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Abstract 

Lipid membranes are crucial structures in cells, composed of a bilayer of lipids, 

membrane associated proteins, and many other molecules. There is increasing evidence 

that membranes and lipids have important bioactive roles in many cellular processes. The 

thin, soft, dynamic, and chemically complex structure of lipid bilayers makes their 

characterization difficult. Atomistic molecular dynamics computer simulations have 

provided valuable insight into the structure and dynamics of model membrane systems. I 

used MD simulations to study free energies of lipids in various model membranes. The 

method of umbrella sampling was used to calculate the free energy for moving a single 

lipid from water to the center of a lipid bilayer. From these calculations, we have 

determined the free energy barrier for lipid flip-flop, and the free energy for lipid 

desorption. Phospholipids with relatively large and zwitterionic head groups were shown 

to translocate in a pore-mediated mechanism, whereas ceramide, cholesterol, and 

diacylglycerol with small polar head groups crossed in a solubility-diffusion mechanism. 

The presence of cholesterol in membranes increased the free energy barrier for DPPC 

flip-flop, cholesterol flip-flop, and pore formation. For different membranes, we calculate 

the free energy difference of a lipid monomer in the bilayer compared to bulk water, 

which is the excess chemical potential for the lipid monomer in that environment. We 

found that cholesterol prefers more ordered and rigid lipid bilayers, while DPPC had a 

lower excess chemical potential in a pure DPPC bilayer compared to a DPPC bilayer with 

40 mol% cholesterol. Neither ceramide nor diacylglycerol had a strong preference for a 

model lipid raft bilayer, compared to a POPC bilayer, while cholesterol did have a large 

preference for the raft bilayer. This work expands our understanding of lipid membranes. 
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Preface 

In this thesis, I provide five chapters of original work, sharing a common theme – 

simulating lipid translocation in model membranes using free energy calculations with 

molecular dynamics simulations. Each research chapter is a previously published paper, 

with complete abstract, introduction, methods, results, discussion, conclusions, and 

bibliography.  

I will first provide a short background on membranes, lipids, bilayer structure, 

previous simulations, and an introduction to the theory of molecular dynamics 

simulations and umbrella sampling free energy calculations. For a broader introduction, I 

present abbreviated work from a review article that we recently submitted and a book 

chapter in Annual Reports in Computational Chemistry.  Chapter 3 presents work 

published in the journal Soft Matter in 2009, on flip-flop and desorption of pure PC 

lipids. We varied the length of the tails (12, 14, 16 carbons) and unsaturated tails, with 

POPC and DOPC. The effect of cholesterol on DPPC flip-flop, pore formation, and 

desorption is investigated in Chapter 4. This was published in the Journal of the 

American Chemical Society in 2009. I then present work on cholesterol flip-flop across a 

variety of lipid bilayers that was published in the Journal of the American Chemical 

Society in 2009 (Chapter 5). Chapter 6 is work on cholesterol, ceramide, and 

diacylglycerol flip-flop in liquid disordered and liquid ordered membranes that was 

published in 2012 in the Journal of Lipid Research. I tested different coarse-grained force 

fields to reproduce the atomistic simulations for pore formation in lipid bilayers for 

Chapter 7, which was published in the Journal of Chemical Theory and Computation in 

2011.  
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For Chapter 3, I wrote the majority of the manuscript, ran roughly half the 

simulations, helped analyze and interpret the results. I wrote the remainder of the 

chapters, although acknowledging tremendous help and guidance from coworkers, 

primarily my supervisor. I helped conceive and design most of the simulations, ran all the 

simulations, and analyzed most of the results. 

The following papers have been reproduced with permission as Chapters 3-7: 

1.  Sapay, N., Bennett, W.F.D., and Tieleman, D.P. (2009) Thermodynamics of flip-

flop and desorption for a systematic series of phosphatidylcholine lipids. Soft 

Matter. 5: 3295-3302.  (Co-first author). Copyright 2009 Royal Society of 

Chemistry. 

2.  Bennett, W.F.D., MacCallum, J.L., and Tieleman, D.P. (2009) Thermodynamic 

analysis of the effect of cholesterol on dipalmitoylphosphatidylcholine lipid 

membranes. J. Am. Chem. Soc. 131: 1972-1978. Copyright 2009 American 

Chemical Society. 

3.  Bennett, W.F.D., MacCallum, J.L., Hinner, M.J., Marrink, S.J., Tieleman, D.P. 

(2009) A molecular view of cholesterol flip-flop and chemical potential in 

different membrane environments. J. Am. Chem. Soc. 131: 12714-12720. 

Copyright 2009 American Chemical Society. 

4.    Bennett, W. F. D., and Tieleman, D. P. (2012). Molecular simulation of rapid 

translocation of cholesterol, diacylglycerol and ceramide in model raft and non-

raft membranes. J. of Lipid Res. 53: 421-429. Copyright 2012 American Society 

for Biochemistry and Molecular Biology. 

5.    Bennett, W.F.D., D.P. Tieleman (2011) Water Defect and Pore Formation in 

Atomistic and Coarse-Grained Lipid Membranes: Pushing the Limits of Coarse 

Graining. J. Chem. Theory. Comp. 7: pp 2981–2988. Copyright 2011 American 

Chemical Society. 

 

 The following are other papers and book chapters, published, or in the process of 

publication, that were completed during my Ph.D: 
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1 

 Introduction Chapter One:

1.1 Cellular Lipid Membranes 

Lipid bilayers are the main structure of cellular membranes. Membranes 

compartmentalize cells and organelles, allowing distinct chemical environments and 

electrochemical gradients, and are necessary for many cellular processes, including energy 

production and propagation of nerve signals. Defining ‘in’ versus ‘out’ is a powerful paradigm, 

providing the basis for our definition of life. At the molecular level, membranes are soft 

materials, with thousands of unique types of lipids, which are relatively small molecules, and 

aggregate through non-covalent interactions. Figure 1-1 shows a molecular view of a lipid 

membrane from computer simulations, and illustrates the disordered structure, even in a static 

picture. Understanding fundamental physiochemical properties of membranes will allow 

advanced biotechnology, bio-inspired innovations, and could provide novel therapeutics for 

many important diseases.  

Lipids are increasingly recognized as important factors in human disease. Poly-

unsaturated fatty acids and cholesterol have become household names, with people generally 

viewing high cholesterol as bad, and poly-unsaturated fatty acids as healthy. Ironically, at the 

molecular level we have much to learn about the specific role of lipids in cellular membranes and 

disease. The chemical structure of most lipids is quite simple and small, compared to long 

biopolymers, like proteins or DNA. Lipids are tertiary products of genes, synthesized, modified, 

and trafficked by a large number of proteins. Cells expend considerable effort to control lipid 

metabolism, localization, and trafficking, and malfunctions lead to, or are symptoms of, many 

diseases. Compartmentalization using lipid membranes allows cells to contain organelles such as 

the endosomes, with a pH of 4-5, necessary for metabolism, and the mitochondria, with an inner 
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and outer membrane that allows a high proton concentration in the inner membrane space, 

needed for energy production.      

Due to the complexity of live cell membranes, many studies have used simple model 

lipid bilayers. Despite extensive research much remains to be learned about even simple lipid 

bilayer systems. The structure of lipid bilayers can be determined experimentally using neutron 

scattering and/or x-ray scattering (1, 2). MD simulations have been able to reproduce the electron 

density profiles from experiments to a reasonable degree (3), and as a testament to their growing 

prominence, MD simulations are now often used in collaboration with scattering studies (4, 5). 

The area per lipid can be determined from the scattering profiles and estimates for the molecular 

volume of the lipids, which are often compared to results from molecular dynamics simulations. 

Many other lipid bilayer properties have been reasonably reproduced from simulations, including 

deuterium order parameters, diffusion coefficients, and mechanical properties, like the bending 

modulus.  

I illustrate the general structural features of a phospholipid bilayer using the 4-region 

model proposed by Marrink and Berendsen (6). The sub-Ångstrom heterogeneity in the structure 

of the bilayer illustrates the complex chemical environments that create a delicate and ‘messy’ 

balance of forces. Fig. 1-1 shows a snapshot and density profile for a DOPC bilayer. Starting 

from bulk water, region 4 is mostly water, bulk and interfacial, and a small part of the head 

group density. Region 3 contains the negatively charged phosphates and the positive cholines, 

and is the densest region of the bilayer. Region two has the transition from hydrophilic to 

hydrophobic, with most of the carbonyl density and start of the lipid tail density. The 

hydrophobic middle of the bilayer is region 1, containing only the lipid tail density, and also has 

the lowest overall density. Four chemically diverse environments within a 3 nm cross section 
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makes the membrane extremely heterogeneous. From previous work, and work presented here, 

this complex picture is further complicated, as the bilayer can deform to adapt to the presence of 

other molecules. In particular, placing a charged or polar molecule within the hydrophobic 

region causes bilayer disruption.  

   

Figure 1-1: Lipid bilayer structure  

A. Snapshot of a DOPC bilayer from a MD simulation. Water is red and white licorice, lipid tails 

are grey lines, nitrogens are blue balls, and phosphorous are blue balls. B. Partial density profile 

of a DOPC bilayer from a simulation. Black vertical lines depict the four regions discussed in the 

text. 
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 While the structural properties of membranes are clearly important, the dynamical 

behavior is also crucial for understanding the role of lipids in cells. One problem with studying 

lipids, both with experiment and simulations, is that their dynamics span orders of magnitude 

different time scales. Bonds and angles fluctuate on the picosecond time scale, while dihedrals 

change on the ps to even ns time scale in lipids. Entire lipids diffuse and rotate relatively slowly, 

with tens to hundreds of ns for two lipids exchanging positions. And macroscopic time scales are 

needed to observe processes such as domain formation, phase changes, and lipid translocation 

(flip-flop).      

Lipids are amphipathic molecules, often with long hydrophobic tails, and polar/charged 

head groups. Fig. 1-2 shows the structure for three of the lipids used in this thesis. 

Phosphatidylcholine (PC) and sphingomyelin (SM) are both structurally important phospholipids 

in mammalian cellular membranes. PC has a glycerol backbone while SM has a sphingosine 

backbone, and both lipids have a positively charged choline and a negatively charged phosphate 

for their head group. There are many variants of both PC lipids and SM lipids, with different 

lengths of tail, and number of double bonds.  
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Figure 1-2: Structures of three lipids used in my thesis.  

POPC is palmitoyl-oleoyl phosphatidylcholine, and PSM is palmitoyl-sphingomyelin. Note that 

the aliphatic hydrogens are not shown. 

 

A cholesterol molecule is shown in Fig. 1-2. The head group is a hydroxyl group, while 

the body is a bulky and rigid hydrophobic ring structure with a short hydrophobic tail. 

Cholesterol is important structurally, has been linked to cell signaling through lipid rafts, and is a 

metabolic intermediate for many hormones.  

1.2 Molecular Dynamics Simulations 

Early molecular dynamics simulations of lipid bilayers provided a dynamic view of the 

lipid molecules within a membrane, and contributed valuable insight into the structural and 

dynamical properties of bilayers (7, 8). These simulations were on the order of 10s of lipids for 

100s of ps. Due to poor sampling, many interesting biologically related simulations have 

remained out of reach. Currently we are able to simulate 100s of lipids for 100s of ns and µs. As 

time progresses, computers become more powerful, and longer and larger simulations are 
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possible. In Chapter 2, I will review recent molecular simulations on both domain formation in 

lipid bilayers and pore formation.  

My thesis builds on previous work from Dr. Tieleman’s group. We previously 

determined free energy profiles for transferring the amino acid side chains from water into a 

DOPC bilayer (9). In 2006, Tieleman and Marrink computed the free energy profile for a single 

DPPC lipid in a pure DPPC bilayer (10). Using a similar approach, I have investigated a large 

number of lipids in different membrane environments. Free energy profiles for lipids in bilayers 

are cutting edge research, and have required a significant amount of computer resources.  

1.3 Methods and Theory 

My thesis is based entirely on molecular dynamics simulations of lipid membranes using 

the GROMACS software package (11, 12). Much of the material and equations throughout this 

section are adapted from the GROMACS user manual (13) and from (14).  

1.3.1 Potential Function 

MD simulations use an empirical force field for the potential energy.  
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Eq. 1 

Equation 1 is a generic example for typical molecular dynamics simulations. The first three 

terms are intramolecular terms, and are illustrated in Fig 1-3. A force field defines all of the 

parameters in the potential function for each atom and molecule. Force fields can have slightly 

different functions for different terms, such as for the torsions.  
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Figure 1-3: Hypothetical potential functions plotted using Eq. 1.  

A. Bond B. Angle. C. Dihedral. D. Illustrations of a bond, angle and dihedrals in molecules. E. 

Coulomb function for 2 positive charges in a dielectric of 78. F. Lennard-Jones function. 

    

The first term in Eq. 1 is for bonded interaction, and as an example I plot the bonded interaction 

between two carbon atoms. The k is the bond force constant, and lo is the equilibrium bond 

distance. Throughout my thesis I used bond constraints, which means the bonds maintain the 

equilibrium distance li,0 throughout the simulation. In particular, I use the LINCS algorithm for 

the bond constraints (15), and the SETTLE algorithm for water bonds and angles (16). Using 

constraints allows for a longer time step of 2 fs, and 4 fs when using a united atom model, with 
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the aliphatic hydrogens not explicitly modeled, such as the Berger parameters that I have used 

throughout my thesis. 

The second term is the angle potential, between atoms i,j,k in a molecule, and an example 

is shown in Fig 1-3. As with bonds, k is the force constant, and Θo is the equilibrium angle. The 

third term is the dihedral potential for the angle between the planes formed by atoms i,j and k,l in 

a molecule. Improper torsions are also used to enforce specific conformations for out-of-plane 

bending in molecules, for example to keep a C-C double bond planar.     

The fourth term is the non-bonded interactions between all i and j atoms in the system. 

Due to computational complexity when N gets large, calculating all the interactions is 

impractical. Cut-offs and long-range electrostatic schemes are used to reduce the number of 

interactions. Neighborhood lists are maintained, and updated every 10 steps usually, with only 

interactions between atoms within the cut-off calculated. The first term in the double summation 

is the Lennard-Jones 12-6 potential to model the Van der Waals interactions. The second term is 

Coulomb’s law for the electrostatic interactions between the atoms’ partial charges. Within 

molecules, non-bonded interactions are neglected between atoms separated by 1 or 2 bonds. For 

1,4 interactions, different force fields have different treatments. As an example, in the OPLS 

force field the Coulomb interactions between 1,4 atoms are scaled by 0.5.  

I have used a straight cut-off for Lennard-Jones interactions, neglecting interactions 

beyond 0.9 nm. Due to the r-6 and r-12 dependence for the potential, this is not too drastic. 

Dispersion corrections, twin-range cut-offs, and shifted potentials are common to overcome 

possible artifacts due to a cut-off. When conducting simulations, one is limited by the choices 

that have been used in parameterizing the force field, and have been used extensively in the 

literature.  
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1.3.2 Electrostatics 

Electrostatic interactions can be calculated using a Coulomb potential. Plotted in Fig 1-3 

is the interaction between two positive point charges in a dielectric of 78, from Coulomb’s law. 

Atomistic simulations use point charges, or partial charges, that are constant throughout the 

simulation. These partial charges are usually derived from quantum calculations of the molecule, 

or molecular fragments, in the gas phase.  

It is not computationally feasible to calculate the interaction for all the atom pairs. Due to 

the 1/r dependence, cut-offs can introduce large artifacts, as the energy at 1 nm is still significant, 

so long range treatments for electrostatics are important. For most of my simulations, I have used 

the particle mesh Ewald method (17, 18) for long-range electrostatics. The Ewald method was 

developed for calculating the electrostatic potential of ionic crystal systems. In an infinite 

periodic system, the electrostatic potential can be determined more efficiently in reciprocal 

space. The particle mesh Ewald method is a variant of this method, where the charges are placed 

on a grid for computational efficiency. Using the Fourier transformation of the grid, the 

reciprocal space contribution can be summed more efficiently. The force on each atom is then 

obtained by interpolation of the grid. PME is by far the most common method for electrostatic 

interactions in biomolecular dynamics simulations. 

1.3.3  Periodic boundary conditions 

 All of my simulations have used periodic boundary conditions, which are artificial, but 

computationally efficient. Boundaries or walls can create long-range order and artifacts, relative 

to the size of the simulation. Fig 1-4 illustrates the principle of periodic images, where the two 

opposite box edges are connected in space. Atoms only ‘see’ other atoms that are within their 
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cut-off, so atoms near the box edge, ‘see’ periodic images of atoms on the opposite side of the 

box. Therefore, our bilayer is an infinite slab of stacked lipid membranes (Fig 1-4B). It is 

important to have a box that is big enough to avoid artifacts, and have enough water to keep the 

lipids properly solvated, but this has to be weighed against the additional computational cost of 

more atoms. 

 

Figure 1-4: Illustrations of periodic boundary conditions.  

A. Box of butane. The central box of butane is colored blue and enclosed in a blue box. Butane 

in the periodic images beside and below is colored yellow, and the periodic images on the top 

and other side are not shown. The single large blue butane shows that the same molecule is 

always one box length away. B. A typical lipid bilayer system, with multiple periodic images 

shown. The lipids are shown as cyan lines, water as red and white lines. The central box is 

shown explicitly by blue lines.   

 

There are a number of issues with using periodic boundaries and lipid membranes. They 

can stabilize the bilayer state, as exposing the hydrophobic tails on the edges of box to solvent, to 

rearrange for instance into a micelle, has a large energetic barrier. Using small boxes can also 

cause artifacts, due to long range ordering. A good way to test for this artifact is to run 



 

11 

simulations with different box sizes. We determined the potential of mean force (PMF) for 

DMPC flip-flop using our usual 64 lipid bilayer, and a 256 lipid bilayer (Fig S7-1, pg 198). The 

similarity between the two PMFs suggests that our small box is adequate for calculating the free 

energy of pore formation.   

1.3.4 Molecular Dynamics 

Molecular dynamics (MD) simulations solve Newton’s equations of motion numerically 

for each atom in the simulation, using an empirical potential energy function. The force on each 

atom can be determined by taking the derivative of the potential energy. 

!! =   −   
!"
!!!

 

Eq. 2 

Once the force is calculated, Newton’s equations of motion are used to update the positions of 

each atom. There is a number of methods available for numerical integration of the equations of 

motion. We have used the leap-frog numerical integrator. Equation 3 and 4 show how the 

velocities and positions are determined, with the velocity computed at every half time step.  
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Eq. 3 

! ! + ∆! = ! ! + ∆!" ! +
1
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∆!  

Eq. 4 

In this equation r is the positions of the atoms, v is the velocity, m is the atomic mass, and F is 

the force. The leap-frog algorithm update scheme used in GROMACS is as follows:  

1. Input the atomic coordinates, run parameters, and force field parameter. Initial 

velocities can be calculated from a Maxwell-Boltzmann distribution. 
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2. Calculate the force on each atom.  

3. Update the position of each atom. 

4. Scale box and velocities from the thermostat and barostat, to maintain the proper 

temperature and pressure. 

5. Output data at desired steps (for example, every 500 steps). 

Steps 2 to 5 are then repeated to generate a trajectory. With a 2 fs time step a 10 ns 

simulation requires 5,000,000 steps.  

1.3.5 Thermostat and Barostat 

Most of our simulations were run with a constant number of atoms, constant pressure, 

and constant temperature (NPT ensemble). More precisely, we used semi-isotropic pressure 

coupling, where the xy dimensions of the lipid bilayer are coupled separately from the z 

dimension. This ensemble was chosen, as it is the closest to experimental conditions for many 

studies. This means that we need algorithms to properly maintain the temperature and pressure at 

the desired value, or construct a thermostat or barostat. The average kinetic energy of the system 

is calculated from the temperature of the system. 

!" =   
3
2
  !!!! 

Eq. 5  

The kinetic energy is related to the atomic velocities, so we can control the system’s temperature 

by scaling the velocities. For temperature coupling, we used both the Berendsen thermostat (19), 

and the V-rescale method (20). For the Berendsen weak-coupling algorithm, the system is linked 

to a fictitious heat bath, whereby energy can be transferred to and from the system to maintain 

the desired temperature.  
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!"(!)
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=
1
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Eq. 6 

The difference in temperature between the system and the bath is related to the rate of change in 

the temperature. The coupling parameter τ determines how strong the coupling is. If it is equal to 

the time step, then at each step the velocities are scaled exactly so the temperature always 

remains constant. The velocities are then scaled by: 

!! = 1 +
!"
!
(
!!"#!
!(!)

− 1) 

Eq. 7 

We used a coupling constant of 0.1 ps for most of the simulations in my thesis. Most of my 

simulations were run at 323 K, to compare with previous DPPC results (10). The higher 

temperature also likely enhances sampling. One problem with the Berendsen thermostat is that 

for heterogeneous systems, one component can gain heat at the expense of the others. This is 

overcome by coupling different parts to separate heat baths; for example water and lipids are 

coupled separately. I tested the effect of thermostat, calculating a PMF for ceramide using the 

Berendsen and V-rescale thermostats and Langevin dynamics, and found similar PMFs, within 

the error bars (Fig. 1-5). 
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Figure 1-5: PMFs testing different temperature coupling schemes 

Free energy profiles for ceramide flip-flop and desorption in a ‘raft’ bilayer were determined 

using the Berendsen thermostat, the V-rescale thermostat, and no thermostat, with Langevin 

dynamics.  

 

For pressure coupling, I used semi-isotropic pressure coupling with the Berendsen weak-

coupling algorithm (19). The isothermal compressibility is related to the volume fluctuations of 

the system: 

! = −
1
!

!"
!" !

 

Eq. 8 

 Where κ is the compressibility, V is the volume, P is the pressure, and the subscript T 

specifies that the temperature is constant. Similar to the Berendsen thermostat, for pressure 
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coupling the change in the pressure of the system can be related to the difference in pressure of 

system and bath. 

!"(!)
!"

=
1
!!
(!!"#! − !(!)) 

Eq. 9 

The scaling factor is then calculated from the difference in pressures and the compressibility of 

the system.  

! = 1 − !
!"
!!
(! − !!"#!) 

Eq. 10 

The positions for all the atoms are then scaled by 

!!! = !! !!! 

Eq. 11 

The compressibility and relaxation constant are specified in our run input file. For most of my 

simulations, I used a coupling constant of 2.5 ps and a compressibility of 4.5×10-5 bar-1. I tested 

the effect of pressure coupling on a water and cholesterol PMF in DPPC bilayers, by simulating 

with constant area, or without lateral coupling. The PMFs are quite similar, and in fact changing 

the area by ±10% had little effect on many of the free energy differences, although the entire 

PMF was shifted slightly (Fig. 1-6). 
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Figure 1-6: PMFs with constant pressure and constant surface area. 

Top panel: Single water PMFs for moving from water to the center of a DPPC bilayer. Bottom 

panel: PMFs for cholesterol transport across a DPPC bilayer. For both, we determined PMFs 

with constant pressure coupling using the Berendsen barostat, and with constant area. We also 

changed the area by ±10%, and determined the PMFs.   

  

   

1.3.6 Force Fields 

I have used the Berger lipid parameters throughout my thesis (21). Despite being 

relatively old (in computational chemistry terms), and a rather crude parameterization, they have 

been shown to be as good as or better than newer and more rigorously parameterized models (22, 
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23). This is a united atom model, meaning that hydrogens that are attached to carbon atoms are 

not included explicitly, which for a lipid decreases the number of atoms by roughly two thirds. 

For water we used the simple point-charge model (24). The GROMOS87 force field (25) was 

used for cholesterol (26). This combination has been used by many other studies in the past. For 

sphingomyelin and ceramide, I used parameters from (27). 

There is current research into assessing the quality of lipid force fields (22, 28), and 

developing new force fields. Historically, areas per lipid and other structural properties, such as 

the electron density profile, have been used to validate and parameterize lipid force fields. While 

its important to get the static structure correct, the ability of simulations to reproduce membrane 

rearrangements, partitioning of small molecules in membranes, and permeability properties is 

also important. We recently studied the partitioning of chloroform into different DPPC bilayers 

with a polarizable atomistic model, 3 different atomistic models, and a CG simulation (29). Even 

the CG model could reproduce many of the important features of the profile, and the atomistic 

models were quite similar. Important differences in the energetic decomposition between the 

atomistic and polarizable models for transfer from water to hexane were found. For the bilayer 

PMF, inadequate sampling for the polarizable model prevented more in-depth comparisons. The 

point of this is that while more complex models exist, its not clear if they are needed, and current 

technology is not adequate to use these models for the work I have done. Particularly for water 

defect and pore formation, polarizability may not be that important, as the solute remains 

hydrated throughout the simulation (30). Defining what level of detail is needed to model a 

particular process is important research. In Chapter 7, we test the ability of coarse-grained 

models to reproduce lipid flip-flop free energies and pore formation, compared to atomistic 

simulations.    
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1.3.7 Coarse-grained Models 

We used the MARTINI CG model (31) for simulations in Chapters 4 and 6. In this 

model, a single bead replaces 3-4 heavy atoms. The potential function is the same as for 

atomistic simulations, with bonds, angles, dihedrals, Lennard-Jones interactions, and a shifted 

Coulomb function. We used Berendsen temperature and pressure coupling. The increased 

sampling for CG simulations is due to the reduced number of particles, the smoother energy 

landscape, and the longer time step of 20-40 fs for CG simulations. In MARTINI, the beads are 

parameterized to reproduce free energies of partitioning compared to small molecule analogues. 

The original MARTINI water model was a simple Lennard-Jones liquid, with a single bead 

without a partial charge, to model 4 real waters. An updated polarizable water model was 

recently introduced (32). In this model, water has a dipole formed by two ‘dummy’ particles (no 

Lennard-Jones interactions) and opposite partial charge, attached to a central water bead.  

1.3.8 Statistical Mechanics 

Two fundamental concepts for MD simulations are the ergodic hypothesis and the 

Boltzmann distribution. The ergodic hypothesis equates ensemble averages and time-averaged 

properties, which is used to calculate macroscopic observables from simulations. The Boltzmann 

distribution is a central equation in statistical mechanics: 

!!
!
=

exp  (− !! !!!)

exp  (− !! !!!)!
 

Eq. 12 

Where ni is the number of particles at the particular energy level εi and kB is the Boltzmann 

constant. The denominator of the equation is the partition function (Q), which is a sum over all N 

particles. From MD simulations with a constant number of particles, temperature and pressure, 
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we determine a set of configurations that each have an energy. This ensemble of states follows 

the Boltzmann distribution. If the partition function for a system is known, then the free energy 

of the system can be calculated. 

! = −!"#$(!) 

Eq. 13 

1.3.9 Free energies: Umbrella sampling 

As mentioned above, the free energy is directly related to the partition function. In 

practice the partition function is far too complex to be known, except for trivial cases. We can 

determine the free energy difference between two states if the relative distribution of the two 

states is known: 

∆!!!! =   −!" !"
!!
!!

 

Eq. 14 

In order to determine ΔG accurately, one must sample both states 0 and 1, and adequate 

transitions between the two states. For processes such as phospholipid flip-flop, with energy 

barriers of ca. 80 kJ/mol, it is extremely unlikely to observe transitions during regular MD 

simulations. This limitation can be overcome by enhanced sampling techniques and free energy 

calculations. 

We have used umbrella sampling (33) to determine the free energy along the reaction 

coordinate of moving a single lipid from equilibrium into the center of the bilayer along the z-

axis. We add an artificial restraining potential along a particular reaction coordinate, x, to force 

the system to sample unfavorable regions of phase space.  
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∆! ! =   −!" ln !` ! − !` ! + ! 

Eq. 15 

The free energy difference along the reaction coordinate is related to the probability distributions 

from the biased simulations (P`(x)), first subtracting the energy of imposing the restraint (V`(x)). 

F is the free energy associated with imposing the restraint.  

The name Umbrella Sampling is because we usually use harmonic restraints, in our case 

on the head group of the restrained lipid at locations along the normal of the bilayer. A set of 

simulations (40-50), all identical, except for the equilibrium position for the distance restraint 

between the head group of the lipid and the center of the bilayer, are run in parallel (Fig. 1-5). 

From the resulting trajectories and the probability distributions, we can determine the free 

energy. The example in Fig. 1-7 shows the resulting histograms from the 40 simulations that 

were used with 0.1 nm between the umbrella positions, to calculate the PMF from 0 nm to 4 nm. 

It is crucial to have the histograms overlap adequately along the reaction coordinate. 
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Figure 1-7: Schematic showing the workflow for an umbrella sampling calculation. 

From the left: An equilibrated membrane is used to start 40 independent simulations, all with 

different umbrella positions. The conformation for 3 of the systems with umbrella positions of 0 

nm, 2nm and 4 nm are shown, as well as the restraining potential for each simulation. The 

resulting histograms and the resulting potential of mean force (PMF) are shown on the right.  

 

  We have used the weighted-histogram analysis method to determine the PMFs from the 

umbrella sampling simulations and histograms. We used a script developed by Dr. Justin 

MacCallum (34) and an implementation in GROMACS, g_wham (35).   
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 Computer Simulations of Lipid Membrane Domains and Pores Chapter Two:

2.1 Abstract 

This Chapter is meant to put the original work in the remaining Chapters in perspective 

of recent works on related topics. By reviewing contemporary work in the field, a broader view 

of what questions are being addressed, and the methods used, will be gained. There is great 

diversity in the composition and structure of biological lipid membranes. We are beginning to 

appreciate the crucial role of lipids in many cellular processes, and characterize some of the 

lateral structures within membranes that could play a role in the activity of lipids. Simulations 

probe molecular level interactions between single molecules, which provide complementary 

information to experiments. Lipid membrane simulations are reaching an exciting point, where 

the time and length scales of our simulations are approaching experimental resolutions and can 

be used to interpret experiments on increasingly complex model membranes. The focus of this 

Chapter is on reviewing recent molecular simulations of domain formation in lipid bilayers. We 

highlight a number of recent examples where simulations are used in collaboration with 

experiments. We also review recent work on pore formation in lipid bilayers.  
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2.2 Introduction 

Lipid mixing is a fundamental problem in cellular biology. How lipids self associate and 

interact with membrane proteins is crucial for many cellular functions. Life contains great 

diversity in the structure and composition of membranes between organisms, organelles, and 

intracellular compartments. An important example is the gradient in the composition of some 

mammalian membranes, from the endoplasmic reticulum (0-5mol% cholesterol) to the plasma 

membrane (25-40mol% cholesterol) (1). This is thought to play an important role in the 

trafficking of membrane proteins and lipids. At the heart of membrane domains are lipid-lipid, 

lipid-protein, and protein-protein interactions, which are difficult to probe at the single molecule 

level. Next generation spectroscopic techniques and computational modeling are nearing overlap 

in resolution, spatially and temporally, making future avenues of research and collaboration 

possible. 

The lipid raft hypothesis was initially conceived to explain the difference in membrane 

sorting between the apical and basal sides of epithelial cells (2), although the existence of lipid 

domains had been suggested based on earlier work (3-5). The idea of membrane sorting, with 

cholesterol-sphingomyelin interactions as an organizing principle, changed the way lipid 

membranes had been traditionally viewed, with a much-enhanced, bioactive role for specific 

lipids (6). The current prevailing hypothesis is that rafts are small, dynamic domains in 

membranes enriched in cholesterol, sphingomyelin (or other saturated lipids), and specific 

membrane proteins (7). Because of the functional implications of rafts for cellular signaling and 

for signaling related disease, there has been considerable research and debate on the existence 

and characterization of rafts (6, 8). While lipid rafts remain somewhat controversial, larger 

specialized domains have been characterized, such as caveolae (9).  On the smaller scale, the 
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existence of ‘shell’ lipids has been observed, with specific lipids co-crystalizing with a 

membrane protein (10). Lipid rafts would fit between these extremes, encompassing ordered 

structures on an intermediate scale (~10-100 nm). Much current research is focused on 

understanding the physio-chemical basis for lipid domain structure and on the functional roles of 

lipid domains.  

Cholesterol is a central part of the raft hypothesis and is an interesting lipid in many other 

regards, given its simple chemical structure. There is a clear phylogenetic divide for sterols: 

cholesterol is only found in mammals, while plants have phytosterol, fungi have ergosterol, and 

prokaryotes do not have higher sterols (11). From a biochemical perspective, cholesterol is 

known to affect the phase behavior, mechanical properties, and structural properties of lipid 

bilayers (12). Cholesterol broadens the gel-liquid crystalline phase transition of for instance 

DPPC, by preventing packing at low temperatures, disrupting gel formation, and inducing order 

in the liquid-phase at higher temperatures (12). The incorporation of cholesterol into 

phospholipid membranes induces the well-characterized cholesterol condensing effect; the 

bilayer becomes thicker, the lipid tails become more ordered (or aligned) and the area per lipid is 

reduced. This results in the bilayer becoming stiffer, impeding membrane bending and bilayer 

deformation. Cholesterol’s influence on membrane structure has broad implications on the 

mechanism of lipid rafts in cells. Local membrane properties would effect transmembrane 

protein localization and activity. Experimentally, it has been demonstrated that the membrane 

environment can directly affect integral membrane protein function and localization (13, 14).  

Due to the difficulty of studying lipid mixing in live cell membranes (with possibly 

thousands of unique lipid species (15)), model lipid systems have been used extensively to 

understand lipid mixing. In vitro membrane systems exhibit a rich phase behavior for simple 
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binary and ternary lipid mixtures containing cholesterol, including regions of liquid-liquid phase 

co-existence (16, 17). It has been observed that cholesterol induces phase separation in ternary 

lipid mixtures with saturated and unsaturated lipids (16). Figure 1 shows an example of a ternary 

phase diagram of a giant unilamellar vesicle. The edges of the triangle are the composition of 

each respective lipid, so the point in the middle of the triangle is a 1:1:1 ratio of the three lipids. 

The shaded region in the middle of the diagram indicates liquid-ordered – liquid-disordered 

phase coexistence. Tie-lines determine the composition of each phase: the ordered phase is rich 

in PSM and cholesterol, the disordered phase is rich in DOPC. 
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Figure 2-1. Ternary phase diagrams  

From Veatch 2005 (16). (a) Phases observed by fluorescence microscopy of GUVs containing 

mixtures of DOPC, PSM, and cholesterol at 25° C. White symbols denote that membranes are in 

one uniform phase, either liquid (circles) or solid (squares). Black circles denote coexisting 

liquid phases, and grey squares denote coexisting solid and liquid phases. (b) Fluorescence 

microscopy data are consistent with a speculative underlying phase diagram that includes a 

region of three-phase coexistence. (c) Speculative location of tie-lines and a miscibility critical 

point (star). Reproduced from ref. 16. 

 

It is important to remember that cellular membranes are much different than these simple 

model systems, with non-equilibrium processes, large protein content, and cytoskeleton effects in 

cells. But, if we do not understand the basic physiochemical driving forces for lipid mixing in 
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simple systems, then understanding cellular membranes is unlikely. Using different experimental 

techniques, different lipid phase diagrams and corresponding tie-lines have been proposed for the 

same system (10). A good example is the binary phase diagram for DPPC and cholesterol, where 

the existence of a liquid-liquid phase coexistence region is disputed (16). Large visible domains 

are observed in model membranes, but not in cell membranes, limiting the applicability of in 

vitro phase behavior measurements to biological lipid rafts. Recently, it has been shown that near 

the critical point in the phase diagram, compositional fluctuations in model membranes result in 

transient domains with a correlation length of ca. 20 - 50 nm (18). Using sub-diffraction limit 

stimulated emission depletion fluorescence spectroscopy cholesterol-mediated trapping of raft 

associating lipids was observed in live cells (19). At this level of detail it is not well understood 

how lipids behave – how they diffuse laterally in the membrane and self-associate. 

Molecular dynamics simulations are increasingly used to study lipid systems. We refer 

the reader to other more comprehensive reviews on earlier work in the field of lipid simulations 

(20-28). Atomistic MD simulations follow the motions of each atom in the simulation using an 

empirical force field. Simulations of lipids systems can provide complementary information to 

experiments: macroscopic behavior is difficult to simulate and generally easy to observe in 

experiments, while molecular and atomistic details and energetics are directly observed in 

simulations and generally hard to obtain from experiments. Currently, atomistic simulations are 

on the order of hundreds of nanoseconds to a few microseconds, for box lengths of tens of nm, or 

hundreds of lipids. Undoubtedly, a large reason for the interest in simulations is the pace of 

growth in computer power, where simulations that took a month five years ago, now take a few 

days. The size and length of simulations expands each year. Current state-of-the art coarse-

grained simulations already match the hypothetical size of 10-100 nm for lipid rafts, while 



 

31 

detailed atomistic simulations can be done on a length scale of ca. 20 x 20 nm on reasonably 

standard computers. While this is a severe limitation for studying lipid mixing, we are 

approaching a time when simulations will reach this size and complexity. Many important 

molecular level details related to lipid domain formation have been determined from MD 

simulations. 

One route around the small time and length scales accessible to simulations is to use a 

coarse-grained model. Coarse interaction sites, or beads, that encompass a number of atoms, 

replace specific chemical details. Due to the bias of our lab, we will focus on the MARTINI 

model (29), and others with similar resolution. While some details are lost, simulation time 

scales are increased by roughly 2 to 3 orders of magnitude, compared to similar atomistic 

simulations. Many recent models using dissipative particle dynamics (DPD) have a similar 

resolution, or chemical mapping, as the MARTINI model.     

In this review, we will focus on recent molecular level computer simulations on lipid 

bilayers that relate to aspects of domain formation and the lipid raft hypothesis, emphasizing 

work on lipid-lipid and lipid-protein interactions. For this purpose, we accept a rather vague 

definition of lipid raft, as we are focused on defining the underlying structural and dynamical 

basis for domain formation, and their mechanism of action. Due to the vast literature on lipid 

membrane simulations and this general definition, we tried to narrow our focus and we 

acknowledge and apologize for undoubtedly missing other important contributions. We will 

conclude with what we believe are the most significant hurdles in the field and interesting short 

term future directions for lipid simulations.  
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2.3  Lipid Domain Formation 

MD simulations can provide valuable insight into the structure and dynamics of lipid 

bilayers over a range of length scales and time scales, although constrained by the size and 

availability of computers. Domain formation implies that lipids are preferentially de-mixing 

laterally in the plane of the membrane.  Two important considerations for modeling lipid mixing 

are the ability to reproduce the correct structural properties of the different bilayer phases and 

understanding the diffusion of lipids in the bilayer, which affects the time scale required to 

observe lipid mixing. We review recent simulations investigating both of these properties of 

model membrane systems. For bilayers, how quickly lipids can move from one leaflet to the 

other could affect the bilayers’ phase behavior, and overall cellular cholesterol trafficking. We 

will discuss recent simulations on cholesterol and other lipids flip-flop, or translocation. With 

advances in computer power and the development of coarse-grained force fields, domain 

formation in lipid bilayers can now be directly observed. We will also describe recent CG 

simulations on domain formation in model bilayers.     

   

2.3.1 Phospholipid bilayer simulations 

 In order to study bilayer domain formation, it is important for the model to be able to 

reproduce key structural properties of pure bilayers as well as their phase behavior. One problem 

is knowing a priori what the ‘important’ properties are, both within a single lipid and 

collectively with the other lipids and water. Lattice and continuum models are routinely used to 

model bilayer phase behavior (30, 31), but lack specific chemical details. At the other end of the 

spectrum, polarizable atomistic simulations and quantum level models have been used on lipid 
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systems, but are currently limited to short time and length scales, with as an extreme example the 

very detailed simulation of melting of a single lipid in vacuum using Born-Oppenheimer MD 

(32). A general problem for molecular simulations and especially atomistic models, is 

determining phase changes, which due to their collective nature occur slowly.  

Atomistic simulations have been used to study the self-assembly of lipids into bilayers and 

detergents into micelles (27, 33-36). Gel phases have been characterized using atomistic (37) and 

CG simulations (38, 39). Atomistic simulations estimated the gel-liquid transition temperature 

for DPPC and DSPC for one particular force field to be only 5-6 degrees lower than 

experimental values (40), which is in better agreement than previously thought (41, 42). Other 

phases have been observed as well, including a hexagonal phase (43), cubic phase (44), and 

ripple phase (45). Atomistic and CG simulations have been used in conjunction with x-ray 

scattering or neutron scattering experiments on lipid bilayer structure determination (46-49).  

 CG simulations are more amenable to the study of phase behavior due to the long time 

and length scales that can be simulated. How much chemical detail is required to reproduce 

complex phase behavior is not known. The phase diagram of a DMPC-cholesterol mixture was 

determined using DPD simulations and compared quite well to experimentally determined phase 

diagrams (50, 51). The model also reproduced many properties of the bilayer compared to 

atomistic models. Using a type of computational ‘calorimetry’ the phase behavior of a range of 

saturated PC bilayers was determined using the same DPD model and MARTINI CG simulations 

(52).  These studies suggest that CG models can model complex membrane phase transitions, 

although future work is needed to fully explore CG models lipid phase behavior. 
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2.3.2 Lipid Lateral Diffusion 

Slow lateral diffusion is one of the major hurdles for MD simulations of lipid mixtures. 

As an example, if the lateral diffusion coefficient of a lipid is 107 cm2/s then on average a lipid 

will move ~1 nm in a 25 ns simulation (53). An obvious constraint is the diffusion coefficient for 

lipid lateral diffusion, which has been shown to be slow, but dependent on lipid composition, and 

bilayer phase. At the molecular level it is not clear how lipids diffuse within the membrane. 

Quasi-elastic neutron scattering experiments estimated lipid diffusion coefficients were 2 orders 

of magnitude larger than methods like fluorescence spectroscopy (54, 55). Therefore, it was 

thought that a lipid would ‘rattle’ in its ‘cage’ and then have discrete jumps from one site to an 

adjacent site.  

Falck et al., showed that lipid diffusion is strongly correlated, up to 10’s nm in length, in 

a pure DPPC bilayer (56). This matched previous mesoscale simulations from Ayton and Voth 

that showed density fluctuations and collective motions were important (57). This is in contrast 

to the ‘jump models’ of diffusion. Collective diffusion of lipids has important consequences on 

the lateral segregation of lipid domains. A more recent neutron scattering study on a DMPC 

bilayer did not show lipids rattling in a cage, and jumping models were not supported (58). 

Rather, using newer instruments it was shown that collective flows of neighboring lipids occur 

on the nanometer scale. This confirmed the predictions made by MD simulations mentioned 

above.  

Using a combination of MARTINI CG MD simulations, DPD simulations, and atomistic 

simulations, the diffusion of lipids in model ‘raft’ bilayers was investigated (59). It was shown 

that lipids undergo short lived collective motions and no evidence for discrete ‘jumps’ was 
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observed (59). It was found that lipids in the liquid-ordered phase have slower diffusion, and the 

domain can move as a whole. Correlated motion of lipids and their neighbors was found to occur 

over 1-10 nm length scale and the ca. 1 µs time scale in both liquid-ordered and liquid-

disordered phases.  

Understanding lipid diffusion, and its collective nature is important for the function of 

lipid rafts, the trafficking of lipids, and the interpretation of tracking experiments. Future work 

on bilayers of varying composition and larger time and length scales will be useful. 

 

2.3.3 Cholesterol Mixtures  

  Computer simulations of lipids have developed hand-in-hand with the study of 

cholesterol containing bilayers. Initially such simulations explored interactions between sterols 

and other lipids, focusing on local interactions that were often interpreted in terms of highly 

stylized umbrella or other models, as more systematic studies at a length scale where domains 

might form or that allowed detailed explorations of multiple concentrations and temperatures 

have been out of reach until recently. Previous work has shown that the condensing effect of 

cholesterol on phospholipid bilayers can be reproduced both with AA and CG models and has 

been reviewed in (26). To our knowledge, atomistic simulations have not been used to directly 

observe lipid domain formation in membranes, due to computational constraints. If a small 

domain is considered around 10 nm in diameter, this is already a reasonably large simulation by 

today’s standards, not to mention the other surrounding lipids have to be included. As of 2012 

several atomistic simulations at this level have been reported at conferences but have not been 

published yet. Directly simulating lipid de-mixing remains a major challenge. Starting from a pre 
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formed domain might also be a problem, as this might not be the equilibrium distribution, and 

risks representing an artificial metastable state.  

 Combining neutron scattering with molecular dynamics simulations, cholesterol’s effect 

on the distribution of the terminal methyl groups of DOPC was studied (60). The results showed 

significantly more disorder in the DOPC bilayer than was previously thought based on x-ray 

scattering profiles, with methyl groups reaching the head group region. Incorporating 33 mol% 

cholesterol dramatically decreased the extent of the broad methyl density due to the ordering of 

the bilayer and straightening of the lipid tails. Atomistic simulations reproduced both the extent 

of the DOPC tail’s disorder and the effect of cholesterol on reducing the disorder.  

 Olsen and Baker investigated the difference between 40 mol% cholesterol and oxysterol 

on a lipid membrane, showing dramatic differences between them (61). They extended this work 

to study mixtures of oxysterol and cholesterol mixtures (62). Other recent atomistic simulations 

studied interactions involving glycolipid interactions in model membranes (63-65), 

phosphoinositides (66), sphingomyelin (67), diacylglycerol (68, 69), cholesterol (70), and other 

sterols (71, 72). More complex mixtures such as a model yeast membrane (73), and bacterial 

model membranes (74) have also been simulated recently.   

de Joannis and coworkers used semi-grand canonical ensemble simulations to investigate 

cholesterol:DOPC:DPPC mixtures (75). In this method, single lipids change between being 

either a DOPC or DPPC, using a monte-carlo exchange procedure, based on the inputted 

chemical potential difference between the two lipids. For ideal mixing, changing the chemical 

potential difference between DOPC-DPPC will result in a linear change in the molar ratio of the 

two lipids. At low cholesterol content, near ideal mixing of DPPC and DOPC was observed, 

while non-ideal mixing above 16 mol% cholesterol showed preferential interactions between 
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DPPC and cholesterol. Their results qualitatively matched experimentally determined tie lines of 

a typical ternary phase diagram. This is encouraging for the study of lipid domains using 

atomistic simulations.  

 Free energy calculations of lipids binding to bilayers of different compositions have 

implications for understanding the driving forces for domain formation. We have determined the 

excess chemical potential for a single cholesterol molecule in different membranes compared to 

water. Umbrella sampling simulations to determine the potential of mean force to move 

cholesterol from its equilibrium position to bulk water have been conducted by our group and a 

few others. By using water as a reference state, a lipid’s free energy of exchange between two 

bilayers with different compositions is determined, or rather, cholesterol’s preferential 

localization. Zhang and Berkowitz found that cholesterol has a ca. 61 kJ/mol free energy 

difference between a SSM (stearic sphingomyelin) bilayer and water, compared to 54 kJ/mol for 

POPC (76).  

We found that cholesterol has a gradient in its excess chemical potential with respect to 

cholesterol content in a DPPC bilayer: 89 kJ/mol, 40 mol%; 86 kJ/mol, 20 mol%, and 80 kJ/mol, 

0 mol% (77) (Figure 2). Cholesterol had a 67 kJ/mol free energy difference between a DAPC 

bilayer and water (77), and 132 kJ/mol for a 1:1:1 mixture of cholesterol:POPC:PSM (78). From 

these results, we concluded that cholesterol has a preference for more ordered and rigid bilayers 

and the lowest preference for a bilayer with polyunsaturated fatty acid tails. An interesting 

corollary to this work, we found that DPPC has the opposite preference as cholesterol, with a 

strong preference for a pure DPPC bilayer, followed by 20 mol% and then 40 mol% 

cholesterol:DPPC mixtures (79).  
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2.3.4 Cholesterol Flip-flop 

An important aspect of the lipid raft hypothesis and domain formation is cholesterol’s 

localization. Phospholipids have a well-documented asymmetric distribution with 

phosphatidylethanolamine (PE) and phosphatidylserine (PS) concentrated on the inner leaflet 

while the external leaflet is enriched in phosphatidylcholine (PC) and sphingomyelin (1). An 

active area of research on lipid rafts is trying to understand domain coupling across the 

asymmetric membrane leaflets. There has been considerable debate over cholesterol’s 

distribution across the asymmetric plasma membrane. How quickly cholesterol can exchange 

between leaflets is an important consideration for assessing its transbilayer distribution and the 

effect on domain formation. Recent experimental evidence is split on the subject, with some 

studies showing rapid flip-flop, so cholesterol would equilibrate between the two leaflets, 

although not necessarily to equal concentrations (80, 81). But slow cholesterol flip-flop was 

predicted by Garg, et al., which suggests that cholesterol is actively transported and could 

maintain a non-equilibrium distribution across the bilayers leaflets (82).  

We used both atomistic and coarse-grained simulations to study cholesterol flip-flop in a 

range of lipid bilayers, from a poly-unsaturated DAPC bilayer to a rigid and ordered 40mol% 

cholesterol:DPPC bilayer and a model ‘raft’ bilayer (1:1:1 ratio of cholesterol: PSM: POPC) (77, 

78) (Figure 2). The free energy barrier for cholesterol flip-flop was much lower in the 

polyunsaturated DAPC bilayer than in a DPPC bilayer, and the highest in the raft bilayer. CG 

simulations were used to directly observe cholesterol flip-flop and atomistic simulations 

provided specific chemical details of the mechanism. These results matched previous estimates 

based on MARTINI simulations in conjunction with neutron scattering data (48). Another study 



 

39 

using a different atomistic model showed similar free energy barriers for cholesterol flip-flop 

(83). With an implicit model of a DPPC bilayer the rates of flip-flop for cholesterol and other 

steroids were estimated to be on the order of microseconds to milliseconds, depending mostly on 

the polar substituents (84). For cholesterol (104 s-1), the rate constant was on the same order of 

magnitude as the atomistic simulations mentioned above.  

Fast flip-flop for ceramide and diacylglycerol in DPPC and DAPC bilayers was estimated 

using CG simulations (85). We determined free energy profiles for cholesterol, diacylglycerol 

and ceramide flip-flop across atomistic models of a POPC bilayer and a lipid raft mimic (1:1:1 

ratio of cholesterol, PSM, POPC)(78). All the molecules had orders of magnitude slower flip-

flop across the ordered bilayer than the POPC bilayer, with cholesterol faster than diacylglycerol 

and ceramide the slowest.  We note that the mechanism for flip-flop suggested by both atomistic 

and CG simulations for flip-flop of lipids with small, polar head groups, like cholesterol is 

similar to a solubility-diffusion model. This is in contrast to phospholipid flip-flop, and other 

charged molecules, where flip-flop proceeds through pore formation, which is difficult to model 

with CG force fields (86) and likely implicit models.    

 

2.3.5 CG Domain Formation 

 Due to the enhanced sampling, CG models have been used to directly observe domain 

formation in model membrane systems. With molecular level detail one can simulate bilayers 

large enough and for long enough to directly observe domain formation in ternary lipid mixtures. 

Figure 3 illustrates examples of domain formation using CG models under various conditions, as 

discussed below.  
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In a series of work, Marrink and coworkers have used the MARTINI model to investigate 

various aspects of lipid domain formation. Phase separation of ternary lipid mixtures of bilayers 

and small vesicles was shown to occur, matching experimentally observed liquid-ordered 

domains (high DPPC and cholesterol content) and liquid-disordered domains (high 

polyunsaturated DLiPC content and low cholesterol) (Fig. 3) (87). Interleaflet domain coupling 

was observed, and linked with elastic theory, predicting a small surface tension drives bilayer 

registration (87). As well, fast cholesterol flip-flop in the disordered phase, and slow flip-flop in 

the ordered phase was observed agreeing with results mentioned above.  

Perlmutter and Sachs extended this approach, simulating asymmetric ternary lipid 

mixtures (Fig. 3) (88). Matching previous results, they found that in the DLiPC:DPPC:CHOL 

symmetric bilayers liquid-ordered-liquid-disordered coexisting domains were directly observed. 

Domain formation in one leaflet induced ordering in the opposite leaflet composed of pure 

unsaturated lipids, and increased the local lipid curvature. With longer saturated lipids domain 

anti-registration was observed (88).   

Pantano et al. used the CG model of Shinoda and coworkers (89) to study domain 

registration in bilayers composed of mixtures of single chain polymers, with identical tails, but 

with either charged or neutral polar head group (90). Domain formation was observed due to the 

clustering of the charged head groups cross-linked with an ion. Registration of the domain was 

shown to occur from thickness mismatch and local bilayer curvature. The results suggest that 

domain registration cannot be explained simply by the minimization of the interfacial energy due 

to the surface tension between the leaflets.  

 Schäfer and Marrink investigated lipid partitioning to the domain interface using phase-

separated ternary mixtures of DPPC:DLiPC:Cholesterol (91). It was shown that POPC partitions 
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to the domain interface and reduces the line tension of the domain interface at low concentrations 

(3 mol%). PLiPC was shown to partition to the liquid-disordered phase and lyso-PPC had a 

slight preference for the interface.  

 Muddana et al. used MARTINI simulations and confocal microscopy to investigate the 

effect of non-lipid amphiphiles on lipid phase separation (92). Vitamin E partitions to the domain 

boundaries, and promotes lipid mixing or disrupts domain formation. This is in contrast to benzyl 

alcohol and Triton-X, which both promoted phase separation. Benzyl alcohol partitioned to the 

disordered phase and caused increased bilayer thinning, which would increase the tendency to 

demix. Triton-X went into both liquid-ordered and disordered phases, but had a stronger ordering 

effect on the saturated lipid than the unsaturated lipid, which would promote phase separation. 

This study illustrates how CG simulations combined with experiments can be used to explain 

macroscopic phase behavior at the single molecule detail. How non-lipid amphiphiles influence 

membrane phase behavior has implications on cell membranes (e.g. in the mechanism of vitamin 

E function), as well as on model studies that use these molecules as tools, such as membrane 

protein extraction by detergents.    

 Ternary mixtures of saturated lipids, unsaturated lipids and cholesterol were recently 

studied using the MARTINI model with different length of tails and number of double bonds 

(93). Both monosaturated and di-unsaturated lipid, and varying tail lengths, were simulated and 

domain formation characterized. Complete phase separation was only observed for bilayers with 

the di-unsaturated tails, although non-ideal mixing was found for mixtures with one saturated 

and one unsaturated tail. 

 Baoukina and co-workers carried out a series of simulations of monolayers and bilayers 

(94). Following simulations of monolayer mixtures that showed no clear domain formation (95, 
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96), a recent paper studied the properties of two types of large monolayers (80 nm x 80 nm, ca. 

9000 lipids) on a time scale of 25 µs. The first consisted of a mixture of DPPC, POPG and 

DOPC (3:1:1) and showed a transition from a homogeneous liquid-expanded  (LE) to a mixed 

liquid-condensed (LC) state upon quenching from 310 K to 290K. The second consisted of a 

mixture of DPPC, DOPC and cholesterol (5:3:4), which showed a transition from liquid 

disordered (Ld) to liquid ordered (Lo). From these simulations, the properties of individual 

domains, including their composition, partial areas, diffusion coefficients, line tensions, and the 

kinetics of growth could be calculated. Figure 4 shows four snapshots of the process of domain 

formation for the cholesterol-containing monolayer. This process significantly differs from the 

other monolayer and can be described as spinodal decomposition versus nucleation and growth. 

Although this is a monolayer study, with surface tension as additional variable and an air-alkane 

chain interface instead of a monolayer-monolayer interface as in a bilayer, these properties are 

likely relevant for lipid bilayers as well. In a follow-up study, the same compositions were 

studied in lipid bilayers (97). Four corresponding snapshots for the cholesterol containing bilayer 

are shown next to the monolayer snapshots in Figure 4. Although the bilayers are smaller, at 40 

nm x 40 nm, the phenomenology is very similar, and the same structural and dynamical 

properties were calculated. Increasing the temperature in the bilayer simulations produced 

similar effects as increasing the surface tension in monolayers. Thus this side-by-side 

comparison of monolayers and bilayers supports the strong similarity between monolayers at a 

similar surface density as a bilayer and give detailed insight in the structure and composition of 

domains at a regime where phase coexistence occurs.  
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2.4 Pores, defects and flip-flop 

 MD simulations have investigated pore and defect formation in membranes, both directly 

and indirectly, using a variety of techniques. A common structure of membrane pores has 

emerged from these studies; pores have a toroidal shape with water and lipid head groups 

penetrating into the hydrophobic interior of the bilayer. These pores have been characterized as 

disordered toroidal pores due to their structural heterogeneity and fluidity (98). Only recently 

have free energy calculations involving pores been undertaken for atomistic simulations, due to 

the slow diffusion of lipids and the large structural rearrangements involved in pore formation. 

2.4.1 Non free energy pore simulations 

 Antimicrobial peptides and cationic penetrating peptides have been shown to induce pore 

formation in bilayers during equilibrium atomistic MD simulations. Herce and Garcia showed 

that the HIV-1 Tat peptide translocated across a bilayer through a large pore (99). Marrink and 

coworkers have observed pore formation caused by both magainin (100) and melittin (98). 

Charged arginines on the voltage sensing S1-S4 domains have also been shown to cause water 

defects in membranes (101-103).  

MD simulations have been used to investigate electroporation of lipid bilayers by directly 

applying an electric field to a bilayer (104-107). Alternatively, an ion imbalance across a bilayer 

can be used to create an electrochemical gradient, also leading to pore formation (108-111). The 

presence of dimethylsulfoxide (DMSO) in high concentrations has been shown to increase the 

permeability of bilayers and induce pore formation (112-114). Mechanical stress has been used 

to induce pore formation in MD simulations (115, 116). By applying a surface tension to DPPC 

bilayers, it was shown that pores with a critical radius of 0.7 nm could be stabilized, while larger 
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pores caused membrane rupture (116). From the critical threshold tension, the line tension of the 

bilayer was found to be in good agreement with experimental values.    

2.4.2 Small molecule partitioning  

We mention a few studies on polar and charged molecule – lipid interactions, as their 

permeation involves defect and pore formation, which involves lipid – lipid interactions. A 

detailed examination of small molecule – lipid interactions is beyond the scope of this chapter 

(117). We have shown that a large component of the free energy of small polar or charged 

molecule partitioning into lipid bilayers is due to the cost of forming a defect (118).  

MacCallum et al. determined PMFs for 17 of the 20 amino acid side chain analogs in a 

DOPC bilayer (118). The free energies of transfer compared well to various experimentally 

determined hydrophobicity scales. Of interest to our topic, the polar and charged amino acids 

caused significant water defects when placed in the hydrophobic interior of the bilayer. Water 

and DOPC head groups moved into the interior to prevent the desolvation of the side chain. 

There was an energetic balance between desolvation and water defect formation. Moving the 

side chain further into the bilayer caused the water defect to get larger, and translated into a steep 

slope in the PMF. At a critical distance from the bilayer center, the water defect dissipated and 

the PMFs flattened. The steep slopes of the PMFs were similar for all the polar side chains and 

charged side chains, which suggests that the cost of water defect formation dominates the PMF. 

We note that the slope for transferring a DOPC lipid to the bilayer center was also similar to the 

charged side chain (119). The distance from the bilayer center at which the defect broke – the 

distance when desolvation was cheaper than defect formation - depended on the side chain. For 

the charged side chains, and the zwitterionic DOPC, a water defect was present, even at the 

center of the membrane. Similar studies on arginine partitioning, using different methods and 
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force fields have yielded similar results (120, 121). We have shown that transferring an arginine 

into a bilayer that already contains a water defect is energetically inexpensive (12 kJ/mol)(122). 

This supports our assertion that defect formation dominates the free energy cost for charged and 

polar molecules partitioning in lipid bilayers.  

2.4.3 Free energies of pore formation 

  Using a simplified coarse-grained model, Tolpekina et al. have investigated pore 

formation by calculating a PMF as function of pore radius. They found that pore formation in 

their coarse-grained model cost 15-20 kT (123). The PMF did not show a barrier to pore closure, 

which had been suggested from experimental evidence, although their results did not rule it out. 

In another study, the same group determined a pore phase diagram by stretching a coarse grained 

bilayer and determining regions of stability, metastability, and instability (124). The line tension 

coefficient along the pore edge was determined using three different methods, all in good 

agreement with the experimental value. 

Wolhert et al. determined the free energy of pore formation in an atomistic DPPC bilayer 

using the pore radius as the reaction coordinate (125). From this reaction coordinate, they were 

able to derive the free energy of pore formation and pore expansion. For pore radii of less than 

~0.3 nm, the PMF had a quadratic shape. At larger pore radii, or pore expansion, the PMF was 

linear. They found the free energy for pore formation was 75-100 kJ/mol.  

Using a similar approach, Notman et al., determined the free energy for pore formation in 

bilayers composed of ceramide, as a model for the stratum corneum of the skin, both in the 

presence and absence of DMSO (126). Without DMSO, the bilayer was in the gel phase, and 

interestingly, a hydrophobic pore was observed with a high free energy barrier (~60 kJ/mol). In 

the presence of DMSO, the bilayer was more fluid, and the more typical hydrophilic pore was 
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observed, with a much smaller activation energy of 20 kJ/mol. This work provided a 

thermodynamic and structural explanation for the enhanced permeability of skin by DMSO.    

2.4.4 Lipid flip-flop   

The free energy for pore formation was obtained from the DPPC PMF calculated by 

Tieleman and Marrink (127).  A pore was observed when the phosphate of a DPPC molecule 

was restrained at the center of a DPPC bilayer. The free energy for flip-flop and pore formation 

was 80 kJ/mol. This is in good agreement with the free energy cost of pore formation in a DPPC 

bilayer determined by Wolhert et al. (125). It appears that the cost for an initial pore is the cost of 

placing a single lipid head group in the center of the bilayer, at least for DPPC. With the 

assumption that this state is the transition state for lipid flip-flop combined with calculated 

diffusion rates of lipids across the bilayer using pre-formed pores, flip-flop rates can be 

calculated. The time scale of DPPC flip-flop was estimated to be 1-30 hours, well within the 

range of experimental measurements (127).   

Using preformed pores in a DMPC bilayer, Gurtovenko and Vattulainen investigated the 

translocation of DMPC across a pore (128). It was shown that multiple lipids diffused across the 

pore before it dissipated, providing support for pore mediated flip-flop as mechanism for passive 

flip-flop. The time scale for pore dissipation was found to be 35-200 ns, at the limits of current 

computational capability for equilibrium simulations. 

From the PMFs of Sapay et al., the free energy barrier for flip-flop was obtained for a 

series of PC lipid bilayers: ΔGflop for DLPC, DMPC, DPPC, POPC, and DOPC are equal to 16, 

40, 80, 89, and 94 kJ/mol [Sapay et al., submitted]. They found a large difference in the free 

energy barriers for flip-flop. In general, the free energy barrier for flip-flop increased as the 

bilayer became thicker. For DLPC and DMPC, they observed water pore formation when the 
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pulled lipid was near the bilayer center. Once a pore formed, the PMF flattened, indicating the 

lipids could then freely diffuse across the pore. For the thicker POPC and DOPC bilayers, pore 

formation was not observed, and only a water defect was present at the bilayer center.  

The effect of cholesterol on DPPC partitioning was also investigated using MD 

simulations and umbrella sampling (129). PMFs for transferring DPPC from water to the center 

of DPPC bilayers containing 20 and 40 mol% cholesterol were determined by umbrella 

sampling. We found that cholesterol had a concentration dependent effect on the free energy 

required for DPPC flip-flop. For the 20 mol% cholesterol bilayer, DPPC formed a water defect, 

while no defect was present for the 40 mol % bilayer. Instead, a small number of water 

molecules were pulled into the 40 mol% bilayer to solvate the DPPC head group. Cholesterol 

was shown to impede the formation of water pores and defects, thereby reducing the rate of 

DPPC flip-flop by orders of magnitude.   
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 Thermodynamics	  of	  flip-‐flop	  and	  desorption	  for	  a	  systematic	  series	  Chapter Three:
of	  phosphatidylcholine	  lipids  

3.1 Abstract 

We have investigated the thermodynamics of phospholipid flip-flop and desorption. Using a 

series of PC (phosphatidylcholine) lipids with different lengths of acyl tails, and number of 

unsaturated tails, we calculated potentials of mean force (PMF) in atomistic molecular dynamics 

simulations. The PMFs describe the free energy for moving a single lipid molecule from water to 

the center of the respective lipid bilayer. The free energy to move the lipid from equilibrium to 

the bilayer center is assumed to be the free energy barrier for lipid flip-flop. We find that the free 

energy barrier for flip-flop is strongly dependent on the structure of the bilayer; ranging from 16 

kJ mol-1 in the thin DLPC bilayer, to 90 kJ mol-1 in the DOPC bilayer. There are large 

deformations in the bilayers’ structure, to accommodate the charged PC head group in the bilayer 

interior. We observe pore formation in all the bilayers, except for POPC and DOPC. The free 

energy for desorption is equal to the excess chemical potential of the lipid in the bilayer 

compared to bulk water. The increased chemical potential for PC lipids with longer acyl tails is 

in qualitative agreement with the critical micelle concentrations. We also determined PMFs for 

transferring water into the center of the series of lipid bilayers. Water has the same free energy of 

transfer to the center of all the bilayers, indicating the lipid PMFs differ due to bilayer 

deformations. Lipid bilayers are soft and deformable, allowing large structural changes, which 

are dependent on the composition of the bilayer. Our results show that similar PC lipids with 

only slightly different acyl tails, can have dramatically different thermodynamic behavior. 
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3.2 Introduction 

Cellular membranes are heterogeneous in composition and structure. For example, 

endoplasmic reticulum (ER) membranes have a symmetric distribution of lipids between the two 

leaflets of the bilayer. Eukaryotic plasma membranes have an asymmetric distribution of lipids, 

with phosphatidylserine (PS) and phosphatidylethanolamine (PE) enriched on the intracellular 

leaflet, and phosphatidylcholine (PC) and sphingomyelin (SM) enriched on the extracellular 

leaflet (1). Most phospholipids are synthesized on the cytoplasmic leaflet of the ER (1), so flip-

flop is required to allow uniform growth of the membrane and for lipids destined for the 

extracellular leaflet of the plasma membrane.  

Due to the slow rate of passive flip-flop for PC lipids across model bilayer systems (2-4), 

it is generally accepted that the process is protein mediated. For a review of current lipid 

translocators see (5). Exposure of PS to the outside of the cell has been implicated in blood 

coagulation and apoptosis (5). Specific aminophospholipid flippases have been identified as P4-

ATPases (5) for the eukaryotic plasma membrane, suggesting passive flip-flop is a natural 

process cells must fight against to maintain asymmetric lipid distributions. No dedicated ER lipid 

translocator has been clearly identified in spite of several attempts (6). It has been shown that the 

rate of phospholipid flip-flop can be enhanced by the presence of model peptides (7) and alpha-

helical integral membrane proteins (8), in an energy independent fashion. It has been postulated 

that the ER membrane has the intrinsic ability to equilibrate lipids between leaflets due to the 

presence of non-specific, energy independent lipid translocating proteins and the lack of 

cholesterol (9). Overall, lipid translocation remains still poorly understood. 

 Recent evidence has shown that placing a charged molecule in the interior of a lipid 

bilayer causes structural deformations, which allow water and lipid head groups to enter the 
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hydrophobic interior, to prevent the desolvation of the charged particle (10-13). The formation of 

water defects (water present only in one of the bilayer leaflets) and pores (water channel across 

the entire bilayer) in lipid bilayers has fundamental biological importance. Antimicrobial 

peptides, as well as cationic penetrating peptides have been shown to induce pore formation (14, 

15). Experimentally it was shown that Magainin 2 increases the rate of lipid flip-flop, which was 

correlated to membrane permeabilization (16). Computer simulations have been used to calculate 

the free energy of pore formation (17). By applying an electrical potential across the bilayer, 

pores have been shown to occur (18). Similarly, by creating a chemical potential difference 

across a lipid bilayer, pore formation was observed (19). The rate of DPPC flip-flop was 

estimated by calculating the potential of mean force (PMF), and was shown to occur by a pore-

mediated mechanism (10). Computer simulations have provided a unique and relatively 

consistent view of membrane pore formation.      

We seek a molecular level thermodynamic description for PC lipid flip-flop and 

desorption. Using molecular dynamics we calculate the free energy for transferring single 

di12:0-PC (DLPC), di14:0-PC (DMPC), di16:0-PC (DPPC), 16:0, 18:1-PC (POPC), and di18:1-

PC (DOPC) lipids from water to the center of model bilayers composed of the respective lipid. 

We have investigated a series of saturated PC lipids with different lengths of acyl tail, as well as 

the effect of unsaturated lipid tails. We determine the free energy barrier for PC lipid flip-flop 

and pore formation from the free energy to move the lipid from equilibrium to the center of the 

bilayer. Our calculations also provide the free energy required for lipid desorption, which is the 

excess chemical potential of the phospholipid.  
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3.3 Methods 

The partitioning of DLPC, DMPC, POPC, and DOPC in fully hydrated bilayers was 

studied in four separate sets of simulations. The partitioning of DPPC comes from a previous 

study using the same force field and parameters (10). Each bilayer system contained 64 lipids 

and more than 4000 water molecules. Lipid parameters were derived from the united atom force 

field of Berger et al. (20). Water was modeled with the simple point charge model (21). 

Topology files are available at http://moose.bio.ucalgary.ca.  

  All simulations were carried out with GROMACS 3.3.1 (22). We used a time step of 2 fs. 

Lennard-Jones and Coulomb potentials were cutoff at 0.9 nm. Long-range electrostatics were 

treated using the particle mesh Ewald algorithm (23, 24), with a grid spacing of viz. 0.1 nm and a 

real space cutoff of 0.9 nm. The temperature and the pressure were kept constant at 323 K and 1 

bar using Berendsen coupling (25). We used semi-isotropic pressure coupling with a 

compressibility of 4.5×10-5 bar-1 and a coupling constant of 2.5 ps for pressure and 0.1 ps for 

temperature. All lipid bonds were constrained with the LINCS algorithm (26). Water bonds and 

angles were constrained with the SETTLE algorithm (27).  

Umbrella sampling was used to calculate the free energy profile for partitioning of DLPC, 

DMPC, POPC and DOPC into their respective bilayer. A harmonic restraint with a force constant 

of 3000 kJ mol–1 nm–2 was applied to the distance between the phosphate of the pulled lipid and 

the center of mass of the bilayer, in the direction normal to the bilayer plane (z-axis). There was a 

0.1 nm spacing between biasing potentials, with a total of 40 simulations for DLPC and DMPC 

and 50 for POPC and DOPC. In each umbrella window, we had two restrained lipids, one per 

leaflet, which allowed us to determine two PMFs simultaneously. The phosphates of the two 

restrained PC lipids were offset by at least 4 nm, so that while the first restrained lipid was at the 
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center of the bilayer, the second was in bulk water. We have shown previously that having two 

charged molecules spaced at 3.6 nm did not significantly affect its PMF (11). The weighted 

histogram analysis method (28) was used to calculate the potentials of mean force (PMF) from 

the biased distributions. Each window was equilibrated for 1 ns with a force constant of 1000 kJ 

mol–1 nm–2, then 10 ns with a force constant of 3000 kJ mol–1 nm–2. Finally, production 

simulations were run for 70 ns (DLPC, DMPC), 20 ns (POPC and DOPC). As two lipids are 

restrained for each window, the standard error can be determined from the two PMFs. We judged 

the length of the simulations on the convergence of the two leaflets PMFs.    

Trajectory analysis and visualization were performed with the tools included in the 

GROMACS package or VMD 1.8.6 (29). Image rendering was done with POV-Ray 3.6.1 

(www.povray.org). 

3.4 Results 

3.4.1 Equilibrium structural properties 

Density profiles for the DLPC, DMPC, DPPC, POPC and DOPC bilayers are shown in 

Fig. 3-1A. As expected, the profiles have a similar shape, and in general, the bilayer becomes 

thicker as the number of carbons in the acyl tail increases. For the saturated lipids, DLPC, 

DMPC, and DPPC, the area per lipid A decreases as the number of carbons in the acyl tail 

increases (ADLPC=0.72 nm2, ADMPC=0.71 nm2, ADPPC= 0.69 nm2). Increasing the level of 

unsaturation in the lipid tails, by adding one double bond, for POPC, and two for DOPC, 

increases the area per lipid compared to DPPC (APOPC=0.69 nm2, ADOPC=0.73 nm2). The areas 

per lipid estimated from our simulations are higher than the experimental values (at 323 K: 

ADLPC=0.671 nm2 (30), ADMPC=0.654 nm2 (30), ADPPC=0.633 nm2 (30), APOPC=0.683 nm2 (31); at 
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303 K: ADOPC=0.724 nm2 (32)), but the expected trend in the bilayers structural properties is 

correct.  

 

Figure 3-1: Free energy profiles for PC lipids.  

(A) Partial density profiles for the series of lipid bilayers at equilibrium. Shown are the total 

system density and the phosphate density. (B) Lipid PMFs for the series of bilayers. We 

restrained the phosphate of the PC lipids for umbrella sampling, so the distance refers to the 

position of the phosphate with respect to the bilayer center. Error bars represent the standard 

error from the two leaflets PMFs. The energy was arbitrarily set to zero in the bulk water for ease 

of comparison, not to suggest the lipids have the same free energy of hydration. The color code 

is the same for both panels. 
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3.4.2 Lipid PMFs 

Fig. 3-1B shows PMFs for transferring a DLPC, DMPC, DPPC, POPC, and DOPC 

molecule from water to the center of the respective bilayer. The PMFs describe the free energy 

required for deviations of individual lipids from their equilibrium position along the normal to 

the plane of the bilayer. The trough in the PMF is the equilibrium position of the PC lipid in the 

bilayer. As the bilayer gets thicker, the trough of the PMF moves farther from the bilayer center 

and corresponds to the position of the partial density of the phosphate at equilibrium (Fig. 3-1A). 

There is a steep slope in free energy as the phosphate moves toward the bilayer center, due to the 

bulky zwitterionic head group of the PC lipid interacting with the hydrophobic interior of the 

bilayer. A similar steep slope is observed when the lipid moves into bulk water, as expected from 

the low solubility of phospholipids in water. A plateau appears when the lipid stops interacting 

with the bilayer, and therefore is the free energy of the lipid diffusing in bulk water. 

3.4.3 Lipid Flip-flop 

We assume the free energy at the center of the bilayer is the primary free energy barrier 

for flip-flop. In general, the free energy barrier for flip-flop increases as the bilayer becomes 

thicker: ΔGflop for DLPC, DMPC, DPPC, POPC, and DOPC are equal to 16, 40, 80, 89, and 94 

kJ mol-1.   

Transferring the PC head group into the hydrophobic interior of the bilayer causes water 

defect and pore formation; water and other PC head groups move into the bilayer core to keep 

the lipid solvated. Fig. 3-2A shows snapshots of the systems when a lipid is restrained at the 

center of the bilayer, i.e. when z=0 nm in the PMFs. Our series of membranes have different 

structural properties, they respond differently to having a PC head group in their interior. 
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We observe a large water pore when the phosphate of DLPC is at the bilayer center (Fig. 

3-2). The plateau near the bilayer center in the PMF for DLPC corresponds to the location where 

pore formation occurs. For example, at z = 0.7 nm only a water defect through one leaflet of the 

bilayer is present, while at z = 0.5 nm a water pore forms. We estimate the pore radius for DLPC 

to be 0.95 nm at the center of the bilayer, from the two-dimensional density map of water (Fig. 

3-2B).  
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Figure 3-2: Snapshots and density profiles for PC pores.  

Water pores or defects formed when the PC lipid is restrained at the center of each bilayer. (A) 

Snapshots of the systems. Water is in light blue, the restrained lipid is in green, the other lipids 

are in grey, the nitrogen atoms are in dark blue and the phosphorus atoms are in orange. (B) 

Two-dimensional water density map of each system (in atom.nm-3) (C) Two-dimensional 

phosphate density map of each system (in atom.nm-3). The pulled lipids, nitrogen and 

phosphorus atoms are represented to scale as a white line in both density maps. 
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 Examining the DMPC PMF, we observe a similar plateau and corresponding water pore 

near the center of the bilayer. Compared to DLPC, the plateau is shorter, and the free energy 

barrier is 2.3 times larger. As well, the pore radius is smaller with a value of 0.86 nm.  

 The PMF for DPPC does not contain a plateau (Fig. 3-1B), although we do observe pore 

formation at the bilayer center (Fig. 2). The pore only appears when z = 0 nm and occasionally 

when z = 0.1 nm, but not for larger z coordinates. The pore radius at the center of the bilayer is 

0.55 nm, smaller than for DMPC and DLPC.  

 For POPC and DOPC, we do not observe pores (Fig. 3-2A), nor do the PMFs display 

plateaus. This suggests more energy is required for pore formation and subsequently flip-flop. In 

contrast with the saturated lipids, the phosphate density is null when DOPC is at the center of the 

bilayer (Fig. 3-2B), while the water density is appreciable (Fig. 3-2C). This suggests that the 

mechanical properties of DOPC make it more favorable for water to enter the hydrophobic 

bilayer interior, in direct contact with the acyl chains, rather than have the bilayer deform, and 

allow their phosphates into the bilayer interior. 

3.4.4 Water Pore Characterization 

To quantify the water defect and pore formation we have determined the number of water 

molecules that penetrate into the hydrophobic interior of the bilayer, as a function of the position 

of the pulled lipid (Fig. 3-3A). When the lipid is at equilibrium there are between 5 and 10 water 

molecules in the bilayer interior. As we move the lipid toward the bilayer center, there is an 

increase in the number of water molecules, corresponding to the formation of a water defect. 

DLPC and DMPC display large increases in the number of water molecules in the interior of the 

bilayer as a water pore forms. DLPC has a maximum number of waters in the bilayer interior at z 
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= 0.25 nm. The maximum for DMPC is at the bilayer center. For the other lipids, there is a 

steady increase in the water within the interior from equilibrium to the center of the bilayer. For, 

POPC and DOPC, the water defect contains approximately 16 waters, i.e. about 2 times less than 

in the DLPC pore.  
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Figure 3-3: Characterization of the water pore or defect formed during lipid flip-flop.  

(A) The number of water molecules within the hydrophobic interior of the bilayers as a function 

of the distance between the restrained phosphate and the bilayer center of mass. The interior is 

defined as the distance between the ester density peaks. The curves were smoothed with a Bezier 

scheme to limit the background noise. The peaks and drops at z=0 nm for DLPC, DMPC and 

DPPC are not significant. They are due to the large fluctuations of the number of water 

molecules and the smoothing scheme. (B) The number of hydrogen bonds between the restrained 

lipid and water as a function of the distance between the restrained phosphate and the bilayer 

center of mass. The definition of hydrogen bonds is based on geometric criteria (distance < 0.35 

nm, angle < 30 deg). The color code is the same for both panels. 
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The number of hydrogen bonds to the pulled lipid as it is transferred from water into the 

center of the bilayer was also determined (Fig. 3-3B). The maximum number of hydrogen bonds 

is when the PC lipid is in bulk water. Transferring the lipid from water into its equilibrium 

position, there is a decrease in the number of hydrogen bonds. We do not observe a plateau at the 

lipids equilibrium position. The number of hydrogen bonds decreases as it is moved into the 

bilayer interior, but never reaches zero, meaning the PC head group is never fully desolvated. 

Instead, it is stabilized by between 5 and 6 hydrogen bonds for DPPC, POPC and DOPC (Fig. 3-

2A). In contrast, for DLPC and DMPC the number of hydrogen bonds increases to greater than 6 

hydrogen bonds, as a water pore forms.   

3.4.5 Water PMFs 

As we observed large structural deformations of the bilayers for lipid flip-flop, we 

wanted to investigate the translocation of a small polar molecule that did not cause deformations. 

Without deformations, the chemical environment of the interior of all the bilayers should be 

similar, and therefore a small molecules free energy of transfer from bulk water to center of the 

bilayers should be consistent. As a control, we have determined PMFs for transferring a single 

water molecule from bulk solution into the center of the bilayers (Fig. 3-4A). As expected, the 

PMFs are flat in bulk water, and increase as the water molecule moves into the interior of the 

bilayer. The steep slope in the water PMFs plateau near the bilayer center. Within the standard 

error, the water molecule has the same free energy of transfer in the DLPC, DPPC, POPC, and 

DOPC bilayers.  

 We have determined the number of hydrogen bonds formed to the pulled water as it is 

transferred into the bilayer interior (Fig. 3-4B). Contrary to the PC PMFs, which plateau when a 

pore forms, the water PMFs plateau when the water becomes desolvated; the average number of 
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hydrogen bonds drops to near zero. Once the water is desolvated it freely diffuses across the 

hydrophobic interior of the bilayer. 

 

Figure 3-4: Water PMFs in the PC bilayers. 

 (A) PMFs for water partitioning in the series of lipid bilayers. Error bars are the standard error 

from the two leaflets individual PMFs. (B) Hydrogen bonds to the pulled water molecule as it is 

moved from bulk water to the bilayer center. The color code is the same for both panels. 

 

3.4.6 Desorption 

The free energy required for desorption is the free energy difference between equilibrium 

and bulk water (Fig. 3-1B). Once the lipid stops interacting with the bilayer, the PMF plateaus, 

indicating a constant free energy for moving the lipid through bulk water. The free energy of 

desorption for DLPC, DMPC, DPPC, POPC, and DOPC are equal to 39, 48, 80, 85, and 90 kJ 
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mol-1. In general, as the number of carbons on the acyl tail increases the free energy for 

desorption increases. 

 For all the lipids, we observe a critical distance at which the tails stop interacting with the 

bilayer. To quantify this phenomenon, we measured the head to tail distance for the pulled lipid 

in each umbrella window (Fig. 3-5). As expected, this distance increases as the acyl chains get 

longer; the DLPC head-to-tail distance is shorter than DPPC. At equilibrium, the tails are 

extended, resulting in a large head-to-tail distance. As the lipid is transferred from equilibrium 

into bulk water, the head-to-tail distance increases. The lipid becomes extended to prevent the 

acyl tails being exposed to bulk water. At a critical distance from equilibrium, we observed that 

the PC lipid tails stopped interacting with the bilayer and folded up into bulk water, to minimize 

exposure of the hydrophobic tails to water. This position directly corresponds to the plateau of 

the PMF in bulk water (Fig. 3-1B). For POPC, the tail fluctuates between inserted in the bilayer 

and folded up in bulk water, in adjacent umbrella windows. 
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Figure 3-5: Head to tail distance during flip-flop and desorption 

Distance between the phosphate and the methyl of the sn-2 acyl chain for the restrained lipids as 

a function of the distance between the phosphate and the bilayer center of mass. 

 

3.5 Discussion 

The areas per lipid for all of our bilayers are higher than experimental values. The 

simulation parameters have been shown to affect the area per lipid and the correct area per lipid 

can be obtained using any force field with a particular set of parameters (33). We have shown 

that a cholesterol PMF in a DPPC bilayer is not significantly affected by using constant area and 

at +/- 10% area per lipid (W.F.D. Bennett, D.P. Tieleman, unpublished work). This suggests the 

exact area per lipid is not crucial for free energies of lipid transfer. 

3.5.1 Pores and Defects 

The lipid PMFs have a steep slope as we transfer the head group into the interior of the 

bilayer (Fig. 3-1B). The increase in free energy is correlated to the formation of a water defect, 

which becomes larger as the lipid is transferred farther into the bilayer. It is energetically more 
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favorable for the bilayer to deform and allow a water defect than for the PC lipid head group to 

become desolvated. At a critical distance from the center of the DLPC, DMPC, and DPPC 

bilayers, the water defect becomes a pore, with water penetrating into the hydrophobic interior of 

the bilayer from both leaflets (Fig. 3-2). Once a pore forms, the restrained lipid can freely diffuse 

across the interior of the bilayer from one leaflet to the other. Our free energy calculations allow 

us to extract the free energy of pore formation in membranes as well as the free energy barrier 

for flip-flop. It is interesting that pore formation is strongly correlated with the plateau in the 

PMF. Therefore, the free energy for pore formation might be an intrinsic property of the bilayer, 

and largely independent of the method used to create the pore. Indeed, the structure and 

dynamics of our observed water defects and pores are consistent with many other simulations 

(17-19, 34). Of particular interest with respect to our current focus, is the work of Wohlert et al. 

who investigate the free energy of pore formation with the pore radius as the reaction coordinate 

(17). For a DPPC bilayer, the PMF for pore formation with a radius of < 0.3 nm had a quadratic 

shape, and a free energy cost of 75-100 kJ mol-1 (17).   

The structure and fluidity of the membrane directly affect water pore and defect 

formation. As expected, the shorter lipids formed pores much easier than the longer lipids. This 

resulted in the large increase in ΔGflop that we observed for DOPC (90 kJ mol-1) compared to 

DLPC (16 kJ mol-1). Fig. 2 shows that the structure of the hydrophobic pore is different for all of 

the bilayers. For example, DLPC has a large pore radius, with water and phosphate density near 

the bilayer center. The pore in DPPC is much smaller, with an increased curvature of the pore 

wall and little phosphate density at the bilayer center. Although we do not see pore formation in 

the DOPC bilayer, the water defect displays the same trend, with increased defect curvature and 
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reduced pore radius (i.e. 0 nm). From the structure of the observed pores and defects, it is clear 

that the bilayers bend to accommodate the zwitterionic lipid.  

For DPPC, we observed a pore only at the bilayer center. We have shown previously that 

adding 40 mol% cholesterol to a DPPC bilayer, caused the free energy barrier for DPPC flip-flop 

to increase to 110 kJ mol-1, and prevented pore formation (35). At the center of the 40 mol% 

bilayer, we observed a plateau in the PMF, which corresponded to cessation of the water defect, 

and four or five water molecules forming a solvation ‘bubble’ around the head group of DPPC. 

Cholesterol increases the thickness and reduces the fluidity of lipid bilayers. Therefore, the 

increased free energy barrier for DPPC flip-flop in the 40 mol% cholesterol bilayer follows the 

same trend as the present results. 

The water PMFs served as a control showing that the differences we observe for the PC 

lipid PMFs are due to bilayer deformations. The free energy of transfer for a small, polar 

molecule, which did not form defects or pores at the bilayer center, was consistent for the DLPC, 

POPC, DPPC, and DOPC bilayers (Fig. 3-4). In addition, the water PMFs demonstrated that 

when a polar molecule becomes desolvated, the PMF plateaus. We have observed similar 

behavior in the investigation of the polar and charged amino acid side chains partitioning in a 

DOPC bilayer (11, 34). Water defect formation caused the PMFs of the polar and charged side 

chains to have a steep slope. The PMFs flattened when the defect broke, when it was 

energetically more favorable to desolvate the side chain than to deform the bilayer. The slope for 

all the side chains PMFs was similar, but the distance the defect broke, and the length of the 

plateau depended on the particular side chain. This supports the idea that defect formation 

dominates the slope of the PMF for polar and charged molecules.      
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Our present results provide new insight into biological membranes’ function as selective 

barriers. Lipid bilayers are extremely flexible and dynamic, which allow them to adjust their 

structure to accommodate charged molecules within their hydrophobic interior. These structural 

deformations are critical determinants in the shape of PMFs and the height of free energy 

barriers for molecules translocating across lipid membranes. Once a water defect either breaks, 

or expands into a pore, the free energy of transfer across the bilayer becomes zero. The lipid 

composition of the respective bilayer would affect the energy required for water defect and pore 

formation, and consequently the permeation of polar and charged molecules. 

3.6 Flip-flop Rates 

The rate of passive lipid flip-flop can be estimated from ΔGflop. We assume the transition 

state for flip-flop is when the PC lipid is at the bilayer center. This assumption is supported by 

the correlation of pore formation and the free energy plateau. Therefore we can estimate the rate 

of pore formation, kf,using: 

k f / kd = e ^ (-!G / RT )  

Eq. 1 

where kd is the rate of pore dissipation. Due to the large free energy barrier, we assume 

that the rate for the phosphate of the PC lipid to reach the interior of the bilayer will dominate all 

other considerations. Obtaining an accurate estimate for the rate of pore dissipation from 

simulation is non-trivial. We attempted to measure kd from 50 independent simulations of a 

DMPC bilayer with a pre-formed pore (data not shown). However, this attempt failed as the 

phenomenon is largely stochastic, with some pores remaining after 50 ns and others dissipating 

in nanoseconds. Gurtovenko and Vattulainen found similar results using preformed pores in a 
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DMPC bilayer, with metastable pores lasting for 35 to 200 ns (36). Eq 1 implies that an increase 

in the rate of flip-flop by 1 order of magnitude decreases ΔGflop by 5.7 kJ mol-1. This is 

approximately the same magnitude as the standard error of the PMFs. 

Instead of attempting a more rigorous estimate of the rate, we have used the same range 

of kd values (10-100 ns) for all the bilayers, and the same assumptions as in (10). We find the 

rate for DLPC, DMPC, DPPC, POPC and DOPC flip-flop occur on the microsecond, second, 

hour, hour, and day timescale, respectively. We did not observe pore formation in the POPC and 

DOPC bilayers, and therefore we are unsure about their transition state and free energy barrier 

for flip-flop.  

In general, comparison to experiment is difficult as literature values span large ranges 

depending on experimental procedure, such as the use of fluorescent probes. The difference in 

temperature used in many of the experiments and our study also impedes direct comparison. A 

recent study of DMPC, DPPC, and DSPC flip-flop in planar supported bilayers, using Sum-

frequency vibrational spectroscopy showed Arrhenius behavior for flip-flop, indicating an 

exponential dependence of the temperature on the rate (37). The rate of DMPC flip-flop was 

found to be faster than DPPC and DSPC, although all the rates were determined in gel state 

bilayers (37). TEMPO labeled DPPC had an order of magnitude slower rate of flip-flop, 

compared to DPPC, showing the use of labeled analogs has a large effect on many experimental 

values for lipid flip-flop rates (37). At the main phase transition temperature of DMPC and 

DPPC the rate of flip-flop of NBD-labeled analogs was increased compared to the gel and liquid-

crystalline phases (38). Again, the rate of flip-flop in the DMPC bilayer was faster than in the 

DPPC bilayer (38). The rate of NBD-PE flip-flop was shown to be dependent on the number of 

double bonds in the PC lipids acyl tail, with much faster flip-flop in poly-unsaturated bilayers 
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(39). Of interest to our study, it was shown that NBD-PE flip-flop was faster in DOPC bilayers 

compared to DPPC, but the low temperature used (25˚ C), meant that the DPPC bilayer was in 

the gel phase (39). Our results show that flip-flop of DLPC would be orders of magnitude faster 

than DPPC flip-flop. Our estimations are crude, but we do not focus on specific values, other 

than to note the value for DPPC was previously shown to be well within the experimental range 

of rates (1 to 90 hours) (10). The extremely fast flip-flop we predict for the DLPC and DMPC 

bilayers does seem somewhat unrealistic, and may point to possible force field issues. We predict 

a rate decrease as we increase the number of double bonds, which disagrees with the results of 

(39) and the predicted effect of the increased fluidity caused by double bonds. This may be due 

to the double bond parameters we have used, but the difference in temperature and phases, 

makes direct comparison with (39) impossible. It would be interesting to repeat our calculations 

on poly-unsaturated acyl tails or to determine experimental rates of unlabeled lipids in single 

component bilayers all at the same temperature. In retrospect we should have used the same 

length of acyl tails, as our unsaturated tails are also longer (18:1C) than the saturated DPPC 

bilayer (16:0C).       

Biologically, the large discrepancy we observe in the free energy barriers for flip-flop 

suggests differential rates of lipid flip-flop between different cellular organelles. In thin, fluid ER 

membranes, flip-flop would be orders of magnitude faster than in plasma membranes that are 

more rigid. Much remains unknown about lipid translocation, which is biologically important. 

3.6.1 Chemical Potential 

The free energy for desorption relies on the equilibrium stability of the lipid in the 

bilayer, in addition to the solubility of the lipid in water. We can equate the free energy of 

desorption to the excess chemical potential of the lipid in the bilayer compared to bulk water. 
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The chemical potential of a lipid is a crucial thermodynamic parameter and determines lipid 

partitioning, and is therefore important for phase behavior and domain formation in membranes. 

For instances, the critical micelle concentration (CMC) of a lipid is directly related to the excess 

chemical potential of the lipid in bulk water compared to a micelle, 

µ !µ0 = RT ln(CMC)  

Eq. 2 

The CMC of DLPC, DMPC, and DPPC are 280, 94, and 0.3 nM, which equate to excess 

chemical potentials of 51, 54, and 69 kJ mol-1 (40). Note that CMCs have to be converted to 

mole fraction units, i.e. divided by 55.5 M. Our calculated excess chemical potential for DLPC, 

DMPC, and DPPC were 39, 48, and 80 kJ mol-1, which demonstrate the correct qualitative trend. 

It is surprising that we underestimate the chemical potential of DLPC and DMPC, but over 

estimate DPPC.   

Obtaining correct thermodynamic data, such as chemical potentials, is important for 

molecular dynamics simulations. Our results show that current force fields can produce 

reasonable results for the chemical potential of PC lipids. For more complex biological 

phenomena, such as lateral domain formation, subtle discrepancies in chemical potentials likely 

have very large and unpredictable effects. In the future, a new generation of lipid force fields 

might be parameterized to reproduce thermodynamic phase data. 

3.7 Conclusions 

We have calculated free energy profiles for the movement of a series of phospholipids 

normal to the plane of lipid bilayers. The free energy to move the PC lipid from equilibrium to 

the center of the bilayer is the free energy barrier for flip-flop. We found that the composition of 
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the bilayer and therefore the structure of the bilayer had a large effect on the free energy barrier, 

and therefore on the rate of flip-flop. Thinner bilayers, such as DLPC, had lower free energy 

barriers (16 kJ mol-1), compared to thicker bilayers, like DPPC (80 kJ mol-1). We observed large 

water pores for the shorter lipids, which became smaller as we increased the bilayer thickness. 

We equated the free energy difference between the equilibrium position of the PC lipid, and bulk 

water to the excess chemical potential of the lipid. As expected, as we increased the number of 

carbons in the acyl tails the chemical potential decreased, i.e. it became more unfavorable to 

remove the lipid from the bilayer. In general, the composition of bilayers strongly affects 

important thermodynamic properties, which have broad implications on biological membranes. 
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 Thermodynamic	  analysis	  of	  the	  effect	  of	  cholesterol	  on	  Chapter Four:
dipalmitoylphosphatidylcholine	  lipid	  membranes	  

4.1 Abstract 

Cholesterol is an important component of eukaryotic cellular membranes. Despite extensive 

literature on the physiochemical effects of cholesterol on membranes, much remains unknown 

about the precise role of cholesterol and its molecular interactions in membranes. Regular 

thermal fluctuations of lipids normal to the plane of the membrane are biologically relevant for 

many processes, such as interactions with enzymes, elastic properties, and hydrophobic 

matching, while larger fluctuations are involved in vesicle budding and fusion, passive lipid flip-

flop and pore formation. Here we use molecular dynamics simulations to investigate the 

thermodynamic effect of cholesterol concentration on dipalmitoylphosphatidylcholine (DPPC) 

bilayers. We calculate potentials of mean force (PMFs) for DPPC partitioning in DPPC bilayers 

containing 20 mol% and 40 mol% cholesterol. Increasing the cholesterol content increases the 

free energy barrier for transferring the head group of DPPC to the center of the bilayer and slows 

down the rate of DPPC flip-flop by orders of magnitude. Cholesterol increases the order, 

thickness, and rigidity of the bilayers, which restricts bilayer deformations and prevents pore 

formation. While DPPC flip-flop was shown to be pore mediated in a pure bilayer, we do not 

observe pores in the 20 mol% and 40 mol% bilayers. Increasing the cholesterol concentration 

causes a decrease in the free energy to transfer DPPC from its equilibrium position into bulk 

water – indicating that DPPC prefers to be in cholesterol-free bilayers. We also observe a 

reduction in small fluctuations of DPPC normal to the bilayer as the cholesterol concentration is 

increased. 



 

86 

4.2 Introduction 

Cellular membranes are heterogeneous lipid bilayers that function primarily to separate 

aqueous cellular compartments and to act as scaffolds for membrane proteins. Although all 

membranes share the global function of acting as barriers between cellular environments, there 

exists great variability in the local composition and organization of membranes and their specific 

biophysical properties. Lipid composition varies between species, cell types, organelles, and 

even leaflets of the same membrane. For example, mammalian plasma membranes contain high 

concentrations of cholesterol (25-40 mol%), while their ER membranes have low cholesterol 

concentrations (0-5 mol%) (1).  

Thermal fluctuations of individual lipids from equilibrium, normal to the plane of the 

bilayer, are important in a number of biological processes. Interacting with transmembrane 

proteins and peptides induces hydrophobic matching of the lipids; lipids may lengthen to shield 

long hydrophobic transmembrane proteins from water, or shorten to accommodate hydrophilic 

peptides or helices, such as antimicrobial peptides (2). Protrusions of lipids from the bilayer are 

necessary for interaction with enzymes, such as phospholipases (3), as well as an initial step in 

vesicle fusion (4, 5).   

Individual lipids undergo intramembrane lipid exchange, or flip-flop, which involves a 

lipid translocating from one bilayer leaflet to the other. Most PC lipids are synthesized in the ER 

on the cytoplasmic side, so flip-flop is necessary for them to reach the extracellular side of the 

plasma membrane (6). DPPC flip-flop involves exposing the bulky, zwitterionic head group of 

the lipid to the hydrophobic interior of the bilayer. The timescale for PC exchange has been 

estimated experimentally between 1 hour and 90 hours (7-9). The large discrepancy is due to 

differences in experimental conditions and methods. Efficient trafficking requires energy-
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dependent and energy-independent lipid flippases due to the slow rates for lipid flip-flop. In 

addition to lipid flippases (extracellular to intracellular), there are speculated floppases 

(intracellular to extracellular) and scramblases (both directions) (6). As well, it has been shown 

that certain integral membrane proteins and model peptides can increase the rate of flip-flop in 

an energy-independent fashion (10). The existence of the complex system of proteins, which 

control the distribution of lipids throughout cells, suggests passive flip-flop is a natural process 

cells must overcome. The ER membrane contains a symmetric distribution of lipids, while the 

plasma membrane has an asymmetric distribution, with PC and sphingomyelin enriched in the 

extracellular leaflet, PS, and PE in the inner leaflet. Disruption of the asymmetry and exposure of 

PS to the extracellular leaflet can signal apoptosis (6).            

Cholesterol is known to be important for modulating membrane fluidity; it broadens the 

transition of bilayers from gel phase to liquid crystalline phase and creates an intermediate 

liquid-ordered phase (11). In the liquid ordered phase, cholesterol increases the packing of 

phospholipids and their orientational order, increases the thickness of the hydrophobic portion of 

the bilayer, and decreases the rate of motion of the lipid tails (12). The bilayer bending (13) and 

area compressibility (14) moduli both increase as the concentration of cholesterol increases – 

indicating stiffening of the bilayer. The molecular basis for the condensing effect of cholesterol 

on lipid bilayers remains poorly understood. Evidence has shown that similar sterol molecules do 

not have the same condensing effect on lipid bilayers compared to cholesterol (15-17). This 

suggests cholesterol is a highly specialized molecule. 

Early theoretical studies using simplified models reproduced qualitative effects of 

cholesterol on bilayers (18). Recently, there have been fully solvated atomistic simulations of 

cholesterol in bilayers on long timescales (10-100 ns). Systematic simulations of cholesterol 
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from 0 mol% to 40 mol% in DPPC bilayers showed that many of the effects of cholesterol, such 

as ordering the DPPC chains, reducing the area per lipid and increasing the area compressibility, 

agreed with experimental data (19). Important membrane elastic properties, such as lateral 

pressure profiles and bending moduli, have been calculated for DPPC bilayers containing 

cholesterol (20) and for raft-like bilayers (21). Several groups have simulated ternary mixtures of 

cholesterol, sphingomyelin, and phosphatidylcholine to investigate the behavior of putative lipid 

rafts (21-23). Zhang and co-workers determined the free energy for cholesterol desorption from a 

POPC and a sphingomyelin bilayer, and showed cholesterol had a greater affinity for 

sphingomyelin (24).   

Computer simulations have been used to investigate the molecular mechanism of lipid 

flip-flop, at a resolution unattainable to experimental techniques. Using pre-formed pores, it was 

shown that multiple DMPC molecules flip-flop across a hydrophilic pore on a 60 ns time-scale 

(25). Pore mediated flip-flop was also observed for DPPC in a pure DPPC membrane (26). The 

mechanism of flip-flop for other lipids with less bulky and charged head groups, such as sterols, 

remains unknown. The fast rate of cholesterol flip-flop determined from experiment (half-time of 

< 1  s.) suggests it is not pore mediated (27). It was shown that a derivative of cholesterol with a 

ketone head group flip-flopped on the nanosecond time scale without water pore formation (28). 

Here we investigate cholesterol’s effect on the thermodynamics of DPPC movement normal to 

the bilayer. Previously, Tieleman and Marrink calculated the potential of mean force (PMF) for 

the transfer of a DPPC lipid through a pure DPPC bilayer (26). Many important membrane 

properties were estimated from the PMF, such as the critical micelle concentration, the rate for 

DPPC flip-flop, and the permeation rates for ions and water – all of which compare well to 

experimental data. We present PMFs for DPPC partitioning in 20 mol%, and 40 mol% 
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cholesterol bilayers. From these PMFs, we show that cholesterol has a concentration dependent 

effect on the movement of DPPC normal to the bilayer. The mechanism of spontaneous DPPC 

flip-flop changes upon inclusion of cholesterol in the bilayer, and the rate of flip-flop decreases 

by orders of magnitude. Desorbing DPPC from cholesterol rich bilayers is easier than from pure 

DPPC bilayers, indicating DPPC prefers bilayers with low cholesterol content. 

4.3 Methods 

The simulation system consists of 64 lipids and ~3000 water molecules. For the 20 mol% 

cholesterol 12 DPPC lipids were replaced by cholesterol molecules; for the 40 mol% cholesterol 

there were 26 DPPC lipids were replaced by cholesterol molecules. The same simulation setup 

was previously used in the calculation of the DPPC PMF in a pure DPPC bilayer (64 lipids) (26). 

Fig. 4-1 shows a representative snapshot of the 20 mol% cholesterol bilayer system during 

equilibration. 
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Figure 4-1: Snapshot of a representative 20% cholesterol bilayer.  

Water is represented as blue spheres. The phosphorous and nitrogen of DPPC are shown as 

yellow and orange spheres, respectively; the oxygen cholesterol is shown as red spheres. DPPC 

is thin grey lines, and cholesterol is thin black lines. 

 

All simulations were performed with the GROMACS 3.3.1 software package (29, 30). 

DPPC was modeled with the Berger et al. force field parameters (31). Water was represented by 

the Simple Point Charge model (32). The force field for cholesterol was based on the GROMOS 

force field, with minor changes (33). Lennard-Jones and electrostatic interactions were cut-off at 

0.9 nm. The smooth particle mesh Ewald method was used to evaluate long-range electrostatic 

interactions (34, 35). Bonds lengths were constrained with the LINCS algorithm (36) for DPPC 

and cholesterol, and with the SETTLE algorithm (37) for water – allowing a 2 fs time-step. The 

temperatures of water, DPPC, and cholesterol were kept constant separately at 323 K using the 

weak coupling algorithm with a 0.1 ps coupling constant (38). Semi-isotropic pressure coupling 

was used with a 2.5 ps. coupling constant. The pressures normal and lateral to the bilayer plane 
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were separately maintained at 1 bar. The 20 and 40 mol% cholesterol bilayers were constructed 

from a 64 lipid pure DPPC bilayer (26) by replacing random DPPC molecules with cholesterol. 

Both bilayers were equilibrated for 50 ns. 

Umbrella sampling was used to calculate the potential of mean force acting on the 

phosphate group of DPPC as a function of the distance from the center of the bilayer. Two DPPC 

molecules were restrained, with one on each side of the bilayer. The molecules were staggered, 

such that when one is in bulk water, the other is at the center of the bilayer. Staggering the two 

molecules in this way ensures that they are always at least 5 nm from each other. We have 

previously shown that having two positively charged smaller molecules staggered 3.7 nm apart 

causes little change compared to calculations where a single molecule was restrained (39). 

However, restraining two molecules instead of one allows twice as much data to be collected at 

no additional computational cost. The distance between the center of the bilayer and the 

phosphate groups of the staggered DPPC molecules was restrained using a series of harmonic 

potentials with a force constant of 3000 kJ mol-1nm-2. A total of 51 simulation windows were 

used to transfer one lipid from bulk water to the center of the bilayer, and the other lipid from the 

center of the bilayer to bulk water with 0.1 nm between adjacent windows. We used the weighted 

histogram analysis method (40) to calculate the potential of mean force. The standard error was 

estimated based on the asymmetry between the PMFs for the two lipids on either side of the 

bilayer. Each window in the 20% cholesterol bilayer was run for 50 ns, while the 40% 

cholesterol bilayer windows were run for 80 ns each. We judged PMF convergence on the 

standard error of the two leaflets independent PMFs. We extended the 40% cholesterol 

simulations for 80 ns to attain better sampling of the rough curve for desorption (See Results). 
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4.4 Results 

For brevity, the systems will be referred to by their approximate mole percent 

concentration of cholesterol, i.e. the DPPC bilayer containing ~20 mol percent cholesterol will 

be referred to as the 20% bilayer. Fig. 5-2 A shows partial density distributions of the 0%, 20% 

and 40% bilayers. Consistent with many simulations (19) and experiments (41), as the 

concentration of cholesterol is increased, the overall thickness of the bilayer increases. 

In Fig. 5-2B we show PMFs for a DPPC lipid partitioning in the 0% (26), 20% and 40% 

bilayers. During umbrella sampling, we restrained the phosphate of DPPC, so all distances 

mentioned throughout, refer to the position of the phosphate. The PMFs for all three bilayers 

have deep free energy minima at the equilibrium position of DPPC in the bilayer. As the 

concentration of cholesterol is increased, the position of the free energy trough moves farther 

from the bilayer center, consistent with the increase in bilayer thickness. There is a large free 

energy barrier for partitioning the phosphate to the bilayer center, which is the primary free 

energy barrier for flip-flop. The free energy barriers for flip-flop are 80 kJ/mol, 106 kJ/mol and 

111 kJ/mol for the 0%, 20% and 40% bilayers, respectively. As well, there is a steep slope in the 

PMF as DPPC moves out of the bilayer into bulk water. For the 0%, 20% and 40% bilayers, the 

free energies for desorption are 80 kJ/mol, 70 kJ/mol and 44 kJ/mol.  
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Figure 4-2: Bilayer structures and PMFs. 

 (A) Partial density profiles of the 0%, 20% and 40% bilayers. The total system density is solid 

thick lines, water density is solid thin lines, DPPC density is dashed lines, and cholesterol density 

is dot-dash lines. (B) PMFs for a DPPC partitioning through the 0%(26), 20% and 40% bilayers. 

The PMFs were set equal to zero at the equilibrium position of DPPC in the respective bilayer. 

Error bars are the standard errors from the two leaflets PMFs. (C) The average distance between 

the phosphate and the sn-2 tail of the DPPC of interest. (D) The average number of hydrogen 

bonds to the DPPC of interest. We use a geometric definition of a hydrogen bond with a distance 

cut-off of 0.35 nm and an angle cut-off of 30o between acceptors and donors.  
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The PMFs for the 0% and 20% bilayers share a similar shape; the slope to either side of 

the equilibrium position is symmetric and the peak in free energy is at the bilayer center. This is 

in contrast to the asymmetric shape of the PMF for the 40% bilayer. There is a large increase in 

free energy as the phosphate moves towards the center of the 40% bilayer, until the free energy 

plateaus at 0.6 nm from the bilayer center. As the DPPC moves out of the 40% bilayer and into 

water, the free energy increases more slowly and the PMF is much rougher compared to the 0% 

and 20% bilayers. This region may suffer from poor sampling due to the slower dynamics of the 

tightly packed 40% bilayer. 

The steep slope in the PMFs as we move DPPC into the hydrophobic core of the bilayer, 

corresponds to large defects in the structure of the bilayer, to prevent the desolvation of the 

charged lipid. For the 0% bilayer, when the phosphate of DPPC is at the center of the bilayer, 

there is a water pore spanning the entire bilayer (Fig. 4-3A). When the phosphate of DPPC is at 

the center of the 20% bilayer, there is single sided water defect (Fig. 4-3B). There is no water 

defect for the DPPC at the center of the 40% bilayer (Fig. 4-3C); instead 4 or 5 water molecules 

and occasionally an inverted cholesterol are pulled into the hydrophobic core of the bilayer in 

order to solvate the head group of DPPC. Moving the phosphate of DPPC to 0.6 nm from the 

center of the bilayer causes a water defect to form (Fig. 4-3 D). For each simulation window, we 

calculated the average number of hydrogen bonds to the restrained DPPC molecule (Fig. 4-2 D). 

Transferring the lipid from bulk water to the equilibrium position in the bilayer causes a decrease 

in the number of hydrogen bonds to the DPPC, from 9.5 in bulk water to 7 in the bilayer. For the 

0% and 20% bilayers, the total number of hydrogen bonds to the DPPC remains nearly constant 

as the lipid is moved into the center of the bilayer, due to the formation of a large water defect 

(Fig. 4-3 B). The 40% bilayer has a decrease in the number of hydrogen bonds to the DPPC lipid 
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near the bilayer center, which coincides with the plateau in the PMF, and the dissipation of the 

water defect. 

	   	  

Figure 4-3: Snapshots of DPPC at various positions within the 20% and 40% bilayers.  

The molecular representations are the same as Figure 1, except the restrained DPPC is denoted 

with thick green lines. (A) The phosphate of DPPC at the center of the 0% bilayer. A large pore 

spanning both bilayer leaflets forms. (B) The phosphate of DPPC at the center of the 20% 

bilayer. A water defect forms to solvate DPPC’s charged head group. (C) The phosphate of 

DPPC at the center of the 40% bilayer. Four or five water molecules and an inverted cholesterol 

are pulled into the bilayer to solvate DPPC’s head group. (D) The phosphate of DPPC at 0.5 nm 

from the center of the 40% bilayer. A water defect forms to solvate the charged head group of 

DPPC. 
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Phospholipids are long and flexible molecules, which allow them to adopt different 

conformations in different environments, such in a bilayer and in bulk water. To quantify the 

relative compactness of DPPC, we calculated the average distance between the phosphate and 

the terminal methyl group of its sn-2 tail for each simulation window (Fig. 4-2 C). DPPC is most 

compact in bulk water; it has the shortest distance between the head group and the tail. The 

maximum distance is near the lipid equilibrium position, as the phosphate moves into bulk water. 

At the bilayer center, DPPC is quite compact, with only a slightly longer distance from head 

group to tail compared to bulk water. As the DPPC moves out of the 40% bilayer, there are large 

fluctuations in the distance between the head group and the tail, leading to the noise in Fig. 2 C 

(from 2.8 to 3.8 nm). Through this region, the DPPC fluctuates between having its tails folded up 

in bulk water (Fig. 4-4 A) and having its tails inserted in the bilayer (Fig. 4-4 B). We observe 

both conformations in single simulation windows, although exchange between them is slow. In 

contrast, for the 0% and 20% bilayers, there appears to be a critical distance at which the DPPC 

tails stop interacting with the bilayer (Fig. 4-2 C). To reduce the roughness of the 40% bilayers 

PMF in this region, we increased the sampling by running each umbrella windows for 80 ns. 
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Figure 4-4: Snapshots of DPPC as it desorbs from the 20% and 40% bilayers.  

The representation of molecules is similar to Figure 3, except the water, phosphorous, nitrogen 

and oxygen spheres are smaller. (A) The phosphate of DPPC is 2.9 nm from the 40% bilayer 

center; both acyl tails fold up in bulk water instead of interacting with the bilayer. (B) With 3.5 

nm between the 40% bilayer center and the phosphate of DPPC, its tails insert in the bilayer. 

 

The broad troughs in the PMFs (Fig. 4-2 B) illustrate that at equilibrium individual lipids 

can move large distances normal to the membrane plane, with normal thermal fluctuations. As 

we increase the cholesterol content, the troughs of the PMFs narrow. The extent of thermal 
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fluctuations normal to the bilayer have been determined by measuring the distance across the 

PMF troughs at a free energy of 2RT. DPPC can move ~0.8 nm from equilibrium in the 0% and 

20% bilayers, while only ~0.6 nm in the 40% bilayer, with 2RT of energy. 

4.5 Discussion 

4.5.1 Pores 

The formation of transient water defects and pores in lipid membranes has important 

biological implications. The major energetic barrier for lipid flip-flop is likely the bulky, polar 

head group partitioning through the center of the hydrophobic tail region of the bilayer. To 

accommodate the charged molecule, the bilayer deforms to allow a lipid-lined water defect to 

keep the DPPC solvated. At the center of the 0% bilayer, the DPPC causes a water pore across 

the bilayer (26). The free energy for pore formation in a DPPC bilayer was determined to be 80 

kJ/mol. We did not observe pore formation when the phosphate of DPPC was at the center of the 

20% or 40% bilayers. Therefore, we can speculate that the free energy for pore formation would 

be greater than 106 kJ/mol and 111 kJ/mol in the 20% and 40% bilayers. It would be much more 

difficult to form pores in cellular membranes with high cholesterol content. 

Experimental studies have shown that the permeation rate of polar molecules through 

bilayers decrease upon increasing cholesterol concentration (42). As well, many recent 

simulations of polar and charged molecules in the acyl tail region of bilayers have observed 

similar defects, which are stable over long time scales (10-100 ns) and independent of starting 

structure (26, 39, 43-45). The energetic cost of a water defect is due to deforming the structure of 

the bilayer and the cost of forming an interface between water and the lipid tails. Moving the 

charged molecule farther into the bilayer increases the cost of forming the water defect, which 

translates into a steep slope of the PMF. The defect dissipates once it becomes less expensive to 
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have the charged molecule exposed to the low dielectric environment than to form the defect. We 

observe steeper slopes in the PMFs as we increase the cholesterol content. Cholesterol increases 

the order and rigidity of bilayers, which likely prevents defect formation. The 40% bilayer has a 

much steeper slope than the 20% bilayer, but at ~0.6 nm from the bilayer center the water defect 

dissipates. Once the water defect breaks, the PMF levels off until the bilayer center. Other 

simulations of polar molecules partitioning through bilayers have shown similar effects (45).  

Our results have implications for all polar and charged molecules interacting with lipid 

bilayers. It has been shown that cationic penetrating peptides (46) and antimicrobial peptides 

(47) induce transient pore formation in bilayers. Therefore, membranes with high cholesterol, 

such as the plasma membrane, would have a greater barrier for pore formation, than membranes 

with low cholesterol content, such as the ER membrane. 

4.5.2 Flip-flop Rate 

As discussed above, the mechanism of DPPC flip-flop differs between the three bilayers. 

In the 0% bilayer flip-flop is pore-mediated, so multiple lipids can flip simultaneously, along 

with other molecules, such as water and sodium ions (26). At the center of the 20% bilayer, the 

head group of DPPC forms a single-sided water defect. We did not observe a membrane-

spanning pore in any of our 20% bilayer simulations; however, we cannot rule out that 

possibility entirely so the mechanism of transition of DPPC from the bilayer center to the 

opposite leaflet is uncertain. No pore is involved in DPPC flipping across the 40% bilayer; the 

head group of DPPC is surrounded by four of five waters and occasionally an inverted 

cholesterol at the center of the 40% bilayer.   

The high free energy barriers for DPPC flip-flop agree qualitatively with the long rates 

that have been determined experimentally for this process (7-9). From the pure DPPC PMF, flip-
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flop was estimated to occur on a time-scale of 4-30 hours, which is well within the experimental 

range of rates (26). The estimated rate relied upon the phosphate of DPPC forming a water pore 

at the bilayer center, which was assumed to be the transition state of the process (26). The rate 

for the 0% bilayer was dependant on the rate of formation of the transition state, which was 

estimated using, 

kf / kd  =  e(-!G/RT)  

Eq. 1 

where kf is the rate of formation of the transition state, kd is the rate of pore dissipation, and ∆G 

is the free energy barrier (26). We cannot make a direct estimate for the rate of flip-flop in the 

20% and 40% bilayers because we are uncertain about the transition states, and even if we were 

certain, it is non-trivial to make an accurate estimate of kd. Pore dissipation has been estimated to 

occur on a 10-100 ns time scale, putting it at the limit of current computational feasibility (48, 

49). Using the same assumptions as in (26) and the same estimate for kd (107-108 s-1), we can 

make a crude estimate for the rate of flip-flop. Using the free energy barrier of 106 kJ/mol from 

the PMF for the 20% bilayer, we get a rate of 10-8 - 10-9 flips per second. We predict DPPC flip-

flop in bilayers with 20% cholesterol to occur on the time-scale of 108 - 109 seconds (3-30 years). 

For the 40% bilayer, with a free energy barrier of 111 kJ/mol the time-scale would increase to 

109 - 1010 seconds (30 - 300 years). Although these calculations are not rigorous, the free energy 

barrier for the DPPC reaching the bilayer interior will dominate the rate for flip-flop. It is 

apparent from the large increase in the free energy barrier that high cholesterol content will 

reduce the rate of DPPC flip-flop by orders of magnitude.  
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Kol, et. al. have shown experimentally that peptide induced flip-flop is strongly 

attenuated by cholesterol (10). Although this experiment involved peptides that are known to 

induce flip-flop (KALP23 and WALP23), the effect of cholesterol can likely be extrapolated to 

bilayers without peptides. The large effect of cholesterol on lipid flip-flop shown in our 

calculated PMFs agrees with the suggestion that cholesterol concentration could be used as a 

regulatory mechanism for flip-flop along the exocytotic pathway (10). In the ER membrane, 

where there is a low concentration of cholesterol, flip-flop would be more prevalent, while in the 

plasma membrane with a high cholesterol concentration, flip-flop would be more regulated. This 

could help to explain the symmetric lipid distribution between leaflets in the ER and the 

asymmetric, highly controlled distribution observed in plasma membranes. It would be easier, 

and less energetically expensive to maintain the asymmetric distribution of the plasma membrane 

with high cholesterol content. 

4.5.3 Chemical Potential 

An interesting aspect of the calculated PMFs are the free energies of desorption, which 

are equal to the excess chemical potential of DPPC in the bilayers compared to water. We can 

infer the relative affinity of DPPC for the different bilayers by comparing these chemical 

potentials. Phase separation and lateral domain formation are important biophysical processes, 

and are governed by chemical potential gradients. Lipids will diffuse from high to low chemical 

potential, until reaching equilibrium or a uniform chemical potential in the system.  

We find DPPC has the greatest affinity for pure DPPC bilayers, and the lowest affinity 

for the 40% bilayer. One possible explanation for DPPC’s preference for bilayers with low 

cholesterol content is that due to its conformational flexibility, restricting the movement of the 

tails of DPPC comes at an entropic cost. At short distances (0.5 nm) from its equilibrium position 
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in the 40% bilayer, DPPC can fold its tails in bulk water, instead of interacting with the bilayer. 

This is in contrast to the 0% and 20% bilayers, where there is a clear transition at distances ~1.5 

nm from their equilibrium position, between DPPC tails interacting with the bilayer and folding 

up into bulk water. 

Although the difference in DPPC chemical potential between the 0% and 40% bilayers 

suggests a driving force for DPPC partitioning away from cholesterol, and possible phase 

separation, without more simulations at both higher and lower cholesterol concentrations, as well 

as calculations of the chemical potential for cholesterol in all the bilayers, it is impossible to 

predict phase behavior. The large discrepancy we observe suggests DPPC and cholesterol do not 

mix ideally, but whether or not phase separation would occur is unclear. We note that it is still 

currently debated whether or not the phase diagram for cholesterol – DPPC mixtures contains a 

liquid-ordered – liquid-disordered coexistence region (50). In the future, investigating the 

thermodynamics of lipid phase behavior using MD simulations will be computationally feasible.  

Our results show that DPPC prefers to be in bilayers with low cholesterol content. We 

have used DPPC as a model system, and note that it has little biological significance, but it has 

been used extensively as a model lipid for in	  vitro experimentation. Cholesterol is known to 

preferentially associate with sphingomyelin compared to saturated PC lipids and has the lowest 

affinity for poly-unsaturated PC lipids (11). Repeating our calculations for more biologically 

relevant lipids, such as an unsaturated lipid or sphingomyelin, would be interesting. 

4.5.4 Small Fluctuations 

From the PMFs, we can extract the average distance individual DPPC molecules move 

within normal thermal fluctuations. Taking as a benchmark 2RT, we measured the distance 

across the well of the PMF. We find that at high concentrations cholesterol impedes the 
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fluctuations of DPPC, which is consistent with cholesterol’s well-known effect of ordering, and 

rigidifying lipid bilayers. Fluctuations of individual lipids are important for interacting with 

soluble enzymes, as well as lipid transfer proteins (51). The hydrophobic matching of the bilayer 

to accommodate integral membrane proteins has been speculated to affect protein partitioning 

and functioning (52). Collective fluctuations are involved with the elastic properties of bilayers 

such as the bending modulus. Consistent with our results, it was shown that the bending modulus 

of a DPPC bilayer increased when cholesterol content was increased (19). We observe a 

thermodynamic basis for the energetic cost of small fluctuations of individual phospholipids. In 

bilayers with high cholesterol content, such as the plasma membrane, phospholipids would 

fluctuate less than in low cholesterol content bilayers with low cholesterol content, such as the 

ER membrane.      

4.6 Conclusions 

We present a thermodynamic view of DPPC partitioning in lipid bilayers containing 

cholesterol. Our results provide insight into the ordering and condensing effects of cholesterol on 

individual DPPC molecules. We find cholesterol has a large effect on DPPC equilibrium 

stability, as we well as on its extreme fluctuations from equilibrium. Additionally, we observe 

that cholesterol prevents the formation of water pores and defects, and in general increases the 

free energy for the translocation of charged molecules. The 80 kJ/mol free energy barrier for 

DPPC flip-flop increases in bilayers containing 20 and 40 mol% cholesterol to ~110 kJ/mol, 

causing the rate of flip-flop to increase by orders of magnitude. The chemical potential of DPPC 

increases as the cholesterol content increases, suggesting DPPC prefers bilayers devoid of 

cholesterol. This work is a step forward in understanding cholesterol’s role on the 

thermodynamics governing lipid membranes.  
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 A	  molecular	  view	  of	  cholesterol	  flip-‐flop	  and	  chemical	  potential	  in	  Chapter Five:
different	  membrane	  environments  

5.1 Abstract 

The relative stability of cholesterol in cellular membranes and the thermodynamics of 

fluctuations from equilibrium have important consequences for sterol trafficking and lateral 

domain formation. We have used molecular dynamics computer simulations to investigate the 

partitioning of cholesterol in a systematic set of lipid bilayers. In addition to atomistic (AA) 

simulations, we have undertaken a large set of coarse grained (CG) simulations, which allowed 

longer time and length scales to be sampled. Our results agree with recent experiments (1) that 

the rate of cholesterol flip-flop can be fast on physiological time scales, while extending our 

understanding of this process to a range of lipids. We predict that the rate of flip-flop is strongly 

dependent on the composition of the bilayer. In poly-unsaturated bilayers, cholesterol undergoes 

flip-flop on a sub-microsecond time-scale, while flip-flop occurs in the second range in saturated 

bilayers with high cholesterol content. We also calculate the free energy of cholesterol 

desorption, which can be equated to the excess chemical potential of cholesterol in the bilayer 

compared to water. The free energy of cholesterol desorption from a DPPC bilayer is 80 kJ/mol, 

compared to 67 kJ/mol for a DAPC bilayer. In general, cholesterol prefers more ordered and 

rigid bilayers, and has the lowest affinity for bilayers with two poly-unsaturated chains. Overall, 

the simulations provide a detailed molecular level thermodynamic description of cholesterol 

interactions with lipid bilayers, of fundamental importance to eukaryotic life.  
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5.2 Introduction  

Cholesterol is an integral and abundant component of mammalian cellular membranes. 

Cholesterol alters the phase transition of lipid bilayers by smoothing the gel to liquid-crystalline 

phase transition (2). At relatively high concentrations of cholesterol, an intermediate liquid-

ordered phase, between the liquid-disordered and gel phases, is observed (2). When compared to 

the liquid-disordered phase, the liquid-ordered phase is characterized by increased rigidity, 

hydrophobic thickness, and order (2). The effect of cholesterol on the phase behavior of 

membranes is important for putative lipid rafts; lateral domains in cellular membranes enriched 

in cholesterol and sphingolipids (3-5). Regions with high-cholesterol content would be in the 

liquid-ordered phase, while the cholesterol-depleted regions would be in the liquid-disordered 

phase. Lipid rafts are thought to be important for signaling, lipid trafficking, integral membrane 

protein structure and behavior (4). The current consensus of the field defines rafts as small (10-

200 nm diameter), highly dynamic and heterogeneous (6). Recent evidence has shown giant 

plasma membrane vesicles (7) and model vesicles (DOPC/DPPC/cholesterol) (8) display critical 

fluctuations with correlation lengths of ~20 nm and 50 nm, which might explain some of the 

inhomogeneity observed in membranes. The complex driving forces responsible for the ability of 

cholesterol to modulate lipid phase behavior and raft formation remain poorly understood. We 

lack an underlying molecular description of cholesterol’s behavior in membranes. Currently, 

there are three major conceptual models for the detailed cholesterol-lipid interactions: the 

Condensed Complex Model (9), the Superlattice Model (10, 11), and the Umbrella Model (12). 

Recently, evidence for both the Umbrella model (13) and Condensed Complex Model (14) has 

been provided by determining the chemical activity of cholesterol in different bilayers, which is 

related to its chemical potential. Chemical potentials are crucial for predicting lipid phase 
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behavior, as equilibrium requires each species to have a constant chemical potential in all the 

phases of a system (15).     

In addition, the dynamical aspects of cholesterol in lipid membranes are poorly 

understood. Global and cellular trafficking of cholesterol and other lipids is a fundamental 

biological process. In mammals, cholesterol is unevenly distributed between cell types, 

organelles, and possibly between membrane leaflets (16). There is a cholesterol concentration 

gradient along the exocytotic pathway, from the endoplasmic reticulum (0-5 mol%) to the 

plasma membrane (25-40 mol%) (17). Efficient cholesterol trafficking necessitates that in 

addition to diffusing laterally through membranes, cholesterol must undergo intramembrane 

exchange (flip-flop). A recent study estimated the half-time for cholesterol flip-flop to be < 1 sec 

(1), although earlier estimates were on the minute (18) and even hour (19) range. The rate of 

cholesterol flip-flop is particularly hard to measure because of the fluid nature of lipid bilayers 

and the simplicity of cholesterol’s structure. 

Many computational studies have focused on cholesterol and have provided valuable 

insights into the molecular structure and behavior of cholesterol containing bilayers (20). The 

concentration dependent condensing effect of cholesterol has been investigated in molecular 

dynamics (MD) simulations (21-23). Of particular interest, Niemela et al. showed that putative 

rafts have different elastic properties and pressure profiles compared to non-raft bilayers, which 

provides a possible mechanism of raft function (24). Using umbrella sampling, Zhang et al. 

determined PMFs for transferring cholesterol from POPC and sphingomyelin bilayers to water at 

two temperatures (25). The thermodynamics of cholesterol transfer from a POPC bilayer to a 

sphingomyelin bilayer was shown to be energetically favorable but entropically unfavorable 

(25). Here, we use all atom (AA) and coarse grained (CG) MD simulations to investigate the 
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thermodynamics of cholesterol partitioning in lipid bilayers. We note that our AA model is a 

united atom model, lacking aliphatic hydrogens, but does still have atomistic length scale 

resolution. Free energy landscapes, or potentials of mean force (PMFs), for cholesterol 

partitioning from water to the center of the lipid bilayers were calculated using umbrella 

sampling. We have investigated the effect of unsaturated lipid tails with a systematic set of 

bilayers: dipalmitoyl-PC (DPPC, 16:0-16:0 PC), 1-palmitoyl-2-oleoyl-PC (POPC, 16:0-18:1 

PC), 1-stearoyl-2 arachidonyl-PC (SAPC, 18:0-20:4 PC) and diarachidonyl-PC (DAPC, 20:4-

20:4 PC). We have also simulated DPPC bilayers containing different amounts of cholesterol, 

using 0 mol%, 20 mol% and 40 mol% cholesterol bilayers. The extended time scale accessible 

by CG simulations allows the direct observation of flip-flop events, while the AA simulations 

provide atomistic detail. From the PMF, we estimate rates of cholesterol flip-flop and compare 

them to the directly observed rates from the CG simulations. The relative affinity of cholesterol 

for the respective bilayers can be inferred from the free energy for desorption, which is equal to 

the excess chemical potential of cholesterol. For simplicity, we will refer to the bilayers as the 

phospholipid and the approximate mole percent concentration of cholesterol (C) – for example 

the DPPC-40%C bilayer.      

5.3 Methods 

5.3.1 AA Simulations 

We simulated a DPPC-0%C bilayer (64 DPPCs and 2 cholesterols), a DPPC-20%C 

bilayer (52 DPPCs and 12 cholesterols), and a DPPC-40%C bilayer (38 DPPCs and 26 

cholesterols). We also investigated a polyunsaturated bilayer using a DAPC-0%C bilayer (72 

DAPCs and 2 cholesterols). The bilayers contained equal concentrations of cholesterol in either 

leaflet. All the bilayer systems contained 2500-3500 water molecules. We replaced random 
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DPPC molecules from an existing bilayer (26) with cholesterol to obtain the desired 

concentration, and then equilibrated for at least 50 ns. We calculated the system energy and the 

area per lipid to monitor equilibration. We have added double bonds to an existing bilayer 

composed of diarachidic-PC (DAPC, 20:0-20:0 PC) to produce diarachidonyl-PC (DAPC, 20:4-

20:4 PC). We then equilibrated the bilayer for 50 ns at 323 K. We monitored the equilibration by 

determining the system energy and the area per lipid. 

Simulations were performed with the GROMACS 3.3.1 software package (27). For 

DPPC and DAPC, the Berger et. al. force field parameters were used (28). Parameters for the 

double bonds were from a previous simulation on PLPC (29), and agree with the disorder 

observed by Feller et al. for a SDPC (1-stearoyl-2-docosahexaenoyl-sn-glyerco-3-

phosphocholine) bilayer (30). Water was modeled using SPC (31). Cholesterol was based on the 

GROMOS87 force field, with minor changes (32). Bonds were constrained with the LINCS 

algorithm (33) for DPPC and cholesterol and the SETTLE algorithm (34) for water, allowing a 2 

fs time-step to be used. Lennard-Jones interactions and electrostatic interactions were cut-off at 

0.9 nm. The particle mesh Ewald algorithm was used to evaluate long electrostatic interactions 

(35, 36). The temperature of water, lipid, and cholesterol were separately kept constant at 323 K 

using the weak coupling algorithm and a 0.1 ps coupling constant (37). Semi-isotropic pressure 

coupling was used with a 2.5 ps coupling constant. The pressure was maintained at 1 bar normal 

(z-axis) and lateral (xy plane) to the bilayer plane (37).  

We used umbrella sampling to calculate the potential of mean force (PMF) for a 

cholesterol molecule in the AA bilayers (See below). For the 0% DPPC bilayer, we have 

calculated PMFs for cholesterol at 333 K and 343 K in addition to the 323 K PMF, to decompose 

the free energy into entropy/enthalpy components. 



 

114 

5.3.2 CG Simulations 

We conducted CG MD simulations with the MARTINI force field (38), version 2.0, 

using the standard simulation parameters. All simulations were performed with the GROMACS 

3.3.1 software package (27). We conducted 3 µs equilibrium simulations of DPPC, POPC, 

SAPC, and DAPC -0%C bilayers (152 PC lipids and 2 cholesterols). While this is actually 1.3 

mol% cholesterol, we will refer to these bilayers as 0%C for brevity. To investigate the effect of 

cholesterol content we also simulated a DPPC-40%C bilayer (152 DPPCs and 104 cholesterols). 

To calculate flip-flop rates we counted the number of times a cholesterol hydroxyl group crossed 

from one leaflet to the other. We have used umbrella sampling to calculate cholesterol PMFs in 

CG DPPC, POPC, SAPC, and DAPC -0%C bilayers (64 PC lipids and 2 cholesterols), as well as 

a DPPC-40%C bilayer (38 DPPCs and 26 cholesterols).  

The Lennard-Jones potentials were shifted from 0.9 nm to 1.2 nm and cut-off after 1.2 

nm. Electrostatics were modeled with a Coulombic energy function with explicit screening by 

using a relative dielectric constant of ε = 15. To mimic the effect of distance-dependent 

screening the electrostatic potential was shifted from 0 nm to 1.2 nm. A temperature of 323K 

was used for all systems, with the solvent, lipid, and cholesterol separately coupled with a 

relaxation time of 0.1 ps (37). Semi-isotropic, weak pressure coupling (37) was used with a 

relaxation time of 0.5 ps, and lateral (xy plane) and normal (z axis) pressures of 1 bar. We used a 

30 fs time-step and updated the neighbor list every 10 steps. The simulation time was multiplied 

by a factor of four to give an effective time-scale, to account for the smoothness of the CG 

potentials (38).  
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5.3.3 Umbrella Sampling 

For each bilayer, we simulated 41 windows, with 2 restrained cholesterols per window, 

always spaced 4.0 nm apart. By restraining two molecules per window, we doubled the 

computational efficiency. We have shown previously that having two charged arginines 

separated by 3.7 nm did not significantly affect the PMF in a system of similar size (39). In the 

first window, one cholesterol molecule is in bulk water and the other at the bilayer center. In 

each subsequent window, we moved both cholesterol molecules 0.1 nm in the same direction 

along the bilayer normal (z-axis), ensuring they are always 4 nm apart. The final window had the 

first cholesterol at the bilayer center and the other in bulk water on the opposite side of the 

bilayer. We restrained the hydroxyl of cholesterol with respect to the center of mass of the 

bilayer, using a harmonic restraint with a force constant of 3000 kJ mol-1 nm-2 normal to the 

bilayer. PMFs were calculated using the weighted histogram analysis method (40). We 

calculated the mean PMF and its standard error using the two PMFs for the independent 

cholesterol molecules, one through either leaflet. The AA simulations were run for 20-40 ns, 

depending on convergence of the PMFs. For the CG umbrella sampling, each window was run 

for 150 ns.  

We have calculated PMFs for CHOL partitioning through AA DPPC bilayers at three 

temperatures (323 K, 333 K, and 343 K), to decompose the free energy into entropy and enthalpy 

contributions. Using the centered difference method outlined in (41), 

−!∆! ≈ !
!∆!

(! ! +   ∆! −   ! ! − ∆! )     

Eq. 1 

we can estimate the entropy contribution (-TΔS) to the PMF. 

Using the formula, 
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∆! =   ∆! +   !∆!    

Eq. 2 

we can use the entropy calculated above to estimate the enthalpy contribution (ΔH). 

5.4 Results 

5.4.1 PMFs 

Partial density profiles for the AA DPPC-0%C, DPPC-20%C, and DPPC-40%C bilayers 

are shown in Fig 1 A. As expected, the bilayer becomes thicker (Fig. 5-1 A), and the area per 

lipid decreases (Table 5-1), as the concentration of cholesterol increases. Additionally, the area 

per lipid increases as we increase the number of double bonds in the acyl tails (Table 5-1).  
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Figure 5-1: Cholesterol free energy profiles. 

(A) Partial density profiles of the AA 0%, 20% and 40% DPPC bilayers. Total density is solid 

thick lines, water density is solid thin lines, DPPC density is thick dashed lines and cholesterol 

density is dot-dashed lines. (B) PMFs for cholesterol partitioning in the AA bilayers. (C) CG 

PMFs for cholesterol partitioning from water to the center of various bilayers. Both AA and CG 

PMFs were set equal to zero in bulk water. Error bars are the standard error from the mean of the 

two leaflets cholesterol PMFs. 
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We calculated PMFs for transferring cholesterol from water to the center of AA (Fig 5-1 

B) and CG bilayers (Fig 5-1 C). There are free energy troughs at the equilibrium position of 

cholesterol in the bilayers. As the order and rigidity of the bilayer is increased, the position of the 

trough moves farther from the bilayer center, consistent with an increase in the thickness of the 

bilayer. All of the bilayers have similar smooth slopes, as cholesterol desorbs from the bilayer 

into bulk water. The PMFs flatten when the tail of cholesterol stops interacting with the bilayer. 

There is also a steep slope in the PMFs from equilibrium towards the center of the bilayer. After 

reaching the free energy barrier, as we move cholesterol farther into the bilayer, the PMF 

plateaus or decrease slightly, as for the CG DPPC-40%C bilayer. Table 5-1 summarizes the 

major free energy features of the PMFs. 
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Table 5-1: Cholesterol flip-flop data 

  Observed Calculated Observed 

Lipid A/L (nm2) Θequil
a 

(deg) 
ΔGdesorb 

(kJ/mol)* 
ΔGbarrier 

(kJ/mol)^ 
ΔGcenter 

(kJ/mol)$ td
 (ns)# kd

 (s-1)& kf (s-1)€ kflip (s-1)£ kflip (s-1)‡ 

CG DAPC 
0.89 30 74 1 0 1.6 to 10.8 9.3×107 to 

6.3×108   
9.3×107 to 

6.3×108  
2.3×107 to 
1.6×108 

7.5×107 ± 
0.2×107 0%C 

CG SAPC 
0.79 27 86 7 7 2 to 10.4 9.6×107 to 

5.0×108 
7.1×106 to 
3.7×107  

3.3×106 to 
1.7×107 

6.7×106 ± 
0.5×106 0%C 

CG POPC 
0.66 23 89 13 12 1.2 to 18.8 5.3×107 to 

8.3×108   
6.1×105 to 

9.5×106   
3.0×105 to 
4.7×106 

1.5×106 ± 
0.3×106 0%C 

CG DPPC-
0%C 0.62 23 88 16 15 1.2 to 16 6.3×107 to 

8.3×108  
2.3×105 to 

3.1×106   
1.2×105 to 
1.6×106 

7.4×105 ± 
2.1×105 

CG DPPC-
40%C 0.44 15 86 25 15 6.4 to 258.8 3.9×106 to 

1.6×108 
1.4×104 to 
5.9×105  

7.2×103 to 
2.5×104 1.4×104 +  

AA DAPC-
0%C 0.87 33 67 18 17 0.2 to 1.7 5.9×108 to 

4.2×109 
1.0×106 to 
7.4×106 

5.2×105 to 
3.7×106   

AA DPPC-
0%C 0.64 29 80 24 24 0.1 to 5.5 1.8×108 to 

1.0×1010 
2.4×104 to 
1.3×106 

1.2×104 to 
6.6×105   

AA DPPC-
20%C 0.56 19 86 31 28 0.6 to 40.0 2.5×107 to 

1.7×109 
2.4×102 to 
1.6×104 

1.2×102 to 
8.1×103   

AA DPPC-
40%C 0.43 13 89 41 36 1.5 to 80+ 1.3×107 to 

6.7×108 
1.9×101 to 
1.0×103 

9.4 to 
5.0×102   

a The average tilt angle of cholesterol at its equilibrium position. * The free energy barrier for desorption, from the PMFs. ^ The free 
energy barrier for flip-flop, for moving cholesterol from equilibrium to the bilayer center. $ The free energy difference between 
equilibrium and the bilayer center. # td was estimated by releasing the restraint on cholesterol at the bilayer center and measuring the 
time it took to return to equilibrium. & The observed rate for cholesterol to move from the center of the bilayer to equilibrium, kd = td

-

1. € The calculated rate for cholesterol to reach the center of the bilayer, from !! = !!×!!∆!/!". £ The calculated rate for cholesterol 
flip-flop, !!"#$   =     1 ⁄ ((1/!!)+   (1/!!))  ×    1 ⁄ 2. ‡ The rate of flip-flop observed during equilibrium simulations, kflip± SEM (See 
SI). The slow rate of flip-flop in the DPPC-40%C bilayer prevented us from obtaining a reliable observed rate from 3 µs equilibrium 
simulation.
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5.4.2 Flip-flop Rates 

We have calculated rates for cholesterol flip-flop using,  

!! = !!×!!∆!!"#$"%/!" 

 Eq. 3 

where ΔGcenter is the difference in free energy between the bilayer center (zcenter) and the 

cholesterols equilibrium position (zeq), kd is the rate cholesterol moves from zcenter to zeq, and kf is 

the rate cholesterol moves from zeq to zcenter. To estimate kd, we have released the harmonic 

restraint on a cholesterol at zcenter, and determined the time it takes to return to zeq. This process 

has a large stochastic element because the PMFs have a broad plateau near the bilayer center, 

which cholesterol must diffuse across to reach zeq. In some of the bilayers, such as the CG 

DPPC-40%C bilayer, there is even a free energy barrier cholesterol must overcome to reach its 

equilibrium position. Instead of attempting a more rigorous estimate, we have estimated a range 

of rates, using the upper and lower values of kd from ten separate simulations. Using both the 

observed kd and the calculated kf rates we can now determine the rate of flip-flop (kflip), 

!!"#$ =   
!

!!
!!!  !!

!!   ×   
!
!
     

Eq. 4 

A complete flip-flop involves the rate to move from equilibrium to the bilayer center (kf) 

and the rate to move from the center to the opposite leaflet (kd). The factor of one-half is to 

account for cholesterol molecules that reach the bilayer center only to return to their original 

leaflet.  

Both the AA and CG models predict that as the order and rigidity of the bilayer increases, the 

rate of cholesterol flip-flop decreases by orders of magnitude (Table 1). Using the CG model 
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allowed cholesterol flip-flop to be directly observed in equilibrium simulations (Fig. 5-2). The 

directly observed CG rates are within our calculated range of rates for all the CG bilayers, 

demonstrating our method of estimation is reasonable (Table 5-1).  

 

Figure 5-2: Cholesterol flip-flop snapshots.  

Snapshots illustrating cholesterol flip-flop in a CG DPPC-0%C bilayer during an equilibrium 

simulation. Water particles are blue spheres, the DPPC cholines are red spheres, their phosphates 

are yellow spheres, and their tails are grey lines. The body of cholesterol is brown licorice, and 

its hydroxyl is a green sphere. Time equal to 0 ns corresponds to right before the hydroxyl of 

cholesterol enters the hydrophobic interior, at 1.2 µs of simulation. 
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5.4.3 Angle PMFs and Snapshots 

Due to the long and rigid structure of cholesterol, it is interesting how it is oriented in the 

bilayer at equilibrium, as well as during flip-flop and desorption. We define a vector from the 

hydroxyl of cholesterol to the carbon joining the rings and tail. For each umbrella window, we 

calculated histograms for the angle the vector of cholesterol forms with the bilayer normal 

throughout the simulation. Using the formula: 

∆! =   −!" ln(!) 

Eq. 5 

we converted the normalized histograms (α) into free energies. Combining each umbrella 

window’s histogram, we created a free energy landscape for the preferential angle distribution of 

cholesterol as it partitioned into each bilayer (Fig. 5-3). The minimum free energy is the most 

probable orientation of cholesterol in the bilayer at a particular depth with respect to the bilayer 

normal. As the order and rigidity of the bilayer increases, the average tilt angle of cholesterol at 

the equilibrium position becomes smaller (Table 5-1).  
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Figure 5-3: Free energy landscapes for cholesterol flip-flop 

Free energy landscapes for the angle cholesterol forms with the bilayer normal as it partitions 

through AA and CG bilayers. We have calculated histograms of the angle formed by the z-axis 

and a vector from the hydroxyl of cholesterol to the carbon joining its rings and tail throughout 

the simulations. Using  ∆! =   −!" ln(!), we converted the normalized histograms into free 

energies. 

 

Cholesterol has much greater orientation freedom at the bilayer center compared to 

equilibrium (Fig. 5-3). At the center of the bilayer, cholesterol rotates freely, with its tail in either 
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leaflet equally, as well as laying perpendicular to the bilayer normal. Figures S5-3A and B show 

snapshots of cholesterol at the center of AA and CG DPPC-0%C bilayers, with its long axis 

perpendicular with the bilayer normal. There is a clear ordering trend observed in the angle 

PMFs from the DPPC-0%C to the DPPC-40%C bilayer (Fig. 5-3). As cholesterol content is 

increased, cholesterol molecules are more restricted, although even in the ordered DPPC-40%C 

bilayer cholesterol can rotate between 0 and 180˚ at the bilayer center.  

In bulk water, there is no orientational preference for cholesterol. For all the bilayers, a 

clear transition between cholesterol floating in bulk water and interacting with the bilayer is 

shown by an abrupt change from randomly to strongly oriented as cholesterol approaches the 

bilayer. Fig S5-3C and D show snapshots of the AA and CG DPPC-0%C bilayer, at the 

maximum distance that cholesterol still interacts with the bilayer.  

5.4.4 Enthalpy/Entropy Decomposition 

Figure 5-4 shows the free energy decomposition for the AA cholesterol PMF in the 

DPPC-0%C bilayer at 333 K. The transfer of cholesterol from water to its equilibrium position in 

a DPPC bilayer has a favorable ΔGdesorb
 of 75 kJ/mol, the sum of an unfavorable -TΔSdesorb of 

transfer of 77 kJ/mol and a favorable ΔHdesorb of 152 kJ/mol. The ΔGcenter for cholesterol in a 

DPPC bilayer is 23 kJ/mol, of which there is an unfavorable ΔHcenter of 74 kJ/mol, and a 

favorable -TΔScenter of 51 kJ/mol. Near the bilayer center, ΔG, ΔH, and -TΔS all plateau. This 

corresponds to the breaking of the transient water defect, when the number of hydrogen bonds to 

cholesterol drops to zero (Fig S5-1). Overall, the transfer from water to the center of the bilayer 

has a favorable ΔG of 52 kJ/mol, and notably an unfavorable –TΔS of 26 kJ/mol.  
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Figure 5-4: Free energy decomposition for cholesterol in a DPPC bilayer.  

The PMF for moving cholesterol from water into the center of a 0% DPPC bilayer decomposed 

into entropy and enthalpy contributions. We have decomposed the PMF at 333 K using equation 

(1). 

 

5.5 Discussion 

5.5.1 CG vs AA 

By using two separate models, at different levels of detail, we describe the 

thermodynamics of cholesterol equilibrium stability in lipid bilayers as well as its fluctuations 

from equilibrium. Given the complexity of cholesterol partitioning in lipid bilayers and the semi-

quantitative nature of the MARTINI model, we feel the agreement between the two models is 

satisfactory. Using the CG model, we were able to access time-scales on which we predict 

cholesterol flip-flop to occur. The directly observed rates are in good agreement with predicted 

rates from umbrella sampling. Despite qualitative differences between the flip-flop rates, the 

overall trend is clear; increasing the order and rigidity decreases the rate of cholesterol flip-flop 
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by orders of magnitude. Additionally, from the angle PMFs and snapshots, the mechanism of 

cholesterol flip-flop, desorption, and equilibrium stability is consistent between the AA and CG 

models. Quantitative analysis shows the two models do differ in some important respects and 

suggests possible improvements for both force fields (see SI).  

5.5.2 Flip-flop  

We have shown that cholesterol flip-flops across lipid bilayers on a very short time-scale. 

Rapid cholesterol flip-flop has important implications on cellular and global cholesterol 

trafficking. It was shown that cholesterol flip-flop occurs on a time-scale of < 1 second in a 

human red cell (1). Our results agree that the rate of cholesterol flip-flop is fast, generally on a 

time-scale of < 1 second. The fast flip-flop of cholesterol implies passive translocation would be 

physiologically important. Maintaining an asymmetric distribution of cholesterol between 

membrane leaflets using cholesterol flippases or floppases would be difficult and energy 

consuming. Fast flip-flop suggests the transbilayer distribution of cholesterol could approach 

equilibrium on a physiological time scale, and therefore would be governed by its chemical 

potential in each of the respective leaflets (see Chemical Potential below). This is in contrast to 

phospholipids, which have been shown to have slow rates of spontaneous flip-flop (half times of 

hours to days)(26, 42-44) and therefore are unlikely to reach equilibrium distributions on 

physiological time scales. From the slow rate of passive phospholipid flip-flop, it is generally 

assumed protein-mediated translocation must occur (45).    

By using computer simulations, we can control the local composition of the bilayers, and 

calculate bilayer-dependent cholesterol flip-flop rates. We predict that there is a large gradient in 

flip-flop rates, with respect to the bilayers’ structure and fluidity. For example, in a cholesterol-

depleted domain enriched in poly-unsaturated lipids, cholesterol would flip around a million 
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times more often than in a rigid, cholesterol-enriched domain. Recent neutron scattering data 

showed that cholesterol even prefers the center of poly-unsaturated (DAPC) bilayers (46), which 

is supported by the CG results as presented here and in previous work (47, 48). AA simulation 

results  comparing cholesterol behavior in long tail and short tail PC lipids also provided 

evidence for a composition dependent flip-flop rate (49). Clearly, a single estimate for the rate of 

cholesterol flip-flop is not adequate for understanding cellular cholesterol trafficking.  

From the free energy decompositions, the simulation snapshots and the angle PMFs, we 

have shown an in-depth analysis of the mechanism of cholesterol flip-flop. The ΔG for 

transferring cholesterol from equilibrium to the bilayer center was due to an unfavorable ΔHcenter 

and a favorable –TΔScenter. The plateau of the PMF corresponds to the desolvation of cholesterol 

(See SI). Rόg et al., showed that by changing the hydroxyl head group of cholesterol to a ketone 

the hydration of the sterol was 4 times lower, and flip-flop events were observed during a 200 ns 

AA equilibrium simulation (50). The observed unfavorable ΔHcenter for flip-flop is likely due to 

the desolvation of cholesterol’s head-group. A control simulation of a cholesterol analog 

molecule, which lacked a hydroxyl head group (See SI), supports this assertion.     

5.5.3 Chemical Potential 

Equating the free energy of desorption to the excess chemical potential of cholesterol in 

the bilayer compared to water, allows the relative affinity of cholesterol for the different bilayers 

to be inferred. Recently, Zhang et al. used a similar approach to demonstrate that cholesterol has 

a higher affinity for sphingomyelin than POPC (25). Their results showed that the transfer of 

cholesterol from POPC to sphingomyelin was exothermic, which agreed qualitatively with 

calorimetric data (51). Our results show that cholesterol has the lowest affinity for bilayers with 

two poly-unsaturated tails. We find this for both the AA and CG levels of resolution. The low 
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affinity of cholesterol for poly-unsaturated lipid tails has been demonstrated experimentally 

using cyclodextrin cholesterol extraction (18), fluorescence microscopy (52) and has been 

suggested by MD simulations (48, 53). Cholesterol’s preference for rigid, ordered bilayers, could 

be a driving force for lateral domain formation, as well as general cholesterol cellular movement 

down the exocytotic pathway. We found the chemical potential of cholesterol in the AA DPPC-

0%C bilayer to be -80 kJ/mol, compared to -89 kJ/mol for the AA DPPC-40%C bilayer. 

Therefore, transferring cholesterol from the AA DPPC-0%C bilayer to the DPPC-40%C bilayer 

would be favorable by 9 kJ/mol. Although we find cholesterol prefers more ordered, rigid 

bilayers with high cholesterol content, we do not assume the trend would continue if we further 

increased the concentration of cholesterol in a DPPC bilayer. Experimental evidence using a 

cholesterol oxidase activity assay, showed a jump in the chemical activity of cholesterol in a 

DPPC bilayer when the mole fraction of cholesterol exceeded 0.57 (13).  

An estimate of 116 kJ/mol for cholesterol desorption from a red cell was determined 

using β-dextrin as an acceptor (1). Although somewhat larger than our estimate in the range of 

80-90 kJ/mol, we have shown that the free energy for desorption is strongly dependent on the 

composition and structure of the bilayer. The composition of a human red cell is much more 

complex than our two component mixtures. In addition, real biological membranes have an 

asymmetric distribution of lipids between the two leaflets. Our finding that the chemical 

potential of cholesterol depends on the structure and composition of the bilayer implies that 

bilayers with an asymmetric distribution of lipids will have an asymmetric distribution of 

cholesterol. Recently, it was shown that the distribution of the sterols, dehydroergosterol and 

cholestatrienol, in living cells is asymmetric, with sterol enrichment on the cytoplasmic leaflet 

(54). This finding goes against the traditional view of sterols preference for sphingomyelin, 
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which is enriched on the extracellular leaflet. Future calculations similar to the ones presented 

here might help elucidate this discrepancy, although, other in vivo mechanisms, such as lipid 

metabolism and large-scale membrane rearrangements likely also play a role in the distribution 

of cholesterol.  

5.5.4 Free energy decompositions 

The free energy decomposition showed that the favorable ΔG for transferring cholesterol 

from water to the DPPC bilayer was due to a large favorable ΔH and an unfavorable –TΔS. We 

have decomposed the PMF at 333 K because the melting temperature of DPPC is 314 K (55), 

making decomposition using the centered difference method at 323 K problematic. From the 

hydrophobic effect, and cholesterol’s bulky, hydrophobic body, we would expect its transfer 

from water to a hydrophobic environment to be entropy driven. To help explain our PMF 

decomposition, we note that the hydrophobic effect is temperature dependent. Cholesterol is also 

slightly amphipathic, with a polar hydroxyl head group, which would affect its PMF. As well, 

due to the length of cholesterol, the center of a DPPC bilayer is an inhomogeneous environment. 

Therefore, as a control, we have determined PMFs for the transfer of cholesterol from water to 

an octane slab (See SI). We find that at 333K the ΔG of transfer from water to octane was -70 

kJ/mol, and had an unfavorable –TΔS of 72 kJ/mol, both qualitatively similar to the DPPC 

bilayer decomposition. There is a strong temperature dependence of –TΔS, and we note that at 

313 K, –TΔS is favorable. The octane PMFs show that thermodynamically the transfer of 

cholesterol from water to the center of a DPPC bilayer is similar to an alkane solvent, and that 

the unfavorable –TΔS may be due to the high temperature or particular cholesterol – water 

interactions. In general, the thermodynamics of cholesterol transfer from water to a hydrophobic 

environment is complex, but critically important for understanding cholesterol homeostasis.  
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5.6 Conclusions 

We used both CG and AA computer simulations to investigate cholesterol transfer from 

water to its equilibrium position in the membrane, and to the center of the membrane for a 

systematic set of lipid bilayers. The AA model allowed detailed free energy decomposition and 

insights into the molecular driving forces. The CG simulations provided a valuable link from our 

biased simulations to an equilibrium rate. In agreement with experiment, we found that the rate 

of cholesterol flip-flop is fast on physiological time scales. We predict that the rate varies greatly 

depending on the bilayers properties; increasing the order and reducing the fluidity caused the 

rate to decrease by orders of magnitude. Comparing the free energy barriers for desorption of 

cholesterol shows that cholesterol prefers ordered, rigid bilayers enriched in cholesterol. In 

particular, cholesterol had the lowest affinity for bilayers with two poly-unsaturated tails. These 

results open up the way to a detailed, thermodynamically based description of lipid/cholesterol 

mixtures, which is much needed to enhance our understanding of biomembrane related 

processes.  
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5.8 Supplementary Information 

5.8.1 Hydrogen Bonds 

 We have determined the average number of hydrogen bonds formed between cholesterol and the 

rest of the system for the AA bilayers (Fig 5-5). In bulk water, cholesterol forms on average ~2 

hydrogen bonds. Moving cholesterol from water to equilibrium, the average number of hydrogen 

bonds drops to 1.5. As we move cholesterol from equilibrium to the center of the bilayer, the 

number of hydrogen bonds drops to zero, corresponding to the plateau of the PMF. No hydrogen 

bonds are observed when the hydroxyl group of the cholesterol is located at the center of the 

membrane. 
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Figure 5-5: Cholesterol hydrogen bonds.  

The average number of hydrogen bonds to the pulled cholesterol. We define a hydrogen bond 

using a geometric criterion with a distance cut-off of 0.35 nm and an angle of 30˚.    

	  

5.8.2 CG Equilibrium Flip-flop 

Using the CG model allowed equilibrium simulations on the time-scale we predict 

cholesterol flip-flop to occur. By calculating the density of the hydroxyl of cholesterol (ρOH) 

normal to the bilayer throughout the equilibrium simulations, we can calculate a PMF directly 

using, 

  ∆! =   −!" ln(!!") 

 Eq. 7 

Fig 5-6 shows cholesterol PMFs for a POPC bilayer calculated using equilibrium simulations 

and umbrella sampling with both small and larger bilayers. The three PMFs are in good 

agreement and demonstrate that the free energy barrier for flip-flop from umbrella sampling and 

equilibrium simulations are the same, and that system size has little effect on the PMF.  
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To count the number of flip-flops observed in the equilibrium CG simulations we have 

determined the angle formed by the z-axis and a vector from the hydroxyl of cholesterol to the 

carbon joining its rings and tail, and the position of the hydroxyl as a function of simulation time. 

We define a flip-flop as the combination of the long axis of cholesterol flipping from < -45˚to > 

45˚ and the hydroxyl moving from < -0.5 nm to > 0.5 nm or vice versa. The extremely fast flip-

flop of cholesterol in the poly-unsaturated DAPC bilayer, and the appreciable amount of time 

spent in the bilayer interior necessitated this strict definition.  

 

Figure 5-6: Equilibrium PMFs compared to umbrella sampling. 

CG PMFs for cholesterol flip-flop in a POPC bilayer calculated using umbrella sampling (Umb.) 

for bilayers with 64 and 152 POPC lipids and from the density of the cholesterol hydroxyl from 

an equilibrium simulation with 152 POPC lipids (Equil.). The black curve diverges as cholesterol 

is removed from the bilayer, due to less water in the simulation set-up.    

 

5.8.3 Force field Issues  

An initial assumption would be that the AA model is more accurate, due to the CG 

model’s simplified representation. Recent neutron scattering data showed that cholesterol prefers 
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the center of poly-unsaturated (DAPC) bilayers (S1), and was previously supported by 

MARTINI simulations (S2, S3). This agreement suggests the AA DAPC model overestimates 

the free energy barrier for cholesterol flip-flop. Better parameterized double bonds in lipid acyl 

chains might improve the agreement.  

The chemical potentials of cholesterol in the CG model are similar for all the bilayers, 

except the DAPC-0%C bilayer. The AA model predicts an increase in the chemical potential for 

the DPPC-0%C bilayer compared to the DPPC-40%C bilayer, while the CG model does not. The 

precise structure of cholesterol is important for many of its effects on lipid bilayers. Very similar 

sterol molecules, such as lanosterol (S4) and desmosterol (S5), have different biophysical effects 

on bilayers compared to cholesterol. The CG model might be missing the detail required to 

reproduce accurate phase behavior of high cholesterol bilayers. However, it is also possible that 

current AA force fields lack the accuracy to describe lipid phase behavior correctly. Our method 

provides the possibility of investigating lipid thermodynamics on a molecular scale, which could 

be used in parameterizing lipid force fields. 

5.8.4 Cholesterol water to octane transfer free energies and decompositions 

We have determined PMFs for cholesterol transfer from water to an octane slab. Using 

octane allowed us to decompose the PMF at a range of temperatures: 293K, 303K, 313K, 323K, 

333K, and 343K. For octane, we used the GROMOS87 parameters, as a control for combining 

GROMOS87 cholesterol with Berger lipids. Where appropriate we have used the same 

procedure and parameters as for the DPPC AA PMFs, for ease of comparison. One exception 

was the use of constant area, which is necessary, due to the surface tension at the interface. Using 

octane allowed us to determine PMFs at a broad range of temperatures, including room 

temperature, which the DPPC bilayer system prohibited. As well, the homogeneity of the octane 
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- water system allowed shorter simulations. Fig 5-8B shows PMFs for the cholesterol water – 

octane transfers, determined by umbrella sampling. As expected, the octane PMF has a similar 

shape as the lipid bilayer PMF. There is a trough at the octane – water interface. There is a large 

favorable free energy of transfer from water to the octane slab. In Fig S4 C, we show the –TΔS 

of transfer for a range of temperatures, again using the centered difference method. In equation 

(1), we have used a ΔT of 10 K, for ease of comparison to our DPPC decomposition. We note 

that using a ΔT of 20 K resulted in a similar decomposition, within the statistical error. At 333 K, 

the transfer from water to octane has a large unfavorable –TΔS component, in agreement with 

our DPPC decomposition. At the lower temperatures, –TΔS is near zero, and favorable at 313 K. 

The decomposition at 303 K does not follow the trend observed for the other temperatures, 

possibly due to worse sampling at lower temperatures. From these control simulations, we show 

–TΔS is largely temperature dependant. Combining GROMOS87 cholesterol with Berger lipids 

likely does not have a major effect on the PMF decompositions, as the octane PMFs used the 

GROMOS87 parameters, and were qualitatively similar.   
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Figure 5-7:	  Snapshots of cholesterol in AA and CG simulations.  

Snapshots of cholesterol in 0% DPPC bilayers using both atomistic (A,C) and CG (B,D) models. 

Water particles are blue spheres, the DPPC cholines are red spheres, their phosphates are yellow 

spheres, and their tails are grey lines. The body of cholesterol is brown licorice, and its hydroxyl 

is a green sphere. (A and B) The hydroxyl of cholesterol restrained at the bilayer center, with its 

body parallel with the plane of the bilayer. In both models, cholesterol can rotate a full 180˚ with 

respect to the bilayer normal. (C and D) The hydroxyl of cholesterol restrained at 3.2 nm from 

the bilayer center, with its tail still interacting with the bilayer. Moving the hydroxyl 0.1 nm 

further out causes it to stop interacting with the bilayer. 
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Figure 5-8: Cholesterol PMFs in a water - octane system. 

 (A) Partial density profile for the water – octane system. (B) PMFs for cholesterol transfer from 

bulk water to an octane slab. PMFs were set equal to zero in bulk water. Error bars are the 

standard error from the mean of the two leaflets cholesterol PMFs. (C) The –TΔS component of 

the free energy at various temperatures. We have used the centered difference method (See 

Methods). (D) The ΔH component of the free energy at the various temperatures. 
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5.8.5 Cholesterol without a hydroxyl head group  

As cholesterol is slightly amphipathic, we wanted to investigate the effect of the hydroxyl 

on the PMF and the entropy and enthalpy of transfer. We have determined a PMF for an analog 

of cholesterol, which did not have a hydroxyl head group, in a DPPC bilayer (Fig 5-9). The PMF 

has a similar shape as the cholesterol PMF, except there is no barrier for flip-flop. From the 

shape of the PMF, we expect the transfer of the analog to the DPPC bilayer center would also be 

enthalpy driven. It is interesting to note that the hydroxyl being desolvated appears to be the only 

barrier to flip-flop, while the bulky hydrophobic body and tail of cholesterol being exposed to 

water is responsible for the large free energy of desorption. 

 
Figure 5-9: PMFs for cholesterol without a head group.  

A PMF for a cholesterol analog missing the hydroxyl head group (No-OH) partitioning in a 

DPPC bilayer was calculated using umbrella sampling. The black curve is the blue curve 

subtracted from the red curve. 
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 Molecular simulation of rapid translocation of cholesterol, diacylglycerol and Chapter Six:
ceramide in model raft and non-raft membranes  

6.1 Abstract 

The translocation of lipids across membranes (flip-flop) is an important biological process. Their 

hydrophilic headgroups prohibit free exchange between bilayer leaflets. Slow exchange on a 

physiological time scale allows the creation of asymmetric distributions of lipids across cellular 

membranes. The location of lipids and their rate of exchange have important biological 

consequences, especially for lipids involved in cellular signaling. We investigated the 

translocation of cholesterol, ceramide, and diacylglycerol in two model bilayers using molecular 

dynamics simulations. We estimate the half time for flip-flop for cholesterol, diacylglycerol and 

ceramide to be ca. 20 µs, 30 µs, and 10 ms in a POPC bilayer, compared to ca. 30 min, 30 ms, 

and 30 s in a model lipid ‘Raft’ bilayer (1:1:1 mixture of PSM, POPC, and Cholesterol). We 

calculate the free energy of exchange for the three lipids between the POPC and Raft model 

bilayers from the difference in the free energies for desorption from the two bilayers.  From the 

free energy of exchange, we infer the lipids relative ‘binding’ affinity for different membrane 

environments. Cholesterol has a large (54 kJ/mol) free energy of exchange between the POPC 

and Raft bilayer, which suggests it strongly prefers the more ordered and rigid Raft bilayer over 

the more liquid POPC bilayer. Ceramide and diacylglycerol have relatively small free energies of 

exchange, suggesting nearly equal preference for both bilayers. This unexpected result may have 

implications for ceramide and diacylglycerol signaling and membrane localization.  

6.2 Introduction 

The lipid raft hypothesis states that mammalian cellular membranes contain lateral 

domains enriched in cholesterol, sphingomyelin, and specific integral membrane proteins (1-4). 
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Rafts are thought be small (ca. 10’s of nm diameter), dynamic, and important for cellular 

signaling and membrane trafficking (1, 5). The sorting of lipids and proteins and the role of lipid 

rafts in vivo remains controversial (4, 6-8).  The microscopic structure of mixed membranes is a 

complex problem because the local concentration of individual lipids affects the phase and 

structure of the membrane, which in turn affect the local concentration of these lipids. In a model 

system, it has been shown that both C18:0 ceramide and dipalmitoylglycerol can displace 

cholesterol from liquid-ordered domains, and form larger and more stable domains than 

cholesterol enriched ordered domains (9). Both ceramide (10) and diacylglyercol (11) are non-

lamellar forming lipids, which are important for cellular processes such as pore formation, 

vesicle fusion and budding, as well as membrane protein function (12). Currently we lack a 

molecular level physical and thermodynamic understanding of lipid-lipid interactions in 

biological membranes. 

Ceramide is a key metabolic intermediate for sphingolipids with a sphingosine backbone 

(13), as diacylglycerol is for glycerol-derived phospholipids (14). In cells, there are many 

variants of both ceramide (13) and diacylglycerol (15), including short and long tails, saturated 

and unsaturated tails, and minor changes in backbone structure. Both ceramide and 

diacylglycerol are lipid second messengers that play important roles in many signaling pathways. 

The mechanism of lipid second messengers can involve specific lipid-protein interactions or 

more general membrane altering effects, such as vesicle budding and domain formation or 

stabilization. A well-studied example of a specific lipid-protein mechanism is the breakdown of 

phosphoinositol or phophatidylcholine by a phospholipase into diacylglycerol, which then binds 

to the C1 domain of protein kinase C (14). The formation of larger and more stable domains, or 

signaling platforms, with the creation of ceramide by sphingomyelinase, is an example of a non-
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specific mechanism of signaling (13). The localization and dynamics of signaling lipids is crucial 

to their function, particularly with respect to the distribution across the bilayer leaflets, as lipids 

on one leaflet are effectively isolated from the other side. Ceramide created by neutral 

sphingomyelinase on the cytoplasmic leaflet be involved with a different signaling pathways 

than ceramide generated on the outer leaflet by acid sphingomyelinase (13). 

The translocation of lipids from one bilayer leaflet to another, or flip-flop, is an important 

process for cellular growth, lipid transport, and signaling. It has been well established that the 

passive translocation of lipids with charged or zwitterionic head groups is slow on a 

physiological time-scale, with an estimated half time of hours to days (16-18). Proteins that 

facilitate lipid translocation, including flippases, floppases, and scramblases have been identified, 

although identification and functional characterization of membrane perturbing integral 

membrane proteins is difficult (19). The much less polar headgroups of cholesterol, 

diacylglycerol and ceramide suggests these lipids can translocate bilayers on a much faster time 

scale than phospholipids. Experimental evidence supports this hypothesis (20-27), although the 

rates vary significantly depending on the experimental conditions, often by orders of magnitude. 

These differences may be due to uncertainties with the interpretation of the complex experiments 

but it seems more likely that they can be explained by a significant effect of differences in the 

structure and dynamics of the membranes themselves on the kinetics and thermodynamics of 

lipid flip-flop. 

Computer simulations of cholesterol containing lipid bilayers are prevalent (28-31). 

Previously, we investigated cholesterol flip-flop and desorption using molecular dynamics (MD) 

simulations in pure PC lipid bilayers (32). We found that cholesterol flips rapidly across PC 

bilayers, with a large gradient in rates between a poly-unsaturated DAPC bilayer, a pure DPPC 



 

147 

bilayer, and a DPPC bilayer with 40 mol% cholesterol. A different study using the CHARMM 

force field and 2D potentials of mean force (PMFs) found similar free energy barriers to ours for 

cholesterol in DAPC, POPC and DPPC bilayers (33). We showed previously that increasing 

cholesterol content in DPPC bilayers (0-40 mol%) dramatically increased the free energy barrier 

for DPPC flip-flop and pore formation (34). Using similar methods, we also showed that 

saturated PC lipids with short tails (12 carbons) flip-flop orders of magnitude faster than longer 

lipids (DPPC), through a pore mediated mechanism (35).    

Here, we have used atomistic MD simulations to investigate the interaction of 

cholesterol, palmitoyl-ceramide and palmitoyloleoyl-diacylglycerol with an ordered and rigid 

Raft like bilayer (1:1:1 ratio of POPC, PSM, and Cholesterol) and with a pure POPC bilayer. We 

determined free energy profiles for moving a single lipid from the water phase to the center of 

the two different bilayers. From the profiles, we estimated orders of magnitude faster flip-flop 

for cholesterol, ceramide and diacylglycerol in the Raft bilayer compared to a POPC bilayer. 

Cholesterol has a large negative free energy of exchange between the POPC and Raft bilayer, 

while ceramide and diacylglycerol have modest free energies of exchange, or similar affinities 

for both bilayers. 

6.3 Methods 

We simulated two model bilayers: pure POPC (64 POPCs) and a 1:1:1 mixture of 

palmitoyl-sphingomyelin (PSM), cholesterol and (POPC) (22 lipids each) as a model raft bilayer 

(referred to as Raft).  Berger parameters were used for POPC (36). Parameters for PSM (37) and 

cholesterol (38) have been previously described. Palmitoyl-ceramide (CER) and palmitoyloleoyl-

diacylglycerol (DAG) were built from PSM and POPC by replacing the head group with a 

hydroxyl group, with parameters from the GROMOS87 force field (39). For water, we used the 
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SPC model (40). Simulations were run with GROMACS (41). Water bonds and angles were 

constrained using SETTLE (42), all other bonds using LINCS (43). The time step was 2 fs with 

neighbor list updates every 10 steps. Temperature was maintained at 323 K using the V-rescale 

algorithm (44). Lateral and normal to the bilayer plane, pressure was kept at 1 bar, using the 

Berendsen barostat (45). Lennard-Jones and Coulomb real-space interactions were cut-off at 0.9 

nm, with smooth particle mesh Ewald (46, 47) for long-range electrostatics, with a fourth order 

spline and 0.12 nm grid spacing.  

We used umbrella sampling (48) to determine potentials of mean force (PMF) for moving 

lipids from bulk water to the center of the two model bilayers. We restrained the hydroxyl of 

each lipid at positions spaced by 0.1 nm along the bilayer normal with a force constant of 3000 

kJ mol-1 nm-2, resulting in 41 or 51 parallel simulations (to 4 or 5 nm from the bilayer center). 

Starting from an equilibrium bilayer we pulled the lipid to its respective position with a force 

constant of 500 kJ mol-1 nm-2 for 1 ns, followed by 5 ns of equilibration with a 3000 kJ mol-1 nm-

2 force constant, and 15-60 ns of production simulation per window. The PMF was constructed 

using the weighted histogram analysis method (49). To increase computational efficiency we ran 

two umbrella samples in each simulation, one in either leaflet, with the lipid spaced by at least 4 

nm. We have shown previously that the PMF for a DPPC lipid is not significantly affected by 

using one or two umbrellas in the same system (50). 

Fig. 6-1 shows the kinetic model we used to estimate the rate of flip-flop across a lipid 

bilayer, with kf the rate to move from equilibrium to the center of the bilayer and kd the rate to 

move from the bilayer center back to equilibrium. In a previous work (32), we showed that this 

method for estimating the rate for cholesterol flip-flop matched rates directly observed from 

coarse-grained simulations. 
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Figure 6-1: Schematic diagram for the process of flip-flop and lipid desorption. 

To determine ΔGex, or ΔGPOPC-Raft in this case, we subtract ΔGPOPC by ΔGRaft. We define a two-

state model for lipid flip-flop with kf the rate to move from equilibrium to the center of the 

bilayer, and kd the rate to move from the center of the bilayer to the equilibrium position on the 

opposite leaflet. 

 

To obtain kd, we first pulled a lipid into the center of a bilayer and harmonically 

restrained it there for 1 ns with a 3000 kJ mol-1 nm-2 force constant. We then removed the 

restraint and determined the time for the lipid to reach the equilibrium position in the bilayer. We 

repeated this 41 times for cholesterol, diacylglycerol and ceramide in the POPC bilayers. From 

the 41 trials we obtained the average time to reach equilibrium, with kd being the inverse of this 

time.  

For the Raft bilayers, we could not obtain average values for kd from equilibrium 

simulations at 323 K, due to the long time scale required to overcome the free energy barrier. We 
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ran 41 simulations at temperatures of 363, 373, 383, and 393 K each. We then used the 

Arrhenius equation to extrapolate keq to values at 323 K (Table 6-1). Fig S1 shows the Arrhenius 

plots.  

From the free energy difference between equilibrium and the bilayer center and the rate 

for the lipid to move from the bilayer center to equilibrium, we can estimate a rate for flip-flop. 

Using the equation: 

 

Eq. 1 

where kd is the rate to move from the bilayer center to equilibrium, ΔGcenter is the free energy 

difference and kf is the rate to move from equilibrium to the bilayer center. We then determine 

the rate of flip-flop (kflip) using the rate to reach the bilayer center and the rate to move from the 

bilayer center to equilibrium: 

 

Eq. 2 

We multiple the rate by one half to account for lipids that reach the bilayer center, then return 

back to their original leaflet. From the rate of flip-flop, we then estimate the half time for flip-

flop using: 

 

Eq. 3 
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6.4 Results 

6.4.1 Equilibrium properties  

Snapshots of the POPC and Raft bilayers during equilibrium simulations are shown in 

Fig. 6-2. As expected, at equilibrium the headgroup of cholesterol, ceramide, and diacylglycerol 

resides at the water-lipid headgroup interface. The partial density profiles are shown in Fig. 6-

2C. Both bilayers have peaks at the water-headgroup interface and troughs in the center of the 

bilayer. The Raft bilayer has a more complex density profile, with multiple head group peaks, 

due to multiple components. There is a trough at the center of the POPC bilayer and deeper 

trough at the center of the Raft bilayer, likely because the two ordered leaflets tails are not able 

to interdigitate as much as more fluid bilayers. The POPC bilayer is thinner and more fluid than 

the Raft bilayer. Fig. S6-2 shows order parameters for the palmitoyl tail of diacylglycerol in each 

bilayer, also showing the Raft bilayer is much more ordered than the POPC bilayer (Fig S6-2).  
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Figure 6-2: Structure of the model membranes. 

Snapshots of the POPC (A) and Raft (B) bilayers, and partial density profiles for both bilayers 

(C). In the snapshots, water is red thick licorice, lipid tails are grey lines, phosphorous and 

nitrogen atoms are tan and blue balls. In the density profiles water is thick lines and the lipids are 

thin lines. 

 

Fig 6-3 shows PMFs for moving cholesterol, DAG, and CER from water to the center of 

a POPC and Raft bilayer. All the PMFs share a number of common trends: a free energy minima 

at the equilibrium position of the head group in the bilayer and steep free energy slopes from 

equilibrium to bulk water or the bilayer center. The free energy for desorption (equilibrium to 

water) is much greater than the free energy barrier for flip-flop. The important free energy 

differences are listed in Table 1. The shaded regions in Fig 6-3 represent d2kt, the distance across 
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the PMF at 2kT of energy, as a measure of the thermal fluctuations accessible to each lipid 

normal to the plane of the bilayer. All three lipids have considerably larger fluctuations in the 

POPC bilayer than the Raft bilayer. Diacylglycerol has significantly larger fluctuations than 

either cholesterol or ceramide in both bilayers.   

 

Table 6-1: Thermodynamic and kinetic properties of Raft and POPC bilayers 

Lipid ΔGdesorb 
(kJ/mol) 

ΔGcenter 
(kJ/mol) 

ΔGbarrier 
(kJ/mol) td

 (ns)# kflip (s-1) $   t1/2 (s) & 

CHOL 
POPC 78 23 23 2.1 4.5×104 1.5×10-‐5 
CHOL 
RAFT 132 57 63 693.3 4.4×10-‐4 1.6×103 
DAG 
POPC 100 26 26 1.4 2.2×104 3.2×10-‐5 
DAG 
RAFT 95 34 40 68.5 2.3×101 3×10-‐2 

CER	  POPC	   103	   43	   43	   0.6	   8.9×101	   7.8×10-‐3	  

CER	  RAFT	   110	   52	   66	   73	   2.7×10-‐2	   2.6×101	  
# td was estimated by releasing the restraint on the lipid at the bilayer center and measuring the 
time it takes to return to equilibrium. 
$ The calculated rate for lipid flip-flop (see SI). 
& The half time for lipid flip-flop. 
 

6.4.2 Flip-flop 

Both model bilayers are symmetric, and therefore the free energy profiles shown in Fig. 

6-3 are symmetric. For a complete flip-flop event, a lipid must move from equilibrium to the 

center of the bilayer and then to the other leaflets equilibrium position (Fig. 6-1). The maximum 

in the PMFs between equilibrium and the bilayer center is the free energy barrier for flip-flop. 
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The free energy barriers for cholesterol, diacylglycerol and ceramide flip-flop in POPC are much 

lower compared to the Raft bilayer. For cholesterol, the free energy barrier for flip-flop increases 

from 23 to 63 kJ/mol for the POPC and Raft bilayer. Diacylglycerol has barriers for flip-flop of 

26 and 40 kJ/mol for the POPC and Raft bilayers. The free energy barrier for ceramide flip-flop 

in the POPC and Raft bilayer increases from 43 to 66 kJ/mol.  
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Figure 6-3: Free energy profiles.  

Potentials of mean force for transferring the head group of cholesterol, diacylglycerol, and 

ceramide from water to the center of a POPC and Raft bilayer. The legend is the same for all 

panels. For each PMF, the position restraint was placed on the hydroxyl of the head group of the 

lipid and used to determine the x-axis. Error bars are the difference between the two umbrella 

sampling calculations. The solid region corresponds to the distance within 2kT of the free energy 

minimums. 

 

Fig. 6-4 shows the number of hydrogen bonds formed between the cholesterol, 

diacylglycerol, or ceramide and the rest of the bilayer system as the lipid moves from water to 
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the center of the bilayer. As the hydroxyl head group is moved into the bilayer core, water 

molecules move out of bulk solution into the hydrophobic interior to hydrogen bond with the 

lipid. There is an energetic balance between de-solvating the flipping lipid and deforming the 

bilayer interface. We have observed similar behavior in the partitioning of charged and polar 

amino acid side chains in a DOPC bilayer (51). Moving ceramide from 0. 4 nm (Fig. 6-5B) to 0.2 

nm (Fig 5A) from the POPC bilayer center causes water to stop interacting with the head group, 

illustrated by the average number of hydrogen bonds dropping to near-zero (Fig 6-4C). The 

PMFs for the Raft bilayer have much steeper slopes compared to the POPC bilayer. The Raft 

bilayers more dense’ and stiffer structure makes it more expensive energetically to allow the 

polar lipid into its interior, thus preventing translocation. At the free energy barriers, no 

hydrogen bonds between water and the flipping lipid are found, although diacylglycerol and 

ceramide do form one intramolecular hydrogen bond (Fig 6-4B and C). At the center of the Raft 

bilayer the numbers of hydrogen bonds for ceramide and cholesterol are not zero, due to an 

occasional water molecule reaching the center of the bilayer to hydrogen bond with the head 

group. This is likely possible due to the drop in density near the center of the Raft bilayer and 

could contribute to the small free energy troughs at the center of the Raft bilayer for cholesterol 

and ceramide (Fig 6-3A and C). Fig 5C shows ceramide hydrogen bonding with a water 

molecule at the center of the Raft bilayer. 
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Figure 6-4: Number of hydrogen bonds.  

Average number of hydrogen bonds from the cholesterol, diacylglycerol, or ceramide in a POPC 

and RAFT bilayer as the lipid head group moves from water to the center of each bilayer. Thick 

lines are the total number of hydrogen bonds and the thin lines are the number of intramolecular 

hydrogen bonds. The legend is the same for each panel. Hydrogen bonds are determined from a 

geometric criterion, with a minimum angle of 30 degrees and distance of 0.35 nm between donor 

and acceptor groups. Error bars are the difference between the two umbrella sampling 

calculations. 
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The lipids change conformation as they move from water to equilibrium and then to the 

center of the bilayer. For cholesterol, we determined the tilt angle formed between its long axis 

and the normal to the plane of the bilayer (Fig 6-6A) and the angle distribution (Fig 6-7). At 

equilibrium cholesterol is oriented with its hydroxyl in water and its long axis perpendicular to 

the plane of the membrane. There is a slight increase in average tilt angle for the Raft bilayer, 

compared to the POPC (Fig 6-6A). As cholesterol is moved into the hydrophobic tail region the 

angle distributions are poorly represented by an average value. Fig 6-7A shows the angle 

distribution for cholesterol near the bilayer center, with a large peak at 150-180° for cholesterol 

at 0.0 nm and 0.2 nm from the bilayer center, but at 0-30° for 0.1 nm and 0.3 nm. There is also a 

small peak near 90° at 0.1 nm and 0.3 nm positions. Fig 5D shows cholesterol at 0.2 nm from the 

center of the Raft bilayer, and facing the opposite leaflet at 0.4 nm from the bilayer center (Fig. 

6-5E). Due to the order and rigidity of the Raft bilayer cholesterol prefers to be perpendicular to 

the plane of the bilayer with its tail in either leaflet, with slow exchange between the two 

conformations.    

As ceramide and diacylglycerol are long and flexible molecules tilt angles are not well 

defined. Instead, we determined the average distance from the hydroxyl head group to the last 

carbon of the palmitoyl tail (Fig. 6-6B and C). For the POPC bilayer, there is a smooth decrease 

in this distance as the ceramide or diacylglycerol moves towards the bilayer center, reflecting a 

heterogeneous distribution. In the RAFT bilayer, both lipids have a deep trough in the head to 

tail distance at ca. 1 nm from the bilayer center, which suggests a compact conformation at this 

position. This distance corresponds to the free energy barrier for flip-flop (Fig. 6-3C). At the 

center of the bilayer the head to tail distance is close to the value at the equilibrium position, 
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indicating mostly extended conformations. Fig. 6-5C shows the tail of ceramide interdigitated 

with one of the Raft bilayers leaflets.  

 

Figure 6-5: Snapshots of ceramide and cholesterol in model membranes.  

The representation is the same as Fig 6-2(pg 151), but the restrained ceramide or cholesterol are 

thick cyan lines, and the oxygen of the restrained cholesterol is a yellow ball. Ceramide at 0.2 nm 

(A) and 0.4 nm (B) from the center of a POPC bilayer. C. Ceramide at the center of the Raft 

bilayer, hydrogen bonded with a single water molecule. Cholesterol at 0.2 nm (D), 0.4 nm (E), 

3.8 nm (F) and 4.3 nm (G) from the center of the Raft bilayer. 

 

Table 6-1 lists the thermodynamic and kinetic data for lipid flip-flop. We estimate the 

half time for flip-flop for cholesterol to be ca. 20 µs and 30 min in the POPC and Raft bilayers. 
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For diacylglycerol, the half times are ca. 30 µs and 30 ms for the POPC and Raft bilayers. The 

half time for ceramide flip-flop is ca. 10 ms in the POPC bilayer and 30 s in the Raft bilayer.  

 

Figure 6-6: Lipid conformations and orientations.  

Average angle between cholesterols long axis and the bilayer normal (top panel). The average 

distance between the head group and the terminal carbon of the palmitoyl chain of diacylglycerol 

(middle panel) and ceramide (bottom panel) as they move from water to the center of the 

bilayers. The angle for cholesterol was defined by the hydroxyl and terminal carbon of the tail. 

Error bars are the difference between the two umbrella sampling calculations. The legend is the 

same for each panel. 
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6.4.3 Desorption 

All three lipids have more hydrogen bonds in bulk water than at their equilibrium position in the 

bilayer (Fig. 6-4). As the lipids move from equilibrium out into bulk water their hydrophobic 

tails remained inserted in the bilayer to prevent exposure to water, resulting in a larger head to 

tail distance for ceramide and diacylglycerol. At a certain distance from the bilayer center the 

tails stop interacting with the bilayer, and the lipid becomes fully desorbed. Ceramide and 

diacylglycerol show prominent drops in the head to tail distance as they stop interacting with the 

bilayer (Fig. 6-6B and C). For cholesterol, this is illustrated by the change in average angle from 

~20° to 90° (Fig. 6-6A), the angle distributions for the Raft bilayer at 3.8 nm and 4.3 nm from 

the bilayer center (Fig. 6-7B), and the corresponding snapshots (Fig. 6-5F and G). The slope in 

the PMF for cholesterol desorption is much steeper for the Raft bilayer than the POPC bilayer, 

while ceramide and diacylglycerol have similar slopes for both bilayers. The free energy 

difference of a lipid at its equilibrium position and in bulk water is the free energy for desorption 

(Table 6-1). Using the free energy in bulk water as reference point, we define ΔGex as the free 

energy for a single lipid to move from a Raft bilayer to a POPC bilayer; which is ΔGPOPC - ΔGRaft 

(Fig. 1). Cholesterol has a strong preference for the Raft bilayer compared to the POPC bilayer, 

with a Gex of 54 kJ/mol. Diacylglycerol has a slight preference for the POPC bilayer compared to 

the Raft bilayer (Gex=-5 kJ/mol), while ceramide has a modest preference for the Raft bilayer 

(Gex = 7 kJ/mol). 



 

162 

 

Figure 6-7: Angular probability distributions.  

Probability distributions for the angle between cholesterol’s long axis and the membrane normal 

during umbrella sampling simulations. The legend refers to the umbrella position for each curve. 

A. Cholesterol near the center of the Raft bilayer. For adjacent umbrella positions, the angle can 

change from predominantly 0 to predominantly 180 degrees. B. Cholesterol as it desorbs from 

the Raft bilayer. At 3.8 nm cholesterol interacts with the bilayer with an angle close to 0 degrees, 

while at 4.3 nm cholesterol is in bulk water with a nearly homogenous distribution. The slight 

peak near 0 degrees indicates that the cholesterol tail does still interact with the Raft bilayer at 

this position. 
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6.5 Discussion 

6.5.1 Flip-flop 

The free energy profiles for cholesterol, ceramide and diacylglycerol translocation and 

desorption in two model membranes were determined. Using computer simulations of small 

bilayer patches allowed us to control the local concentration for these processes – simulating a 

Raft bilayer and a pure POPC bilayer. The Raft bilayer was both thicker and more ordered than 

the POPC bilayer. For all three lipids, the free energy barrier for flip-flop increased considerably 

for the Raft bilayer compared to the non-Raft bilayer and the rate for diffusion out of the interior 

decreased, resulting in orders of magnitude slower translocation across the thicker and less fluid 

Raft bilayer. All three lipids show orders of magnitude slower flip-flop in the Raft bilayer 

compared to the non-raft bilayer, with 8, 4 and 3 orders of magnitude difference for cholesterol, 

ceramide and diacylglycerol. We find that cholesterol has the slowest rate of flip-flop in the Raft 

bilayer, compared to ceramide and diacylglycerol. In the pure POPC bilayer the rate for flip-flop 

follows the trend: cholesterol > diacylglycerol > ceramide. 

Experimental values vary widely due to the use of different model systems, temperatures, 

labels, and technique. For diacylglycerol and ceramide, studies also use different species with 

varied chain length and/or double bonds, which would affect the flip-flop rate. Cholesterol flip-

flop is the most widely studied of the three, with experimental rate estimates ranging from hours 

(52) or minutes (27), to sub-second (26), and even sub-millisecond time-scale (23). In a 

polyunsaturated DAPC bilayer, it was found that cholesterol is enriched in the bilayer interior, 

suggesting fast inter-leaflet diffusion (53).  

Ceramide was found to flip rapidly across the plasma membrane of a live cell (54). The 

half-time for unlabeled C-16 ceramide flip-flop was estimated to be < 1min in egg PC GUVs 
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(25). Subsequently, the same group showed that the half-time for spin-labeled ceramide flip-flop 

was < 1 min in both a liquid-disordered (egg PC) LUV and a liquid-ordered (20:20:60 mole ratio 

of SM:POPC:CHOL) LUV (24). This was in contrast to glucosylceramide and 

galactosylceramide, that both had significantly reduced flip-flop rates in bilayers with higher 

cholesterol concentrations (24). From a simple physicochemical perspective it is hard to explain 

the discrepancy in flip-flop behavior between these three types of ceramide. Our results suggest 

that ceramide flip-flop in a liquid-disordered bilayer is faster than in a liquid-ordered bilayer, 

although we still find a half-time of 30 s in the liquid-ordered phase, which is faster than the 

experimental value (24).      

In an erythrocyte membrane 1,2-diacylglycerol was estimated to diffuse from the outer to 

inner leaflets on the time scale of a minute (22). Fluorescently labeled diacylglycerol was found 

to equilibrate across DOPC vesicles on a fast time scale (min), orders of magnitude faster than 

labeled phosphatidic acid (55). From NMR spectroscopy, the half time for 1,2-dilauroyl-glycerol 

was determined to be ca. 10 ms in egg PC vesicles (21). Overall, it is difficult to reconcile the 

varied experimental rates, and suggests further work into studying lipid flip-flop is warranted.  

Our atomistic simulations illustrate the complexity for cholesterol, ceramide and diacylglycerol 

translocation across two membranes with diverse structures. Atomistic detail allowed us to 

determine both the number of hydrogen bonds to the lipid and its conformational flexibility 

during translocation. The free energy barrier for flip-flop was at the position where the number 

of intermolecular hydrogen bonds was zero for all three lipids. Our results support a solubility-

diffusion mechanism for all three lipids in both bilayers, as opposed to a pore-mediated 

mechanism that has been observed for phospholipid flip-flop (56). The three lipids are as long as 

half the bilayer thickness, so even at the bilayer center there are other contributions to the free 
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energy, which argues the solubility-diffusion mechanism might be too simplistic. The Raft 

bilayer inhibits conformational flexibility, which is required during the process of flip-flop and 

likely contributes to the higher energy barriers. These specific atomistic details would likely not 

be observed using continuum bilayer models, coarse-grained models, or most experimental 

techniques.       

6.5.2 Lipid Desorption 

By comparing the free energies for lipid desorption between the Raft and POPC bilayer 

we determined ΔGex for all three lipids. Cholesterol had a large ΔGex, which suggests a strong 

driving force for cholesterol incorporation into Raft like bilayer domains over non-Raft (POPC) 

bilayer domains. Qualitatively, this matches the traditional view that suggests cholesterol 

preferentially interacts with saturated phospholipids and sphingomyelin. The preference of 

cholesterol for more ordered and rigid membranes with higher cholesterol concentration is 

important for passive cholesterol trafficking from the ER with low cholesterol content, through 

the Golgi, to the plasma membrane (57).  

In contrast to cholesterol, ceramide and diacylglycerol have relatively small ΔGex, which 

indicates a similar preference for the POPC and Raft bilayers. The difference between ΔGex for 

diacylglycerol and ceramide could be due to diacylglycerol having one unsaturated tail, while 

ceramide has two saturated tails. The low values of ΔGex suggest that at low concentrations 

ceramide and diacylglycerol would not have a strong preference to interact with raft domains 

over non-raft domains. It was shown that both ceramide and diacylglycerol are able to displace 

cholesterol from liquid-ordered domains and form more rigid domains (9). Our results suggest 

this behavior is concentration dependent, where a single ceramide does not displace a cholesterol 

from the domain, but rather a high concentration of ceramide alters the domain structure, 
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forming a more rigid and ordered domain. It is possible cholesterol would have a lower 

preference for the ceramide domain, and ceramide would have a strong preference for the 

domain. Prior to signaling ceramide and diacylglycerol molecules are at a low ambient 

concentration (ca. 0.1-1mol%) (13) and would not cluster in Rafts, which could be important for 

high fidelity signaling. After enzyme action, such as sphingomyelinase, the local concentration 

of ceramide would increase, and its chemical potential would likely change, and a signaling 

platform could form. 

6.5.3 Future Directions 

One of the sources of error in our PMF calculations are sampling problems, illustrated by 

the large error bars for flip-flop of the lipids in the Raft bilayer. There are also sampling 

problems as the lipid is moved out into bulk water. It is possible that the error bars underestimate 

the uncertainty in this region. The large jump in the head to tail distance (Fig 6-6B and C) for 

ceramide and diacylglycerol between the tails inserted in the bilayer and the lipid folded up in 

bulk water, and the large error bars in this region illustrate the sampling problem. Fig S3 shows 

PMFs for cholesterol in the Raft bilayer using different lengths of simulation (from 5 ns to 60 

ns). Although this shows the PMF converging after around 20-30 ns, it is likely that orders of 

magnitude more sampling would be required to obtain a fully converged PMF (58). Atomistic 

free energy profiles of lipids in bilayers are computational demanding, and the present work is 

near the current state of the art in the field. Increases in computational power, as well as 

improvements in free energy algorithms and enhanced sampling methods will allow more 

accurate estimates to be performed on more complex systems.  

Another potential source of error for our calculations, and simulations in general, are 

force field inaccuracies, which are also difficult to assess. The parameters for ceramide, 
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diacylglycerol, and cholesterol were derived in a consistent manner, with the same partial 

charges and atom types for the hydroxyl head group, which makes our comparison more reliable. 

The most important results we present are the differences in free energy, which likely mitigates 

potential force field related errors. We note that the free energy profile we previously determined 

for cholesterol flip-flop using the present parameters were similar to those calculated using the 

CHARMM force field (33).     

 

6.6 Conclusions  

The location and dynamics of signaling lipids is paramount to their function – regardless 

of the precise signaling mechanism. We lack a clear understanding of both the exact cellular 

localization of many lipids, and the driving forces that govern their movement. We ran atomistic 

simulations to determine the thermodynamics and kinetics of flip-flop for three important lipids, 

as well as the free energies for the lipids’ desorption in a Raft and POPC bilayer. On the sub-

nanometer length scale we determine some of the specific molecular determinants for the 

underlying free energy profile; including hydrogen bonds; lipid membrane perturbations; and 

molecular geometry. Cholesterol, diacylglycerol, and ceramide have significantly higher energy 

barriers for flip-flop in the Raft bilayer than the POPC bilayer that translated into orders of 

magnitude slower translocation across the Raft bilayer. Slower flip-flop in Raft membrane can be 

understood from the stiffness of the bilayer, which inhibits water from entering the hydrophobic 

interior to hydrogen bond with the translocating lipid, and limits the conformational freedom of 

the lipid. Cholesterol was found to have a large preference (ΔGex) for the Raft bilayer compared 

to the POPC bilayer, which suggests that cholesterol can be ‘trapped’ in raft domains both 

laterally and transversely. Ceramide and diacylglycerol flip across the Raft bilayer more slowly 
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than POPC bilayer, but they both have a relatively small ΔGex between the two bilayers, or 

nearly equal preference for both bilayers, which could be important for their signaling functions. 

Our simulations add to the physicochemical characterization of lipid membranes.  
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6.8 Supplementary Information 

 

Figure S6-1: Arrhenius plots for the rate of the lipid moving from the bilayer center to its 

equilibrium position in the Raft bilayer. Least squares fits to the cholesterol (black), ceramide 

(grey) and diacylglycerol (dashed) data are shown. Error bars are the standard error of the mean 

from 41 independent simulations. 

 

Figure S6-2: Deuterium order parameters for the palmitoyl chain of diacylglycerol in the POPC 

and Raft bilayers during an equilibrium simulation averaged over 50 ns. A value of 1 indicates 

perfect alignment with the bilayer normal, while 0 indicates a random orientation. 
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Figure S6-3: Free energy profiles for cholesterol moving from water to the bilayer center using 

different simulation lengths. Profiles for both bilayer leaflets are shown, and should be 

symmetric given infinite sampling. The PMFs were arbitrarily set to 0 kJ/mol at -4.6 nm from the 

bilayer center. 
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 Water defect and pore formation in atomistic and coarse-grained lipid Chapter Seven:
membranes: pushing the limits of coarse graining  

7.1 Abstract 

Defects in lipid bilayers are important in a range of biological processes, including 

interactions between antimicrobial peptides and membranes, transport of polar molecules – 

including drugs - across this membrane, and lipid flip-flop from one monolayer to the other. 

Passive lipid flip-flop and the translocation of polar molecules across lipid membranes occur on 

a slow time scale because of high-energy intermediates involving water defects and pores in the 

membrane. Such defects are an interesting test case for coarse-grained models because of their 

relatively small characteristic size at the level of water molecules and the complex environment 

of water and polar head groups in a low dielectric membrane interior. Here we compare coarse-

grained simulations with the MARTINI model with the standard MARTINI water and two 

recently developed coarse-grained polarizable water models to atomistic simulations. Although 

in several cases the MARTINI model reproduces the correct free energies, there are structural 

differences between the atomistic and coarse-grained models. The polarizable water model 

improves the free energies but only moderately improves the structures. Atomistic test 

simulations in which water molecules are artificially tethered to each other in groups of four, the 

resolution of MARTINI, suggest that the limiting factor is not the size of the coarse-grained 

particles but rather the simple interaction potential and/or the entropy lost in coarse-graining the 

system. By increasing the attractive interaction between the lipids’ head group and water we did 

observe pore formation, but at the expense of the correct bilayers equilibrium properties. 
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7.2 Introduction 

Biological membranes form the boundaries of cells and organelles. They regulate what 

can enter and leave a cell, communicate signals across the membrane, provide structural support, 

localize distinct chemical environments, and allow electrochemical gradients, which are 

necessary for energy transduction and nerve propagation. The core structure of membranes, the 

lipid bilayer, consists of a thin (3 nm) hydrophobic slab that forms a semi-permeable membrane, 

preventing ions, polar and charged molecules from crossing. Several biologically important 

processes involve the interactions of polar or charged molecules and lipid bilayers. A few 

examples are electroporation, where an applied electric field induces hydrophilic pores in 

membranes; antimicrobial peptides, which have been shown to cause pore formation (1); lipid 

translocation; and drug delivery. The interaction between a membrane and polar molecules 

depends on its lipid composition, which varies significantly between cell types and organelles 

(2).  

Lipid translocation, or flip-flop, between monolayers is an important process in cells. It 

involves a high free energy barrier for polar and charged lipid head groups crossing the 

hydrophobic bilayer interior. Flip-flop is important for the growth of membranes, as well as 

cellular signaling (3). The rate of passive flip-flop for PC and other phospholipids is very slow, 

on the time scale of hours to days (4-6).  The mechanism of PC flip-flop has been shown to 

involve pore formation (4, 7, 8), with water and other lipid head groups entering the hydrophobic 

bilayer interior to prevent the dehydration of the flipping lipids head group. Other polar and 

charged molecules have been shown to disrupt the lamellar structure of the bilayer causing water 

defects (9, 10), where water and head groups enter the bilayer interior from only one side of the 

bilayer.  
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We are investigating the mechanism, thermodynamics, and kinetics of the process of lipid 

flip-flop and pore formation using computer simulations (9, 10). The standard approach uses a 

force field that describes interactions at the level of individual atoms (AA for all-atom). Typical 

trajectories on systems with ca. 20,000 atoms can reach a time scale on the order of a 

microsecond. More recently, a number of coarse-grained (CG) models have been developed that 

retain some chemical specificity but operate at a lower level of resolution. We use the MARTINI 

model (11), in which typically four non-hydrogen atoms are grouped together into a single 

interaction site. This allows simulations on a scale that is 2-3 orders of magnitude larger than AA 

simulations with a comparable computational cost, but achieving a balance between detail and 

computational efficiency is a substantial challenge. There is a strong motivation to have a CG 

model that can reproduce both the energetics and mechanism of membrane pores and defects.  

MARTINI maps four water molecules to a single water bead, without a dipole or partial 

charge. One limitation of such a model is its inability to reproduce small-scale defects, for 

instance during lipid flip-flop (11). A recently developed MARTINI water model (12) (CG-pol) 

combines four water molecules into three beads that represent a dipole. CG-pol simulations show 

pores in membranes during electroporation, in agreement with AA simulations (12). This 

suggests CG-pol might be better suited to study lipid translocation. The recently developed 

BMW water model for MARTINI uses a modified Born-Mayer-Huggins potential, which is 

softer than the standard Lennard-Jones potential (13). This model was shown to reproduce the 

lipid interface dipole potential, which suggests it could be a useful model for heterogeneous 

interfacial systems. 

In previous studies we have calculated atomistic potentials of mean force (PMFs) for 

lipid flip-flop in a number of bilayers with primarily PC lipids, including varying chain length 
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(8), cholesterol concentration (14), chain unsaturation (8) and the effect of a the presence of a 

simple transmembrane helix on lipid flip-flop (15). Here we describe simulations of 

phospholipid flip-flop using five different models (AA, AA-bundled, CG, CG-pol, CG-BMW) in 

three different membranes: DLPC and DPPC, which in MARTINI differ by one bead in each 

acyl chain, and the charged lipid DOPG in a DOPC bilayer. CG-pol improves the results most 

for DOPG, although the structure of the defects is different between atomistic and coarse-grained 

models in all cases. CG simulations of flip-flop in DLPC give a much higher barrier than in 

atomistic simulations. To understand the possible effect of the larger size of MARTINI particles, 

in particular the water particles that group four water molecules into one, we simulated AA 

DMPC with normal water and with water tethered in groups of four (16), with no discernible 

effect on either structure or free energies. Finally, we tested different parameters for the 

MARTINI model to see if pore formation was possible with a CG model. By increasing the 

interaction between water and lipid head groups in the CG-pol model, we did observe pore 

formation in the DLPC bilayer. These results provide insight for future progress in refining 

coarse-grained lipid models. 

7.3 Methods 

7.3.1 All atom (AA) simulations 

We used the GROMACS software package (17). For lipid parameters we used the united-

atom Berger force field (18). We use small relatively small bilayer patches of 64 lipids for 

DLPC, DPPC, and DOPC bilayers. We include between ca. 4000 and 5000 SPC (19) water 

molecules for good hydration of the lipid head groups. Small bilayers are necessary for free 

energy calculations, which require 40-50 replicates for 10-100 ns to determine a single PMF (see 

Umbrella Sampling below). To test the effect of using small bilayers for simulating large-scale 
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changes in the bilayer structure during flip-flop we determined a PMF for DMPC with 256 lipids 

and compared it to the PMF with 64 lipids (Fig S1). The PMFs for the large and small bilayer 

were quite similar, indicating our small bilayer patches are sufficiently large for this process. All 

simulations were run at 323 K for comparison with DPPC, which has a high melting temperature 

(314 K) (20).  A time step of 2 fs was used for the equations of motion. SETTLE (21) was used 

to constrain water bonds and angles, while LINCS (22) was used for the lipid bonds. We used 

periodic boundary conditions with a semi-isotropic pressure coupling algorithm with a reference 

pressure of 1 bar and a 4.5×10-5 bar-1 compressibility (23). Temperature is maintained with a 

weak coupling scheme and a coupling constant of 0.1 ps (23). We use the particle mesh Ewald 

method for long-range electrostatic interactions with a fourth order spline and a 0.12 nm grid 

spacing (24, 25).  

The bundled water topology was from (16), where four SPC waters are tethered together 

using harmonic distance restraints into a roughly tetrahedral geometry. A force constant of 1000 

kJ mol-1 nm-2 and a distance of 0.3 nm were used. The Lennard-Jones C12-parameter was also 

increased for the interaction between all the water oxygens. 

7.3.2 Coarse grained (CG) simulations 

For CG simulations, we use the MARTINI model (11) and the recently developed 

polarizable MARTINI water model (CG-pol) (12). We used a 20 fs time step and updated the 

neighbor list every 10 steps. Lennard-Jones interactions were shifted from 0.9 to 1.2 nm. A 

Coloumbic function was used for electrostatic interactions with a dielectric constant of 15 for 

explicit screening. For the CG-pol model, we have used mostly the same run parameters as 

standard MARTINI, with the exception of the dielectric coefficient, which is 2.5 instead of 15 

(12). We have used the same types of lipids as the AA simulations. Small bilayer patches were 
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used with 72 DLPCs, 72 DPPCs, 70 DOPCs with 2 DOPGs. In the CG-pol model electrostatic 

interactions play a more important role, so we also tested the simulations with PME instead of 

the standard shifted Coulomb cut-off. 

We tested the recently developed BMW water model with DLPC and DPPC MARTINI 

bilayers (13). Of note, the angle potential is modified for the lipid tails for use with the BMW 

water model, with the force constant reduced from 25 kJ mol-1 rad-2 to 10 kJ mol-1 rad-2. BMW 

simulations were run with PME for long-range electrostatics with a 0.2 nm grid spacing and sixth 

order spline interpolation (24, 25). 

In the CG-pol model, the Lennard-Jones interaction between water beads and the choline 

and phosphate was reduced compared to standard MARTINI, to compensate for the increased 

Coulombic interactions. To try and induce pore formation, we increased the Lennard-Jones 

interaction between water beads and the choline and phosphate beads. For CG-pol, we increased 

the interaction back to the level in standard MARTINI (with ε=5.6 kJ/mol for both interactions, 

compared to 5 and 4.5 kJ/mol for phosphate-water and choline-water in CG-pol). We refer to this 

model as CG-pol-lj*. We also increased the Lennard-Jones interaction between water and the 

head groups in standard MARTINI (CG-lj*) to levels beyond the range of the MARTINI force 

field (with ε=6.2 kJ/mol). We then determined PMFs for DLPC and DPPC flip-flop using the 

CG-pol-lj* model, and DLPC using the CG-lj* model.     

7.3.3 Umbrella Sampling 

With current computers, we are able to simulate up to 1 µs for the AA model, and to the 

100 µs and nearly millisecond time scale for the CG model. The time scale of phospholipid flip-

flop is hours to days. To simulate these slow processes we use umbrella sampling. We run a 

series of ca. 50 simulations in parallel with a harmonic restraint placed on the head group of the 
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translocating lipid with respect to the distance from the center of the bilayer, spaced by 0.1 nm 

increments. The harmonic restraint is placed on the polar or charged head group to ensure that 

the molecule samples the center of the bilayer, which is likely to be energetically unfavorable. 

We determine the potential of mean force using weighted histogram analysis (26). In each 

system, we pull two separate lipids, staggered by at least 4 nm, to increase computational 

efficiency by getting two PMFs at a time. We have determined the PMF for a single DPPC lipid, 

and it was within the error of the PMF calculated by pulling two DPPC lipids (Fig. S7-2). We 

plot the mean from the two independent PMFs and the standard error, after aligning the PMFs to 

zero at their free energy trough. In all the figures, we have shown the PMF and its mirror image 

that corresponds to the opposite leaflet. As the bilayers are all symmetric, the PMFs should be 

the same in both monolayers. 

7.4 Results 

7.4.1 Phospholipid flip-flop 

Fig 7-1A and B show snapshots of AA and CG DPPC lipid bilayers. Fig 7-1C and D 

show the partial density profiles for the two bilayers. Water penetrates into the head group region 

and a small amount into the carbon tail density. This is followed by an increase in the tail density 

until a maximum, after which the density decreases near the center of the bilayer. The CG model 

reproduces the general features of the density profile, although the CG model does not have as 

large of a decrease near the bilayer center compared to the AA model. 
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Figure 7-1: CG and AA bilayer structure. 

Snapshot and partial density profile for an AA (A and C) and CG (B and D) DPPC bilayer at 

equilibrium. Water is shown as small balls, head groups as thick balls, and lipid   tails as thin 

lines. Head group includes the choline and phosphate groups, tails include all the carbons after 

the carboxyl group. 

 

7.4.2 DPPC 

Figure 7-2A shows the potential of mean force (PMFs) for AA DPPC flip-flop (4). We 

used umbrella sampling (see Methods) to determine the free energy profile for transferring a 

single DPPC from equilibrium to the center of the bilayer, with umbrellas centered on the 

phosphate group. There is a large free energy trough corresponding to the equilibrium position of 

the phosphate in the bilayer (Fig. 7-2). Moving the lipid into the bilayer has a large free energy 

cost.    
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Figure 7-2: PMFs for phospholipid flip-flop.  

A. DPPC flip-flop in a DPPC bilayer. B. DLPC flip-flop in a DLPC bilayer. Error bars represent 

the standard error between two independent lipids PMFs. The PMF is mirrored at the center of 

the bilayer for clarity. The CG, CG-pol and CG-pol (PME) PMFs are nearly the same, so only 

one curve is visible.   

 

As we move the phosphate of DPPC into the hydrophobic bilayer core, a water defect 

forms. Water and other PC lipid head groups move into the bilayer to prevent the DPPC from 

becoming desolvated. Restraining the zwitterionic head group of DPPC inside the bilayer 

significantly perturbs the lamellar structure. Similar structures and free energy slopes have been 
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observed for other charged and polar molecules entering the interior of lipid bilayers (7, 27, 28). 

When the phosphate is restrained at the center of the bilayer, a pore spanning the bilayer is 

observed (Fig. 7-3E).  

 

Figure 7-3: Snapshots for a phospholipid restrained at the center of bilayers.  

Water is shown as red licorice, lipid tails grey lines, the restrained lipid thick grey lines, and head 

group phosphate (phosphorous) and choline (nitrogen) as balls. A and E are atomistic 

simulations; B and F are CG-pol simulations; C and G are CG simulations; and D and H are CG-

pol-lj* simulations. A to D: DLPC in a DLPC bilayer. E to H: DPPC in a DPPC bilayer. 

 

We assume this is the transition state for lipid flip-flop. Estimates for the lifetime of pores 

are on the order of 10 - 100 ns (29). From the free energy barrier for pore formation (80 kJ/mol) 
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and the flux of lipids across a preformed pore, a rate for DPPC flip-flop was estimated to be 4-30 

hours, in good agreement with experimental estimates of 1 to 90 h (5, 6).      

The PMF for CG DPPC flip-flop shows a similar shape as the AA model (Fig. 7-2A) and 

has a similar barrier for flip-flop. As the DPPC is moved into the bilayer a small water defect 

does form, corresponding to a steep free energy slope. No water pore is observed when the 

phosphate bead is restrained at the bilayer center, although a small, unstable water defect does 

occasionally form (Fig. 7-3G).  

We have also determined a PMF for DPPC flip-flop using the CG-pol model (Fig. 7-2A). 

Compared to the non-polarizable model, the shape of the PMF and the free energy barrier are 

quite similar. Fig 3F shows that a small water defect is formed when the phosphate is at the 

bilayer center, although a pore is still not observed. The defects formed for CG-pol occur more 

often, and appear slightly more stable than for CG. We determined the number of contacts 

(distance of less than 1 nm) formed between water beads and the phosphate bead restrained at the 

center of the bilayer. For CG, 98% of the time there were no contacts, 1.2% with one contact, 

and a maximum of 4 contacts. There were no contacts for the CG-pol model 92% of the time, 6% 

with one contact, 2% with two contacts, and a maximum of 7 contacts.  The use of PME makes 

almost no difference.  

To try and induce pore formation we increased the Lennard-Jones interaction between the 

water bead and the choline and phosphate beads (CG-pol-lj*). Coincidentally, the PMF for CG-

pol-lj* is nearly the same as the AA model, although the bilayers bulk properties were perturbed 

significantly. The area per lipid for the DPPC CG-pol model was 0.64 nm2 and 0.71 nm2 for the 

CG-pol-lj* model. For CG-pol-lj*, the water defect was more stable, although we did not 
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observe pore formation. When the phosphate of DPPC was restrained at the bilayer center there 

were 2 to 5 contacts between the phosphate and water for 80% of the simulation. 

The BMW water model has a steeper slope in the PMF and a significantly higher barrier 

for flip-flop (150 kJ/mol), although the position of the free energy minima is the same as the 

other two CG models. At the center of the bilayer there was 1 contact with water and the 

phosphate for 49% of the time, two contacts for 48%, and a maximum of 5 contacts. No pores 

are observed for the BMW DPPC simulations. 

7.4.3 DLPC 

From the AA model, shorter lipids, such as DLPC, had lower free energy barriers for 

pore formation compared to DPPC. Fig. 7-2B shows the PMF for DLPC. Similar to DPPC, there 

is a free energy trough at DLPC’s equilibrium position and a steep slope as the PC head group 

moves into the bilayer center corresponding to water defect formation. When the lipid was ca. 

0.6 nm from the bilayer center the water defect became a pore, causing the PMF to plateau. Once 

a pore forms, the lipid is able to diffuse across it at no free energy cost. This indicates that pore 

formation is the primary free energy barrier for flip-flop. Fig. 7-3A shows the water pore formed 

at the center of the DLPC bilayer, which has many lipid head groups and water molecules in the 

bilayer interior. From the AA model, we calculate a free energy barrier for DLPC flip-flop of 16 

kJ/mol. This low free energy barrier translates into a rate of flip-flop on the µs time scale (8).  

Using the CG and CG-pol model, we calculated the PMF for DLPC flip-flop in a DLPC 

bilayer (Fig. 7-2B). The PMFs for DLPC flip-flop is the same for the CG, CG-pol, and CG-pol 

with PME. There is a deep free energy minimum, and a large, smooth increase in free energy to 

the center of the bilayer. The free energy barrier for DLPC flip-flop is 73 kJ/mol. Similar to the 

DPPC PMF, the BMW DLPC PMF has both a steeper slope and higher barrier for flip-flop (122 
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kJ/mol). The steep slope of the PMF at the bilayer center, and the snapshots (Fig. 7-3B and C) 

indicate that even when the phosphate is at the center of bilayer, the lipid is still interacting with 

one bilayer leaflet.  

The large difference between the CG models and the AA model is due to pore formation 

in the AA model. In contrast to the AA model, we did not observe pore formation in the CG, 

CG-pol, or BMW bilayers (Fig. 7-3). At the bilayer center a small water defect forms, to keep 

the DLPC head group solvated. We did observe pore formation in the CG-pol-lj* model (Fig. 7- 

3D). The structure of the pore appears similar to the AA model, with a disordered torroidal 

shape, and multiple water and head groups within the bilayer interior. As with the AA model, 

once a pore formed the PMF plateaus (ca. 0.15 nm from the bilayer center), and the barrier for 

flip-flop was reduced to 53 kJ/mol. The bulk properties of the DLPC bilayer are modified by the 

use of the increased interaction between water and lipid head groups, with the area per lipid 

increasing from 0.62 nm2 to 0.71 nm2. We tested the CG-lj* model, but did not observe pore 

formation, and the PMF was similar to the CG model (Fig. 7-2B). Pores were not observed when 

we only increased the phosphate-water interaction, not the choline-water interaction (data not 

shown). Pores were not observed by increasing the charge on the phosphate and choline in DLPC 

to -2 and +2 (data not shown). In a subtler attempt, we increased the repulsion between the lipid 

tails and the lipid head groups, but pores were not observed (data not shown).      

7.4.4 DOPG 

To see the effect of a charged head group we calculated PMFs for DOPG flip-flop across 

a DOPC bilayer (Fig. 7-4). For the AA model, the free energy barrier for DOPG (105 kJ/mol) 

flip-flop in a DOPC bilayer increased compared to DOPC (87 kJ/mol) in a DOPC bilayer (15). 

At the center of the bilayer, DOPG formed a water defect, and a pore was not observed (Fig. 7-
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5A). This is similar to DOPC flip-flop, where we did not observe pore formation, but a water 

defect was present. The PMF for CG-pol DOPG flip-flop in a DOPC bilayer is shown in Fig 7-4. 

The shape of the PMF closely matches the AA PMF until ca. 0.6 nm, where the PMF suddenly 

flattens. A water defect was observed before this position, but near the center of the bilayer a 

defect does not form (Fig 7-5B). In contrast to DLPC, where the PMF plateau was caused by 

pore formation, the plateau for DOPG is due to the lipid losing contact with either leaflet, with 

no net force in either direction, and the lipid almost completely desolvated. Occasionally a single 

water bead enters the bilayer to interact with the charged PG head group. The PMF for DOPG 

flip-flop across a DOPC bilayer using the CG model is shown in Fig 7-4. The PMF matches the 

shape of the CG-pol PMF, until ca. 0.75 nm from the center where it plateaus. Again, the plateau 

region corresponds to water defects breaking, exposing the DOPG to the bilayer interior along 

with an occasional single water bead (Fig 7-5C). The free energy barrier for DOPG flip-flop was 

closer to the AA model (104 kJ/mol) for the CG-pol model (77 kJ/mol) than the CG model (59 

kJ/mol). When PME was used with the CG-pol model the resulting barrier is almost the same as 

for the AA model, although no stable water defect at the center of the bilayer is observed.  
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Figure 7-4: PMFs for DOPG flip-flop in a pure DOPC bilayer.  

Error bars are shown and represent the standard error between two independent lipids PMFs. The 

PMF is mirrored at the center of the bilayer for clarity. 

 

 

Figure 7-5: Snapshots for DOPG restrained at the center of a DOPC bilayer.  

Water is shown as red licorice, lipid tails grey lines, the restrained lipid thick grey lines, and head 

group phosphate (phosphorous) and glycerol (oxygen) as balls. A. AA simulations. B. CG 

simulations. C. CG-pol simulations. 
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7.4.5 Effect of bundling water in AA simulations 

In all cases tested the CG models show significantly less complex defects and in particular do not 

easily form pores, although the PMFs for lipid flip-flop are quite similar between CG and AA for 

DPPC lipids. We hypothesized that a limiting factor may be the relatively small scale of the 

defects: they typically involve only a small number of head groups with associated water 

molecules, so that the standard MARTINI water particles may be too coarse to reproduce their 

structure. To test this, we artificially tethered four water molecules together in atomistic 

simulations (16) in a tetrahedral geometry that approximates a spherical shape. With this unusual 

water model we calculated again the potential of mean force for DMPC flip-flop and compared it 

to the result for normal atomistic water. We chose DMPC for this because it has a well-defined 

transition state for flip-flop with a large two-sided defect, or pore (8). The results are surprising: 

the tethered waters give essentially the same thermodynamics and structure as normal water. 

Figure 7-6 shows the PMFs for the normal atomistic DMPC case and the DMPC bilayer with 

tethered water, while Figure 7-7 shows two snapshots.  
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Figure 7-6: Bundled water lipid PMF. 

PMFs for DMPC flip-flop in a DMPC bilayer using normal SPC water and Bundled water. Error 

bars for the normal water represent the standard error between two independent lipids PMFs. The 

bundled water PMF was only calculated once, so no error bars are shown. The PMF is mirrored 

at the center of the bilayer for clarity. 
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Figure 7-7: Snapshots of pores with normal and Bundled water. 

Snapshots of a pore formed in AA DMPC bilayer with SPC water (A) and Bundled water (B). 

The representation for A is the same as in Figure 7-3. For panel B, Bundled water is shown as 

blue and white licorice, with a red sphere around the four water molecules that comprise one 

bundled water. 

 

7.5 Discussion 

We have studied the process of lipid flip-flop using molecular dynamics simulations with 

several different models. The AA model predicts that water defects or pores form as the head 
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group of a phospholipid is transferred into the hydrophobic interior of a membrane. These 

membrane defects are hydrophilic; lined with other lipid head groups and water molecules. The 

free energy for desolvating the charged or zwitterionic head group is higher than the cost of 

forming a water defect or a bilayer-spanning pore. We have observed similar behavior in the 

partitioning of charged and polar amino acid side chains in a DOPC bilayer (28). The polar side 

chains formed water defects as they were moved into the hydrophobic interior, until the energy 

cost for desolvation was less than defect formation, causing the defect to break and the PMF to 

plateau. The charged side chains retained a water defect even at the center of the bilayer. Many 

other groups have observed similar behavior in the partitioning of polar and charged molecules 

using different force fields and methods (27, 30-32). For DPPC, the free energy barrier for lipid 

flip-flop was 80 kJ/mol (AA), 83 kJ/mol (CG), and 89 kJ/mol (CG-pol). 

There is good agreement between the AA and CG models on the shape of the PMFs and 

free energy barriers for DPPC. Both CG models observe water defects as the DPPC is moved 

into the bilayer core, but near the center of the bilayer a pore does not form and the defects 

become unstable. The CG-pol model is more hydrated at the bilayer center, indicating an 

improvement over the standard MARTINI model. It is not obvious that the two models would 

give such similar results and the physical properties are actually different. CG water has no 

dipole or polarizability, so simulations are run with a dielectric constant of 15 for implicit 

screening of electrostatic interactions. This means that the interaction of polar molecules is 

underestimated in hydrophobic environments, e.g. when a lipid head group is placed in the 

interior of a bilayer. In the AA model, with explicit water and dielectric screening, charge 

interactions are much stronger in an apolar medium, causing water pores to form when a DPPC 

is placed at the center of the bilayer. The CG-pol water model has explicit polarizability and a 
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dielectric of 2.5 is used, which means that the interaction between water and charged molecules 

is physically more realistic. Surprisingly, this has little effect on the structure of the defects, 

although CG-pol reproduces electroporation in a DPPC bilayer (12). It is likely that the CG-pol 

will be useful for modeling phenomena where much larger pores are observed, such as the 

electroporation of membranes and antimicrobial peptides (12).  By increasing the Lennard-Jones 

interaction between the water and head group beads we observed more stable water defects, but 

still no pores in DPPC. We speculate that further increasing the interaction would cause pores to 

form, but changing these interactions perturbs the bilayer lamellar properties significantly.   

Our results shows that water pores are still not observed during DPPC flip-flop, in 

contrast to AA simulations. The large size of CG-pol water beads (4 to 1 mapping) might prevent 

the formation of the small water pores seen in AA DPPC flip-flop, where on the order of tens of 

waters are involved. However, tests of tethered water in a DMPC bilayer show that the main 

reason is unlikely to be size-related. It was suggested in (12) that using a different Lennard-Jones 

potential (currently a 12-6 potential), particularly a less repulsive form, might improve the 

model. As the CG beads become more repulsive a larger volume would be needed to from a 

defect or pore, which could affect the energetics of pore formation. A less repulsive model would 

allow beads to get closer together, possibly making defect formation form more easily. To this 

end we tested the BMW water model, which uses a softer potential, but found that the free 

energy barriers for DPPC and DLPC flip-flop are significantly overestimated. There was slightly 

more water pulled into the center of the DPPC bilayer using the BMW model, but again no pore 

formation or stable water defect was observed. The high barrier for the BMW model is likely due 

to a high line tension, which would prevent pore formation (33). Similarly the lack of pore 

formation in the CG and CG-pol model could be related to the models high bending modulus, 
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which was shown to be nearly double atomistic and experimental values (34). Although there is 

no immediate link between the bending modulus and water/lipid line tension on the one hand and 

individual atomistic or MARTINI interactions on the other, it is likely that both properties are 

linked to the cost of defect formation. If future versions of MARTINI or other coarse-grained 

models improve these mechanical properties in a more integrated approach, it will be interesting 

to see if this also results in an improved representation of membrane defects.  

The CG and CG-pol models give similar results for DLPC flip-flop and the use of PME 

had no effect on the energetics of flip-flop. There is a large discrepancy between the AA barrier 

for DLPC flip-flop (16 kJ/mol) and both CG models (73 kJ/mol). Intuitively, we expect defects 

and pores should form more readily in the thinner DLPC bilayer, compared to the DPPC. 

Experimental evidence has shown that pore formation in thin DLPC bilayer occurs 

spontaneously (35), and suggests our low free energy barrier from the AA model is realistic. 

Experiments on the permeation of protons and potassium ions through liposomes of mono-

unsaturated PC lipids showed that lipids with 14 carbon tails had 2 orders of magnitude faster 

permeation than 18 carbon tails, which fit a pore meditated model (36). Increasing the interaction 

between the head group beads and the water beads caused pore formation in the CG-pol-lj* 

DLPC bilayer. This suggests that neither the size of the large CG water, nor the ‘hard’ potential 

for the MARTINI model prevent pore formation. As expected, increasing the water-head group 

interaction caused the area per lipid to increase, which illustrates the difficulty in parameterizing 

a CG force field.       

We observed the largest difference between CG and CG-pol lipid PMFs for DOPG flip-

flop in a DOPC bilayer. This is likely due to DOPG having a negative charge, while PC lipids 

are zwitterionic. The CG-pol model forms water defects to the DOPG until it is ca. 0.5 nm from 
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the bilayer center, compared to ca. 0.75 nm for the CG model. This results in an 18 kJ/mol 

difference in the free energy barriers for flip-flop. Near the center of the bilayer neither model 

shows a water defect, although an occasional water bead does enter the bilayer to interact with 

the head group, in contrast to the AA model where a defect is present at the center. With PME, 

the resulting energies are very similar for both AA and MARTINI CG-pol. The use of PME with 

standard MARTINI has been shown to improve accurately modeling dendrimer (37) and 

antimicrobial peptide (38) interaction with membranes. 

Given the coarseness of the MARTINI model, and the complex process at length scales 

of a few atoms of lipid flip-flop and pore formation, the similarity in the PMFs are encouraging, 

although our results do suggest further refinement is necessary. These results suggest caution in 

using and interpreting results on polar and charged interactions with bilayer interiors, such as 

studies on drug partitioning, electroporation, and antimicrobial peptides, with CG models. Due to 

the computational demands of AA simulations and umbrella sampling calculations, it is useful to 

have a CG model that can used to study membrane defects and pores. It was shown that the CG-

pol water model was able to form pores across bilayers and hydrophobic slabs by applying an 

electric field, in agreement with AA simulations (12). We have compared standard MARTINI 

water, polarizable MARTINI water, and the BMW water model in their ability to model the 

process of lipid flip-flop. We found good agreement in the free energy profiles for DPPC and 

DOPG flip-flop between the AA and CG models. This work suggests that during phospholipid 

flip-flop the CG-pol model forms defects only slightly more readily than standard MARTINI, in 

closer agreement with AA simulations. The source of this mechanistic discrepancy is not clear, 

although we have ruled out two possible explanations: the size of the water beads, and the use of 

a softer repulsive non-bonded potential. We did observe pore formation in a DLPC bilayer using 
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the CG-pol-lj* model, which shows that pore formation is possible with coarse-grained lipids. 

Parameterizing a lipid force field requires a delicate balance of forces, so we do not suggest that 

the CG-pol-lj* is an improvement to MARTINI, but rather a proof of principle. Future work into 

describing the molecular driving forces for AA pore formation may be necessary to fully explain 

the CG result. These results and similar calculations and comparisons to atomistic results could 

aid the parameterization of the MARTINI model and other coarse-grained lipid models.  

 

7.6 Bibliography 

1. Epand, R. M., and Vogel, H. J. 1999. Diversity of antimicrobial peptides and their 

mechanisms of action. Biochim. Biophys. Acta. 1462: 11-28. 

2. van Meer, G., Voelker, D. R., and Feigenson, G. W. 2008. Membrane lipids: where they 

are and how they behave. Nat. Rev. Mol. Cell Biol. 9: 112-124. 

3. Daleke, D. L. 2008. Regulation of phospholipid asymmetry in the erythrocyte membrane. 

Curr. Opin. Hematol. 15: 191-195. 

4. Tieleman, D. P., and Marrink, S. J. 2006. Lipids out of equilibrium: energetics of 

desorption and pore mediated flip-flop. J. Am. Chem. Soc. 128: 12462-12467. 

5. Wimley, W. C., and Thompson, T. E. 1990. Exchange and Flip-Flop of 

Dimyristoylphosphatidylcholine in Liquid-Crystalline, Gel, and 2-Component, 2-Phase Large 

Unilamellar Vesicles. Biochemistry 29: 1296-1303. 

6. De Kruijff, B., and Van Zoelen, E. J. 1978. Effect of the phase transition on the 

transbilayer movement of dimyristoyl phosphatidylcholine in unilamellar vesicles. Biochim. 

Biophys. Acta. 511: 105-115. 

7. Gurtovenko, A. A., and Vattulainen, I. 2007. Molecular mechanism for lipid flip-flops. J. 

Phys. Chem. B 111: 13554-13559. 

8. Sapay, N., Bennett, W. F. D., and Tieleman, D. P. 2009. Thermodynamics of flip-flop 

and desorption for a systematic series of phosphatidylcholine lipids. Soft Matter 5: 3295-3302. 



 

198 

9. Marrink, S. J., de Vries, A. H., and Tieleman, D. P. 2009. Lipids on the move: 

simulations of membrane pores, domains, stalks and curves. Biochim. Biophys. Acta. 1788: 149-

168. 

10. Gurtovenko, A. A., Anwar, J., and Vattulainen, I. 2010. Defect-mediated trafficking 

across cell membranes: insights from in silico modeling. Chem. Rev. 110: 6077-6103. 

11. Marrink, S. J., Risselada, H. J., Yefimov, S., Tieleman, D. P., and de Vries, A. H. 2007. 

The MARTINI force field: coarse grained model for biomolecular simulations. J. Phys. Chem. B 

111: 7812-7824. 

12. Yesylevskyy, S. O., Schafer, L. V., Sengupta, D., and Marrink, S. J. 2010. Polarizable 

Water Model for the Coarse-Grained MARTINI Force Field. PLoS Comput. Biol. 6: e1000810. 

13. Wu, Z., Cui, Q., and Yethiraj, A. 2010. A new coarse-grained model for water: the 

importance of electrostatic interactions. J. Phys. Chem. B 114: 10524-10529. 

14. Bennett, W. F., MacCallum, J. L., and Tieleman, D. P. 2009. Thermodynamic analysis of 

the effect of cholesterol on dipalmitoylphosphatidylcholine lipid membranes. J. Am. Chem. Soc. 

131: 1972-1978. 

15. Sapay, N., Bennett, W. F. D., and Tieleman, D. P. 2010. Molecular Simulations of Lipid 

Flip-Flop in the Presence of Model Transmembrane Helices. Biochemistry 49: 7665-7673. 

16. Fuhrmans, M., Sanders, B. P., Marrink, S. J., and de Vries, A. H. 2010. Effects of 

bundling on the properties of the SPC water model. Theor. Chem. Acc. 125: 335-344. 

17. Van Der Spoel, D., Lindahl, E., Hess, B., Groenhof, G., Mark, A. E., and Berendsen, H. 

J. 2005. GROMACS: fast, flexible, and free. J. Comput. Chem. 26: 1701-1718. 

18. Berger, O., Edholm, O., and Jahnig, F. 1997. Molecular dynamics simulations of a fluid 

bilayer of dipalmitoylphosphatidylcholine at full hydration, constant pressure, and constant 

temperature. Biophys. J. 72: 2002-2013. 

19. Berendsen, H. J. C., Postma, J. P. M., van Gunsteren, W. F., and Hermans, J. 1981. 

Interaction models for water in relation to protein hydration. D. Reidel, Dordrecht, The 

Netherlands. 

20. Biltonen, R. L., and Lichtenberg, D. 1993. The Use of Differential Scanning Calorimetry 

as a Tool to Characterize Liposome Preparations. Chem. Phys. Lipids 64: 129-142. 



 

199 

21. Miyamoto, S., and Kollman, P. A. 1992. Settle - an Analytical Version of the Shake and 

Rattle Algorithm for Rigid Water Models. J. Comput. Chem. 13: 952-962. 

22. Hess, B., Bekker, H., Berendsen, H. J. C., and Fraaije, J. G. E. M. 1997. LINCS: A linear 

constraint solver for molecular simulations. J. Comput. Chem. 18: 1463-1472. 

23. Berendsen, H. J. C., Postma, J. P. M., Vangunsteren, W. F., Dinola, A., and Haak, J. R. 

1984. Molecular-Dynamics with Coupling to an External Bath. J. Chem. Phys. 81: 3684-3690. 

24. Darden, T., York, D., and Pedersen, L. 1993. Particle Mesh Ewald - an N.Log(N) Method 

for Ewald Sums in Large Systems. J. Chem. Phys. 98: 10089-10092. 

25. Essmann, U., Perera, L., Berkowitz, M. L., Darden, T., Lee, H., and Pedersen, L. G. 

1995. A Smooth Particle Mesh Ewald Method. J. Chem. Phys. 103: 8577-8593. 

26. Kumar, S., Bouzida, D., Swendsen, R. H., Kollman, P. A., and Rosenberg, J. M. 1992. 

The Weighted Histogram Analysis Method for Free-Energy Calculations on Biomolecules .1. 

The Method. J. Comput. Chem. 13: 1011-1021. 

27. Dorairaj, S., and Allen, T. W. 2007. On the thermodynamic stability of a charged 

arginine side chain in a transmembrane helix. Proc. Natl. Acad. Sci. USA. 104: 4943-4948. 

28. MacCallum, J. L., Bennett, W. F., and Tieleman, D. P. 2008. Distribution of amino acids 

in a lipid bilayer from computer simulations. Biophys. J. 94: 3393-3404. 

29. de Vries, A. H., Mark, A. E., and Marrink, S. J. 2004. Molecular Dynamics Simulation of 

the Spontaneous Formation of a Small DPPC Vesicle in Water in Atomistic Detail. J. Am. Chem. 

Soc. 126: 4488-4489. 

30. Johansson, A., and Lindahl, E. 2009. Titratable Amino Acid Solvation in Lipid 

Membranes as a Function of Protonation State. J. Phys. Chem. B. 113: 245-253. 

31. Li, L., Vorobyov, I., and Allen, T. 2008. Potential of mean force and pKa profile 

calculation for a lipid membrane-exposed arginine side chain. J. Phys. Chem. B. 112: 9574-9587. 

32. Yoo, J., and Cui, Q. 2008. Does arginine remain protonated in the lipid membrane? 

Insights from microscopic pKa calculations. Biophys. J. 94: L61-63. 

33. Wu, Z., Cui, Q., and Yethiraj, A. A new coarse-grained force field for membrane-peptide 

simulations. Submitted 



 

200 

34. Brandt, Erik G., Braun, Anthony R., Sachs, Jonathan N., Nagle, John F., and Edholm, O. 

2011. Interpretation of Fluctuation Spectra in Lipid Bilayer Simulations. Biophys. J. 100: 2104-

2111. 

35. Blok, M. C., Van Der Neut-Kok, E. C. M., Van Deenen, L. L. M., and De Gier, J. 1975. 

The effect of chain length and lipid phase transitions on the selective permeability properties of 

liposomes. BBA - Biomembranes 406: 187-196. 

36. Paula, S., Volkov, A. G., Van Hoek, A. N., Haines, T. H., and Deamer, D. W. 1996. 

Permeation of protons, potassium ions, and small polar molecules through phospholipid bilayers 

as a function of membrane thickness. Biophys. J. 70: 339-348. 

37. Lee, H., and Larson, R. G. 2008. Coarse-grained molecular dynamics studies of the 

concentration and size dependence of fifth- and seventh-generation PAMAM dendrimers on pore 

formation in DMPC bilayer. J. Phys. Chem. B 112: 7778-7784. 

38. Rzepiela, A. J., Sengupta, D., Goga, N., and Marrink, S. J. 2010. Membrane poration by 

antimicrobial peptides combining atomistic and coarse-grained descriptions. Faraday Disc. 144: 

431-443; discussion 445-481. 

 

7.7 Supplementary Information 

We have tested the effect of bilayer size and pulling two lipids per umbrella window on a 

lipid PMFs. Fig S7-1 shows a PMF for DMPC in a lipid bilayer with 64 lipids and with 256 

lipids. The PMF for the larger bilayer is within in the error of the smaller bilayer, indicating that 

the 64 lipid bilayer is sufficiently large.  

We show in Fig S7-2 PMFs for pulling one DPPC lipid and two DPPC lipids per 

simulation. The two PMFs are quite similar, suggesting that the affect of pulling two lipids per 

simulation is negligible.  
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Figure S7-1: PMFs for DMPC flip-flop in a DMPC bilayer in a small bilayer patch (64 lipids) 

and a larger bilayer (256 lipids). Error bars for the small bilayer represent the standard error 

between two independent lipids PMFs. The larger bilayer PMF was only calculated once, so no 

error bars are shown. For the umbrella sampling of the large bilayer, only lipids within a cylinder 

with a radius of 2 nm were used for the reference group for the restraining potential. This 

prevented bilayer curvature in the larger bilayer when the pulled lipid was near the center of the 

bilayer. 
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Figure S7-2: PMFs for DPPC flip-flop restraining 2 lipids per umbrella window and 1 lipid per 

umbrella window. Error bars for the 2 lipids per simulation represent the standard error between 

two independent lipids PMFs. The one DPPC per umbrella window PMF was only calculated 

once, so no error was determined. 
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 Conclusions  Chapter Eight:

8.1 Conclusions 

My thesis provides novel results and conclusions on simulating lipid flip-flop desorption 

in a number of model membranes. This work expands our understanding of biological lipid 

membranes in general, while also addressing a number of more specific problems. The 

localization and trafficking of signalling lipids, such as ceramide and diacylglycerol, is vital for 

their functioning. We show the underlying thermodynamics for the observed decrease in 

permeability of thicker lipids, and with higher concentrations of cholesterol. Testing a coarse-

grained model’s ability to reproduce atomistic results for pore formation and cholesterol flip-flop 

represent methodological contributions. All 5 research chapters have independent conclusions, 

but throughout this work there are also common themes, that together are perhaps more 

important than individually.  

We find that lipid bilayers are deformable and disordered, but cooperative and collective 

in their structural and dynamical behaviour. There is a delicate balance of forces at the interface 

that make transport properties complex and difficult to understand. For processes such as lipid 

flip-flop, there is a balance between the polar head group of the flipping lipid remaining 

solvated, and the bilayer deforming to accommodate the water defect, or pore. Lipids with small, 

polar head groups, like cholesterol become desolvated more easily, and cross the bilayer in a 

solubility-diffusion mechanism. Phospholipids, with large, zwitterionic head groups flip-flopped 

through a pore in the bilayer. There is a balance between the bilayer forming a water defect and a 

pore. The composition and structure of the bilayer determines the response and change in 

conformation when a lipid is flipping, which affects the resulting free energy and rate for lipid 

flip-flop. Thinner PC bilayers were shown to form pores much more readily than thicker PC 
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bilayers. Cholesterol incorporation increased the free energy barrier for DPPC flip-flop and pore 

formation. It is harder, requires more energy, to deform thicker and more ordered lipid 

membranes. We predict orders of magnitude differences in the rate for lipid flip-flop in different 

lipid bilayers, which is important given the large variability of cellular membranes. An important 

example is the difference in cholesterol flip-flop in liquid-ordered and liquid-disordered bilayers, 

relevant for the lipid raft hypothesis.  

 The free energy for transferring a single lipid from its equilibrium position in the 

membrane to bulk water is the excess chemical potential for the lipid. Comparing the excess 

chemical potentials of a lipid between different membrane environments allows the relative 

stability of the lipid to be determined. We found relatively good agreement between our free 

energies and those predicted from the experimentally determined CMCs for the saturated PC 

lipids. Cholesterol prefers more ordered and rigid bilayer environments, due to its bulky and 

rigid hydrophobic ring structure, and small polar head group. Lipids with small polar head 

groups, and two long hydrophobic tails, had roughly equal preference for an ordered and 

disordered bilayer, while PC lipids preferred disordered bilayers.  

 In Chapter 3, we show that pore formation is orders of magnitude more probable to form 

in the thin DLPC bilayer, than DMPC, while pore formation was exceedingly rare in DPPC 

bilayers (hours time scale). Chapter 4 shows that cholesterol in the bilayer increases the free 

energy barrier for DPPC flip-flop and pore formation. DPPC prefers to be in bilayers without 

cholesterol, which would influence the phase behaviour of mixed membranes. Cholesterol was 

shown to flip-flop very fast in poly-unsaturated bilayers, and to flip-flop orders of magnitude 

slower in the ordered membranes in Chapter 5. Cholesterol preferred to be in ordered bilayers, 

which could be a possible thermodynamic driving force for raft formation in cells, and 
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cholesterol trafficking from the endoplasmic reticulum to the plasma membranes. Chapter 6 

investigated the important signalling lipids ceramide and diacylglycerol. How these lipids work 

as second messengers is not well understood, whether by binding to specific proteins, or through 

more collective behaviour, or both. Where these molecules localize is important for either 

mechanism of action; where signalling lipids go and why is crucial for understanding how they 

function. We found that both lipids could flip-flop across the pure POPC membrane orders of 

magnitude faster than the ordered ‘raft’ mixture. In Chapter 7, we show that a number of CG 

models are not able to correctly represent the free energy for pore formation in lipid bilayers.  

8.2 Outlook 

Given my results, there are a large number of potential avenues for future research. Both 

experimental and theoretical work is needed to properly understand these important biological 

structures. A better understanding of the lipid membranes would enhance our general view of 

life, and pave the way for a multitude of biotechnological applications.  

 We suggest future experimental studies on the permeability of thin DLPC bilayers, and 

specifically the energetic barrier for pore formation. Combining experimental data and 

simulations, at conditions and with molecules conducive to both experiment and simulation 

techniques would be of interest. Future work into cholesterol flip-flop will be needed, given the 

discrepancy between recent experimental estimates. Free energies for desorption of lipids in 

different membranes from simulations could be used in conjunction with for instance a 

fluorescent dye molecule to predict its partitioning between a liquid-ordered phase and liquid-

disordered phase.    

How different force fields reproduce my results, and defining which interactions are the 

most important for modeling pore formation is of interest. Chapter 7 shows that a number of 
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popular CG models do not adequately model pore formation during lipid flip-flop, predicted by 

my atomistic results. This raises questions about MARTINI, and other CG models, used in 

studying a number of important biological processes, such as antimicrobial peptides interacting 

with lipid bilayers. Exploring how much chemical detail is needed to properly model pore 

formation and lipid flip-flop is important future work for the field. Future work on more detailed 

polarizable force fields for lipid membranes will also be conducted.       

Free energy calculations and enhanced sampling techniques of lipids will expand in the 

future. There is great potential to use free energy calculations for many interesting lipid 

membrane problems. Currently, I am using thermodynamic integration to study the free energy 

of lipid mixing. In the future, similar free energy calculations may be used to determine phase 

diagrams for lipids, and be directly compared to experimental diagrams. Other important 

processes like vesicle fusion, peptides binding to membranes, and transmembrane protein self-

association can all be studied using free energy calculations. There are a multitude of other 

important lipids and membrane systems that could be investigated using similar methods. A good 

example is the flip-flop of PS and other charged lipids. Investigating lipid flip-flop and 

desorption in different shaped membranes, such as highly curved small vesicles, is also 

interesting potential future work.  

Larger and faster computers will allow much better sampling for molecular dynamics 

simulations and particularly for free energy calculations. Simply by waiting, we will be able to 

get better results on increasingly realistic membrane systems. There is also a large amount of 

research into better algorithms and free energy methods, that will improve the efficiency of 

large-scale simulation studies on lipid bilayers. In the long-term future, simulations will 

undoubtedly play a role in nanoscale bioengineering. Given our current state of knowledge, it is 
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exciting to speculate what will be possible when quantum computers and other as yet 

undiscovered technologies are available to simulate biomolecules with. 

  

 

 

 

 

  

 


