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Abstract 

  Using replica exchange umbrella sampling we calculated free energy profiles for uptake of 

cholesterol and one of its oxysterols (7-ketocholesterol) from an aqueous solution into a high 

density lipoprotein particle. These atomistic molecular dynamics simulations show that both 

sterols are readily taken up from the aqueous solution with comparable free energy minima at the 

surface of the particle of -17 kcal/mol for cholesterol and -14 kcal/mol for 7-ketocholesterol. 

Moreover, given its preferred position at the particle surface, 7-ketocholesterol is expected to be 

able to participate directly in biological signaling processes. 
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Introduction 

High density lipoprotein (HDL) takes up excess cholesterol from cells, carries it into the blood 

circulation as cholesteryl ester, and unloads it in the liver, where it is metabolized.1 This process 

of reverse cholesterol transport helps prevent cardiovascular disease by removing cholesterol from 

foam cells, thus working against the formation of atherosclerotic plaques. High serum HDL levels 

are associated with reduced risk of cardiovascular disease, and increasing HDL in circulation is 

recognized as a potential therapeutic target.2 

Mature HDL particles are spherical and have radii of approximately 5 nm.3 They consist of a 

surface phospholipid layer in which typically three to five amphiphilic apolipoproteins are 

embedded, and a hydrophobic core of triglycerides and esterified cholesterol.4 Some free 

cholesterol is also present in the surface layer. 

Oxidation of HDL impairs its ability to take up cholesterol from cells, which can prevent it from 

performing its atheroprotective function.5 HDL is known to carry lipid oxidation products in vivo.6 

The foam cells that make up the atherosclerotic plaque contain reactive oxygen species (ROS), 

and the lipids and proteins that constitute HDL are prone to oxidation by ROS.7 A wide range of 

oxidized lipids and oxidized amino acid residues of apolipoproteins have been identified in 

atherosclerotic lesions,8 and they are implicated in loss of HDL function.9,10 

Oxysterols are oxidized derivatives of cholesterol, which are believed to have a signaling role in 

cholesterol transport.11 Oxysterols can be produced from cholesterol enzymatically, by the 

influence of ROS, or via autoxidation. There exists a diverse array of oxysterols with hydroxyl or 

carboxyl groups at different positions in the molecule. 7-ketocholesterol is one of the more 

abundant oxysterols, which is also used as a measure of radical cholesterol oxidation.8 The 

formulas of cholesterol and 7-ketocholesterol are shown in Figure 1. Once taken up by HDL, the 
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exact location of 7-ketocholesterol in the lipoprotein particles has implications for its ability to 

participate in signaling while being transported in the bloodstream by HDL. There is experimental 

evidence for uptake of 7-ketocholesterol into HDL,12 but direct observations of neither its radial 

partitioning in lipoprotein particles nor its positioning along the phospholipid layer and with 

respect to apolipoproteins are available. Atomistic molecular dynamics (MD) simulations can 

provide a detailed insight into this behavior. 

 

Figure 1. Structures of cholesterol and 7-ketocholesterol. The carbon atoms labeled C3 and C17 

are used to define the director of the molecule (see methods for details). 

Previously, atomistic and coarse-grained MD simulations have been used successfully to 

elucidate the structures and numerous properties of HDL and low density lipoprotein (LDL) 

particles.13–17 They have also turned out to be very useful in unlocking how HDL and LDL levels 

can be modulated through the action of drugs such as anacetrapib.18 Altogether previous studies 

highlight that molecular-scale simulations can provide considerable added value to experimental 



 4 

work to clarify phenomena associated with nanoscale systems, lipoproteins being an excellent 

example of this type. 

In this work, we applied replica exchange umbrella sampling (REUS)19 to extract the free energy 

profiles of cholesterol or 7-ketocholesterol along their distance r from the center of HDL with the 

aim to characterize the difference between the uptake of normal vs. oxidized cholesterol to HDL. 

In the following, we outline the methodology and present the results from REUS applied to uptake 

of cholesterol or 7-ketocholesterol into an HDL particle, showing that both sterols are readily 

adsorbed by this particle in a similar way. 

Computational methods 

We prepared the atomistic model of a mature spherical HDL particle, based on the lipid and 

apolipoprotein A-I (apoA-I) composition and apoA-I structural arrangement determined 

previously.4 Our model consists of 133 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) 

molecules as the surface phospholipid monolayer and 106 cholesteryl oleate (CO) molecules as 

the hydrophobic core lipids. Four apoA-I chains were placed on the surface in a twisted cage-like 

arrangement with antiparallel alpha helices, as determined previously.4 The radius of HDL, defined 

as the radial distance to the interface where the number densities of atoms of HDL and water are 

equal, is 4.6 nm in our model. The number densities of the components of HDL are shown in 

Figure 2, demonstrating the distribution of individual species in the particle. The lipid headgroup 

and apolipoprotein region extends up to a distance of 6 nm from the center of the HDL particle. 
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Figure 2. The number densities of the individual components of the HDL particle and of water. 

The y axis is normalized so that the number density of bulk water equals one. 

We refer to cholesterol and 7-ketocholesterol as the solutes in umbrella sampling simulations. 

For both solutes, we made two independent REUS simulations with 37 umbrella windows, spaced 

0.15 nm apart along the reaction coordinate r, which we define as the distance between the centers 

of mass of HDL and the solute. The simulation time was 60 ns per window. For both solutes, one 

independent simulation had the solute headgroup initially pointing “up” (toward the water phase, 

away from the HDL center), while the other had it initially pointing “down”. With standard 

umbrella sampling (no replica exchange), we made the same preparations as with REUS and 

simulated 20 ns per window. Finally, we made two additional REUS simulations of 220 ns and 

150 ns per window in the region of 2.5 nm < r < 3.8 nm for cholesterol, where the initial 

orientations alternated between “up” and “down” in adjacent windows. A snapshot of the 7-

ketocholesterol at the HDL surface, r = 3.4 nm, is shown in Figure 3. 
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Figure 3. A snapshot of 7-ketocholesterol (carbon atoms cyan, oxygen atoms red, and hydrogen 

atoms not shown) at the surface of HDL, where r = 3.4 nm (surface view at a part of the particle). 

The apoA-I proteins are shown in yellow and orange. POPC headgroups, POPC hydrocarbon 

tails, and CO molecules are shown in shades of gray in this order from lightest to darkest. The 

tails of two POPC molecules and all water molecules are omitted from the image in order to better 

show the 7-ketocholesterol molecule. In this position, both oxygen atoms of 7-ketocholesterol are 

in the headgroup region.  

We used the OPLS-AA force field for lipids, ions, and proteins20 together with the TIP3P water 

model.21 The simulation temperature was maintained at 310 K with the Nosé-Hoover 

thermostat22,23 and the pressure at 1 bar with the Parrinello-Rahman barostat.24 The time constant 

for temperature coupling was set to 0.4 ps. For pressure coupling, the time constant was 4 ps and 

the compressibility was 4.5 × 10−5 bar−1. We used periodic boundary conditions in all directions. 

Bond lengths were constrained by the linear constraint solver (LINCS) algorithm.25 The Lennard-
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Jones interaction cutoff was 1.0 nm, and electrostatic interactions were calculated by the particle 

mesh Ewald method26 with a grid spacing of 0.12 nm and Coulomb cut-off of 1.0 nm. The 

simulation time step was 2 fs. 

Umbrella sampling is a widely used technique in molecular dynamics simulations to study the 

free energy along a given pathway.27,28 A series of simulations with biasing potentials at different 

points along the pathway provide the free energy profile once the effect of the biasing potential is 

separated out by a suitable method such as the weighted histogram analysis.29 Although 

conventional umbrella sampling has been successfully used in many applications, it may suffer 

from poor convergence if high free energy barriers are present in degrees of freedom perpendicular 

to the reaction coordinate.30,31 These barriers cause long relaxation times, which may result in 

substantial sampling errors. The convergence of free energy profiles can be accelerated by 

combining umbrella sampling with Hamiltonian replica exchange in umbrella potentials. This 

REUS technique19 (also known as window exchange32 or bias exchange33 umbrella sampling or, 

alternatively, distance replica exchange34) achieves enhanced sampling of orthogonal degrees of 

freedom by allowing replicas starting from different initial geometries to migrate along the reaction 

coordinate.  

REUS has been used with success to study oligopeptide conformations19 and self-assembly,35 

DNA base stacking,36 kink-turns in double-stranded RNA,37 transmembrane helix assembly,32 

prediction of protein-ligand binding structures,38,39 or a conformational transition of a membrane 

transporter.33 Extended to two dimensions, the technique has been also applied to studies of ion 

and substrate binding to proteins,40,41 recovery from inactivation of ion channels,42 and 

transmembrane helix assembly.43 A method very similar to REUS has also been utilized for 
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obtaining the free energy profile of a small solute across a lipid bilayer, leading to an enhancement 

of the rate of convergence by up to a factor of four in comparison to standard umbrella sampling.44 

A customized version of the GROMACS 4.6.5 molecular dynamics code45 was used in the 

present study to perform REUS simulations. The force constant for the umbrella potentials was 

1000 kJ mol−1 and the interval between replica exchange attempts was 2 ps. We made the free 

energy profiles with the weighted histogram analysis method29 for two different sets of starting 

geometries of the sterol molecule (as mentioned above). We then calculated the error bars for the 

combination of these two runs with the bootstrap analysis method and placed them on top of the 

average of the two free energy profiles (see Figure 4).46 To assess the convergence of the free 

energies, we calculated the free energy change G from r = 3.4 nm (the point of minimum free 

energy) to r = 6.8 nm (the water phase) at different lengths of each simulation to obtain the plot of 

G versus time. 

To quantify the sampling of solute orientations, we defined the solute director as the vector from 

cholesterol carbon atoms C17 to C3, where C17 is located in the five-carbon ring and is connected 

to the lipid tail and C3 is the carbon atom connected to the hydroxyl group. We then define the 

effective normal of HDL as the vector from the COM of HDL to the midpoint of the director and 

the orientational angle  as the angle between the director and the effective normal. We then 

divided r into 0.1 nm bins and calculated the angle distribution over the length of the simulation 

in each bin. 

To identify free energy barriers orthogonal to r during REUS, we calculated the transmission 

factor ratio along r, 𝑇𝑟
𝑟𝑎𝑡𝑖𝑜, as shown by Neale et al.44 The transmission factor Tr shows how well 

replicas are able to move along r by comparing how often they travel across a region of defined 

width, r, and how often a replica enters the region. The quantity 𝑇𝑟
𝑟𝑎𝑡𝑖𝑜 compares Tr obtained 
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from REUS to 𝑇𝑟
𝑟𝑎𝑛𝑑𝑜𝑚, the transmission factor calculated from random walks with the acceptance 

probabilities taken from REUS. We used a value of r = 0.9 nm in our calculations. 

Results and discussion 

The free energy profiles obtained from the potential of mean force calculations with REUS are 

shown in Figure 4. The most important feature of the profile is the free energy decrease of moving 

the solute from the water phase (at r = 6.8 nm) to the phospholipid layer of HDL (at r = 3.4 nm). 

This energy is −17 kcal mol−1 for cholesterol and −14 kcal mol−1 for 7-ketocholesterol. Both 

cholesterol and 7-ketocholesterol show a steeply increasing free energy curve between 3.4 nm and 

5 nm, which indicates that both solutes are readily adsorbed into the HDL surface layer once 

contact is made. This is in agreement with the experimental observation that 7-ketocholesterol is 

taken up by HDL and accumulates in cells if cholesterol efflux is prevented.12 

The free energies from independent simulations with opposite starting orientations are in good 

agreement with each other at 3.4 nm < r < 6.8 nm for both solutes. Then, at 3.4 nm, the two profiles 

for cholesterol simulations start deviating as the simulation with cholesterol initially in “headgroup 

down” orientation has a free energy decrease of approximately 3 kcal mol−1 going from r = 3.4 nm 

to r = 2.8 nm. This is surprising because it means that there is a favorable free energy decrease 

although the cholesterol headgroup is losing contact with the POPC headgroup region. One would 

expect that when the cholesterol molecule has its headgroup turned towards the HDL core, both 

the hydroxyl headgroup and the lipid tail of cholesterol are in an unfavorable environment. 

However, analysis of the REUS simulation at r = 2.8 nm reveals that when cholesterol is initially 

placed headgroup down, the hydrogen atom in the cholesterol headgroup finds a hydrogen bond 

acceptor from the cholesteryl esters, while the side chains of hydrophobic amino acids provide a 

nonpolar setting for the cholesterol tail at the lower edge of the POPC headgroup region. In this 
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way, both ends of cholesterol find a fitting local environment. The surface coverage of apoA-I in 

HDL is 50 %. No more than 89 out of its 243 residues are hydrophobic, therefore, suitable places 

for cholesterol to orient in this way are available in only 20 % of the HDL surface. According to 

our free energy results for the “headgroup down” simulation, it is possible that cholesterol 

molecules are stable in a nonstandard orientation in such areas, which gives rise to the local 

orientational variations at the POPC/apoA-I surface. 

The discussion above concerns the results from 60 ns simulations shown in the main plot in 

Figure 4. To improve convergence in the region around r = 3.4 nm for cholesterol we made two 

additional REUS simulations of 150 ns and 220 ns per window in the range 2.5 nm < r < 3.8 nm. 

The result is shown in the inset of Figure 4, where the additional simulations are denoted “CHOL 

refined 1” and “CHOL refined 2”. The cholesterol curves from the main plot are repeated in the 

inset. 

The main result of these significantly longer additional simulations is the observation that the 

convergence of the free energy in this region becomes reasonable at r > 2.8 nm, but falls short of 

being acceptable at smaller r. According to the extended simulations, the minimum of free energy 

is still found at r = 3.4 nm, but the energy cost of cholesterol penetrating at least 0.5 nm deeper 

into the HDL particle is small. Therefore, one could expect to find cholesterol molecules at 

distances from 2.9 nm to 3.4 nm from the center of HDL. On the basis of this result from the 

refined simulations, as well as the above discussion of the local environment of the cholesterol 

molecule, and studies where the position of cholesterol was determined to be in the headgroup 

region of HDL and HDL-like lipid droplets,13 we conclude that the low free energy pertinent to 

the cholesterol “headgroup down” simulation at r < 3.4 is a local effect arising from limited 

sampling and is not representative of the global free energy. 
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Figure 4. Free energy as a function of distance from the center of HDL after 60 ns of REUS in two 

independent simulations of cholesterol (CHOL) and 7-ketocholesterol (oxCHOL) and refinement 

by additional simulations for cholesterol at 2.5 nm < r < 3.8 nm (inset). The initial orientation of 

the solute is marked as (headgroup) down or (headgroup) up in the legend. The free energy at r = 

6.8 nm was set to zero. As the solute moves toward HDL, at 5 nm < r < 6.5 nm, contacts of solute 

with the diffuse surface of HDL cause small differences in the PMF. In the region from 3.4 nm to 

5 nm, the profiles of each solute are converged. In the hydrophobic core of the HDL particle at r 

< 3.4 nm, the free energy has a large uncertainty because of long autocorrelation times. We 

consider r = 3.4 nm to be the distance of minimum energy, although in the case of unoxidized 

cholesterol, the energies from two independent simulations diverge at smaller r (see discussion). 
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The free energy difference between cholesterol and 7-ketocholesterol at r = 3.4 nm from the 

HDL center of 3 kcal mol−1, is close to the strength of one hydrogen bond. This seems reasonable 

as a hydrogen bond between the carbonyl group of 7-ketocholesterol and water needs to be broken 

when 7-ketocholesterol is pulled from the water phase into HDL. Both solutes get readily absorbed 

into the layer, and the 3 kcal mol−1 difference manifests in the PMF profiles in slightly different 

slopes at 3.4 nm < r < 5 nm but not in different overall shapes. We conclude that from the 

thermodynamic viewpoint, HDL should take up 7-ketocholesterol almost as easily as it does 

cholesterol. If there is any difference between cholesterol and 7-ketocholesterol in uptake from 

macrophages, there must be a specific selective mechanism at work, not considered in this study. 

Both cholesterol and 7-ketocholesterol are accessible to the solvent at their minimum energy 

positions and are, therefore, able to participate directly in signaling. 

The convergence of simulation results for the minimum energies at r = 3.4 nm is demonstrated 

in Figure 5. We note that while the energies from independent simulations of the same molecule 

are not fully converged in the HDL core region, they converge at the important headgroup region, 

which is where the solutes are expected to be found. With the help of replica exchange (panel a), 

there is a clear trend for the energy to approach a converged value in all simulations. In the case 

of oxidized cholesterol, a timeframe of 60 ns per umbrella window is just enough to converge the 

energies being ultimately within 0.3 kcal mol−1 of each other. 

By contrast to REUS, standard umbrella sampling simulations show no systematic convergence 

towards the REUS result for up to 20 ns per window. Although the REUS results do not fully 

converge in the first 20 ns either, they tend to move towards the converged value already during 

that time. Note that a detailed comparison of REUS and US has been done elsewhere.44 
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Figure 5. Convergence of the free energy with simulation time, (panel a) with and (panel b) 

without replica exchange for cholesterol (CHOL) and 7-ketocholesterol (oxCHOL). The initial 

orientation is denoted in the same way as in Figure 4. The two dotted lines in panel a show the 

converged values, as defined by the final result from 60 ns REUS simulations, for cholesterol 

(black line) and 7-ketocholesterol (upper line). 

The orientational distributions of cholesterol and 7-ketocholesterol during the REUS simulations 

is shown in Figure 6. Comparing different initial headgroup orientations for the same molecule 

(i.e., comparing panels a-b and c-d) we see that neither cholesterol nor 7-ketocholesterol is able to 

reorient in the core of HDL during the simulations. There is less packing in the POPC headgroup 

region, which allows cholesterol and 7-ketocholesterol to immediately reorient there such that their 

tails point towards the HDL core and their headgroups make contact with POPC headgroups. This 

is demonstrated by the absence of signal in Figure 6 of angles over 100° in this region, even in 

simulations where the headgroup is initially pointing down. 

A small but very densely sampled spot is seen at 2.8 nm and 100° in the cholesterol headgroup 

down simulation (panel a). This spot corresponds to a locally favorable position and orientation to 
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which the cholesterol molecule is strongly attracted, as evidenced by the PMF profile and the fact 

that the 100° angle is so heavily sampled at r = 2.8 nm. 

Neither cholesterol nor 7-ketocholesterol reorients from a headgroup up to a headgroup down 

orientation in the particle core during the 60 ns of REUS. No preferred orientation is expected to 

be found in this region of HDL, where the hydrophobic core lipids form a disordered melt. 

Therefore, one would expect a uniform orientational sampling in this area in the limit of very long 

simulation times. The observed lack of convergence of orientational sampling in this region is not 

surprising given the extremely long correlation times of lipid movements in this region.  

 

Figure 6. Orientational sampling during REUS for cholesterol down (a), cholesterol up (b), 7-

ketocholesterol down (c) and 7-ketocholesterol up (d), where “up” and “down” denote the initial 



 15 

headgroup orientation (see methods). The sampling scale is from dark blue (least sampling) to 

light blue, cyan, yellow, orange, red, and dark red. White areas are not sampled. At distances 

below 2.5 nm, the initial orientation essentially determines sampling throughout the simulation. 

Between 2.5 nm and 5 nm, the molecule tends to reorient so that the headgroup points upwards. 

At distances of 5 nm and higher, all orientations are sampled and a tangential orientation is 

slightly preferred. The red arrow in panel a marks the very densely sampled spot at 2.8 nm, 100°. 

To detect hidden barriers caused by degrees of freedom orthogonal to the reaction coordinate r, 

we calculated the transmission factor ratio 𝑇𝑟
𝑟𝑎𝑡𝑖𝑜 at each umbrella window. The result is shown in 

Figure 7. The transmission factor is low in overall, which indicates that the replicas diffuse slowly 

between umbrella windows, and it actually goes to zero at many points for r < 3. A zero value 

means that no replicas travel through a 0.9 nm wide region centered at that umbrella position. 

Local exchange of replicas is still possible in these regions, but random walking of replicas through 

all umbrellas is not. 

 

Figure 7. The transmission factor ratio from 60 ns REUS simulations with different initial 

orientations of the solute. Standard deviations from the mean are shown with error bars. The low 
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values below r = 3 nm indicate hidden sampling barriers orthogonal to the reaction coordinate r 

in that region. The simulation of cholesterol with the “headgroup down” initial orientation suffers 

from poor replica random walking at r < 3.5 nm. 

The transmission factor ratio and the orientation distribution show that the simulation of 

cholesterol with the “headgroup down” initial orientation encounters significant sampling barriers 

at r < 3.5 nm, which supports our assumption that the lack of convergence of the cholesterol PMF 

curves at these distances (Figure 4) is an artifact due to insufficient sampling in the “headgroup 

down” simulation. 

Conclusions 

In this study, we constructed free energy profiles connected with the uptake of cholesterol and 

7-ketocholesterol from an aqueous solution into an HDL particle. The employed replica exchange 

method helped to explore more efficiently the conformational space during umbrella sampling 

simulations, nevertheless, lengthy simulations were needed to obtain converged free energy 

profiles in the lipid environment. We demonstrated in quantitative terms the difference between 

cholesterol and 7-ketocholesterol adsorption to high-density lipoprotein with free energy minima 

of about -17 and -14 kcal/mol, respectively. We showed that both solutes are readily adsorbed by 

the HDL particle and end up in the same region at its surface. 

On the basis of its position at the surface, HDL-bound 7-ketocholesterol is expected to be able 

to participate directly in biological signaling. Given that the structures of various oxysterols are 

quite similar, this suggests that other oxysterols also reside largely at the surface region of HDL 

and are potential candidates for signaling processes, too. Keeping in mind that the radial 

distribution of cholesterol in HDL and LDL particles is largely identical,13,17 favoring the 

positioning of cholesterol close to the surface layer region of the lipoproteins, it is a plausible 
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suggestion that this view also holds for LDL. Finally, our study shows that free energy calculations 

together with the replica exchange method provide a useful and efficient approach for elucidating 

affinities of different sterols for lipoproteins. This result is interesting also given its importance for 

the study of fusion of lipoproteins and other lipid aggregates and the role of lipid oxidation in this 

complex process as part of initiation of atherosclerosis. 
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