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ABSTRACT The CHARMM-GUI Membrane Builder (http://www.charmm-gui.org/input/membrane), an intuitive, straightfor-
ward, web-based graphical user interface, was expanded to automate the building process of heterogeneous lipid bilayers,
with or without a protein and with support for up to 32 different lipid types. The efficacy of these new features was tested by build-
ing and simulating lipid bilayers that resemble yeast membranes, composed of cholesterol, dipalmitoylphosphatidylcholine,
dioleoylphosphatidylcholine, palmitoyloleoylphosphatidylethanolamine, palmitoyloleoylphosphatidylamine, and palmitoyloleoyl-
phosphatidylserine. Four membranes with varying concentrations of cholesterol and phospholipids were simulated, for a total
of 170 ns at 303.15 K. Unsaturated phospholipid chain concentration had the largest influence on membrane properties,
such as average lipid surface area, density profiles, deuterium order parameters, and cholesterol tilt angle. Simulations with
a high concentration of unsaturated chains (73%, membraneunsat) resulted in a significant increase in lipid surface area and
a decrease in deuterium order parameters, compared with membranes with a high concentration of saturated chains
(60–63%, membranesat). The average tilt angle of cholesterol with respect to bilayer normal was largest, and the distribution
was significantly broader for membraneunsat. Moreover, short-lived cholesterol orientations parallel to the membrane surface ex-
isted only for membraneunsat. The membranesat simulations were in a liquid-ordered state, and agree with similar experimental
cholesterol-containing membranes.
INTRODUCTION

Studying biological phenomena related to lipid membranes or

membrane proteins in atomic detail has been of great interest

to computational biophysicists, and there has been steady

progress in molecular dynamics (MD) simulation studies of

lipid membranes and membrane-associated proteins and

peptides (1–7). MD simulations are particularly useful in

such systems because they can provide the dynamics and

energetics of membrane-associated proteins or peptides at

the atomic level, which is generally hard to obtain from

experiments. Originally, MD simulations of membranes

consisted mainly of pure lipid bilayers (8–10), but have pro-

gressed to the point where bilayers may now contain sterols,

such as cholesterol (11–13), and two or three phospholipids

(3,14,15). Computing resources are certainly at a stage where

researchers can study more realistic membranes containing

five or more phospholipids. However, the complexity of

building such realistic and heterogeneous membranes makes

this a considerable challenge.

To simplify and automate the building process of protein/

membrane complex systems for MD simulations, we devel-

oped a graphical user interface (GUI), Membrane Builder

(16), available at the CHARMM-GUI website (http://www.

charmm-gui.org) (17) that is a superset of a GUI for the

biomolecular simulation program CHARMM (18). Using

Membrane Builder, a user can upload a membrane protein
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structure, or download from a database and choose a certain

lipid type to generate a realistically packed (homogeneous)

lipid bilayer around the protein. The complicated process of

building protein/membrane systems can be dramatically

simplified by automating the process and providing an intui-

tive, straightforward user interface.

It is well-known that more than one kind of lipid molecule

forms a lipid membrane, and the organization and composi-

tion of lipid molecules are very important for a membrane’s

biological functions, which range from membrane trafficking

to signal transduction (19–21). Moreover, it was reported

that for some proteins, the heterogeneity of a membrane is

particularly important for protein function (2,20,22). Not

surprisingly, it becomes more difficult to build a heteroge-

neous membrane with different lipid compositions for MD

simulations. This often requires modification of existing

lipid membranes by changing individual lipid molecules to

different types of lipids at desired concentrations. To address

this difficulty, we extended Membrane Builder to incorpo-

rate the generation option of heterogeneous lipid bilayers.

The lipids available for bilayer generation are numerous

(Supporting Material, Table S1), and the interface allows

a user to select more than one kind of lipid to build

membranes of different compositions. In addition to the

protein/membrane system, a user can now generate a lipid

bilayer system without proteins.

Here, we describe the step-by-step procedure for using

Membrane Builder to generate a heterogeneous mixed

membrane. We then demonstrate Membrane Builder’s effi-

cacy using MD simulations of yeast-like membranes (23),
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which are composed of six different lipid types: cholesterol,

DPPC (dipalmitoylphosphatidylcholine), DOPC (dioleoyl-

phosphatidylcholine), POPE (palmitoyloleoylphosphatidyle-

thanolamine), POPA (palmitoyloleoylphosphatidylamine),

and POPS (palmitoyloleoylphosphatidylserine). To our

knowledge, this is the first MD simulation of a membrane

representative of a true yeast membrane. Moreover, most

membranes that are reported in the literature to represent

a single-celled organism or mammalian membrane typically

involve just two phospholipids and cholesterol (3,14,15). It

was our aim to consider the high diversity of phospholipids

in yeast membranes, and to determine their influence on the

various structural and dynamic properties of membranes.

Such simulations also help provide more realistic initial lipid

areas in Membrane Builder, depending on concentrations of

saturated and unsaturated phospholipids as well as choles-

terol, which will greatly reduce the equilibration time of

heterogeneous mixed membranes.

MATERIALS AND METHODS

General protein/membrane complex building
process in Membrane Builder

Because the overall building process of a protein/membrane system remains

the same as described previously (16), we briefly describe the step-by-step

building procedure and emphasize its new features. This building procedure

consists of six steps for the protein/membrane complex (Fig. S1), where each

step is designed to incorporate user-specified parameters through a web

browser and generate/execute CHARMM input files. For a lipid bilayer

alone, the building procedure starts with the size-determination step

(Fig. S1, step 3). Individual input and output files or archives of the entire

files from each step are available for downloading and editing. An online

tutorial (http://www.charmm-gui.org/tutorial/membrane) can help users

understand the overall process.

Step 1: Read protein structure

The building process of a protein/membrane system starts with reading

a protein structure into CHARMM. Users can upload their own protein

structure, or specify a Protein Data Bank (PDB) entry identification and

a database to download the PDB file. Because protein structures from the

OPM (Orientations of Proteins in Membranes) database (24) are preoriented

with respect to membrane normal (the Z axis by definition), the use of the

OPM database is recommended over the PDB database (25) in Membrane

Builder.

Step 2: Orient protein

Membrane Builder defines the Z axis as membrane normal, and Z ¼ 0 as the

center of the membrane bilayer. Thus, the protein structure must be aligned

along the Z axis, and its hydrophobic region needs to be placed around

Z ¼ 0. Detailed options to assist with the orientation of the protein and

the pore-water generation are described in Jo et al. (16).

Step 3: Determine system size

This is a critical step to determine the system size, based on a number of

user-specified parameters such as lipid types, number of lipids in the bilayer

membrane, system shape, and water thickness on the top and bottom of the

system. In the case of generating a lipid bilayer alone, this will be the initial

step. The option for generating a heterogeneous lipid bilayer is added on top

of the homogeneous lipid bilayer option, to avoid any confusion between the
previous and the new interface. However, heterogeneous lipid bilayer gener-

ation is a general way of building the bilayer membrane, and can be used to

generate a homogeneous lipid bilayer by selecting only one lipid type.

Because the generation of a homogeneous lipid bilayer was described in

our previous study (16), only the new procedures for heterogeneous lipid

bilayer generation are described here. Thirty-two lipid molecules are avail-

able in Membrane Builder (Table S1). Because the surface area of a lipid

type is directly related to the system size calculation, having an accurate

value of the surface area is important. Although experimental lipid surface

areas are available for DLPC (dilauroylphosphatidylcholine), DMPC (di-

myristoylphosphatidylchone), DOPC, DPPC, POPC, and stearoyl-contain-

ing membranes (see references in Table S1 and Eldho et al. (26)), the areas

of many lipid molecules are unknown. Therefore, we made initial guesses as

adopted from the known surface area of a lipid by comparing the headgroup

(Table S1), or as based on MD simulations (DAPC) (27). A user can adjust

the lipid area if necessary.

First, to determine bilayer size in XY, a user can freely choose a ratio

between different lipid types, or explicitly define the number of lipids. If

a ratio of different lipid types is specified, then the system size is determined

by the user’s initial guess about XY lengths. If a user specifies the number of

lipid molecules in a bilayer, the system size in XY is determined by a ratio of

the XY dimension. It is recommended to have the same XY lengths, unless

users have specific reasons. Because a membrane is allowed to have

different types and amounts of lipid molecules for the lower and upper leaf-

lets, the resulting lipid bilayer probably has a different system size in XY for

each leaflet. To avoid such situations, proceeding to the next step is not

allowed until the difference in area of each leaflet is less than the smallest

surface area among the lipid molecules used for the lipid bilayer.

Second, the size along the Z axis is determined by specifying the thickness

of bulk water from the protein extent along Z. In the case of some membrane

proteins or peptides that do not span the bilayer, the size along Z is deter-

mined by the specified water thickness from Z ¼ 20 Å or Z ¼ �20 Å,

i.e., approximately from the lipid headgroup. In the case of membranes

without proteins, users can choose the per-lipid hydration number option

for the water layer, which defines the total number of water molecules by

multiplying the number of lipids and the hydration number. After the system

size is defined, Membrane Builder provides a detailed summary of the

system size and a model bilayer system, using lipid-like pseudoatoms

(step3_packing.pdb). This model protein/membrane system can provide an

idea about the system size and initial lipid distribution. If the size is smaller

or larger than expected, users can go back to the previous step and adjust

parameters as needed.

Step 4: Build components

In this step, components of the system such as lipid bilayer, bulk water, and

ions are generated. If pore water was generated in step 2, the user can refine

the components in this step to ensure that no water molecules are left outside

the protein in the membrane hydrophobic core region (see Pore Water

Generation in Jo et al. (16)). To make the system neutral for long-range

electrostatic interactions using the particle-mesh-Ewald method (28),

Membrane Builder generates an appropriate number of ions, depending on

the user-specified ion concentration. The initial configuration of ions is

then determined through Monte Carlo simulations using a primitive model,

i.e., van der Waals and scaled Coulombic interactions.

A heterogeneous lipid bilayer is generated by the replacement method

originally developed by Woolf and Roux (29,30), and further optimized

in our previous study (16). In general, the replacement method uses lipid-

like pseudoatoms to generate lipid packing around a protein, and replaces

these pseudoatoms with lipid molecules. We use a single-type pseudoatom

with an atomic radius of 5.4 Å to approximate the headgroups of different

lipids. Such spheres provide tight packing and optimal distances between

lipid headgroups. Initially, each pseudoatom is randomly distributed on

the XY plane at Z ¼ 15 Å and Z ¼ �15 Å, and short dynamics simulations

are performed with planar harmonic restraints to maintain the pseudoatoms

on each plane. If there is a protein, then its coordinates are fixed. This model
Biophysical Journal 97(1) 50–58
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bilayer is generated at the end of step 3 (step3_packing.pdb). In step 4, each

pseudoatom is sequentially selected, and its XY coordinates, together with

the Zp value (phosphate position or O3 position for cholesterol in Table

S1), are used to place the headgroup of a randomly selected lipid molecule

from the corresponding lipid structural library. A structural library of each

lipid molecule that consists of 2000 different conformations was generated

from homogeneous or heterogeneous membrane simulations (see Materials

and Methods in Jo et al. (16) for lipid library generation), and is freely avail-

able in the CHARMM-GUI Archive (http://www.charmm-gui.org/archive/

lipid). The process uses a different initial random seed number, and thus

will generate a different lipid bilayer conformation each time.

Steps 5 and 6: Assemble components and equilibrate the
system

Each component that was generated in the previous step is assembled in

step 5. The user must take a close look at the system and verify whether

the system has been built as intended. Because of the significant computing

resources required for system equilibration, Membrane Builder does not

provide the equilibrated structure. Instead, Membrane Builder provides six

consecutive CHARMM input files for system equilibration and production

inputs (see Jo et al. (16) for the detailed equilibration process).

Resolving bad contacts

The replacement method is a general, easy approach for incorporating many

different lipid molecules. However, it is inevitable that bad contacts between

1) protein/lipid and 2) lipid/lipid may occur. 1) Distance is a good measure

for detecting protein/lipid bad contacts. If a randomly selected lipid mole-

cule has a contact distance of <1.2 Å with a protein, the lipid molecule

will be replaced with another lipid molecule until the criterion is satisfied.

2) In general, lipid/lipid bad contacts are easily relieved during minimiza-

tion. However, bad contacts between cholesterol and other types of lipid

molecules may become severe and cannot be removed through simple mini-

mization. For example, a lipid tail could penetrate a cholesterol ring, result-

ing in abnormal bond lengths in the ring during minimization and dynamics.

To detect and resolve such bad contacts reliably, we incorporated another

process after the generation of the lipid bilayer in step 4. First, the lipid

bilayer, including cholesterol molecules, is minimized. If unusually high

bond energy is found after minimization because of cholesterol ring penetra-

tion by neighboring lipid tails, then the cholesterol molecule is translated

away from the membrane along the Z direction and subsequently translated

back to its original position, while minimization is performed for the choles-

terol and lipid molecules near the cholesterol (all others are fixed). Image

atoms are included to detect and resolve bad contacts at the boundaries

between the primary system and its images. If the ring penetration cannot

be resolved after this step, Membrane Builder will notify the user that the

membrane bilayer contains a bad contact that cannot be relieved, and will

recommend regenerating the lipid bilayer. Because a different random

seed number will be used, the regenerated bilayer may not have bad contacts.

Yeast-like membrane systems

To illustrate the efficacy of the automated heterogeneous Membrane Builder

and better understand the structure and dynamics of complex membranes,

we constructed and simulated three membrane models called ‘‘CPRD1’’,

‘‘CPRD1sat’’, and ‘‘Hypo’’. These were based on the CPR1-D1 strain of

yeast (23). For yeast, most prevalent phospholipids are phosphatidylcholine

(PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phospha-

tidic acid (PA), and phosphatidylserine (PS). Because CHARMM force-field

parameters are not available for PI, only the other four headgroups were

considered. Yeast membranes also contain sterols, primarily ergosterol.

However, our model membranes contained cholesterol, which only differs

from ergosterol in the saturation of the sterol aliphatic tail and the center

six-membered ring. Because singly unsaturated aliphatic chains have the

highest concentration in yeast membranes (23), POPA, POPS, POPE,
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DOPC, DPPC, and cholesterol (Chol) were used to build the yeast-like

membranes (see Fig. S2 for the structure of each lipid molecule).

The membrane-only generation option in Membrane Builder was used to

build the three yeast models, using the initial system sizes and the ratio of

different lipid molecules in Table S2 and 0.15 M KCl. Each system was

equilibrated for 0.425 ns, using the equilibration input files generated by

Membrane Builder. Finally, the MD trajectories of each system were gener-

ated, using the all-atom parameter set of optimized lipid parameters (C27r

(31,32)) and the modified TIP3P water model (33). Nosé-Hoover tempera-

ture control (34) maintained a constant temperature of 303.15 K, and the

Langevin-piston algorithm (35) was used to maintain constant pressure at

1 atm along the Z direction, while the XY area varied, with a constant surface

tension of g ¼ 0 dyn/cm for NPgT (constant pressure, surface tension, and

temperature) dynamics. An additional simulation, denoted CPRD1sat-g10,

was run at g ¼ 10 dyn/cm, and its starting structure was the 15-ns snapshot

of CPRD1sat. The van der Waals interactions were smoothly switched off at

10�12 Å by a force-switching function (36). Long-range electrostatic inter-

actions were calculated using the particle-mesh-Ewald method, with a mesh

of 96 � 96 � 96 grid points for fast Fourier transformation, k ¼ 0.34 Å�1,

and a sixth-order B-spline interpolation (28). All bond lengths involving

hydrogen atoms were fixed using the SHAKE algorithm (37), enabling the

2-fs time step. The first structures of each system are shown in Fig. S2,

and coordinates were saved every picosecond for analysis.

The volume or surface area (SA) of a lipid depends not only on temper-

ature but also on the lipid concentrations (15,38). For these MD simulations,

the initial equilibration of 0.425 ns was followed by a period of change in the

average SA per lipid (Fig. 1). Consequently, each run required different

equilibration periods to reach a stable XY box length. The total simulation

time for CPRD1, CPRD1sat, CPRD1sat-g10, and Hypo beyond the initial

equilibration was 20, 35, 25, and 30 ns, respectively. Only the last 10 ns

of each run were used in the analysis described below. The final structures

of our simulations are shown in Fig. S2.

Trajectory analysis

The structural and dynamic properties of the lipids and overall membrane

were compared for these four MD simulations. In addition to the average

overall SA per lipid (box length-squared divided by number of phospho-

lipids and cholesterol per leaflet), the individual average SA was estimated

according to the approach of Pandit et al. (11), with Voronoi tessellation.

Three key atoms, located approximately at the hydrophobic/hydrophilic

interface, defined a lipid, i.e., the two carbonyl carbon atoms and the carbon

FIGURE 1 Average surface area (SA) per lipid for four membrane trajec-

tories after a constrained equilibration period of 0.425 ns.
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that connects the two aliphatic chains to the carbon leading to the phosphate.

For Chol, only the hydroxyl oxygen was used. Details of this method can be

found elsewhere (11). Delaunay triangulation was used to determine the

circumcenters of triangles that resulted in vertices for the Voronoi polygons

to obtain lipid areas, and the Quickhull program (39) was used for this

geometric calculation. The electron-density profile normal for the interface,

r(Z), was obtained from an average of all snapshots, following the method of

Feller et al. (40). As a measure of chain order, the deuterium order parame-

ters were obtained from simulations using standard equations (31). The

orientation of Chol was determined by measuring the angle of the molecule

(see Cournia et al. (13)) with respect to bilayer normal. The lateral mean-

squared displacement of the lipid center of mass was also calculated in

our investigation of lipid dynamics.

RESULTS

Four membrane simulations are analyzed to examine the

effects of lipid tail saturation, Chol concentration, and surface

tension on various structural and dynamic properties. The

CPRD1 model is the most yeast-like, and contains a relatively

high concentration of unsaturated lipid chains. The influence

of tail saturation is studied using the CPRD1sat membrane

model, which is similar to CPRD1 but flips the amount of

DPPC and DOPC, so that DPPC is the dominant lipid (Table

S2). Simulations with the C27r force field of pure bilayers

require a nonzero small surface tension in NPgT or NPAT

(constant pressure, area, and temperature) simulations to

prevent the overthickening of membranes with most lipids

compared with experiments (41–43). Consequently, an

additional simulation was run for the CPRD1sat membrane

model, with an imposed surface tension of 10 dyn/cm

(CPRD1sat-g10). Although the optimal surface tension or

area is not known for these six component bilayers, this simu-

lation gives a general range of property values that should

correspond to the experiments. The fourth membrane model,

Hypo, consists of a membrane similar to CPRD1sat, but with

only 10% Chol on a lipid-only basis.

Surface areas per lipid

The average SA for many pure lipid bilayers is well-known

experimentally (44), and the addition of Chol to most

membranes results in a reduction of average SA per lipid

(38,45). The pure component SAs for lipids were used in

the starting structures for the CPRD1sat and Hypo MD simu-

lations, which contain 22% and 10% Chol (lipid-only basis),

respectively. Because Chol condenses bilayers with lipids in

our yeast-model membranes, these two simulations show

a decrease in the average SA per lipid (Fig. 1). The decrease

in SA per lipid from the pure lipid bilayer can be significant,
e.g., the average SA per lipid of DMPC bilayers containing

25% Chol is reduced by 22% compared with pure DMPC

bilayers (38). A similar reduction in surface area exists for

the CPRD1sat simulation containing 22% Chol. The overes-

timation of the initial SA required a significant amount of

time to equilibrate these bilayers, i.e., to reach a converged

SA (Fig. 1). Consequently, the initial system size for

CPRD1 simulation was based on individual SAs that corre-

sponded to the CPRD1sat simulation (Table 1) and required

only 10 ns of equilibration.

The overall average SA per lipid follows the expected

trend, based on the concentration of saturated lipid chains

and Chol (Table 1): CPRD1, CPRD1sat-g10, Hypo, and

CPRD1sat are in order of decreasing SA per lipid. In general,

this was also the case for the six lipids in these membranes

(Table 1). The increase in surface tension to 10 dyn/cm

results in a 2.6-Å2/lipid increase compared with CPRD1sat.

Of the five phospholipids, DOPC and DPPC are experimen-

tally well-characterized as pure bilayers (44,46). The SA for

liquid crystalline DOPC at 303.15 K is 67.4 5 1.0 Å2/lipid

(46), and is reduced by over 10 Å2 for yeast-like membranes

(Table 1). The SA for the liquid crystalline (323.15 K) (46)

and gel (293.15 K) (44) phases of DPPC are 63.0 5 1.0 and

47.9 5 1.0 Å2/lipid, respectively. For MD simulations with

the highest concentrations of DPPC, the SA for this lipid is

1.5–3.5 Å2 larger than the gel phase. Moreover, the change

in Chol concentration between the CPRD1sat and Hypo

membranes has no effect on the average DPPC SA.

Electron-density profiles

The SA of a lipid gives the average spatial extent of a lipid in

the XY plane, but electron-density profiles (EDPs) along the

Z axis (membrane normal) can give information such as

membrane thickness, location of molecules within

a membrane, and leaflet overlap. The total electron density

of a bilayer has three distinct regions: bulk water density

(jZj > 30), phospholipid headgroup (jZj ~ 22Å), and

a low-density trough (Z ¼ 0). The EDP appears similar for

all simulations (Fig. 2). However, the largest difference

occurs between simulations with ~40% DPPC and ~10%

DOPC (CPRD1sat, CPRD1sat-g10, and Hypo), and with

~40% DOPC and ~10% DPPC (CPRD1). The density at

the center of the bilayer is 10% higher for CPRD1, which

suggests that the increase in chain disorder results in an

increase in chain interdigitation. This simulation also has

the smallest membrane thickness (DHH) of 43.0 5 0.1 Å,

as measured by the distance between the maximum density
TABLE 1 Average lipid surface areas, given as Å2/lipid (5 SE)

Model All POPA POPS POPE DOPC DPPC Chol

CPRD1 51.6 5 0.2 56.4 5 0.6 53.9 5 1.0 57.8 5 0.4 58.9 5 0.3 55.6 5 0.5 30.7 5 0.2

CPRD1sat 44.6 5 0.1 47.5 5 0.4 51.6 5 0.3 50.4 5 0.1 51.2 5 0.8 49.4 5 0.1 26.7 5 0.2

CPRD1sat-g10 47.2 5 0.3 48.6 5 0.8 52.5 5 0.7 52.6 5 0.2 57.1 5 0.9 51.4 5 0.1 29.9 5 0.2

Hypo 48.8 5 0.2 53.7 5 0.7 50.6 5 0.5 51.8 5 0.3 55.3 5 0.5 49.4 5 0.1 27.0 5 0.4

Biophysical Journal 97(1) 50–58
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of each leaflet. The simulations with a higher concentration

of saturated chains have a DHH of 45.2 5 0.8 Å (Hypo),

45.8 5 0.6 Å (CPRD1sat-g10), and 46.8 5 0.6 Å

(CPRD1sat). Increasing the surface tension (CPRD1sat-g10)

and decreasing the Chol concentration (Hypo) both have

a thinning effect on DHH, consistent with previous simula-

tions (47) and experiments (38).

Individual phospholipid densities are compared in Fig. 3

for CPRD1 (these are scaled densities, for easy comparison

of the five lipids). Clearly, DOPC has the largest density at

the center of the bilayer, and is the reason why the CPRD1

FIGURE 2 Average electron-density profiles (for last 10 ns of trajectory).

FIGURE 3 Scaled and symmetrized electron density of five phospho-

lipids for CPRD1 simulation. For comparison, densities are scaled to amount

of DOPC in this simulation.
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membrane has the highest density for the methyl trough

(Z ¼ 0). POPS has the broadest headgroup distribution and

the highest preference for the bulk water phase. The

maximum density of POPA, which is devoid of a choline

or serine, is closest to the center of the bilayer (Z ¼ 16.5 Å).

In general, the headgroup determines the location of the

maximum density for each lipid where PS is farthest from

the center of the bilayer, followed by PC, PE, and PA

(Fig. 3).

The EDP for Chol has a similar grouping to that of the

total EDP (Fig. S3). The highest electron density (center of

the aromatic rings) is grouped by the simulations with the

highest phospholipid chain saturation (Z ~ 511.5 Å) and

the Hypo simulation (Z ~ 510.7 Å). The Chol molecules

in the Hypo simulation tend to penetrate deeper into the

opposing leaflet. The more fluid-like nature of this bilayer

results in more evenly distributed molecules.

Lipid aliphatic chain-ordering

The deuterium order parameters (jSCDj) for the aliphatic

chain measure the average angle of a C-H vector with respect

to bilayer normal. As the average jSCDj increases, the amount

of chain order also increases. Therefore, lipids in the liquid-

disordered phase (La for DPPC) have lower-order parameters

than those in the liquid-ordered phase (Lb for DPPC, gel).

Cholesterol is well-known to induce chain order for many

phospholipids, such as those with saturated chains (48,49).

This behavior is also evident in our simulations (Fig. 4).

CPRD1sat has the highest order, and is similar to DMPC

with 30% Chol (49) and DPPC with 50% Chol (48). The

effect of adding more Chol, from 25% to 50%, exerts only

a minimal change in ordering (a slight increase near the

headgroup) (48), and suggests that CPRD1sat is in good

FIGURE 4 Calculated aliphatic chain deuterium order parameters (jSCDj)
for chain 2 of DPPC, compared with measured values of DPPC (41�C) and

DMPC with 30 mol % of cholesterol at 298 K (49). Standard error for calcu-

lated values of jSCDj is 0.01.
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agreement with the experiment. The change in jSCDj is nearly

identical when the amount of Chol is reduced or there is an

imposed surface tension. Based on these results, DPPC is

likely to be in a liquid-ordered state for the three simulations

(CPRD1sat, CPRD1sat-g10, and Hypo), and the chain order is

significantly higher than the liquid-disordered state at 314.15 K

(Fig. 4). This is likely because of the presence of Chol, and

because the simulation temperature is well below the liquid-

ordered/disordered transition point for a pure DPPC bilayer.

The jSCDj for DPPC is significantly lower for membranes

with an increased amount of lipids with unsaturated chains.

The jSCDj for CPRD1 lies between the liquid-ordered/disor-

dered states (Fig. 4). Although there is certainly more chain

order than in a pure La DPPC bilayer, the ordering is not as

high as in the liquid-ordered state. The average jSCDj for

each phospholipid in CPRD1 is shown in Fig. S4. The values

of jSCDj for saturated chains past the eighth carbon position

(C8) are similar and independent of the headgroup. However,

the largest deviations between these lipids exist near the lipid

headgroup for chain 1 (Fig. S4, top), where POPS has the

highest order, and POPE has the lowest order. DOPC is the

only lipid in these membranes with two unsaturated chains.

The result is a sharp decrease in order at the double bond

between C9 and C10. The values of jSCDj for phospholipids

with chain 2 unsaturated are similar (Fig. S4, bottom), and

are statistically identical for C9 and C10. POPS has the high-

est jSCDj at C14, and DOPC the lowest.

Dynamics of lipids

Based on the jSCDj and average lipid areas, the lipids are in

a condensed state compared with the liquid-disordered state,

and are likely to have low diffusion constants. The mean-

squared displacement for DPPC is shown in Fig. S5 for

CPRD1, and was similar for all simulations. However, there

appears to be a finite size effect in these membranes, result-

ing in an overall leaflet motion that dominates individual

lipid motions. This is known to occur for membranes of 36

lipids per leaflet with La DPPC, but to disappear with larger

membranes (144 lipids per leaflet) (50). Although our yeast-

like membranes are considerably larger than 36 lipids per

leaflet, this finite size effect exists, and likely occurred

because our simulations were in a liquid-ordered or liquid-

ordered-like state. Therefore, a diffusion constant for lipids

in these membranes cannot be obtained without larger simu-

lations, and is beyond the scope of this study.

Cholesterol tilt angle

The orientation of Chol in the bilayer with respect to

membrane normal was determined using the tilt angle, as

defined by the rings of the sterol (Fig. 5). The mean values

for this angle are 12.4� (CPRD1sat), 15.3� (CPRD1sat-g10),

15.3� (Hypo), and 18.6� (CPRD1). A surface tension of

10 dyn/cm has the same effect as decreasing the Chol con-

centration. The average tilt angle was slightly higher than
in a simulation by Cournia et al. (13), but was consistent

with their DPPC/Chol membranes at a higher concentration

of Chol (40%). These tilt angles are consistent with 2H NMR

results that reported a 15–24� tilt angle for Chol in PE and

PC membranes (51).

Although the mode of these distributions changes propor-

tionally with the mean, the larger effect on Chol and phos-

pholipid chain saturation is in the breadth of the tilt angle

distributions. CPRD1sat has a narrow tilt angle distribution,

and a decrease in the amount of phospholipid chain satura-

tion results in a significantly broader distribution (CPRD1).

Moreover, the CPRD1 simulation contains low populations

of Chol orientations that are essentially parallel to the bilayer

surface, when surrounded primarily by DOPC (Fig. 6).

DISCUSSION

The MD simulations of mixed lipid bilayers typically

involve the use of NPT, or equivalently the NP(g ¼ 0)T

ensembles for most force fields except for the CHARMM

force field (11,12,52). However, NPT simulations with the

CHARMM force field result in significantly thicker

membranes and SAs that are small compared with the exper-

iment (41–43). Consequently, most MD simulations of pure

lipid bilayers with the CHARMM force field use the NPAT

or NPgT ensemble. The use of these two ensembles is sup-

ported by the finite size effects of small lipid patches used in

these MD simulations (53). A flaccid bilayer should have

zero surface tension, but a small patch of this macroscopic

bilayer suppresses undulations and may have a finite surface

tension. Subsequent theoretical work (54) supports this

notion, although this work leads to smaller surface tensions

FIGURE 5 Probability distribution for angle of cholesterol (defined by the

C3–C17 (13) that connects two opposite portions of the sterol ring) with

respect to bilayer normal.
Biophysical Journal 97(1) 50–58
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than C27r-based simulations. In addition, the electrostatic

potential drop across the lipid bilayer is known to be overes-

timated with C27r (55). This and an undersaturation of water

in the glycerol region of the lipid suggest that the partial

charges in C27r may require adjustment. Sonne et al. (56)

changed these charges using quantum mechanics, and

20-ns DPPC NPT simulations agree favorably with the exper-

imental surface area. Additional changes in the atomic partial

charges to match solvation free energies resulted in NPAT

simulations with small and reasonable values of surface

tension for several lipids, and will be available in future

releases of CHARMM (J. B. Klauda, R. M. Venable, A. D.

MacKerell Jr., B. R. Brooks, and R. W. Pastor, unpublished

data).

The appropriateness of using the NPgT or NPT ensemble

is not the focus of this study, but is our reason for running

two CPRD1sat simulations at surface tensions of 0 and

10 dyn/cm, especially with C27r. The SA per lipid is typi-

cally known for a pure bilayer, and the use of the NPAT

or NPgT ensemble works well for CHARMM (43), but for

most mixed lipid bilayers, the SA is not available. The effect

of a 10-dyn/cm surface tension increases the average SA per

lipid by 6% (Table 1), and decreases the deuterium order

parameters by 10% (Fig. 4). The values of jSCDj of DPPC

are expected to be lower than of DMPC with 30% Chol,

and both CPRD1sat and CPRD1sat-g10 follow this trend.

These results likely indicate bounds to the areas and the jSCDj
for this yeast-like membrane.

A change in Chol concentration can influence various prop-

erties of a bilayer. For example, Chol is known to condense

lipid bilayers, such that the average SA per lipid is reduced

FIGURE 6 Snapshot from CPRD1 at 4 ns, centered on cholesterol (Chol)

that is orientated parallel to bilayer surface. Lipids are colored as follows:

DOPC (green), DPPC (blue), POPA (black), POPE (red), and POPS

(purple).
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compared with a bilayer without Chol (38,45). This same

trend is evident in our five-component yeast membranes

when CPRD1sat (22% Chol) and Hypo (10% Chol) were

compared (Fig. 1 and Table 1). There is a 9% decrease in

average SA per lipid with a 12% increase in Chol concentra-

tion, and consequently the membrane thickness is smaller for

Hypo (Fig. 2). This decrease in membrane thickness also

decreases the jSCDj of DPPC by 10%. The values of jSCDj
of Hypo are nearly identical to those of CPRD1sat-g10, which

was likely attributable to an identical DHH (45.2 5 0.8 Å for

Hypo, and 45.8 5 0.6 Å for CPRD1sat-g10) and a similar

average SA per lipid (Table 1). The density at the center of

the bilayer is invariant to changes in Chol concentration,

which is dominated by the alkane density from the phospho-

lipids and the Chol tails.

A change in concentration of phospholipids with saturated

chains has a larger effect on the electron density, order

parameters, and Chol orientation compared with a change

in Chol concentration. The yeast-like membrane models

can be split into two groups, i.e., simulations with a 60–63%

(CPRD1sat, CPRD1sat-g10, and Hypo) concentration of fully

saturated phospholipid chains, and the simulation with

a 27% concentration of fully saturated phospholipid chains

(CPRD1). The simulations with mainly saturated chains

have a lower SA per lipid (Table 1). There is a 10% increase

in average DPPC SA per lipid when the simulation contains

mainly unsaturated phospholipid chains. The EDPs show

the largest differences between these two groups. A decrease

in chain saturation leads to a decrease in DHH and an increase

in density at the center of the bilayer (Fig. 2). There is also

a significant decrease in jSCDj of DPPC of up to 20% for

the unsaturated chains. Moreover, Chol has an increased

probability to tilt away from bilayer normal for the simula-

tion with less chain saturation. Consequently, some Chol

can lie parallel to the bilayer surface (Fig. 6), which deviates

from the standard orientation that is only slightly tilted with

respect to bilayer normal (51). Cholesterol prefers to interact

with saturated chain lipids, and experiments (57) and simula-

tions (27) have indicated that polyunsaturated lipids can cause

a significant amount of Chol to lie parallel to the bilayer

surface. However, for polyunsaturated lipids, these parallel-

oriented Chol molecules tend to exist at the center of the

bilayer. Although course-grained simulations resulted in

such Chol orientations (27), we are, to our knowledge, the first

to report a parallel orientation of Chol in an all-atom simula-

tion. These orientations are short-lived in CPRD1 (<1 ns), but

do occur with different Chol molecules in different leaflets,

suggesting that these are rare but real events.

Based on these simulations, the suggested SAs for

Membrane Builder were changed to account for phospholipid

chain saturation (Table S1). Although users can choose their

own estimated SA per lipid, the website will use the areas in

Table S1 as defaults if unspecified. For low Chol concentra-

tions (<5%), the pure lipid bilayer areas will be used. If the

Chol concentration is >5%, the appropriate estimated areas
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will be picked from either the saturated or unsaturated

columns in Table S1. If the number of saturated chains is equal

to that of the unsaturated chains, the saturated column will be

used. These estimates should reduce the amount of equilib-

rium time needed to obtain the SA per lipid of complex

membrane mixtures with Chol created by the CHARMM-

GUI Membrane Builder. Ultimately, this should be of benefit

to a wide range of scientists who simulate complex lipid

membranes, both with and without peptides and proteins.
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