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Abstract

The Amber Lipid14 force field is expanded to include cholesterol parameters for all-atom
cholesterol and lipid bilayer molecular dynamics simulations. The General Amber and Lipid14
force fields are used as a basis for assigning atom types and basic parameters. A new RESP charge
derivation for cholesterol is presented, and tail parameters are adapted from Lipid14 alkane tails.
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers
are simulated at a range of cholesterol contents. Experimental bilayer structural properties are
compared with bilayer simulations and are found to be in good agreement. With this
parameterization, another component of complex membranes is available for molecular dynamics
with the Amber Lipid14 force field.
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INTRODUCTION

Membranes are composed of a diverse mix of glycerophospholipids, sphingolipids,
glycolipids, and sterols. Cholesterol is a common yet important component of mammalian
cell membranes, and sterols may be found in mammalian membranes in molar fractions up
to 50%.12

Cholesterol affects the phase and order of lipid bilayers. Structural studies indicate that the
effects of cholesterol on lipid bilayers are dependent on lipid type.3# In certain bilayer types,
cholesterol facilitates tighter packing of the lipid bilayer, resulting in lateral compression of
the bilayer. In some lipid bilayers, increased cholesterol content introduces a liquid ordered
phase, which is characterized by ordered saturated and unsaturated chain tails. The gel phase
differs from the liquid ordered phase in that the liquid ordered phase lipids still diffuse
through the bilayer. The liquid ordered phase has been observed with certain bilayer
mixtures composed of sphingolipids, glycolipids, and cholesterol.

The liquid ordered phase of lipid bilayers also may be related to raft assemblies in biological
membranes. Lipidomic studies indicate membranes with rafts contain a mixture of
components similar to model bilayers.2 Model lipid bilayers in the liquid ordered phase are
often compared with raft assemblies in membranes;3 however, large membrane raft domains
have not been directly observed in biological membranes.# While there are experimental
approaches to capture membrane dynamics, it still remains difficult to resolve structures of
membranes at atomic levels of detail.”

Cholesterol not only plays a structural role in cellular membranes but also may influence
membrane protein dynamics and function. Cholesterol has been identified as a ligand to
certain membrane receptors and in some cases has been shown to cause conformational
shifts in protein structure.8: One such example is the case of serotonin 1A receptors.® This
suggests that the surrounding membrane environment is important for the dynamics of
membrane proteins.

It is also notoriously difficult to resolve atomic structures of membrane proteins. While the
number of resolved solution protein structures continues to grow exponentially, the number
of resolved membrane protein structures grows at a fraction of that rate.10 Currently, there
are only 512 unique membrane protein structures available.10

Therefore, complementary methods to study the structure of these membranes and
membrane proteins are valuable. One widely used computational method, molecular
dynamics (MD), can be applied to bilayers and membrane environments.11-14 Previous
molecular dynamics of bilayers required extensive parameterization of lipid force fields to
reproduce lipid bilayer structure and dynamics.13 To accurately predict membrane bound
protein dynamics it is necessary to have an accurate model of the complex surrounding
membrane environment. While sterols are important membrane components, the Amber
family of molecular force fields has not included an extensively tested parameter set for
cholesterol in diverse membrane environments.
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Many studies and parameter sets have been developed for molecular dynamics simulations
of lipid bilayers and membrane proteins. Cholesterol has been included in MD simulations
of lipid bilayers with parameterization at different levels of molecular detail. The MARTINI
force field includes a coarse-grain model for cholesterol for use with their other lipid
parameters.1®> Gromacs force fields (GROMOS) include several united-atom cholesterol
models.16 All-atom parameters for cholesterol have also been developed for molecular
dynamics simulations. Cournia et al. published an all-atom cholesterol parameter set for
molecular dynamics; however, simulations with that parameter set requires an additional
constant surface tension term.1” The Charmm force fields have lipid parameter sets
including parameterization for cholesterol.18 Recently, the Slipids force field was expanded
to include additional lipid components and cholesterol.1®

Previously, the Amber Lipid11 force field included a basic parameter set for cholesterol;12
however, with the recent release of the Lipid14 force field and changes in the
parameterization strategy for lipids, a detailed investigation of cholesterol parameters and
their interaction with Lipid14 bilayers was warranted.13 Because of the importance of
cholesterol on biological bilayer function and structure, a cholesterol force field developed
based on the parameterization strategy of Lipid14 is presented in this article. The Lipid14
parameter set is expanded to include cholesterol for Lipid14 bilayer MD simulations.

The parameterization of cholesterol presented here is based on the Lipd14 set of parameters
required to independently reproduce relevant physical, thermodynamic, and quantum data.
Parameterization was modular and independent of the final validation simulations. The final
test set consisted of simulations of phospholipid and cholesterol bilayer mixtures. Lipid and
cholesterol bilayer molecular dynamics simulations were compared to available bilayer
structural data at a range of cholesterol fractions.

PARAMETERIZATION OF CHOLESTEROL

Previous all-atom cholesterol force fields included several different strategies for the
refinement of force field parameters. All previous publications included atomic partial
charges for the cholesterol molecule.17-19 Some cholesterol parameterizations have
examined the van der Waals parameters of model molecules to fit experimental heats of
vaporization and densities.18 The cholesterol tail dihedral parameters have been compared
with quantum energies from torsion scans.18 Other parameterizations have investigated
fitting parameters to molecular frequencies or examining the cholesterol partition
coefficients, 1517

For this work, initial cholesterol parameters were drawn from the General Amber Force
Field (GAFF) included in the Amber 14 release.2’ The Amber 14 program Antechamber
was used to automatically assign atom types from GAFF and their corresponding bond,
angle, and dihedral parameters. The following sections describe further modifications to the
GAFF parameters necessary for cholesterol molecular dynamics.

Figure 1 shows the molecular structure of cholesterol. The atom types and the partial charges
of cholesterol obtained in this parameterization are listed in Figure 1. The full parameter set
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is included in the Supporting Information in Figure S3, Table S3, and a full printout of the
parameter file. The parameters will be freely available as an update to AmberTools 15.

Partial Atomic Charges

Partial atomic charges are necessary for force fields using the Amber energy function. Partial
charges were refined with the RESP charge derivation method as described in Lipid14.13
The charge derivation strategy of Lipid14 is compatible with the other all-atom Amber force
fields. Charges were refined using a multiconformation RESP method compatible with the
Amber RESP procedure used for proteins, nucleic acids, and the GAFF. An implicitly
Boltzmann-weighted multiconformation RESP fit was calculated for the entire cholesterol
molecule.?! No additional constraints upon the partial charges were used in the RESP charge
derivation, consistent with the Lipid14 derivation.

Preliminary partial atomic charges were needed for initial MD of cholesterol. Charges for
preliminary MD of a single cholesterol molecule were refined using the Amber RESP
procedure.2! The molecular geometry of a single cholesterol was optimized, and the ESP
was calculated at the HF/6-31G* level of theory and basis set with Gaussian 2009.22
Besides the normal Amber RESP constraints, no additional capping groups or constraints
were used for cholesterol partial atomic charges.

MD of cholesterol was simulated with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1-palmitoyl-2-oleoyl-srglycero-3-phosphoethanolamine (POPE) bilayers. The
same protocol for MD was used as described for production MD for Lipid14 bilayers.13
POPC and POPE were chosen because they include the two main phospholipid head groups
included in Lipid14 as well as saturated and unsaturated tails. Starting bilayer conformations
were obtained with the CHARMM-GUI membrane builder.23 Each system was simulated
for 125 ns with 0.25 molar fraction cholesterol in a bilayer with 128 total lipid and
cholesterol molecules. POPC was simulated at 303 K with 32 TIP3P water molecules per
bilayer molecule.24 POPE was simulated at 310 K with 32 TIP3P water molecules per
bilayer molecule. Each simulation included 150 mM K* and CI~ molecules using Joung et
al.’s ion parameters.2°

Random structures were extracted from the molecular dynamics trajectories of cholesterol
and POPC and POPE. Fifty cholesterol conformations were extracted from the POPC
simulation, and 50 conformations were extracted from POPE simulation. RESP charges
were obtained at the HF/6-31G™ level for each individual conformation. The mean partial
atomic charge from all conformations was used for the final charge set. The partial charges
of the terminal methyl groups at carbon 26 and 27 were adjusted to their mean value because
they are equivalent methyl groups. Because the structures were extracted from an initial MD
simulation, the mean RESP charges are assumed to be implicitly Boltzmann-weighted.

Lipid14 Alkane Parameters

A major dynamic portion of cholesterol is its alkane tail. Cholesterol is normally oriented in
bilayers such that the hydroxyl group of the sterol is oriented toward the polar heads of the
lipids. The cholesterol alkane tail is usually oriented toward the nonpolar tails of the lipids.
Thus, the cholesterol tails normally interact with the other lipid tails of the bilayer. As
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presented in Lipid14, the phospholipid tail parameters are very important for overall bilayer
structure and dynamics in tensionless MD simulations.3 Because of issues with the order of
GAFF long alkane chain parameters, the Lipid14 tail parameters were refit.11.26 RESP
charges were derived for each alkane chain with capping groups. The hydrogen van der
Waals parameters of long alkane chains were adjusted such that simulations of pure alkanes
matched physical and thermodynamic data. The alkane dihedral angles were also fit to
torsional scan quantum energies.

Therefore, instead of using the GAFF parameters for cholesterol tails, Lipid14 alkane
parameters were applied.13 All carbon and hydrogen atoms in the cholesterol tail were
assigned the default saturated tail sp3 hybridized carbon and the associated hydrogen atom
type from Lipid14. The cholesterol tails include all of the modifications from Lipid14 and
are thus consistent with Lipid14 molecules in the interior environment of the bilayer.

Sterol Ring Parameters

Parameters were applied from the General Amber Force Field and Lipid14 according to their
atom type.1320 Given the size and rigidity of the sterol portion of the molecule, this portion
of the molecule may significantly influence bilayer structure.18 Therefore, the van der Waals
parameters of the sterol group hydrogens were re-examined. A ringed model molecule,
trans-decalin, was simulated with MD under a range of conditions. 7rans-decalin was also
simulated with various mixtures of hexadecane, which models the mixing of cholesterol
with phospholipid tails. Parameters for #rans-decalin were taken from cholesterol and
parameters for hexadecane were adapted from Lipid14.13 The full details of zrans-decalin
and hexadecane parameters are presented in the Supporting Information (Figure S1, Table
S1).

To evaluate the van der Waals parameters, frans-decalin MD simulations were compared
with experimental molar volume, density, and enthalpy of vaporization measurements.2’
Molar volume was calculated directly from MD simulation system volume. Average bulk
density was calculated as the simple average calculated from the volume of the system and
the mass of molecular components at the measured temperature. Enthalpy of vaporization
AHqp was calculated in the same manner as in Lipid14 (eq 1).13 Enthalpy of vaporization
calculations require two sets of simulations: individual #rans-decalin molecules in gas-phase
and liquid-phase frans-decalin systems both at the vaporization temperature.

Gas-phase trans-decalin systems consisted of multiple simulations of a single #rans-decalin
molecule. Liquid-phase frans-decalin systems were assembled with 256 #rans-decalin
molecules using the program Packmol.28 Mixtures of 256 molecules of frans-decalin and
hexadecane were also assembled at various molar fractions of frans-decalin and hexadecane.

Simulations employed SHAKE constraints for bonds with hydrogen and used a 0.002 fs
time step.2% All systems were simulated with MD for 20 ns. Gas-phase trans-decalin was
simulated in the constant volume ensemble at a temperature of 461.45 K using the Langevin
thermostat and 1 ps~1 collision frequency.30 Pure liquid-phase trans-decalin simulations
were simulated at 298.15 and 461.45 K. Liquid-phase mixtures of frans-decalin and
hexadecane were simulated at 298.15 K. The simulations used the Berendsen barostat with a
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pressure relaxation time of 1 ps.3! Periodic boundary conditions were set with the particle
mesh Ewald method for long-range electrostatics interactions with a 10 A cutoff for
nonbonded interactions.32

Table 1 summarizes the enthalpy of vaporization from the MD simulations as well as
experimental constants. From simulation, the enthalpy of vaporization was calculated to be
10.03 kcal/mol, while the reported experimental value is 9.61 kcal/mol.2” MD with the
current sterol van der Waals parameters slightly overestimates the enthalpy of vaporization.
The predicted liquid density of #ans-decalin at 298.15 K was 0.8641 g/cm3, which
reproduced the experimental constant of 0.8659 g/cmZ.2” The agreement between simulation
and experiment for densities suggests that the van der Waals parameters for #rans-decalin
may be acceptable for predicting volumes of cholesterol in lipid bilayers.

trans-Decalin was also simulated in binary mixtures of hexadecane to examine the molar
volume. The mean molar volume was calculated from the equilibrated MD trajectory and
compared with experimental molar volumes. The experimental molar volume of pure trans-
decalin from Benson et al., the molar volume of pure hexadecane from Fuchs et al., and the
excess molar volumes of binary mixtures from Letcher et al. are shown in Figure 2. The
simulation and experimental molar volumes exhibit the same trend across the range of trans-
decalin and hexadecane mixtures.

Simulations of frans-decalin indicate that the GAFF hydrogen van der Waals parameters are
able to reproduce physical and thermodynamic data for this molecule. This is consistent with
recent studies that have investigated GAFF parameters for a range of small organic
molecules.38 Therefore, no further changes to the GAFF hydrogen van der Waals parameters
were applied to the cholesterol sterol rings.

Molecular Dynamics of Lipid Bilayers with Cholesterol

For further testing and validation of the cholesterol parameters, lipid bilayer types with
available structural experimental data were simulated. 1,2-Dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), 1,2-dioleoyl-sr-glycero-3-phosphocholine (DOPC), and 1-
palmitoyl-2-oleoyl-sm-glycero-3-phosphocholine (POPC) are three common bilayer types
used in cholesterol structural studies.

A summary of the validation simulation system parameters is included in Table 2. This Table
lists the molar fraction of cholesterol in the bilayer, X, and the respective number of lipids
and cholesterol, M, and Ay The number of water molecules per bilayer molecule (lipid
and cholesterol), 7, is also listed.37:38 Molar fractions of cholesterol were considered in the
range from 0.0 to 0.5, a common physiological range of cholesterol content.! Each bilayer
was simulated in triplicate for 200 ns resulting in total sampling of 10.8 ps.

In the initial input structures, cholesterol molecules were evenly distributed between the two
bilayer leaflets. Initial structures at varying cholesterol contents were obtained using the
CHARMM-GUI web server.23 Structures were then converted to the Amber Lipid14 naming
convention with the charmmlipid2amber.py script, available with AmberTools v14.39
Formatted structure files were loaded into the program Leap, and parameters and topology
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were assigned. Glycerophospholipid parameters from Lipid14 were used for the lipids.13
Each structure was solvated with TIP3P water molecules and contained a monovalent ionic
concentration of 150 mM K* and CI~ with parameters from Joung et al.2425

The simulation protocol used for validation of the parameters was consistent with the
Lipid14 validation protocol.13 The protocol was designed with several stages including
linear heating and equilibration of the system prior to production MD.

The initial structures were first minimized using 5000 steps of steepest descent followed by
5000 steps of conjugate gradient minimization. Each system was then heated in two stages.
In the first heating stage the system target temperature was slowly heated from 0 to 100 K
over 5 ps with a constant volume MD simulation. The Langevin thermostat was used with a
collision frequency of 1.0 ps™1.30 The second heating stage then increased the target
temperature to production temperature over 1.0 ns with a constant pressure MD simulation.
The Langevin thermostat was used with the Berendsen barostat with a target pressure of 1.0
bar and a relaxation time of 1.0 ps.30:31 During each heating simulation, all atoms of the
bilayer were restrained with a weak harmonic restraint to the initial structure using a force
constant of 10 kcal mol=* A=2 to prevent large structural deviations during heating.

After heating, production dynamics was simulated with constant temperature and pressure
with the Langevin thermostat and the anisotropic Berendsen barostat.3%:31 The thermostat
target temperature used was specific to each bilayer type (Table 2) and a collision frequency
of 1.0 ps~1 was set. The barostat reference pressure was 1.0 bar, and a relaxation time of 1.0
ps was used. In all simulations, the SHAKE algorithm was used to constrain bonds involving
hydrogen with a relative tolerance of 1 x 1077.2% A 0.002 ps time step was used in all stages
of dynamics. The particle mesh Ewald summation method was used for long-range
electrostatics with a real-space cutoff of 10.0 A for the electrostatics.32 The same cutoff was
used for van der Waals interactions. A long-range dispersion correction was applied to the
energy and pressure beyond the cutoff.40 Lipid bilayer equilibration was monitored via
system volume and density. Equilibration times were between 25 and 50 ns for all systems,
and there was no correlation between bilayer composition and equilibration times.

All simulations used the GPU-accelerated version of the MD program Pmemad using the
SPFP precision model of Le Grand and Walker.3941-44 Each bilayer simulation consisted of
three independent runs, begun from different initial random seeds for a duration of 200 ns
each. Analysis was conducted using the AmberTools programs Ptrajand Cpptraj on the
equilibrated portion of the trajectories.394

VALIDATION

There is limited experimental data for lipids containing cholesterol, but some data can be
directly compared with simulation bilayer structural properties. Bilayers have been studied
experimentally at a range of cholesterol contents and conditions.® Along with estimates of
area per molecule and volume per molecule of the bilayer, there are several other data sets
available for comparison with experiment. Simulation results may be compared with X-ray
and neutron scattering form factor data and electron density profiles of these bilayers. NMR
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studies provide important information regarding cholesterol deuterium order parameters and
lipid acyl chain order. In the following sections, the cholesterol and lipid bilayers are
compared with experimental structural properties as well as other all-atom force fields.

Volume per Molecule

The volumes of a given bilayer under various conditions may be obtained from experiments
by fitting X-ray and neutron scattering results to bilayer models and measurements of
volume per bilayer molecule are precise.?’ In the simulation of mixed bilayers, the average
volume per molecule for both lipid and cholesterol molecules was calculated using
simulation periodic box dimensions and then subtracting the volume of water molecules.
The volume per molecule of the bilayer is defined as the average volume per molecule
divided by the number of molecules (including cholesterol and lipids) in the bilayer. The
volume of water was estimated to be 30.51 A3 from MD simulations of neat TIP3P water
molecules under identical production simulation conditions.

Figure 3 shows the change in average volume per molecule while varying the cholesterol
content in bilayers. Averages for all simulation properties were calculated as the mean value
across all three 200 ns simulations. As the fraction of cholesterol increases, the average
volume per molecule decreases. The change in the volume per molecule with change in the
molar fraction of cholesterol is reproduced between simulation and experiment. While the
simulation volume per lipid is systematically underestimated in both DMPC and DOPC
simulations, the change in volume follows the same trend as experiment. Some variability
also exists between reported experimental values at different temperatures. Volume per
molecule in pure Lipid14 systems were also systematically underestimated.13 As discussed
in the Lipid14 article, this may be due to an underestimation of phospholipid headgroup van
der Waals parameters.

Bilayer Thickness

Another available structural measurement is that of bilayer thickness. Bilayer head-to-head
(DyR) thickness was calculated from electron density profiles of equilibrated production
simulation data. Bilayer thicknesses from each simulation were averaged and the mean
values are plotted in Figure 4. Simulation electron densities were obtained with Hannes
Loeffler’s Ptrajand Cpptraj program modifications available in AmberTools 14.3945 Head-
to-head distance was calculated as the distance between the two maxima of electron density
corresponding to the head groups.

Figure 4 shows the dependence of bilayer head-to-head thickness on cholesterol content. As
the molar fraction of cholesterol increases, the thickness of the bilayer increases. The
simulation DMPC thickness falls within the range of experimental values from Pan et al. and
Pencer et al.#6:49 Simulation DOPC thickness follows the trend of experimental results from
Pan et al 46

Bilayer thicknesses were previously calculated in comparable simulations with other force
fields. The Charmm C36c¢ force field presented by Lim et al. includes mixed lipid bilayer
simulations from which electron density profiles.18 Simulations of phospholipid and
cholesterol bilayers with the C36¢ force field yielded head-to-head bilayer thicknesses of
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~38 A and ~42 A DMPC with 10% cholesterol and 30% cholesterol, respectively.18 Bilayers
simulated with Lipid14 DMPC and cholesterol resulted in bilayer thicknesses of ~37.5 and
~44 A for 10 and 30% cholesterol, respectively. The estimated thickness from simulation of
Charmm C36¢ DOPC bilayers was ~40 A with 10% cholesterol.1® Simulations of Lipid14
DOPC and 10% cholesterol bilayers yielded an estimated thickness of ~37.5 A.

The Slipids force field by Jambeck et al. also includes bilayer thicknesses for cholesterol and
lipid simulations.1® For simulations of DMPC bilayers with Slipids parameters, the head-to-
head thickness is slightly lower overall compared with the Lipid14 simulations by ~2 A. For
DOPC, Lipid14 simulations follow the trend of Slipids simulations with DOPC bilayer
thickness with thicknesses within ~1 A of each other. Simulations of membranes with
Lipid14 parameters yield bilayer thickness that falls within the range of thickness reported
from Charmm and Slipids simulations.

DMPC and DOPC Order Parameters

NMR order parameters provide important information about glycerophospholipid acy! tail
configurations. Experiments with 2H NMR or 1H-13C NMR measure the splitting or
coupling that is proportional to an order parameter value. The deuterium order parameter |
Scpl is defined by the equation

|S,

CD‘:

%(3 cos?0 — 1) 1)

The angle between the C-D vector and the bilayer normal is defined as 6. Simulation
deuterium order parameters were calculated from equilibrated production trajectories with
Hannes Loeffler’s Ptraj program modifications.39:45

In Figure 5, the deuterium order parameter | Scp| is shown as a function of each carbon atom
along the acyl chain. Order parameters were calculated for each lipid tail at every simulated
molar fraction of cholesterol; however, experimental order profiles only exist for the
cholesterol and DMPC and DOPC hilayer compositions shown in Figure 5. Simulation data
are shown for DMPC at 0.3 molar fraction cholesterol. Order parameters from these
simulations fall within the range of experimental order parameters.

Cholesterol order parameters have been calculated from simulations of bilayers with other
cholesterol force fields over a range of cholesterol contents.8:1% Order parameters for
Charmm C36c¢ simulations of DMPC and 0.3 molar fraction cholesterol have a similar order
profile;18 however, simulations of bilayers with the C36c force field have a slightly lower
order plateau (~0.38). The order profile of the s7-28-13 carbons from Slipids simulations
resembles the order parameters from simulations with Lipid14 parameters, although lipids
from Lipid14 simulations were more ordered.1® The order parameters presented in this
article lie within the range of experimental order parameters at 25 and 30 °C and follow a
similar trend as for order parameters calculated from simulations with the Charmm C36¢
and Slipids force fields.
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Simulation deuterium order parameters for DMPC at 0.5 molar fraction cholesterol are
compared with order parameters from diperdeuterated DMPC experiments from Trouard et
al., in which every carbon along the hydrocarbon tails is deuterated.>* Note that
perdeuterated experimental order parameters are usually assumed to monotonically decrease
along the carbon chain.®® Myristoy! order parameters calculated from bilayer simulations
with the Slipids force field are comparable with Lipid14 myristoyl order parameters,
although with lower order in the plateau region for the sn-7 tail.19

DOPC order parameters with 0.3 molar fraction cholesterol were reported by
Warschawski.>®> DOPC and cholesterol bilayers simulated under the same conditions
revealed that the order parameters for carbons 9-11 and 15-18 resemble but slightly
overestimated the experimental values.

Order parameters for Slipids DOPC bilayer simulations with cholesterol showed that the
oleoyl order is higher than experiment.1® Lipid14 bilayer simulations, in comparison, have
oleoyl order parameters closer to the experimental results presented by Warschawski.

POPC Order Parameters

Ferreira et al. present an extensive data set on POPC phospholipid and cholesterol order
parameters in bilayers with varying cholesterol content. Figures 6 and 7 present a detailed
comparison of POPC tail and head order parameters from MD simulation and experiment.
Simulations with the updated cholesterol parameter set and Lipid14 are able to reproduce the
change in lipid order throughout a range of cholesterol contents. Ferreira et al. also
compared experimental order parameters with MD simulations using the Berger parameter
set for phospholipids and a GROMOS-based parameter set for cholesterol.>” The tail and
head order parameters presented here match Ferreira et al.’s experimental results well.

Cholesterol Order Parameters in DMPC and POPC

Vermeer et al. report order parameters for axial and equatorial C-D bonds in cholesterol.>3
From these data it is possible to examine the effect of cholesterol content on the orientation
of cholesterol within the lipid bilayer.

Figure 8 shows the deuterium order parameters | Scp| for axial and equatorial C-D vectors in
the cholesterol rings near the hydroxyl group. Experimental data for DMPC with 30%
cholesterol are shown from Vermeer et al.>3 The simulation and experimental cholesterol
order parameters are in good agreement. This suggests that on average the cholesterol in the
simulations is oriented in a similar configuration as experimental bilayers.

Jambeck et al. calculate order parameters for cholesterol in DMPC bilayer simulations with
the Slipids force field under the same conditions.1® Overall, bilayer simulations with Slipids
yield average order parameters that are close to available experimental values from Vermeer
et al.>3 The order parameters of cholesterol gives insight into the orientation and
configuration of cholesterol molecules in bilayers.

Ferreira et al. also include detailed cholesterol order parameters in their study of mixed
POPC and cholesterol bilayers.>” Remarkably, this data set includes detailed order
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parameters for all cholesterol C—H vectors as well. Order parameters were calculated from
the entire set of POPC and cholesterol MD simulations and compared with experimental
values in Figure 9. Ferreira et al. note that NMR experiments usually only produce the larger
of the two order parameters.>’ Considering this fact, there is agreement between the larger
cholesterol order parameters calculated from MD simulations of the updated cholesterol
parameter set and Ferreira et al.’s NMR order parameters.

Scattering Form Factors

X-ray and neutron scattering form factors are an important direct comparison for bilayer
structures. In particular, experimental form factors may be modeled to calculate electron
density profiles of bilayers. From the electron density profile, it is possible to determine the
thickness and phase of the bilayer.

Conversely, simulation density profiles can be converted to scattering form factors. The
SIMtoEXP program allows for direct comparison of simulation form factors with
experimental form factors without requiring additional modeling of the experimental data.>®
Number density profiles were generated from equilibrated production trajectories using
Hannes Loeffler’s Ptraj program modifications.3945 These number densities, in turn, were
loaded and processed with SIMfoEXP. Default SIMtoEXP settings were used during
analysis, and the magnitude of experimental form factors was automatically scaled to
minimize the mean square of deviation between form factors.

Figure 10 shows the X-ray form factors for cholesterol and DMPC bilayers in comparison
with experimental form factors. X-ray scattering form factors are available for DMPC and
cholesterol bilayers at a range of cholesterol contents.#6:48 For a DMPC bilayer with no
cholesterol, form factors were consistent with experimental data and previous Lipid14
simulations.*6:59 Form factor maxima and minima are reproduced in the simulation form
factors. At cholesterol molar fractions of 0.2 and above, the maxima and minima for some
form factors appear to be slightly shifted toward lower g values. The simulations with
Lipid14 DMPC cholesterol parameters compare favorably with this set of experimental
scattering profiles up to 0.3 molar fraction cholesterol.

Cholesterol bilayer densities calculated from simulations with other force fields have been
compared with experimental scattering profiles previously.18:19 The form factors for DMPC
and cholesterol simulated with the Slipids force field closely resemble scattering form
factors calculated from Lipid14 simulations.1® A difference in the form factors from Slipids
simulations is a shift of maxima and minima to smaller g values relative to the form factors
from Lipid14 simulations. Lim et al. calculate a scattering form factor from simulations of
cholesterol and 0.1 fraction cholesterol with the Charmm C36¢ form field.1® The scattering
form factor from Charmm C36c¢ bilayer simulations resembles the form factor reported with
Lipid14 parameters, however, with differences noticeable at higher g values. The Lipid14
cholesterol parameters reproduce several small nodes at high g values.

Figure 11 displays the X-ray and neutron form factors for cholesterol and DOPC bilayers.
For DOPC and cholesterol bilayers, experimental X-ray and neutron form factors are only
available for a limited set of cholesterol contents.#6:60 At 0.3 molar fraction cholesterol,
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simulation X-ray form factors reproduce experimental form factors. Scaled simulation
neutron form factors fit experimental form factors in 100% D50 at 0.3 molar fraction
cholesterol. It should be noted that membranes were simulated with a normal water model
and compared with neutron form factors in heavy water. Previous united-atom simulations
with heavy water isotope models suggest that bilayer dynamics may be affected to some
degree;51:62 however, alternate isotope solvation models have yet to be extensively
investigated in all-atom MD of membrane systems.

Jambeck et al. also reports DOPC X-ray form factors.1® At 0.3 molar fraction cholesterol,
the calculated form factors from Slipids simulations resemble the form factors from
simulations with Lipid14 parameters closely.

CONCLUSIONS

Cholesterol force-field refinement began with atom types and parameters selected from the
General Amber Force Field and Lipid14 force field.13 The charge derivation included a
RESP fit on multiple cholesterol conformations extracted from previous cholesterol
molecular dynamics on representative bilayers. Sterol van der Waals and tail dihedral
parameters were reexamined. This is a parameterization approach that ultimately included
fitting based on Lipid14 parameters to physical and thermodynamic data, quantum torsion
scans, and charges fit to ESP calculations for cholesterol. Then, bilayer simulations were
compared with available experimental structural information and were found to be in good
agreement with reported values.

The change in the bilayer structure is manifested in lower average volume per bilayer
molecule and an increase in the thickness of the bilayer. Consequently, the phospholipid tails
are more constrained and exhibit higher deuterium order parameters. This is especially clear
in POPC and cholesterol bilayer MD simulations, which reproduce experimental order
parameters from Ferreira et al. These structural changes are consistent with the shift in phase
from liquid disordered toward liquid ordered. This shift of bilayer phase is also visible in the
X-ray and deuterium scattering form factors. Cholesterol order parameters match
experimental values in a wide range of cholesterol contents. This suggests that cholesterol is
oriented appropriately within DMPC throughout the MD simulation. Similarly, simulation
scattering profiles fit experimental scattering profiles within this range of cholesterol
contents.

The development of the Lipid14 force field continues with the refinement of parameters for
mixed membrane simulations. The parameters presented here for cholesterol are fully
compatible with Lipid14 phospholipids and are available for tensionless anisotropic bilayer
simulations. Cholesterol is a common yet crucial component in bilayers and is essential for
future simulations of complex membranes and membrane proteins. Future simulations will
investigate the behavior of more complex membranes including other common membrane
components. This ultimately allows for diverse membrane environments to be combined
with other Amber force fields.
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Name | Charge Name Charge

c1 -0.0317 | H11, H12 0.0094
c2 -0.0881 | H21, H22 0.0446
Cc3 0.2936 | H31 0.0296
c4 -0.1622 | H41, H42 0.0900
C5 -0.1395

C6 -0.2082 | H61 0.1228
c7 -0.0699 | H71 0.0479
Cc8 -0.0114 | H81 0.0729
Cc9 0.0196 | H91 0.0293
Cc10 0.0791

c11 -0.0664 | H111, H112 0.0301
c12 -0.0650 | H121, H122 0.0104
c13 0.0574

C14 0.0058 | H141 0.0316
C15 -0.1020 | H151, H152 0.0265
C16 -0.0921 | H161, H162 0.0354
c17 0.0324 | H171 0.0166
Cc18 -0.1150 | H181, H182, H183 0.0245
Cc19 -0.1081 | H191, H192, H193 0.0340
C20 0.0443 | H201 0.0210
c21 -0.1546 | H211, H212, H213 0.0363
Cc22 -0.0390 | H221, H222 0.0084
c23 -0.0285 | H231, H232 0.0157
C24 -0.1256 | H241, H242 0.0401
C25 0.2124 | H251 -0.0025
C26 -0.2578 | H261, H262, H263 0.0580
c27 -0.2578 | H271, H272, H273 0.0580
o1 -0.7030 | HO1 0.4148

Partial charges for cholesterol in Lipid14 bilayers. Partial charges were derived with the
same method as charge derivation of units for Lipid14.13 Atom names and charges are listed
in the table along with bonded hydrogen atom names and charges.
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Figure 2.
Molar volume of frans-decalin and hexadecane mixtures at 298 K. Experimental values are

calculated from Benson et al. and Fuchs et al. combined with excess molar volumes from
Letcher et al.33-35 Simulation molar volumes are from MD simulations of trans-decalin with
cholesterol parameters and hexadecane with the default Lipid14 parameters.
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Figure 3.
Average volume per molecule for lipid and cholesterol bilayers. Boxes are the mean

simulation volume per molecule across three simulations. Circles are experimental volume
per average molecule at 30 °C from Greenwood et al.,” and triangles are values at 35 °C
from Hodzic et al.*8

J Phys Chem B. Author manuscript; available in PMC 2016 October 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Madej et al.

46
44
42
40
38
36
34

46
44
42
40
38
36
34

Distance Dy (A)

46
44
42
40
38
36
34

Figure 4.

Page 20

4£E] Sim
O O Exp ]
A A Exp

4] Sim
|

00 01 02 03 04 05 06
Molar fraction cholesterol

Head-to-head thickness Dy of lipid and cholesterol bilayers. Thickness is calculated from
the lipid and cholesterol electron density profile. In DMPC, circles are experimental
thicknesses at 30 °C from Pan et al.#6 and upward triangles are thicknesses at 30 °C from
Pencer et al.*% In DOPC, upward triangles are at 20 °C from Gandhavadi et al.>0
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Lipid tail order parameters
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Deuterium order parameters |Scp| for DMPC and DOPC tails in bilayers with cholesterol.
Simulation profiles were calculated directly from the trajectory C—H vectors and averaged
across the three simulations. DMPC and 0.3 molar fraction cholesterol order parameters
shown are for the sn-2tail. DMPC and 0.3 molar fraction cholesterol: Circles are
experimental order parameters at 25 °C from Douliez et al.,> upward triangles are at 25 °C
from Urbina et al.,>2 and orange downward triangles are with 0.33 molar fraction cholesterol
at 30 °C from Vermeer et al.>3 DMPC and 0.5 molar fraction cholesterol: Upward triangles
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and downward triangles are sr-1 and sn-2 perdeuterated order parameters at 40 °C from
Trouard et al.>* DOPC and 0.3 molar fraction cholesterol: Upward triangles and downward
triangles are sn-1and sn-2order parameters at 37 °C from Warschawski et al.>®

J Phys Chem B. Author manuscript; available in PMC 2016 October 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Madej et al.

sn-1

[Scol

sn-2

0.4

0.3

0.2

0.1

0.4

0.3

0.0 Chol 0.07 Chol

POPC tail order parameters
0.34 Chol

0.15 Chol

Page 23

0.5 Chol

0.6 Chol

L L

L ENR 1NN VRY PR PR I M F )

L

LI

L JRY PR TN O M

L

I T e N O B I I I |

u &
| I I I |

Y A )

N T N I |

2 6 10 14 18 2 6 10 14 18 2 6 10 14 18 2 6 10 14 18 2 6

Figure 6.

Carbon segment

10 14 18

POPC tail-order parameters in mixed POPC and cholesterol bilayers. The top six panels

show the order parameters of the sn-1 tail of POPC (palmitoyl), and the bottom six panels

show the sn-2tail of POPC (oleoyl). Black squares are order parameters calculated from
MD simulations with the updated cholesterol parameter set. Red circles are experimental

values from Ferreira et al.5’
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Figure 7.
POPC head segment order parameters in mixed POPC and cholesterol bilayers. POPC Head

group segments are labeled as in Ferreira et al.>” Black squares are calculated values from
the present MD simulations and red circles are values reported by Ferreira et al.>’
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Cholesterol order parameters in DMPC
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Figure 8.
Deuterium order parameters |Scp| for cholesterol in a DMPC bilayer. The bilayer contains

0.3 molar fraction cholesterol. Boxes and circles are axial and equatorial simulation order
parameters, respectively. Upward triangles are axial and downward triangles are equatorial
order parameters at 30 °C from Vermeer et al.>3
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Figure 9.
Cholesterol order parameters in POPC bilayers. Molar fraction of cholesterol is labeled in

each panel. Black boxes are calculated values from MD simulations and red circles are
experimental values reported by Ferreira et al.>’ Simulations show one order parameter
value for single hydrogens and methyl groups. Otherwise, an order parameter value is shown
for each hydrogen. Carbon segments follow the cholesterol carbon numbering of Figure 1.
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DMPC and cholesterol bilayer X-ray form factors
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Figure 10.
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Experimental X-ray form factors for cholesterol and DMPC bilayers. Each panel is a
different cholesterol molar fraction. Solid lines are simulation form factors. Boxes are
oriented (ORI) and unilamellar vesicle (ULV) form factors at 30 °C from Pan et al.,* circles
are form factors at 35 °C from Hodzic et al.,*8 and triangles are ULV form factors at 30 °C

from Kugerka et al.5®
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DOPC and cholesterol bilayer X-ray and neutron form factors
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Figure 11.

Experimental X-ray and neutron form factors for cholesterol and DOPC bilayers. Each panel
is a different cholesterol content. Solid lines are simulation form factors. Boxes are oriented
form factors and blue circles are ULV form factors at 30 C from Pan et al.*6 Triangles are
neutron form factors in 100% DO at 30 °C from Kucerka et al.60
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