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ABSTRACT Cholesteryl esters (CEs) are the water-insoluble transport and storage form of cholesterol. For both transport and
storage, phospholipids and proteins embrace the CEs to form an amphipathic monolayer that surrounds the CEs. CEs are trans-
ported extracellularly in lipoproteins and are stored intracellularly as cytoplasmic lipid droplets. To clarify the molecular
phenomena related to the above structures, we conducted atomistic molecular-dynamics simulations for a spherical, approxi-
mately high density lipoprotein sized lipid droplet comprised of palmitoyl-oleoyl-phosphatidylcholine (POPC) and cholesteryl
oleate (CO) molecules. An additional simulation was conducted for a lamellar lipid trilayer consisting of the same lipid constitu-
ents. The density profiles showed that COs were located in the core of the spherical droplet. In trilayer simulations, CO molecules
were also in the core and formed two denser strata. This is remarkable because the intra- and intermolecular behaviors of the
COs were similar to previous findings from bulk COs in the fluid phase. In accordance with previous experimental studies,
the solubility of COs in the POPC monolayers was found to be low. The orientation distribution of the sterol moiety with respect
to the normal of the system was found to be broad, with mainly isotropic or slightly parallel orientations observed deep in the core
of the lipid droplet or the trilayer, respectively. In both systems, the orientation of the sterol moiety changed to perpendicular with
respect to the normal close to the phopsholipid monolayers. Of interest, within the POPC monolayers, the intramolecular confor-
mation of the COs varied from the previously proposed horseshoe-like conformation to a more extended one. From a metabolic
point of view, the observed solubilization of CEs into the phospholipid monolayers, and the conformation of CEs in the phospho-
lipid monolayers are likely to be important regulatory factors of CE transport and hydrolysis.
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INTRODUCTION

Cholesteryl ester (CE) molecules are the transport and

storage form of cholesterol molecules both extra- and intra-

cellularly (1). Extracellularly, CE molecules are mainly

transported inside lipoprotein particles and are thus strongly

related to the development of atherosclerosis, the main cause

of cardiovascular disease. The initial sign of cholesterol

accumulation in atherosclerosis is the appearance of lipid

droplets and vesicles within the extracellular matrix of the

arterial intima. The features and composition of these struc-

tures suggest their origin from low-density lipoprotein

(LDL) particles (2). The next sign of cholesterol accumula-

tion in atherosclerosis is the appearance of cytoplasmic lipid

droplets in macrophages present in the atherosclerosis-prone

areas of the arterial wall. These droplets are composed

mainly of cholesteryl oleate (CO), a cholesterol component

derived from modified (e.g., oxidized) LDL particles that

have been taken up by the macrophages (3). Such lipid-filled

macrophages are called foam cells, and they are the hallmark

of atherogenesis. The cytoplasmic CE droplets are metabol-

ically active in that the esters they contain are continuously

hydrolyzed to yield unesterified cholesterol and unesterified

fatty acids, after which the liberated cytoplasmic cholesterol
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is reesterified and incorporated into the droplets (1,4).

Conversion of the foam cells back to macrophages is

possible if efflux of the unesterified cholesterol molecules

is induced by adding cholesterol acceptors (notably the

various components of the high-density lipoprotein (HDL)

fraction) to the culture medium in which the foam cells are

grown, or if such acceptors are injected into the circulation

of atherosclerotic animals (5,6). However, although the pro-

teomics of lipid droplets has gained considerable attention

lately (7), the characteristics of the lipid compartment have

remained largely elusive.

In both transport and storage, the CE molecules are encap-

sulated by amphiphilic phospholipid molecules that ensure

the water solubility of the systems by forming colloidal parti-

cles (2,8). The chemical and physical properties of CEs differ

from those of unesterified cholesterol. The solubility of CEs

into a phospholipid monolayer has been shown to be much

less than the solubility of cholesterol molecules, as the CE

molecules form separate oil or liquid crystalline phases in

the presence of phospholipids (9,10). However, it has been

shown that small amounts of CEs are solubilized into phos-

pholipid bilayers, and that the amount depends on the

composition of the phospholipids (9,11). This is an impor-

tant aspect from a metabolic point of view because the

availability of CEs, along with the conformation of CEs at

the phospholipid-water interfaces, may be crucial for the
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exchange and hydrolysis of CEs, which are catalyzed by

proteins. Thus, the phospholipid monolayer surrounding

lipoproteins can also be seen as a regulator of CE transporta-

tion and hydrolysis. In addition, the physical state of the CE

phases has been shown to affect their availability to be

cleared from the cytoplasm of cells (12) and from atheroscle-

rotic plaques (13). In light of the above-mentioned aspects,

and the fact that both extra- and intracellular lipid droplets

play a major role in the initiation of cardiovascular diseases,

it is of central interest to probe the molecular- and atomic-

level characteristics of related molecular systems.

Atomic-resolution information regarding lipoproteins,

especially the large ones, is limited. This is mainly due to

the complexity of supramolecular lipoprotein assemblies of

proteins and lipids, which is evident in many ways. First,

the length scales of lipoproteins are of the order of 10 nm,

which renders experimental determination of lipoprotein

structures very difficult. Second, since the structures of lipo-

proteins and lipid droplets are dynamic due to thermal fluc-

tuations, experiments can at best only provide snapshots of

transient structures. Third, the above points highlight the

fact that studies of the dynamics of these complex systems

take place over timescales as short as nanoseconds, which

also presents a challenge for experiments. Therefore, the

complexity of lipoproteins and lipid droplets makes it highly

challenging to apply experimental structural biology meth-

odologies.

An alternate approach is to complement experiments with

the use of atomistic simulations, which enable investigators

to study relatively large molecular systems in atomic detail,

including their dynamics. Further, the development of

coarse-grained models is allowing them to cover consider-

ably larger scales in time and space, and in some recent

studies coarse-grained models were successfully applied to

lipoprotein models (14–17). However, due to the lack of

atomic-scale information regarding lipoproteins and related

lipid droplet particles, in this study we chose to employ the

‘‘bottom-up strategy’’ whereby we first apply atomic-resolu-

tion models to gain insight into the lipoprotein properties,

and use that information to construct coarse-grained descrip-

tions of these complex systems (to be presented elsewhere).

We chose to use CO and 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphatidylcholine (POPC) as the most suitable compo-

nents of our model to address questions regarding lipid

droplets and lipoproteins. This choice is supported by the

fact that CO is the most prevalent CE in intracellular storage

(18) and also abundant in the transport process inside the

lipoproteins (2). POPC, in turn, is one of the most common

physiological PCs, and has also been found to be prevalent in

the surface layer of lipid droplets (8). Furthermore, POPC is

one of the most investigated PCs, both experimentally and in

computational simulation studies of model lipid systems.

We simulated a molecular system of 180 POPC and

35 CO molecules forming a spherical, HDL-sized lipid

droplet in aqueous solvent. To characterize effects due to
Biophysical Journal 96(10) 4099–4108
size and different curvatures, we also constructed a planar

lipid trilayer system containing 128 POPC and 199 CO

molecules in excess water. These two-component systems

provide what we believe are new insights into the molecular

organization and dynamics of lipid droplets and lipoproteins.

Our study was facilitated by recent work on isotropic bulk

systems of CO molecules and models of POPC bilayers

(19,20). The analysis of the simulation data focused on the

solubility of CO molecules into the POPC monolayer, as

well as on the distribution and conformation of COs in the

systems. The intra- and intermolecular properties of CO

molecules were compared with results from previous simula-

tions of bulk CO molecules. In addition, the POPC mole-

cules were analyzed and the results were compared with

those from previous simulations of POPC bilayers.

MATERIALS AND METHODS

Initial structures and simulations

To construct a spherical-like core of the droplet, we extracted 35 COs from

the end of the preequilibrated simulation of the isotropic CO system (20). A

monolayer of 180 POPCs was wrapped around the CO core. The ratio of

phospholipids and core lipids in our lipid droplet is somewhat larger than

that in actual lipoproteins because in this work we had no apoA-Is shielding

some of the phospholipids at the surface (21). We added excess water to the

system of cubic shape with dimensions of 12 � 12 � 12 nm3. Water mole-

cules overlapping lipids were removed, after which there were 171 water

molecules per POPC molecule in the system. This was followed by energy

minimization using the steepest-descent algorithm.

For the trilayer system, periodic copies of our bulk CO system were

utilized to obtain 199 preequilibrated CO molecules in a box with dimen-

sions of ~8 � 8 � 6 nm3. The initial trilayer was constructed by combining

the CO system with a preequilibrated POPC bilayer (22) (available at http://

moose.bio.ucalgary.ca). The box of COs was placed between two POPC

monolayers. After the system was hydrated, water molecules that overlapped

the lipids were removed (yielding 44 waters per POPC), resulting in system

dimensions of ~8 � 8 � 13 nm3. Finally, the energy of the trilayer system

was minimized by the steepest-descent algorithm.

The molecular-dynamics simulations were performed with the use of

GROMACS 4.0 Beta (23). The force-field and simulation parameters used

in this study are given in the Supporting Material. For both the droplet

and trilayer systems, we first carried out short (500 ps) simulations with lipid

molecules frozen in all x, y, and z dimensions to relax the water molecules

around the lipids. These structures were then used as initial structures in

the simulations. The lipid droplet system was simulated for 90 ns and the

trilayer simulation was 160 ns. The molecular structures of POPC and CO

are sketched in Fig. 1 and the initial simulation structures for the droplet

and trilayer systems are shown in Fig. 2.

Additionally, for comparison purposes a preequilibrated POPC bilayer of

128 lipids (22) (available at http://moose.bio.ucalgary.ca) was used to

perform a 20 ns simulation with the same force field and other simulation

details.

Data analysis

To generate two-dimensional (2D) number-density maps (also called an

axial-radial number-density map) for the droplet system, we first chose

a 2 nm slice (in the z direction) centered on the center of mass (COM) of

the droplet. We then calculated the radial densities of the atoms and

POPC molecules in the slice by using 0.02 nm bins around the COM of the

droplet. The averaging direction was the z axis.

http://moose.bio.ucalgary.ca
http://moose.bio.ucalgary.ca
http://moose.bio.ucalgary.ca
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FIGURE 1 Molecular structures and atom labeling for

CO and POPC molecules. The director vector of the cho-

lesteryl ring moiety marked from CB to CA is also shown.
We analyzed the inter- and intramolecular properties of COs in a manner

essentially similar to that previously used for a bulk CO system (20). Further

details of the analysis methods are provided below and in the Supporting

Material when necessary. We used 20 ns trajectory blocks to obtain error

estimates for the calculated properties.

RESULTS AND DISCUSSION

Equilibration

We monitored the equilibration of the lipid droplet and tri-

layer systems by calculating the principal moments of inertia

and the area per lipid as a function of time, respectively. These

trajectories are shown in Fig. 2 and indicate equilibration after

a period of ~30 ns for the droplet system and after ~80 ns for

the trilayer system. Subsequent simulations were carried out

for analysis purposes and lasted 60 ns for the droplet system

and 80 ns for the trilayer system. We examined the equilib-

rium properties of the COs by calculating the radial distribu-

tion function (RDF) for the intermolecular OA pairs and the

COM of COs in 20 ns periods to check that no systematic drift

was occurring after equilibration (data not shown).

The principal moments of inertia (Ix, Iy, and Iz) indicate

that the shape of the lipid droplet fluctuates strongly during

the equilibration period (see Fig. 2 A). Thereafter, the overall

shape of the particle remains relatively spherical, although

some fluctuations occur on the nanosecond scale. A repre-

sentative snapshot in Fig. 2 B demonstrates the spherical

shape of the particle.
To approximate the area per POPC molecule in the lipid

droplet, we produced an RDF between the COM of POPCs

and the COM of the droplet (see Fig. 3), which resulted in

a radius of 3.34 nm. The approximate area per POPC of

the droplet, APOPC, was then ~0.78 nm2. The radius of the

lipid droplet was also determined by the average distance

of a phosphorus atom of POPC from the COM of the lipid

droplet. This was found to be 4 nm, which is in the range

of the HDL particles (24). In the lamellar lipid trilayer

system, APOPC after equilibration was ~0.70 nm2, which

was calculated by dividing the x-y area of the system by

the number of POPC molecules in one monolayer. The

APOPC in the trilayer is slightly more than the 0.68 nm2 found

in pure fluid POPC bilayers at a lower temperature of 310 K

with the corresponding force field (25).

We also simulated a POPC bilayer at a temperature of

330 K to get an idea of the temperature dependence for

different molecular properties. APOPC in the bilayer simulation

at 330 K was on average 0.69 � 0.01 nm2. Thus, COs do not

induce a significant change in APOPC in the trilayer system,

which implies that if COs interdigitate into the hydrocarbon

and headgroup regions of the monolayers, this effect is not

very significant. This matter is discussed in more detail below.

Snapshots from the end of the simulations shown in

Fig. 2 B indicate that the lipid droplet shrinks during equili-

bration and the dimensions of the trilayer system also slightly

decrease. To study the effect of the starting configuration on

the mixing of lipids in our systems, we carried out an
Biophysical Journal 96(10) 4099–4108
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FIGURE 2 (A) Principal moments of inertia (left) and

area per POPC molecule (right) profiles of the droplet

and trilayer systems, respectively. The first 30 ns and

80 ns of the simulations were not included in the analysis.

(B) Snapshots from the start and end of the simulations for

the droplet (left) and trilayer (right). Molecules are visual-

ized by means of van der Waals radii. The POPC molecules

are shown in orange and red (nitrogen atoms), and the CO

molecules appear in yellow and cyan (oxygen atoms). For

clarity, water molecules are not shown. Pictures were

produced using the VMD visualization program (40).
additional simulation for the lipid droplet. We initially

placed six CO molecules outside of the particle (see the snap-

shots in the Supporting Material). During the first 5 ns of the

simulation, the COs diffused from outer regions of the lipid

droplet to the core. This indicates that the mixing of COs and

POPCs was well equilibrated in our simulations, or that the

systems were at least under near-equilibrium conditions

where the partitioning of CEs converged, indicating their

preference to reside in the core of the particle. Our recent

coarse-grained simulations of lipid droplets and HDL parti-

cles are in agreement with this view (T. Murtola, T. Vuorela,

P. Niemelä, A. Catte, A.S. Koivuniemi, M.T. Hyvönen, and

I. Vattulainen, unpublished).

Molecular and atomic distributions

The mass density profiles of various molecules and atoms

along the trilayer normal are shown in Fig. 3 together with

the RDFs of POPC and CO atoms with respect to the COM

of the lipid droplet. In addition, 2D number-density maps

for the phosphorous atom of POPCs, whole POPC molecules,

and the OA and CC atoms of COs are shown in Fig. 3.

The density profiles of the POPC molecules in the trilayer

system show that the shape of the distribution profile for

POPC remarkably resembles the profile in the POPC bilayer

systems, with a peak at the PC headgroup region and shoul-
Biophysical Journal 96(10) 4099–4108
ders approximately at the regions of carbons 3–8 of

the chains (for numbering of the carbons, see Fig. 1). The

distributions of CO molecules in the trilayer appear in two

shallow peaks between the POPC regions, which may refer

to a smectic-like orientation of COs in the core compartment,

although the possible strata cannot be found by visual

inspection. A more careful examination of the different

regions of the CO molecules indicates that the densities of

the oxygen atoms OA and OB of CO form peaks symmetri-

cally at ~�1.3 nm. Furthermore, the density profiles of the

CC and CD atoms, i.e., the opposite ends of the CO mole-

cules, remarkably resemble each other, with three peaks at

~0 and �2.3 nm, whereas the methyl ends of the oleate

chains (CC) in COs tend to extend slightly further toward

the water phase than the other ends of the CO molecules

(CD), indicating that acyl chains of COs are to some extent

interdigitating with the acyl chains of POPCs. The density

profile of CA is more even but also shows four shallow

peaks.

In the case of the small droplet, the RDFs and 2D number-

density maps reveal that oxygen atoms of COs are distrib-

uted inside the hydrophobic CO core (shell peaks at

~0.2 nm in the RDF profile) of the droplet, whereas the CC

and CD atoms are located further away (shell peaks at ~2 nm

in the RDF profile). As in the trilayer, in the droplet the

methyl ends of oleate chains (indicated by the RDFs of
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CC) in COs also extend further toward the surface of the

droplet interdigitating with the acyl chains of POPCs.

The results indicate that the CO molecules are not

randomly oriented, but form a weakly ordered smectic-like

structure between the POPC monolayers in the trilayer

FIGURE 3 (A) Density profiles of the trilayer system for CO and POPC

molecules together with phosphorus (P) atoms (upper panel). In addition,

distributions are plotted for certain CO atoms and water molecules (lower

panel). (B) RDFs and 2D number-density map (inset) for the different CO

and POPC atoms and POPC molecules with respect to the COM of the lipid

droplet.
system with ~3 nm separation of the shallow main peaks

of CO. In the small droplet system, the space in the core

was so limited and the number of core CO molecules so

low that a similar double-layered structure was not regis-

tered. However, the ends of the acyl chains of COs were

interdigitating with surface POPCs as in the case of the

planar trilayer.

Of interest, calorimetric and small-angle x-ray scattering

analyses of the core of LDL suggest that below the transition

temperature, CEs form concentric shells (26) and are radially

aligned (27,28). Our results suggest that a similar weak orien-

tation ordering of COs could be possible even above the tran-

sition temperature. However, we have to keep in mind that

the weak orientation order of the CO phase was seen in our

lamellar trilayer system, which, in contrast to lipoproteins

and lipid droplets, is not a spherical system. Furthermore,

the presence of triglyceride molecules in physiological lipo-

proteins could destabilize the ordering between CO mole-

cules. It was previously proposed that the acyl chains of

surface phospholipids and core CEs interdigitate (29,30). In

our simulations, this was also found to be the case.

Solubility of COs into POPC monolayers

To obtain useful approximate measures of the solubility of

COs into the POPC monolayer in the simulations, we deter-

mined 1), the average mass of COs that interdigitated with

POPC molecules; and 2), the number of hydrogen bonds

formed by the oxygen atoms of CO and the water molecules

(in several experimental studies, the interaction of CO

oxygens with water molecules was used as a criterion for

solubility (10,11)).

According to criteria 1, the solubility of CO in our trilayer

system is 7 weight % (~8 mol %). To apply criteria 2, we found

only one occurrence in each simulation, where the oxygens of

COs are forming hydrogen bonds with water molecules. A

hydrogen bond was determined when the distance between

the OA or OB atoms of CO and the hydrogen atoms of water

molecules was <0.18 nm (acceptor-hydrogen distance), and

the angle associated with the acceptor-hydrogen-donor config-

uration was<30�. CO molecules formed hydrogen bonds with

water molecules in time intervals of ~7 and ~40 ns in the

droplet and trilayer systems, respectively. After a short preva-

lence at the surface, the CO molecules diffused back into the

CO-rich region. Based on criterion 2, the solubility of CO is

no more than 1:128, i.e., ~0.8 mol %.

The solubility of CEs into the lamellar structure of phos-

pholipids was previously elucidated by means of 13C NMR

(10,11), surface pressure-area isotherms (31), and x-ray

studies (9). In those studies, CEs were found to be slightly

soluble into phospholipid surfaces. 13C NMR studies typi-

cally indicate a solubility of 2–3 mol % CO to egg PC (which

has POPC as the main component) at temperatures ranging

from 25�C to 55�C (i.e., below the temperature of the simula-

tions presented here), whereas studies based on pressure-area
Biophysical Journal 96(10) 4099–4108
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isotherms indicate a solubility of 1.8 mol % CEs to POPC in

24�C. In the 13C NMR studies, the criteria for the solubility of

CEs was the amount of interaction between the ester oxygens

of CEs and water molecules indicated by the differences in the

chemical shifts of the ester bond oxygens of bulk and surface

CEs. Earlier experimental approximations based on x-ray

diffraction indicated the solubility of cholesteryl linolenate

(18:3) to egg PC in the range of 3.1–4.5 mol % in 24�C de-

pending on water concentration. Furthermore, in that study

the solubility of cholesteryl linolenate into egg PC was based

on the area per lipid calculations where approximate areas for

different lipid components were chosen. In our trilayer simu-

lation, CO molecules did not have a significant effect on the

area per lipid of POPC, as mentioned above, although there

was interdigitation between the CO and POPC molecules.

In addition to the amount of water, the solubility is strongly

affected by the properties of the environment, as well as the

details of the structure in CE and phospholipid. Therefore,

the values given above are not directly comparable, but they

do show that the solubility of CO to POPC in the simulations

is in the right ballpark. We have to keep in mind that during

our simulations only one CO molecule diffused to the surface

in both simulations, and thus it is very challenging to deter-

mine statistically accurate estimates for the solubility of CO

based on criterion 2.

Intermolecular ordering of COs

The intermolecular orientational order parameter SRR

between the directors of COs (defined as the CB-CA vector;

see Fig. 1) was determined in a manner similar to that previ-

ously described for an isotropic CO system (20). The SRR

profile describes the orientational correlation of CO ring

moieties as a function of distance. CO shows similar inter-

molecular behavior in our POPC-CO systems, indicating

that the cholesteryl ring moieties prefer to stack together at

short intermolecular distances. This correlation vanishes at

longer distances, indicating a liquid phase. Further discus-

sion and details of the SRR profile calculations are given in

the Supporting Material.

Intramolecular properties

We calculated the probability distribution of the angle

between the phosphorus-nitrogen (P-N) vector of the head-

group and the local normal of the system. The distributions

show that the prevailing orientation of the headgroup is

slightly more toward the water phase in the small lipid droplet.

We also determined the probability distribution of the intra-

molecular angles between the oleate chain or the short acyl

chain and the cholesterol director of CO as in our previous

study of bulk CO (20). The distribution of the angles between

the chains and the ring structure of CO is similar to that in the

isotropic system (20), indicating that COs prefer elongated

conformations, although bent horseshoe-type conformations

were also registered. The probability distribution profiles
Biophysical Journal 96(10) 4099–4108
and a more detailed discussion are given in the Supporting

Material.

Ordering of acyl chains and cholesterol director

The order profiles of 16:0 and 18:1 chains of POPCs in the

droplet and trilayer are plotted in Fig. 4. In the trilayer, the

order parameters of the 16:0 and 18:1 chains closely

resemble those obtained in the simulation of a pure POPC

bilayer at a lower temperature (25) and observed in
2H NMR studies (32). In addition, in the trilayer system

the deuterium order parameters of the POPCs are identical

to the ones found in the pure POPC bilayer simulation, which

was done for comparison purposes at a temperature of 330 K

(data not shown) to determine whether COs decrease the

order parameters of the acyl chains of POPCs to the same

level as observed in previous studies at lower temperatures.

The 16:0 order parameters of POPC molecules in the small

lipid droplet are clearly more disordered than the ones in

the trilayer at the beginning of the chains, after which they

slightly approach the trilayer order parameters toward the

chain ends. Methylene segments C2–C9 of the 18:1 chains

of the POPCs in the droplet are also strongly more disordered

compared to the trilayer case. The shape of the double-bond

region of the 18:1 chain differs between the systems: in the

droplet, the carbon segment C9 is more disordered than

FIGURE 4 Deuterium order parameters of the acyl chains of POPC mole-

cules in the droplet and trilayer for the sn-1 16:0 chain (upper panel) and

sn-2 18:1 chain (lower panel).
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C10, whereas the opposite setting is observed in the trilayer.

The minimum value is nearly the same in both systems. After

the double-bond region, the difference between the systems

becomes smaller. The results can be understood by realizing

that the APOPC is larger in the droplet than in the trilayer case,

and thus the chains are more disordered because they try to

minimize the hydrophobic surface that is in contact with

the water phase.

Fig. 5 shows order parameters for the oleate chain (18:1)

carbons of CO with respect to the CO director. The order

parameters are similar to those found for an isotropic CO

system in our earlier study (20). The C2–C10 carbons of

FIGURE 5 (A) 18:1-chain order parameters of CO with respect to the

cholesterol director. (B) The order parameter profile of the cholesterol

director with respect to the normal of droplet or the trilayer as a function

of distance from the COM or the central x, y plane, respectively.
the 18:1 chain are clearly more ordered than the C11–C17

carbons. The stacking of cholesterol bodies and acyl chains

of COs could induce this effect. Fig. 5 also shows the order

parameter, SRN, of the cholesterol director with respect to the

local normal. It indicates isotropic orientation with respect to

the normal of the system near the COM of the lipid droplet,

whereas the orientation shifts to a more perpendicular one

when the distance of CO increases from the COM. Finally,

when CO is located in the POPC monolayer (rare event,

large error bars), the conformation of the director is merely

parallel to the normal. In the trilayer case, the orientation

of the CO director is more parallel with respect to the normal

near the geometrical x, y plane, and with increasing distance

a structural behavior similar to that observed in the case of

the lipid droplet is observed.

What is remarkable is that the CO molecules do not induce

any changes in the order parameters of POPCs, although the

CO molecules ‘‘sense’’ the POPC monolayers at least by their

cholesteryl ring moieties, as indicated by the SRN profiles. This

kind of orientational ordering at the phospholipid-cholesterol

ester interfaces has not yet been observed experimentally. This

is intriguing because, at the phase transition temperature, the

CE compartments in the lipoproteins and lipid droplets are

more ordered, and thus the orientation behavior of CEs found

here could be absent at the POPC-CO interface, which again

could play a critical role in CE transport and hydrolysis.

Angle distribution of the CO director with respect
to normal of the trilayer

The distribution of the angle between the CO director and the

trilayer normal as a function of distance from the geometrical

x, y plane of the trilayer is shown in Fig. 6. The angle shifts

from parallel to more perpendicular with respect to the

normal of the trilayer as COs closer to the phospholipid

surface are monitored. This behavior was also seen in the

director order profiles in Fig. 5. To determine whether the

conformation of CO changes in accordance with the results

shown in Figs. 5 and 6, we probed the time evolution of

the angle of one individual CO that forms hydrogen bonds

with water molecules according to criterion 2 described

above. Of interest, when the CO is located in the core region,

it adopts small angles, whereas at the POPC-CO interface the

director angle with respect to the normal changes to ~90�.
FIGURE 6 Angle distribution of the cholesterol sterol

body with respect to the trilayer normal as a function of

distance from the central x, y plane of the trilayer for all

COs (left panel) and separately for one CO (middle panel).

Three snapshots are shown for the CO, the angle of which

was probed separately. The approximate locations of the

snapshots in the angle distribution are also marked. POPCs

are colored in black, nitrogen atoms of POPCs in red, the

CO in yellow, and the oxygen atoms of the CO in cyan.
Biophysical Journal 96(10) 4099–4108
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Finally, when the CO is solubilized into a POPC monolayer,

the angle ranges from 140� to 160�. This behavior is very

similar to the phenomena observed in the SRN profile. It

should be noted that the snapshots from the simulation trajec-

tory are not in chronological order. Further, after the CO

localized to the surface, it diffused back to the POPC-CO

interface and finally back to the CO core.

We conclude that the CE molecules likely penetrate into the

phospholipid monolayer with the help of ester bond regions,

which interact by dipole-dipole interactions with water mole-

cules and the polar regions of phospholipids. An energy

barrier likely is involved in the localization of CE molecules

into phospholipid monolayers, and the height of the barrier

presumably depends on various factors, such as the number

and composition of lipids in the surrounding monolayer.

Conformation of COs at surface phase

Various groups have studied and speculated on the confor-

mation of CEs in phospholipid surfaces (11,31,33,34). The

predominant idea is that when CEs interact with water mole-

cules through ester oxygens, they adapt a horseshoe-like

conformation. In the horseshoe conformation, a given acyl

chain and cholesteryl moiety orient toward the lipid interior,

and the ester bond oxygens of the CEs interact with water

molecules. Since the conformation of CE at the surface

regions (e.g., in lipoproteins) is most likely important for

the activity of carrier proteins and hydrolyzing enzymes,

we elucidated the conformations of COs during the events

in which the ester bond oxygens of CO molecules formed

hydrogen bonds with water molecules. That is, we used

the same events as before to estimate the solubility of CO

molecules into POPC monolayers according to criterion 2.

In the trilayer simulation, within the 40 ns time frame, the

surface orientation of CO in the POPC monolayer fluctuated

between the previously proposed horseshoe conformation

and a more extended conformation at the surface (data not

shown). During the short 7 ns visit of one CO at the surface

region of the droplet, almost only extended (not horseshoe)

CO conformations were registered, with an acyl chain located

in the water-lipid interface. This may be related to the higher

curvature of the droplet. In the trilayer system, the surface

conformations of CO agree with the conformations based on

similar experimental systems. It is noteworthy, however, that

we also found more extended conformations, especially in

the case of higher curvature, which may play an important

role in CE metabolism. This is discussed in more detail else-

where. It should be noted that only one CO molecule was local-

ized to the surface in each simulation, which makes it difficult to

draw solid statistically significant conclusions from the results.

CONCLUSIONS

In this study we unraveled the structural properties of two

lipid systems composed of POPC and CO molecules—a
Biophysical Journal 96(10) 4099–4108
small (approximately HDL-sized) lipid droplet and a lamellar

lipid trilayer—by utilizing atomic-scale molecular-dynamics

simulations.

In both the droplet and the trilayer, the POPC molecules

encapsulated the CO molecules and both species of mole-

cules were located in separate phases, with some interdigita-

tion between the acyl chains at the interfacial regions. In the

interior of the trilayer, the CO molecules formed two slightly

denser strata that arose from the oxygen atoms of the ester

bond, suggesting that smectic-like phase behavior could

exist above the phase transition temperature of CO mole-

cules. The deepest core of the small droplet contained

predominantly ester bond regions of the COs, whereas

both ends of the COs interacted with the POPCs of the

surface.

In reasonable accordance with experiments, the simula-

tions imply a low solubility of a few mol % of COs into

the POPC layer. It is important to note that localization of

CEs into the phospholipid monolayer is probably a relatively

rare event, which precludes accurate measurements of the

solubility during short simulation times as in this study. Con-

cerning ordering in the simulated systems, the order param-

eters of the POPC acyl chains in the trilayer were found to be

similar to those in the POPC bilayer simulation and in

previous NMR studies. However, in the lipid droplet the

acyl chains of POPC molecules were clearly more disordered

than in the trilayer and POPC bilayer systems. Also, the

orientational behaviors of the phosphocholine headgroups

in the droplet and trilayer systems differed in that the most

prevailing orientation in the droplet was shifted slightly

toward the water phase as compared to the trilayer and

POPC bilayer systems. Regarding the ordering of CO mole-

cules, the cholesteryl ring moieties preferred to stack

together at short intermolecular distances, but this correlation

vanished at longer distances, indicating the liquid phase. CO

molecules preferred elongated conformations, although bent

horseshoe-type conformations were also registered. The

ordering of the CO director with respect to the local normal

of the system was computed as a function of the distance

from the COM of the droplet or the central x, y plane of

the trilayer. Deep in the core of the small droplet or trilayer,

the orientation was merely isotropic or slightly parallel to the

normal, respectively. At the CO-POPC interface the orienta-

tion shifted toward perpendicular and, finally, the low

prevalence of the COs in the POPC monolayer showed an

orientation that allowed the ester bond region of COs to

interact with the water molecules. It should be noted that our

lipid droplet is on the size scale of the smallest HDL particles

(7–12 nm) and thus the CO core is small compared to larger

lipoproteins and lipid droplets. It is possible that in the larger

lipoproteins and lipid droplets the CEs are ordered as in our tri-

layer case (with no curvature and a bulkier CO phase), in

which the CO directors preferably orient slightly parallel to

the normal of the trilayer and form denser strata by the oxygen

atoms. Indeed, this kind of lamellae-like behavior has been
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registered by electron cryomicroscopy under the phase

transition temperature of the core of LDL particles (35).

Apolipoproteins (e.g., apolipoprotein B-100 (apoB-100)

and apolipoprotein A-I (apoA-I)) play a very important role

in the ordering and stabilization of lipoproteins, and thus

many of the properties discussed here could be modulated by

different apolipoproteins as well as by other proteins capable

of binding lipoproteins (36–38). However, in this study our

goal was first to understand how the different lipid components

behave without the protein environment. In future work, we

will study more complex lipoprotein or lipid droplet systems.

Earlier experimental studies suggested that the horseshoe

conformation is the most prevailing conformation of CEs

at the phospholipid-water interface. In this conformation,

the acyl chain is bent to lie next to the cholesterol body while

the ester bond region interacts with water molecules. The

simulations presented here indicated more flexibility for

the conformation of the COs, allowing more extended

conformations in the POPC monolayer, although horse-

shoe-like features were also found. From a metabolic point

of view, the solubilization of CEs into phospholipid mono-

layers and the conformations of CEs within the monolayer

are likely to be important regulatory factors of CE transpor-

tation and hydrolysis inasmuch as they determine the interac-

tion between CEs and the cholesterol ester transfer protein

(CETP) and cholesteryl esterases. The crystal structure of

CETP (39) reveals two CO molecules in extended conforma-

tion, indicating that CE molecules enter the hydrophobic

cavity of the CETP with the acyl chain or the cholesterol

body first, and that CETP may favor more flexible conforma-

tions of CEs within phospholipid monolayers.

Taken together, these results underline the importance of

atomic-scale molecular-dynamics simulations for revealing

details about complex lipid mixtures and elucidating experi-

mentally observed phenomena. This work lays the basis for

further simulation studies related to more complex lipopro-

tein and lipid droplet systems; however, such studies will

also require the use of coarse-grained models in dynamic

simulations.
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