains (CH2), carbons at the end of the chains (CH3) and the phosphorus atoms 

(P). Density profiles are calculated for: the pure bilayer (black lines), bilayer + 

melittin system in the first 20 ns (red lines) and bilayer + melittin system in the last 50 

ns (green lines). 

    Mass density is the average mass of a certain system component within a slice of 

the membrane in the xy plane at a given z value.  A mass density profile gives a good 

description of the location of the component during a certain period of time in a 

simulation. Figure 6.5 shows mass density profiles of different membrane moieties in 

the membrane over the initial and final stages of the simulations. For the lipid bilayers 

without melittin, the entire 8 ns trajectory was used. A general trend of these plots is 

the shortening of the distance between the two peaks after introducing melittin into the 

system, i.e., membranes become thinner after melittin is added, since the distances 

between the peaks of the red and green lines are smaller than those of the black lines. 

    For the DPPC bilayers (Figure 5.5a), the density profiles for the combined system 

in the first 20 ns (the red lines) have only small differences from that for the pure 

bilayer (the black lines).  However, large deformations were observed for the 

combined system during the last 50 ns (the green lines). The density profile for CH2 

(i.e., non-terminal acyl chain carbons) became much more concentrated toward the 

center of bilayer, and the deep valley between the two peaks became a single off-

centered peak with shallow shoulders, consistent with the observation that the acyl 

chains from both leaflets interdigitate into each other. The density profile for CH3 

(terminal acyl chain carbons) changed from a single peak at the bilayer center to two 

off-centered peaks, indicating that the tips of acyl chains were well into the opposite 

leaflet. For the lower leaflet, the peak of the phosphorus atoms moved closer to the 

membrane center and also, the shape of the curve changed from a single peak to a 

bimodal one, indicating a large deformation in this leaflet. For the upper leaflet, the 

peak of the density for the phosphorus atom also moved inward. Together, these 

observations clearly suggest the presence of a large membrane perturbation triggered 

by the introduction of melittin into the DPPC bilayer. 
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    For the other two systems, it was not obvious that the density profiles have changed 

between the first 20 ns and the last 50 ns, since these two curves mostly overlap with 

each other. However, there were some differences between the pure one and the one 

with melittin. Cholesterol and negatively-charged lipids helped the membranes to 

maintain their shapes. 

 

5.3.4 Exposure of melittin peptides to the lipids 

 

    In order to study to what extent melittin molecules have close contacts with 

membranes containing different lipid components, degree of exposure of melittin to 

lipids is calculated. This definition is adopted from one of the tools in the LOOS 

molecular dynamics trajectory analysis library [108] and is conceptually similar to the 

solvent accessible surface (SAS) [125]. It's a description of the contact between target 

molecules and probe molecules, in this case, melittin is the target and the lipids are the 

probes. If any atom from a probe molecule (lipid) is within a cutoff radius, e.g., 5 Å, 

from a target molecule (melittin) atom, a contact is said to be established between the 

pair. The average exposure of melittin to lipids is then obtained by dividing the total 

number of contacts between these two by the probe volume and the number of atoms 

in a peptide. 
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Figure 5.6. Exposure value of melittin to (a) the lipids and (b) the other peptides. The 

exposure is defined as the average number of contacts a peptide has with either lipids 

or peptides. 

 

    Figure 5.6a shows the time evolution of exposure of melittin to lipids for all three 

systems, averaged over the four melittin peptides. Melittin molecules in DPPC-

CHOL-MLT had the least exposure to lipids (DPPC and CHOL combined). In 

addition, melittin molecules only had negligible access to cholesterol; the majority of 

melittin-lipid contacts in this system were between melittin and DPPC, indicating that 

the melittin peptides cannot penetrate deep enough into the bilayer in order to have 

contacts with cholesterol. The binding, if any, was shallow and weak. Although 

melittin can still establish interaction with DPPC, the extent of this interaction was 
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very limited. The presence of cholesterol effectively prevents extensive contacts 

between melittin and the lipids. 

    In the DPPC-MLT system, there was a modest amount of binding between melittin 

and DPPC. The average exposure increased rapidly during the first 50 ns, reached a 

plateau and dropped slightly toward the end. An inspection of the simulation trajectory 

reveals that melittin number 4 bound quickly and deeply to the DPPC bilayer, with its 

whole body embedded into the upper leaflet. Once it was established, the binding was 

stable for the remaining of the simulation. The other three peptides did not have stable 

bindings with lipids as number 4 melittin had, but after about 40 ns of simulation, they 

aggregated near the surface of the lower leaflet and their C-termini have extensive 

contacts with the leaflet. 

    As expected, the bilayer containing negatively-charged phospholipid POPS had the 

most contacts with melittin because of the strong interactions between the positively-

charged melittin residues and the negatively-charged POPS head groups. The value of 

exposure had a sharp increase during the first 20 ns, and followed by a gradual and 

continuous increase for the remaining 180 ns. It can be seen from the simulation 

trajectory that after only 20 ns, melittin peptides indeed adsorbed to the surface of the 

upper leaflet, and throughout the rest of the simulation, the binding between all four 

melittin peptides and lipids appeared to be quite stable. The strong binding of melittin 

to the lipid bilayer with negatively-charged lipids may restrict the motions of the 

peptide and thus, preventing the peptide from further disruption on the membrane. 

 

5.3.5 Melittin aggregation 

 

    In aqueous solution, the aggregation of melittin depends on several factors, 

including peptide concentration, pH, ionic strength, and the nature of the negative 

counter-ions [68]. Aggregation of monomeric melittin to a tetramer is promoted by 

high salt, high melittin concentration and high pH value [126]. In a simulation study 
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by Rzepiela et al. [127], pores on the membrane were observed only above a critical 

peptide/lipid ratio and local aggregation of peptides was required. In another 

simulation study, spontaneous pore formation is favored by peptide aggregation [93]. 

The local electrostatic field induced by aggregated peptides is believed to be strong 

enough to trigger pore formation. 

    In this study, peptide aggregation was also observed, although the extent of 

aggregation varied among systems. The exposure value that was used in the previous 

section to analyze contacts between peptide and lipids can also be used to analyze the 

contacts between melittin peptides. As shown in Figure 6b, in every system, the 

contact number between melittin peptides increased quickly during the first 20 ns, and 

reached a plateau after that, indicating a trend for melittin to aggregate. Peptides in the 

DPPC-CHOL-MLT system had the most contacts with other melittin peptides, 

indicating the formation of an aggregated melittin cluster at about 20 ns. This cluster 

was stable for the rest of the simulation. This is consistent with the observation from 

the simulation trajectory. In other two systems, melittin also aggregated, but to a lesser 

extent. Although pore formation was not observed in these simulations, which might 

be a process that goes beyond the time scale of this study since melittin associates with 

PC membranes in the order of milliseconds [128, 129], melittin aggregation was 

observed and this might be a prerequisite for future pore formation and membrane 

rupture. Pore formation may be facilitated by melittin aggregation, however, the 

inability of the largely aggregated melittin peptides to bind with the membrane 

containing cholesterol indicates the enhanced resistance from the more rigid 

membrane. 

    Ultimate melittin binding to the membrane may require peptide aggregation [130] 

and this has been confirmed by simulation [90]. It is possible that the melittin tetramer 

formed in an aqueous solution and that in a lipid bilayer are different, because the 

environment inside a membrane is hydrophobic while in an aqueous phase it's polar. 

To this end, melittin tetramers have to change their conformations from one that has 

their hydrophilic sides facing outward, to a conformation that has their hydrophobic 
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sides facing outward. The conformation of melittin tetramer is still unknown, either in 

an aqueous phase or in a lipid bilayer. 

 

5.3.6 Contacts between melittin terminal regions and lipid moieties 

 

    In order to obtain detailed binding information between melittin and the lipids, the 

number of contacts is analyzed between the N- and C-terminal regions of melittin and 

various parts of lipids, i.e., the head group, the glycerol part and the tails. The 

phosphocholine moiety, phosphorylethanolamine moiety and the phosphoserine 

moiety are defined as the head group regions for the DPPC, POPE and POPS 

molecules, respectively. The carbons and their adherent hydrogens of the palmytoyl 

and oleoyl chains of DPPC, POPE and POPS are taken as the tail region; however, the 

carbonyl group is excluded because it's not hydrophobic. The first 20 residues of 

melittin are mainly hydrophobic [84], and they are grouped together into the N-

terminal region of melittin; the last 6 residues are mainly hydrophilic and charged, and 

they are grouped into the C-terminal region of melittin. 

    The contacts are calculated as below: if any atom from the head group of the lipid is 

within 5 Å of any atom from the melittin N-terminal region, then a contact is counted 

for this pair, i.e., the N-terminal region of melittin and the head group of the lipid (N-

head). In a similar fashion, contacts between other pairs are calculated, including N-

glyc, N-tail, C-head, C-glyc and C-tail. After this, the number of contacts between 

each pair is divided by the numbers of atoms in the N- or C-terminal regions of a 

peptide. The outcome provides the information on how well an atom from the terminal 

regions of melittin can make contact with different parts of the lipid. 

    The results are shown in Figure 5.7. The binding behavior is mediated by 

electrostatic forces and hydrophobic effects. Residues at the C-terminal region are 

believed to be able to interact directly with the lipid head groups and act as an anchor 

[86, 89]. 
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    Judging from the number of contacts, melittin peptides anchor to the DPPC bilayer 

mainly through the electrostatic interaction from C-head (Figure 5.7a, red solid line), 

followed by the VDW contribution from N-tail (Figure 5.7a, black dashed line). This 

is as expected, because the interaction between the mainly hydrophobic melittin N-

terminal region with the lipid hydrophobic tails is favorable; likewise, the charged 

(+4e) and hydrophilic C-terminal region will favorably interact with lipid head groups 

and the glycerol parts (Figure 5.7a, red dashed line). Residues from the C-terminal 

region have possibility to form hydrogen bonds with the phosphate and carbonyl 

oxygen atoms. This result is consistent with a previous simulation study [89]. 
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Figure 5.7. Exposure of the N- (black lines) and C- (red lines) terminal regions of 

melittin to the head group moiety (solid lines), the glycerol moiety (dotted lines) and 

the tail region (dashed lines). (a) DPPC-MLT; (b) DPPC-CHOL-MLT and (c) POPE-

POPS-MLT. 
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    In contrast, melittin cannot bind well to the membrane containing cholesterol. As 

shown in Figure 5.7b, although the contact number from C-head (Figure 5.7b, red 

solid line) is still the highest, its magnitude is much smaller than that of the DPPC-

MLT system, indicating a largely reduced interaction caused by the introduction of 

cholesterol. There are almost zero contacts from N-head (Figure 5.7b, black dashed 

line). This observation implies that the charged C-terminal region of melittin can only 

have a small number of contacts with the lipid head group and the glycerol region, 

while the N-terminal region of melittin finds it’s even harder to insert into the 

hydrophobic core of the bilayer. These minimal contact numbers from different 

interaction pairs such as the C-head and the N-tail shows the inability for the melittin 

peptides to bind with the cholesterol-containing membranes. 

    The contacts from N-tail and C-head (Figure 5.7c, black dashed line and red solid 

line) are both massive in the system containing POPS. The enhanced binding between 

the C-terminal region of melittin and the negatively-charged head groups provides a 

stable anchor so that residues at the N-terminal side can embed deeply into the bilayer, 

reaching the lipid tails. The adsorption and insertion of melittin to a lipid bilayer is a 

cooperative process; the binding between one part of the peptide to the membrane can 

facilitate the binding of other parts. 

    In the current simulations, although melittin can make contacts with the lipid tail 

region, it can reach only the upper half of the acyl chains and cannot go more deeply 

into the hydrophobic core. A pore formation event may require simultaneous deep 

insertion of the N-terminal residues from several melittin peptides into the membrane 

hydrophobic core and then, the subsequent water and ion permeation is possible. 
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5.3.7 Order parameter profiles 

 

    The order parameter SCD, of lipid acyl chains, is defined as: 

 

2

1
cos

2

3 2 θSCD

 
(17) 

where θ is the angle between the CD bond and the bilayer normal, and <…> means to 

average over time and over all related lipids. As the name suggests, it's a parameter to 

describe how ordered the lipid tails are, and it can be obtained by both NMR 

experiments and computer simulations. As has been done in many other simulation 

studies on the effect of antimicrobial peptides on lipids [77, 91, 120], order parameter 

in this study is calculated specifically for the lipids that are close to the melittin 

peptides. A cutoff distance of 5 Å is used. If any atom of a lipid molecule is within 

this cutoff distance from any atom of a peptide, this lipid is treated as a local lipid. 

    Figure 5.8 shows the sn-1 chain order parameters in various systems. For the 

DPPC-MLT system, the order parameters for the local and overall lipids do not show a 

big difference in the first 20 ns, because the melittin peptides haven't established 

enough contacts with lipids. As can be seen in Figure 5.6a, contacts between the 

peptides and the lipids in the DPPC-MLT system raise rapidly during the first 20 ns 

and after that, the contact number goes up in a much slower pace. During the last 50 

ns, the overall lipid order parameter shows a large increase: It becomes as high as 0.38 

at some chain positions. The local lipid order parameter also increases, but to a lesser 

extent, implying that the order parameter from non-local lipids increases significantly. 

This is consistent with an observation from another simulation study [89], in which an 

increase of order for the lipids further away from the peptides was measured. Figure 

1b shows that there's a large curvature in the lower leaflet at the end of the simulation. 

Lipids in this region insert their acyl tails straight into the opposite leaflet and greatly 
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enhance the order. This phenomenon has also been discussed by Bachar and Becker 

[77]. 

 

Figure 5.8. Order parameter profiles for the sn-1 acyl chains of the lipid. Order 

parameters are calculated for the pure lipid simulation (black lines), all lipids in the 

first 20 ns (solid red lines), local lipids in the first 20ns (dashed red lines), all lipids in 
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the last 50 ns (solid green lines) and local lipids in the last 50 ns (dashed green lines). 

(a) DPPC-MLT; (b) DPPC-CHOL-MLT; (c) POPE-POPS-MLT. 

 

    For the system with cholesterol, the overall lipid order parameter doesn't show big 

difference at the initial stage and the final stage of the simulation, although both 

profiles are smaller than the order parameter of the corresponding peptide-free lipid 

bilayer. The local order parameter in the first 20 ns of the simulation is higher than the 

overall one, especially for the carbons in the middle of the chain. The local order 

parameter rises to a higher value during the last 50 ns of the simulation, but the non-

local lipids have a lower value so that the order parameter of overall lipids doesn't 

change much. 

    For the POPE-POPS bilayer, the overall lipid order parameter of both bilayers 

change only a negligible amount with the addition of melittin. The local order 

parameter in the last 50 ns decreases to a lower value, implying that melittin is able to 

influence these bilayers, at least locally, although no large deformation of the bilayers 

is observed. 

    The order parameter of sn-2 chains for POPE and POPS has a big dip at the double 

bond positions (data not shown), as reported in many other studies [91, 120]. The 

order parameter profiles for both chains from POPE and POPS cannot be 

distinguished. Also, the order parameter profiles from the upper and lower layers of all 

these membranes have only negligible differences. 

 

5.4 Discussion 

 

    Currently, there is no consensus on the orientation of melittin when it binds to a 

membrane [69]. Experimental results in favor of both parallel and vertical orientation 

of melittin with respect to the membrane normal are present [69, 131]. According to 

the Shai-Matsuzaki-Huang model, it's likely that the peptides first bind to the 
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membrane surface; when a threshold of peptide concentration is reached, the peptides 

penetrate the membrane, causing efflux of cell content and its subsequent death [130]. 

At the first stage, the peptides may bind parallel to the membrane surface; while at the 

latter stage of penetration, they may transform into a trans-bilayer orientation, which 

will be more effective in inducing water and ion permeation. This transformation of 

orientation is possible, considering that the C-terminal region of melittin can provide 

an anchor between the peptide and the lipid head groups, allowing its hydrophobic N-

terminal region to insert deeply into the interior of the membrane. It has been shown 

by an experiment that melittin peptides can have both parallel and vertical orientations 

with respect to the membrane surface [132]. It's possible that some of the peptides in 

the experiment merely bind to the membrane surface, and the rest of the peptides are 

embedded into the bilayer vertically. However, this dynamic transformation may 

occur at millisecond time scale, which is out of the reach of today's atomistic MD 

simulation. 

    Insufficient sampling may also hinder the discovery of the real events happening 

between the peptides and the lipids. As in the current study, some melittin peptides 

can establish strong and stable binding with lipids, however, these bindings may only 

be a local minimum in the energy landscape, and it will be very difficult for it to come 

out of the local minimum and find its way to a more favorable position in the energy 

landscape. In the simulation literature, only in recent large-scale studies are the 

spontaneous pore formation observed for AMPs. There's no pore formed in this study, 

however, stable binding of melittin to the lipids are observed in two of the three 

systems (i.e., DPPC-MLT and POPE-POPS-MLT). Aggregation of melittin has also 

been observed, but only in the aqueous phase; no melittin cluster seems to form inside 

the membranes. Aggregation of the peptides is believed to facilitate pore formation, so 

it's difficult to tell if the melittin clusters formed in this study will eventually lead to a 

future membrane pore formation. 

    Structure of melittin does not change very much in these simulations. The α-helical 

property of melittin is generally maintained. A slight decrease in the helicity of 
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melittin is observed for all the systems, other studies have also supported the partial 

unfolding of melittin in aqueous phase. The biggest conformational change of melittin 

comes from two terminal regions and at the hinge because of the kink in this region 

caused by Pro14. Experiments have found that preformed α-helix of AMP in solution 

was not necessarily beneficial for antimicrobial activity. It's argued that partial 

unfolding of melittin might facilitate pore formation. Thus, even if melittin has 

unfolded to some extent, its lytic effect may still be maintained. 

    The main observation from these simulations is that certain membrane components 

appear to be able to modulate lytic effect of melittin, including cholesterol and 

negatively-charged lipids, consistent with experimental observations. Their abilities to 

reduce the lytic power of melittin stem from different mechanisms. Membranes 

containing cholesterol have higher rigidity, density and membrane thickness, making 

it more secure against invasive objects. Melittin has difficulty in tearing apart the 

membrane surface and making a pore on it. POPS molecules have strong binding with 

melittin because of the extensive electrostatic attractions between the negatively-

charged lipid head groups and the positive charges on melittin, and the resultant 

decrease in melittin mobility may hinder its lytic power. 

    In many other simulations, the order parameter profile of a membrane is typically 

decreased under the influence of antimicrobial peptides, especially for those lipids that 

are adjacent to the peptides. However, ordering effect of the peptides on the membrane 

has been observed experimentally, as well as enhanced order parameter profiles for the 

lipids further away from the peptides and for the membrane leaflet that is opposite to 

the peptide-affected leaflet. The overall acyl chains order parameter is not necessarily 

decreased. This mixed behavior might have something to do with the simulation 

ensemble. NPzAT ensemble restrains the membrane area in the xy plane and this may 

cause the system to squeeze in the z direction if the membrane has a tendency to 

expand. Constant pressure, constant surface tension and constant temperature (NPT) 

or NPT ensembles may provide a different view on this issue. 
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5.5 Conclusion 

 

    Model membranes with different lipid components were simulated with melittin to 

study their mutual effects. The conformational change of melittin and properties of the 

model membranes were analyzed statistically. The membrane with only saturated 

phospholipid is vulnerable to melittin, manifested by the introduction of a large 

curvature, decreased membrane thickness, extensive binding and altered membrane 

structure. On the other hand, cholesterol and negatively-charged lipid each shows 

different level of resistance to the introduction of melittin through different 

mechanisms, in line with experimental observations. This study provides rich 

information on peptide-lipid interactions and is helpful for the understanding of the 

lytic effect of melittin against biomembranes with atomistic details. 
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SUMMARY 

    We have applied multiple computational methods and tools to study different 

aspects of biological membrane systems containing cholesterol molecules.  

    In the first study, model membrane systems consisting of saturated and unsaturated 

phospholipids were constructed, then cholesterol molecules were added in. Cholesterol 

was arranged in two different ways: one conformation with cholesterol randomly 

distributed in the phospholipid membrane and another one with cholesterol initially 

aggregated into several clusters. In the simulation, the cholesterol clusters in the latter 

system were very unstable, beginning to disperse into monomeric cholesterol 

molecules at a very early stage of the simulation, and at the end of the simulation, all 

the cholesterol clusters had disintegrated into monomers. Additional indicators of 

cholesterol cluster instability arise from observations that cholesterol clusters are often 

frustum shaped, are buried deeper in the lipid bilayer than cholesterol monomers, and 

can even cause an unusual cholesterol flip-flop across the DOPC bilayer. These results 

suggest that cholesterol cluster instability stems from the inability of the bilayer 

system to cover the bulky hydrophobic bodies of cholesterol in a cluster, consistent 

with the umbrella model. In addition, our results show that the umbrella effect of 

cholesterol exists in both saturated DPPC and unsaturated DOCP by analysis of the 

radial distribution functions of specific atom pairs.  

    In our attempt to match the experimental phase boundary of a ternary lipid mixture, 

we applied Monte-Carlo simulations using pairwise interactions. Various sets of 

interaction energies between each pair of membrane components were tried out to find 

out one that gives out the best result. The block composition distribution technique 

was used to accurately locate the compositions of coexisting phases in the two-phase 

region, and the Binder ratio method was used to determine the phase boundary in the 

critical region. The simulation phase boundary resembles the experimental boundary 

on the top region; however, the width of the simulated region is significantly wider than 

the experimental one, which is probably due to the lack of multi-body interactions in the 

simulation.  
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    Model membranes with different lipid components were simulated with melittin to 

study their mutual effects. The conformational change of melittin and properties of the 

model membranes were analyzed statistically. The membrane with only saturated 

phospholipid is vulnerable to melittin, manifested by the introduction of a large curvature, 

decreased membrane thickness, extensive binding and altered membrane structure. On the 

other hand, cholesterol and negatively-charged lipid each shows different level of 

resistance to the introduction of melittin through different mechanisms, in line with 

experimental observations. This study provides rich information on peptide-lipid 

interactions and is helpful for the understanding of the lytic effect of melittin against 

biomembranes with atomistic details. 
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