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Introduction 

Cell membrane  

The biological membrane 

Biological membranes are basic structural elements of living cells. They act as selectively 

permeable barriers distinguishing the inter and intracellular space and forming the limiting 

boundary of the cell. In eukaryotic cells, the intracellular membranes also compartmentalize cells 

into organelles, so that these specialized subunits within cells can carry out their specific functions. 

Biological membranes usually consist of a lipid bilayer in combination with peripheral and integral 

proteins. The lipids act as a fluid matrix for proteins to laterally diffuse and rotate, and interact 

with the proteins for different physiological functions. In this way, the bilayer membrane is able 

to control a variety of cellular processes, such as cell adhesion, ion conductivity and cell signaling. 

 

Figure 1. Illustrations of lipids and membranes. a) Chemical structures for Dipalmitoylphosphatidylcholine 

(DPPC), Dilinoleoylphosphatidylcholine (DLiPC) lipids and GM1 (monosialotetrahexosylganglioside). 

The chemical structure of lipids are download from https://en.wikipedia.org/wiki. b) Snapshot from 

simulations showing liquid-ordered (Lo, mostly DPPC and cholesterol) versus liquid-disordered (Ld, 

mostly DLiPC) packing of lipids. c) Examples of different lipid aggregation states. d) Snapshot from 

simulation of DPPC gel phase. 

The lipids that constitute the cell membranes are small amphipathic molecules, usually 

consisting of two hydrocarbon tails and one polar head. The head structure typically possesses a 
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negatively charged phosphate group and is connected to another polar group, such as the positively 

charged choline in the case of zwitterionic phosphatidylcholines (e.g. 

Dipalmitoylphosphatidylcholine, DPPC) (Figure 1a). The lipid acyl tail structures vary in both 

chain length (the number of carbons in the fatty acid tail) and degree of saturation. A lipid can be 

entirely saturated (e.g. DPPC), implying that all of the carbons in the tail are connected by single 

bonds, or unsaturated (e.g. Dilinoleoylphosphatidylcholine, DLiPC), implying that there are one 

or more double bonds connecting the tail carbons (Figure 1a). In an aqueous environment, lipids 

can self-assemble into monolayer or bilayer structures such that the polar heads are exposed to the 

aqueous surrounding while shielding their apolar tails. Depending on the relative size of the lipid 

head groups versus the tail volume, they adopt a wide variety of aggregation states including 

micelles, lamellae and vesicles (Figure 1c). 

Remarkably, most cellular membranes contain many different lipid types, with more than 

1000 reported for the plasma membrane1. It is rather plausible that such a rich variety in lipid types 

gives rise to a heterogeneous distribution in the plane of the membrane. Indeed, already in the 

1970s, Stier et al.2 demonstrated the idea of membrane micro-domains or non-homogeneous cell 

membranes. Nowadays, it is commonly believed that the phase separation and phase behavior of 

lipids play an important role in membrane function. The liquid crystalline phase is the most 

common phase in most of the eukaryotic membranes, resembling a 2-dimensional fluid with the 

lipids freely diffusing in the plane of the membrane. Among the liquid crystalline phase, the liquid 

disordered (Ld) phase exhibits disordered packing in the lipid tails and the liquid-ordered (Lo) 

phase shows more ordered packing (Figure 1b). This is because of the presence of cholesterol in 

the Lo phase; cholesterol straightens out the saturated lipid tails as much as possible and keeps the 

carbon-carbon bonds in the trans-state. The inflexibility of the sterol ring thus rigidifies the overall 

membrane, increasing the order and bilayer thickness. The distinction in packing between the 

ordered phase and disordered phase may cause their phase separation. Whether Lo/Ld phase 

coexistence is observed depends on the temperature and lipid composition. In the ordered regions, 

both proteins and lipids diffusion is largely limited. Another ordered lipid phase is the gel phase. 

The gel phase is formed in the absence of cholesterol when the temperature is low enough to make 

it favorable for the lipid tails to remain all-trans (Figure 1d). In the gel phase, lipids are no longer 

fluid, consequently lateral diffusion in the gel phase is about 100 times slower than in the fluid 

phases.  
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In accordance with the idea of coexisting lipid phases, Estep et al. proposed the concept of 

lipid rafts in model cell membranes, composed of sphingolipids and cholesterol3. These ordered 

nanodomains are presumably small and highly dynamic (sizes in the range from 10 to 200 nm and 

lifetimes of the order of ~10−3 s), and have been implicated to be important for many cellular 

processes, such as trafficking, signal transduction, and entry of pathogens4-7. The phase separation 

between liquid-ordered and disordered regions in model membranes are regarded as a simplified 

process of raft formation in the living cell membrane, with the Lo domains in model membranes 

corresponding to the rafts in the cell membrane. However, compared to the phase separation in the 

model membrane, the raft formation in the cell is less stable and short-lived. Many experimental 

evidences were found to support the existence of rafts in model membranes. Using fluorescence 

microscopy, Veatch and Keller observed spontaneous lateral domain separation in unilamellar 

vesicles composed of a ternary mixture of DOPC (dioleoyl-phosphatidylcholine)/DPPC and 

cholesterol8. In ternary mixtures of DOPC/sphingomyelin/cholesterol, raft-like domain dynamic 

properties were observed in a certain range of cholesterol concentration through confocal 

fluorescence microscopy and fluorescence correlation spectroscopy9. Baumgart el al. observed 

long-range domain ordering in the form of locally parallel stripes in giant unilamellar vesicles 

through high-resolution fluorescence imaging10. Structures similar to Lo and Ld domains found in 

model membrane systems are also observed in giant plasma membrane vesicles11-12. Apart from 

those, some important raft-like properties are found in native erythrocyte membranes by in situ 

atomic force microscopy experiment13.   

One of the classes of lipids that is believed to be enriched in lipid rafts are gangliosides 

(GMs). GMs are anionic glycosphingolipids, commonly found in body fluids, tissues and 

particularly abundant in the nervous system. They are primarily observed in the extracellular 

surface of the plasma membrane14, and have been of special interest ranging from fundamental 

science to clinical study, serving as specific determinants in cellular recognition, receptors for 

certain hormones and bacterial and cell-to-cell communication. GMs manifest both pronounced 

hydrophobicity and hydrophilicity, with two ceramide tails and a charged saccharide head. GMs 

differ from each other by the sugar head structure. For example, GM1 

(monosialotetrahexosylganglioside) has a head composed of 5 sugar monomers (Glucose, N-

acetylgalactosamine, N-acetylneuraminic acid and two Galactose sugars) and two ceramide tails 

(Figure 1a). The hydrophobic moiety includes a sphingosine, composed of a long amino alcohol, 
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2-amino-1, 3-dihydroxy-octadec-4-ene, and connected to a fatty acid through an amide linkage. 

Because of their big saccharide head and saturated tail structure, GM1s partition into the ordered 

nanodomains, and may form nanoclusters with reduced lipid mobility in the plasma membrane15.
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Computational microscopy 

 Molecular dynamics (MD) has emerged as a unique and indispensable tool to complement 

conventional experimental approaches. It is able to describe the target system at atomic resolution 

and act like a “computational microscope”16. MD has been proven to be a powerful method for 

investigating a variety of biological systems. Besides, MD is not merely an in silico ‘imaging’ 

technique and can also be used to investigate dynamics, interactions, conformational changes, etc. 

Compared with the experimental approach, there are multiple advantages in computational models. 

MD enables precise control of the laboratory (or simulation) environment and allows the target 

resolution to go down to the motion of individual atoms. Besides, various alchemical tricks can be 

realized to calculate the thermodynamic driving forces. However, MD also has its limitations. One 

of the important drawbacks is the limited time and spatial scale of the simulated systems. Given 

the tremendous developments in both the software and hardware industry over the previous 

decades, the accessible spatio-temporal scales are largely enhanced. Nowadays, a model as large 

as HIV-1 capsid17 and time scales on the order of microseconds (BPTI  and gpW protein18) can be 

realized in all-atom simulations. 

The essence of the success in MD lies in the high quality of the underlying force fields. In 

lipid membrane simulation, there are a variety of all-atom (AA) force fields, although the most 

famous of them fall into four families: CHARMM19, AMBER20, Slipids21, and GROMOS22. They 

are broadly similar with  respect to the potential functions (see section 1.3). The parameters of 

these potential functions, which define the force field, are mainly based on quantum mechanics 

(QM), NMR and X-ray diffraction data, In addition, thermodynamic properties of model 

compounds are used to calibrate the interactions, e.g. enthalpies and free energies of solvation.  

After decades of development, simulations of the lipid membrane are able to provide a 

decent agreement with available experimental data (within the experimental uncertainty) for many 

membrane properties, e.g. area per lipid, deuterium order parameter, lipid diffusion rates, 

membrane bending constant to name but a few. This accomplishment was not achieved overnight. 

The initial configurations of lipids are primarily obtained from neutron and X-ray scattering and 

from NMR microscopy23 and the partial charge is commonly acquired from ab initio calculation24. 

After decades of development and improvement, all of the force fields listed above successfully 

capture the balance of chemical-specific interactions of lipids to reproduce experimental 
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observables and can be used to investigate a variety of biomolecular processes. As an example 

relevant to this thesis, the phase separation or raft formation can be nowadays realized in AA 

simulations of membranes composed of DOPC, DPPC, and cholesterol25. 

Even though the AA simulations have successfully reproduced these biophysical properties 

of membranes, the accessible time and system size are still limited. Instead of computing 

interactions between AA pairs, combining atoms into single effective interaction sites in a so-

called coarse-grain (CG) simulation can dramatically reduce the number of particles in the system. 

Besides, the high-frequency motions present in AA simulations (e.g. vibration of hydrogen bonds) 

are absent in the CG systems, allowing the use of larger integration time steps. In addition, the 

coarser representation of the interaction sites also produces a smoother potential energy surface 

and makes it easier to reach the global minimum of the system. Therefore, compared with AA 

simulations, computational efficiency has increased by orders of magnitude in CG simulations. 

Depending on the level of coarse grain in the system, simulations can easily reach effective real 

times of microseconds to milliseconds. 

In the field of lipid membrane simulation, there are a number of available CG force fields. 

The most widely used are the Martini force field26,  the Shinoda/Devane/Klein (SDK) force field27, 

and the Electrostatics-Based (ELBA) force field28. The Martini force field is the most famous CG 

force field, and a more detailed description will be given later. The Martini force field has already 

been used to simulate raft formation in a membrane composed of DPPC and DLiPC and cholesterol 

more than a decade ago, showing good agreement with experimental data29-30. The SDK force field 

uses softer interaction potentials, allowing for a good reproduction of heats of vaporization and 

surface tensions. This force field has mainly been used to investigate the phase behavior of lipid 

monolayers, vesicle fusion, and membrane partitioning of fullerenes. The ELBA force field 

focuses on capturing important electrostatic interactions (lipid−water interactions), where the 

water is modeled with soft sticky dipole potentials and incorporating point charges or point dipoles 

in lipid beads. Therefore, this force field enables a more accurate description of the electrostatic 

interactions compared with other CG models, at the cost of a reduced efficiency. 

Molecular dynamics 

Equations of motion 
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The idea of molecular dynamics was first proposed by Alder & Wainwright in the early 

1950s as a technique to simulate a system with a number of colliding hard core particles31. The 

definition of the particles was further extended to be defined with continuous potentials in uniform 

time steps by Rahman32. Then time development of a system of particles is reproduced by simply 

solving Newton’s laws of motion: 

mi

d2ri(t)

dt2
= Fi                                                               (1) 

ri(t),mi and Fi represent the position, mass and the momentary force of particle i. The force is 

obtained from the derivative of potential Vi felt by the particle i: 

 

Fi = −
δVi(t)

δri(t)
                                                                     (2) 

The calculation of the potential is a central part of the molecular dynamics algorithm, the 

nature of which is quantum mechanics. However, due to the big size of the most biomolecular 

systems, it is extremely expensive to directly derive the potential from the first principles and 

hence the potential is commonly represented by some semi-empirical classical force fields. These 

force fields can be parameterized either from quantum mechanical calculations or through fitting 

to well known experimental observables. The calculation of the potential between every pair of 

interaction sites in the system is still very time-consuming, so the interactions beyond a cutoff 

distance are neglected. Besides, since the attractions of the Lennard–Jones (LJ) potential decrease 

with (1/r)6  and Coulombic potential decrease with 1/r, only a small portion of the potential 

beyond the cutoff is ignored. Details of the force field used in this thesis will be discussed in the 

next section.  

Equation 1 is solved numerically to predict the positions of all the particles in the system 

in every step of the simulation period. Therefore, a trajectory of the system is produced and we 

can apply statistical mechanics to compute the macroscopic properties. To integrate the equation 

of motion, different strategies can be applied and we will focus on two of them implemented in 

the GROMACS package33 (the MD software used in this thesis): md and sd integrators. 

The md integrator in GROMACS is using the leapfrog algorithm to solve the differential 

equation 1. This algorithm updates positions and velocities of molecules at equidistant time points 

Δt: 
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ri′(t +
1

2
Δt) = ri′(t −

1

2
Δt) + ri′′(t)Δt                                                 (3) 

ri(t + Δt) = ri(t) + ri′(t +
1

2
Δt)Δt                                                     (4) 

ri
′  and ri′′  are the first and second derivative of the coordinates with respect to 

time.  Velocity-Verlet algorithm, closely related to leapfrog, is also implemented in GROMACS. 

The main difference between the two algorithms is that Vertlet calculates both the positions and 

velocities at the same frame. These integrators are deterministic, suggesting that two simulations 

possessing the same starting states can reproduce the same trajectories. 

Another integrator implemented in GROMACS software is the leapfrog based stochastic 

dynamics (sd). The noise and friction terms are added into Newton’s laws of motion: 

ri′(t +
1

2
Δt) = ri′(t −

1

2
Δt)α𝑖 + ri′′(t)Δt + √

kBT

mi
(1 − αi

2)ni
G                 (5) 

αi = (1 −
γi

mi
Δt)                                                           (6) 

ri(t + Δt) = ri(t) + ri′(t +
1

2
Δt)Δt                                          (7) 

mi, γi, and ni
Gare mass, friction constant and added noise of particle i extracted from the standard 

normal distribution. 𝑘𝐵 and T are the Boltzmann constant and the temperature of the system.  

Simulation settings 

Ensemble properties, like temperature and pressure, cannot be attributed to individual 

atoms, and are determined by a huge amount of molecules. A momentary microscopic temperature 

of the system is defined as: 

T(t) = ∑mi𝑣𝑖(t)
2/(NfkB)

N

i=1

                                                              (8) 

where temperature is closely related to the kinetic energy of the atoms. Nf , kB, v𝑖 and m𝑖 are the 

number of degrees of freedom, Boltzmann’s constant, atom velocity and mass, respectively. The 

effective temperature is an ensemble average of the temperature throughout the simulation: 

T =< T(t) >                                                                             (9) 

Typically, the initial temperature is set by assigning random velocities with a gaussian 

distribution. Ideally the temperature of the system is maintained throughout the simulation. 
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However, because of the force truncation errors in the integration algorithm and other artificial 

factors, a thermostat is needed to keep the constant temperature. For example, a weak coupling 

scheme (also denoted Berendsen thermostat34) is applied through scaling the atom velocity with: 

λ = √1 + Δt/τT(T0/T(t) − 1)                                                              (10) 

Δt, τT and T0 are time step, temperature coupling time constant and targeted temperature. This 

scheme is able to generate an exponential relaxation to the reference temperature. Other extended 

temperature thermostats, like the Nose-Hoover algorithm35, were proposed that can produce a 

proper canonical ensemble.   

In addition, the pressure in the system can be derived through the virial theorem: 

p = 2(∑ri ⊗ Fi

N

i=1

− ∑mivi ⊗ vi

N

i=1

)/V                                               (11) 

where mi, vi Fi and riare the mass and velocity, force and coordinate of the atom i. N  and V are 

the number of particles  and volume of the simulation cell.   

Similar to temperature thermostat,  a weak pressure coupling scheme34 is applied through 

scaling the coordinate and box size by: 

μ = √1 + Γ(p − p0)Δt/τp
3

                                                                (12) 

where Δt, Γ, τp and p0 are time step, compressibility, pressure coupling time constant and targeted 

pressure. Alternative barostats (e.g. Parinello-Rahman scheme36) are also available.  

Apart from a thermostat and barostat, periodic boundary conditions are also commonly 

applied to MD simulations. Compared to the real macroscopic structures, the simulated systems 

are considerably small. If one would simulate an isolated system, many of the molecules are 

exposed to the vacuum environment - an unnatural boundary surface. To solve this problem, 

periodic boundary conditions are introduced to approximate the infinite box. The molecules are 

placed in a simulation box, and when they cross the boundary, they reappear on the opposite side 

with the same velocity. During the simulation, only the properties of the center box need to be 

recorded and propagated and the surrounding boxes are just image copies. 

 

The Martini force field 
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The Martini force field is one of the most famous CG force fields, developed by Marrink 

and co-workers37. It is computationally fast, easy to apply and flexible enough to cover a broader 

range of applications without reparametrizing the model each time38. This force field was initially 

developed to simulate membrane lipids, and gradually extended to proteins39, carbohydrates40, 

DNA41 and various polymers. The hallmark of the Martini force field is that the beads are 

parameterized to reproduce experimental thermodynamic quantities, e.g. oil/water partitioning 

coefficients, the degree to which crucially contributes to biomolecular processes such as lipid self-

assembly, peptide–membrane binding, and protein-protein recognition38. Therefore, the 

experimental based parameterization makes the model perform closer to realistic behavior. 

The Martini force field uses the Lennard–Jones (LJ) 12/6 interaction function and the 

normal electrostatic Coulombic potential to calculate the short-range nonbonded interactions. The 

interactions between interaction sites i and j are described by: 

ULJ(r)  =  4 ϵij[(σij/r)
12 − (σij/r)

6]                                             (13) 

Uelectrostatic(r; q)  =  qiqj/(4πε0ϵrr)                                            (14) 

With parameters, q and r describe particle charge and distance between interaction sites i and j. σij 

represents the effective minimum distance of approach between two particles, ϵij the strength of 

their interaction, ϵ0the dielectric permittivity of vacuum and ϵr relative permittivity. The original 

Martini force field37 uses a cutoff of 1.2 nm. The LJ potential is smoothly shifted to zero between 

0.9 nm and 1.2 nm and the Coulomb potential is shifted from 0 nm to 1.2 nm. The Martini force 

field in modern setting42 uses a cutoff of 1.1 nm and both LJ and Coulomb potentials are shifted 

to zero at the cut off using potential modifiers. 

The bonded interactions are described by a weak harmonic potential: 

Vbond(r)  =  1/2kbond(r − rbond)
2                                           (15) 

kbond  and rbond  are bond force constant and equilibrium bond distance respectively. LJ 

interactions are excluded between bonded beads. To reproduce chain stiffness, a weak harmonic 

potential of the cosine type is introduced for the angles 

Vangle(θ)  =  1/2kangle[cos(θ) − cos(θ0)]
2                                     (16) 

kangle  and θ0  are the angle force constant and equilibrium angle between consecutive bonds, 

respectively. The improper dihedral angle potential is applied for more complicated geometries to 

prevent out of plane distortions 
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Vdi(θ)  =  1/2kdi(θ − θdi)
2                                                 (17) 

where kdi and θdi are angle force constant and equilibrium dihedral angle, respectively. A proper 

torsional dihedral angle is applied: 

Vd(r)  =  ktor[1 + cos(mφ − φ0)]                                          (18) 

where  ktor, m, φ0 and φ are the torsion force constant, the multiplicity of the torsional dihedral 

angle, the equilibrium dihedral angle and the actual value of the dihedral angle, respectively.  

 

GROMOS force field 

CG simulation is fast and efficient, however, atomistic details and a certain level of 

accuracy are sacrificed. Thus, the AA model simulated with the GROMOS force field is also 

included in this thesis. The GROMOS force field is a united force field, in which aliphatic 

hydrogens are not taken into account explicitly. For example, in lipids, the methyl (CH3) and 

methylene (CH2) atoms are represented by a single site, hence reducing the interaction sites from 

4 to 1 and 3 to 1, respectively. Therefore, compared with all-atom membrane simulation, 

computational efficiency is higher. The GROMOS force field is primarily parameterized with 

respect to experimental data on small molecules, reproducing the free enthalpies of hydration and 

apolar solvation for a range of compounds43. It has been successfully applied in a large scale of 

applications, such as protein folding, biomolecular association, membrane formation, and transport 

over membranes44. 

 The GROMOS force field also uses the LJ 12/6 interaction function as described in 

Equation 13 and a plain cutoff scheme is used to reduce the computational cost. A reaction field 

is used to represent the long-range contribution of the Coulomb interaction: 

URF(r; q)  =  qiqj/(4πε0ϵ1)[−0.5 ∗
Crfr

2

Rrf
3 ]                                        (19) 

where 

Crf  =  (2ϵ1 − 2ϵ2)(1 + κRrf) − ϵ2(κRrf)
2 /[(ϵ1 + 2ϵ2)(1 + κRrf) + ϵ2(κRrf)

2]            (20) 

With ϵ0 and  ϵ1 represent the dielectric permittivity of vacuum and the relative permittivity of the 

medium, in which the atoms are embedded in. ϵ2 and κ are the relative permittivity and inverse 

Debye screening length of the medium outside the cutoff sphere defined by Rrf, respectively. The 

nonbonded interactions are cut off at a distance of 1.4 nm. 
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The bonded interactions are described by a weak harmonic potential: 

Vbond(r)  =  1/4kbond(r
2 − rbond

2 )2                                           (21) 

where kbond and rbond are bond force constant and equilibrium bond distance respectively.  

The GROMOS force field uses the same angle and improper dihedral potential functions 

as described in Equations 17 and 18. In addition, a proper torsional dihedral angle is applied using 

the trigonometric function: 
Vtor(r)  =  ktor[1 + cos(δ)cos(φm)]                                          (22) 

 

where  ktor, δ, m and φ are the torsion force constant, phase shift (either 0 or π), the multiplicity 

of the torsional dihedral angle and the actual value of the dihedral angle, respectively.  

Hybrid force field 

Many biomolecular systems are computationally challenging to simulate with the 

molecular dynamics technique due to their large size and need for long time scales. Despite the 

increasing computer power, the current and near-future computational capability is still falling 

short. Even though the computational efficiency is largely increased in CG simulation, the 

molecular details are, however, sacrificed during the process. With the idea of keeping the best of 

both worlds (AA and CG), researchers start to consider combining AA and CG resolutions in one 

system, describing different parts of the system with different resolution scales. For example, a 

straightforward way to design a multiscale simulation is representing the solutes (proteins, 

membranes, etc.) in AA resolution, while the solvents are in CG resolution (e.g. PACE45). One of 

the major limitations of such multiscale approaches is the need for deriving accurate cross 

interactions between the two levels of resolution. 

To alleviate such problems, efforts have been made to combine the Martini and GROMOS 

force field through a virtual site scheme proposed by Rzepiela et al.46. The main idea of this hybrid 

scheme is that the virtual sites are built on the center of mass of the corresponding atoms and these 

virtual sites can interact directly with other coarse grain beads through the Martini interaction 

scheme. CG and AA molecules interact with themselves using their own interaction schemes and 

no cross interaction between the two resolutions is involved. The electrostatic coupling in the 

hybrid scheme was further tested and updated by Wassenaar et al.47. This hybrid scheme is also 

applied using adaptive resolution simulation to simulate atomistic DNA48 and protein49 molecules 
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in a Martini solvent environment.  

Replica and Hamiltonian exchange 

To increase the sampling speed in simulations, a large number of enhanced sampling 

techniques exist. One of those that is relevant for this thesis is the replica exchange method (REM). 

REM, also called parallel tempering, was originally introduced by Sugita Y. et al.50 in 1999 and 

has been extended to different forms for enhanced molecular sampling51-53. The basic idea is to 

run a number of independent simulations (replicas) at different temperatures, and exchange 

configurations between the replicas. Typically, the energy landscape of biomolecular systems 

contains many local minima that are separated by high energy barriers. These free energy barriers, 

that are hardly crossed in traditional MD simulation, are overcome in the REM replicas running at 

high temperatures, the conformations of which are exchanged to the rest of replicas. Hence, the 

sampling efficiency is enhanced. Since the conformation exchange satisfies the detailed balance 

condition, the correct thermodynamic ensemble is maintained within each individual replica. 

Based on the same idea, the Hamiltonian replica exchange method (HREM) was developed as an 

extension of the temperature REM, in which each replica uses different interaction potentials (or 

different resolutions between AA and CG) instead of the different temperatures. The faster 

sampling at CG replicas can accelerate the sampling efficiency of replicas at AA resolution, as has 

been demonstrated in a proof of principle paper based on the GROMOS/Martini hybrid scheme54. 

Aim and outline of this thesis 

The aim of this thesis is divided into two parts. The first one is to investigate the distribution 

of GMs in ternary model membranes and its effects on membrane phase separation. The second 

one focuses on developing new multiscale methods, which can be used to enhance the sampling 

efficiency through Hamiltonian replica exchange or to increase computational efficiency by 

replacing part of the system by CG resolution. 

In Chapter 2, we have studied the effect of GM on phase separation. As we know, GMs are 

believed to be imperative for many cellular processes, such as trafficking, signal transduction, and 

entry of pathogens. Despite the important role of GM in the biomembrane system, a detailed 

understanding of the organization of GM-rich membranes is still lacking. Here, we use CG 

molecular dynamics simulations to investigate the effect of GMs on phase coexistence in a model 
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membrane composed of DPPC, DLiPC and cholesterol. We found that a certain amount of GMs 

is able to destabilize the phase separation. Through investigating the influence of GMs on the 

conformational and structural properties of the ternary membrane, a reasonable mechanism of the 

destabilizing effect is proposed.  

In Chapter 3, efforts have been made to develop a multiscale enhanced sampling scheme 

via the Hamiltonian replica exchange method. The multiscale configuration concurrently couple 

all-atomistic (GROMOS force field) and coarse grain (Martini force field) resolutions in one 

system and we expect that the fast sampling speed of the coarse grain replicas can guide and 

accelerate the all-atomistic replicas. We tested the efficiency of this procedure using a 

lutein/octane system and found that we can sample more trans/cis transitions than traditional 

simulations. Our new multiscale method can also be useful in the ongoing development of related 

multiscale and enhanced sampling simulations. 

In Chapter 4, we propose another virtual site based multiscale scheme that can concurrently 

couple AA and CG resolutions in a membrane simulation. We combined modified GROMOS and 

CHARMM force field with the Martini force field to simulate multiscaled bilayer membranes. The 

input parameters were carefully tuned to represent the correct conformational and dynamical 

characteristics of the membrane and the computational efficiency is greatly increased, especially 

in the case of a vesicle.  

In Chapter 5 and 6, the virtual site hybrid scheme introduced in chapter 4 was applied to 

study the phase separation process and vesicle dynamics, respectively. The Martini force field has 

successfully captured spontaneous separation of ternary membranes into a liquid-disordered and a 

liquid-ordered phase that can hardly be reached by simulation with atomistic details. Therefore we 

applied the VS hybrid method on such a ternary membrane (composed of DPPC, DLiPC and 

cholesterol) and expected the phase separation of the CG leaflets to accelerate and guide this 

process in the AA leaflets. Simulating a vesicle in AA resolution and studying its dynamic 

properties is very expensive for current computational power. Therefore, we applied the VS hybrid 

method to vesicles in which the inner leaflet was at the AA resolution and the outer leaflet at CG 

resolution. We considered vesicles with sizes ranging from 15 nm to 25 nm and computed the 

dynamic relaxation properties of the AA lipid tails in the hybrid conformations. 

The thesis is concluded with a summary/outlook section, recapitulating the main results 

obtained and sketching the possible future developments in this field. 
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Gangliosides Destabilize Lipid Phase Separation in 

Multicomponent Membranes 

Yang Liu, Jonathan Barnoud and Siewert J. Marrink 

This chapter has been published in Biophysical Journal 117: 1215-1223, 2019.  

Abstract   

Gangliosides (GMs) form an important class of lipids found in the outer leaflet of the 

plasma membrane. Typically, they co-localize with cholesterol and sphingomyelin in ordered 

membrane domains. However, detailed understanding of the lateral organization of GM-rich 

membranes is still lacking. To gain molecular insight, we performed molecular dynamics 

simulations of GMs in model membranes composed of coexisting liquid-ordered and liquid-

disordered domains. We found that GMs indeed have a preference to partition into the ordered 

domains. At higher concentrations (> 10 mol %), we observed a destabilizing effect of GMs on 

the phase coexistence. Further simulations with modified GMs show that the structure of the 

ganglioside head group affects the phase separation, whereas the nature of the tail determines the 

preferential location. Together, our findings provide a molecular basis to understand the lateral 

organization of GM-rich membranes. 

Introduction 

Biological membranes are both compositionally and structurally heterogeneous. The raft 

concept has introduced the existence of distinct nanodomains4, which differ in chemical 

composition and in physical properties, creating an optimized environment for protein function. 

These nanodomains are presumably small and highly dynamic (sizes in the range from 10 to 200 

nm and lifetimes of the order of ~10-3 s), and have been implicated to be important for many 

cellular processes, such as trafficking, signal transduction, and entry of pathogens4-7. Ordered 

nanodomains, extracted from plasma membranes, are enriched in saturated lipids such as 

sphingomyelin together with cholesterol, but typically also contain other lipids such as 

gangliosides (GMs). 
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GMs are anionic glycosphingolipids, commonly found in body fluids, tissues, and are in 

particular abundant in the nervous system, where they comprise up to 10% of the lipids. GMs are 

primarily found in the outer leaflet of the plasma membrane14 and act as receptor or recognition 

sites for extracellular molecules or surfaces of neighboring cells. GMs consist of an 

oligosaccharide head group connected to a ceramide body. GM1 and GM3 are two of the most 

abundant GMs55-56. GM1 (monosialo-tetrahexosylganglioside) has a head composed of five sugar 

monomers (glucose, N-acetylgalactosamine, N-acetylneuraminic acid and two galactose sugars) 

and GM3 (monosialo-dihexosylganglioside) has a head containing three sugar monomers 

(galactose, N-acetylneuraminic acid, and glucose). GMs are important biological components and 

play an active role in a wide range of cellular processes57-61. Despite their importance, knowledge 

about the lateral organization of GMs is still incomplete. Fluorescence microscopy measurements 

show that GM1 co-localizes in the same domain with cholesterol in epithelial cells 62-63. 

Furthermore, GM has significant influence on the formation and stabilization of laterally separated 

micro-domains, such as cholesterol-independent glycosynapses and cholesterol-dependent rafts or 

caveolae64-65. Crosslinking of GM1 is able to separate uniform membranes into coexistent liquid-

ordered and disordered domains in membranes composed of sphingomyelin, cholesterol, and 

phosphatidylcholine (PC)66. Atomic force microscopy experiments show the aggregation of GMs 

into gel-phase domains in PC monolayers67-69. GMs can form aggregates even when the 

concentration is as low as 1%70. The size of GM aggregates depends on the saturation of the acyl 

chain and the length differences between PC acyl chains and the GM long-chain base71. An 

increase in the acyl chain unsaturation and decrease in its length enhances GM dispersion in the 

bilayer membrane72. The incorporation of Ca2+ can also promote GM aggregation inside liquid-

ordered membrane domains73.  

Although GM aggregation and domain sorting have been investigated intensively by a 

large variety of experimental techniques, the influence of GMs on membrane organization and 

phase separation is not fully understood. A major complicating factor is the variety in GM chemical 

nature (e.g., type of oligosaccharide head group, tail length and saturation level) on the one hand, 

and the differences between in-vivo studies (where GMs are asymmetrically distributed, and part 

of a very complex lipid and protein environment) versus in-vitro studies on model membranes. To 

provide further insight into the lateral organizational principles of cell membranes, computational 

modeling offers an alternative approach74-75. Like the experiments, MD simulations also reveal a 
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wide scenario of GM behavior that is not always straightforward to interpret. Already more than a 

decade ago,  atomistic simulations of a single GM1 in a DOPC membrane reveal that the anionic 

saccharide group of GM1 is able to form charge pairs with the choline part of DOPC lipids76. In a 

follow up study77, two distinct orientations of the GM1 head group were observed, a protruding 

orientation in which the head group sticks out of the membrane, and an embedded one in which 

the head group adsorbs to the interface. In addition, a local condensing effect of GM1 on the DOPC 

membrane is found, although the DOPC tails become less ordered around the ganglioside. Similar 

conclusions were reached by simulations of single GM1 lipids in a DPPC membrane78. In a more 

recent atomistic simulation, a tendency toward self-aggregation of GM1 is observed in a 

GM1/SM/Chol mixed membrane, while GM1 remains more dispersed in a GM1/POPC 

membrane79. In another atomistic MD study, self-clustering of GM1 in POPC membranes was 

found at higher concentrations (30 mol%), together with the ability of the GM1 to induce positive 

curvature65.  In order to study the effect of gangliosides on membrane phase behavior, longer 

simulations and larger systems are needed which require coarse-grain (CG) models. The 

parametrization of glycolipids, including GM, has been realized in the framework of the Martini 

CG force field, showing good agreement with atomistic simulations as well as experimental data80-

81.  Based on CG simulations, it is found that GM1 is able to affect or guide partitioning of proteins, 

such as WALP and LAT, between liquid-ordered and liquid-disordered domains82, as well as affect 

the registration of such domains83. In CG simulations of more realistic plasma membrane models, 

GM1 and GM3 show a tendency to form transient clusters 1, 84, as also seen in CG simulations of 

model membranes85-86, and to be a key component of the annular shell of membrane embedded 

proteins87. Asymmetrically incorporated GM1 can induce global curvature, as quantified in an 

experimental study on giant vesicles and supported by CG simulations88-89. Simulations in which 

tethers are pulled from a realistic membrane, however, show a depletion of gangliosides from the 

strongly curved regions90. 

Here, we use CG molecular dynamics simulations based on the Martini force field to 

investigate the effect of GMs on phase coexistence in a model multicomponent membrane. Our 

membrane setup is symmetric and consists of dipalmitoyl-phosphatidylcholine (DPPC) and 

dilinoleyl-phosphatidylcholine (DLiPC) lipids together with cholesterol. Such a ternary mixture 

separates into liquid-ordered and liquid-disordered domains and is believed to be a good model for 

membrane compartmentalization29-30. Various amounts (10%, 20% and 30%) of GM1 as well as 
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GM3 were incorporated into this ternary system at temperatures ranging from 280K to 325 K. 

Through analysis of the lipid-lipid contact fractions, membrane thickness, and order parameter, 

we found that GMs can induce mixing of the ordered and disordered phases. Modified GMs were 

also investigated to understand the origin of the mixing effect. We found that the polar saccharide 

head of GM is responsible for mixing the lipids, while the nature of the sphingosine tails 

determines the preferential lateral location of GM. 

Method 

System setup 

We carried out molecular dynamics (MD) simulations using the Martini coarse-grained 

force field91. This force field has been widely applied to a number of biomolecular processes, in 

particular involving the lateral organizational principles of membranes30, 92-93. We simulated a 

symmetric lipid bilayer composed of DPPC, DLiPC and cholesterol with a molar ratio of 42:28:30. 

We incorporated 0%, 10%, 20%, or 30% GM molecules into the membrane. The simulations 

started either from a randomly mixed membrane, or from an already phase separated membrane to 

assess the convergence of the lipid mixing. The systems starting from the mixed phase were built 

with the tool insane94, while the system starting with separated phase was built by incorporating a 

grid of GM into a pre-equilibrated membrane that was showing the coexistence of a liquid-ordered 

(Lo) and a liquid-disordered (Ld) phase (Figure 1). The grid arrangement evenly distributed the 

GM molecules in the membrane, so that GM can fully interact with both the lipid phases. We used 

GM1 and GM3 in our simulations as they are the most commonly found GMs in plasma 

membranes. 

We simulated the membrane in aqueous environment and included sodium ions to keep the 

system electrically neutral. In systems simulated at 280 K, we replaced 10% of the water by 

antifreeze water to prevent the unwanted freezing of the simulated system. Compared with normal 

water, antifreeze water has no effect on key membrane properties, including the area per lipid, the 

transition temperature for formation of the gel phase, and the lateral self-diffusion constant of lipid 

molecules91.  
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Figure 1. Systems setup. Snapshots of 20% GM1 incorporated membrane starting from mixed (left) and 

separated (right) phase. DPPC, DLiPC, cholesterol and GM1 are represented by green, red, blue and 

magenta, respectively. Water is not shown for clarity. 

Simulation details 

We carried out all the simulations using the GROMACS software suite (v 5.1.2) and the 

Martini 2.0 force field91 in the NPT ensemble. For all the systems, we carried out an equilibration 

phase followed by a production run. While the protocol for the production run was identical for all 

systems, we used different equilibration protocols for the different starting configurations. 

For the PC lipids, we used the refined parameters by Wassenaar et al.94. The cholesterol 

model was taken from Melo et al.95, and the ganglioside models from Gu et al81 (based on the 

original models of López et al.80). The Martini lipid types DPG1 and DPG3 were used as 

representatives for GM1 and GM3 in our simulations. The parameters for the different molecules 

are available on http://cgmartini.nl. 

http://cgmartini.nl/
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The Lennard-Jones and Coulomb potentials were shifted to zero at the cut-off 1.1 nm and 

long range electrostatics was treated using a reaction field as recommended for Martini simulations 

("New-RF" settings)42. The neighbor list was updated with the Verlet neighbor search algorithm. 

During the production simulations, the pressure was coupled with the Parrinello-Rahman 

algorithm at 1 bar using a semi-isotropic barostat, a compressibility of 3×10−4 bar-1, and a time 

constant of 12 ps. The temperatures of the system were coupled at 280K, 295K, 310K and 335K 

using the v-rescale thermostat96 with a time constant of 1 ps. All lipids are coupled in one 

thermostat group, while the water and ions are coupled in another group. 

During the equilibration phase, the Berendsen barostat and thermostat were used. The 

protocols of equilibration were different for different starting configurations. For membranes 

starting from a randomly mixed state, we carried out successive equilibration runs with time steps 

of 2 fs, 10 fs and 15 fs for 4 ns, 20 ns and 30 ns, respectively. When starting from a phase separated 

membrane, there may be steric clashes between the membrane and the grid of GMs, requiring a 

more careful equilibration. Therefore, we used time steps increasing from 1 fs to 19 fs with a 2 fs 

interval. For each time step, a 10 ns simulation was performed with the use of a soft core potential97. 

In the Martini softcore interaction, α = 4, σ = 0.3, λ = 1 and the r-power is 6.  

Analysis method 

The extent of phase separation in the membrane was quantified using the contact fraction fPC 

between DPPC and DLiPC lipids. The contact fraction was computed as proposed in98, and defined 

as: 

fPC = cDPPC−DLiPC/(cDPPC−DLiPC + cDLiPC−DLiPC)                            (1) 

where c represents the number of contacts between the two lipid species. A distance threshold of 

1.1 nm between the phosphate bead (PO4) of DPPC and DLiPC was applied, as proposed by 

Domanski98. Complete phase separation corresponds to fPC = 0, while ideal mixing corresponds to 

fPC = 0.6 (equaling the mole fraction of DPPC lipids with respect to total PC lipids). Values larger 

than 0.6 indicate an enhanced mixing of DLiPC with DPPC, while values smaller than 0.6 indicate 

more self-contacts and therefore more non-random mixing. The exact value of fPC for which phase 

separation occurs is hard to define, given finite size effects due to the limited size of the simulated 

systems. A value of fPC = 0.2 signals the clear phase separation. 

Similarly, the GM lateral distribution was quantified with the GM-DLiPC contact fraction 

fGM , defined as: 
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fGM = cGM−DLiPC/(cGM−DPPC + cGM−DLiPC)                               (2)          

where c represents the number of contacts between the two lipid species. The PO4 beads of the PC 

lipids and the center-of-mass of GM are used as reference to compute the GM-PC contact fraction. 

A distance threshold of 1.5 nm was used, which is estimated based on the radial distribution 

function (RDF) between GMs and both PC lipids (Figure S12). When DLiPC and GM are ideally 

mixed, the GM-DLiPC contact fraction is 0.4 (corresponding to the molar fraction of DLiPC with 

respect to all PC lipids). Above this value, GM forms more contacts with DLiPC lipids. Below it, 

GM forms more contacts with DPPC lipids. 

We also computed other membrane organizational or structural parameters to quantify 

effects of GM on membrane. The lipid order parameter P was defined as 

P = 〈3cos2(θ) − 1〉/2                                                      (3) 

where θ is the angle between  bond vectors of the lipid CG beads and the bilayer normal 

(approximated as the Z unit vector of the simulation box), and the angle brackets represent the 

ensemble average over equivalent bonds for a given lipid type in a simulation frame. We averaged 

the order parameter over the last 5 µs of each simulation. 

The order parameter landscape, partial density and membrane thickness landscape were also 

applied to measure and visualize the lipid distribution in the membrane. All landscapes were 

computed through a grid placed on the XY plane of membrane (10 × 10 cells) and the last 0.5 µs 

of the simulations were used to average the landscape. The order parameter in the order parameter 

landscape is computed through Equation 3, with the ensemble average done on all the lipid bonds 

within a grid cell. The density fraction in the density landscape is defined as the fraction of DPPC 

bead density over the total bead density of PC lipids. Membrane thickness landscape was computed 

based on the average distance of PO4 beads in both leaflets. All landscapes were calculated using 

g_thickness, g_ordercg and g_mydensity software99 freely available from 

http://perso.ibcp.fr/luca.monticelli. 

The membrane thickness of DPPC-rich and DLiPC-rich regions was computed using the 

FATSLIM software100. PO4 beads of the DPPC and DLiPC lipids were used as reference to 

compute the membrane thickness. We used the thickness per lipids outputted from FATSLIM to 

obtain a thickness per lipid type. Membrane thickness of DPPC-rich regions is computed based on 

the thickness of lipids with residue name DPPC and so does the thickness of DLiPC-rich regions 

is based on DLiPC lipid. Since the fluctuations of membrane may introduce noise when measuring 

http://perso.ibcp.fr/luca.monticelli/codes/g_thickness.zip
http://perso.ibcp.fr/luca.monticelli/codes/g_thickness.zip
http://perso.ibcp.fr/luca.monticelli/codes/g_ordercg.zip
http://perso.ibcp.fr/luca.monticelli/codes/g_mydensity.zip
http://perso.ibcp.fr/luca.monticelli
http://perso.ibcp.fr/luca.monticelli
http://perso.ibcp.fr/luca.monticelli
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membrane thickness, the thickness is computed based on neighborhood-averaged coordinates to 

smooth the fluctuations. The specific explanation and software are freely available on website 

http://fatslim.github.io/. 

Statistical errors are estimated from block averaging as implemented in the g_analyze tool 

of GROMACS101, unless stated otherwise. 

Results 

Gangliosides destabilize phase separation 

Using the Martini coarse-grained force field, we carried out MD simulations of a 

DPPC:DLiPC:cholesterol ternary mixture (molar ratio 42:28:3029) at 295K. As described 

previously29, at this state point the membrane phase separates to form a DPPC and cholesterol rich 

liquid-ordered (Lo) phase, and a DLiPC rich liquid-disordered (Ld) phase. The phases form stripes 

that span across the periodic box (Figure 2a). 

To observe the effect of gangliosides, we added GM1s to this ternary membrane, at molar 

concentrations of 10%, 20%, or 30%. We carried out simulations starting from a homogeneously 

mixed bilayer, i.e. all components are initially randomly distributed in the lateral plane of the 

membrane (see Methods). The GM1s preferentially partition to the Lo domain, as can be 

qualitatively assessed from the snapshots of the systems at the end of the simulation (Figure 2a  

and 2b).  To quantify the lateral distribution of GM1s further, we calculated GM1-DLiPC contact 

fraction fGM as a function of time. as shown in Figure 2c. If GM1 is ideally mixed in the membrane, 

fGM=0.4 (which is the molar fraction of DLiPC with respect to all PC lipids), a greater value 

indicates that GM1 interacts more favorably with DLiPC (representative of the Ld domain), while 

a lower value indicates that GM1 interacts more favorably with the  DPPC lipids enriched in the 

Lo domain. At all concentrations of GM1, the GM1-DLiPC contact fraction is less than 0.4 (Figure 

2c). This indicates that GM1 interacts more with DPPC than with DLiPC, and therefore partitions 

into the Lo phase. However, the more GM1 we add into system, the higher is the GM1-DLiPC 

contact fraction. This implies that either the Lo phase becomes saturated with GM1s, or that the 

lipid phase separation itself becomes less pronounced. 

http://fatslim.github.io/
http://fatslim.github.io/
http://fatslim.github.io/
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Figure 2. Sorting and domain mixing of GM1. (a) and (b) are the top view of the upper leaflet and side view 

of the bilayer membrane at 60 µs, respectively. DPPC, DLiPC, cholesterol and GM1 are represented 

by  green, red, blue and magenta, respectively. Only the linker beads (DPPC, DLiPC, GM1) or head group 

bead (cholesterol) are depicted in the top view. Water is not shown for clarity. (c) Contact fraction between 

GM1 and DLiPC for system starting from mixed phase at 295K. The horizontal dashed line represents ideal 

mixing, above which GM1 prefers to interact with DLiPC lipids, below which GM1 prefer DPPC lipids. 

(d) is the DPPC-DLiPC contact fraction for system starting from mixed phase at 295K. The horizontal 

dashed line represents ideal mixing, above which DLiPC lipids prefer to contact  DPPC lipids (more mixed), 

below which DLiPC lipids prefer contacts with themselves (more separated). (c) and (d) share the same 

legend. (e) The DPPC-DLiPC contact fractions were sampled and averaged from the last 15 µs after the 

systems reach equilibrium. The DPPC-DLiPC contact fraction of GM1 and GM3 are shown with solid and 

dashed lines, respectively. 

From visual inspection of the snapshots (Figure 2a and 2b), as well as the density maps 

(Figure S1 and S2), it appears that the phase separation is not lost, but clearly becomes destabilized 

upon addition of GM1s. We quantified the phase separation by computing the DPPC-DLiPC 

contact fraction fPC , as shown in Figure 2d. The larger the value of DPPC-DLiPC contact fraction, 

the more mixed are the lipids, and therefore the weaker the phase separation. Complete phase 

separation corresponds to fPC tending to 0; while ideal mixing corresponds to  fPC = 0.6 (being the 

molar fraction of DPPC lipids with respect to all PC lipids).  In the absence of GM1,  fPC = 0.2 ±

0.02, indicative of strong phase separation. Increasing the GM1 ratio increases the DPPC-DLiPC 

contact fraction until  fPC = 0.39 ± 0.025 at 30% GM1. At high concentrations, GM1 is thus able 

to destabilize the phase separation in this system.  
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The membrane composition investigated shows a strong phase separation at 295K without 

GM. Such strong cohesion of the lipid phases may hide an effect of the GM that would be visible 

with a weaker, and probably biologically more relevant, phase separation. To explore this idea, we 

carried out simulations over a range of temperatures from 280K to 325K. As before, we computed 

the DPPC-DLiPC contact fraction for GM1 molar ratios from 0% to 30%. The results are shown 

in Figure 2e and Figure S3 and S4. As expected, in the absence of GM1, the DPPC-DLiPC contact 

fraction increases with the temperature indicating that the phase separation is less stable as the 

temperature increases. The DPPC-DLiPC contact fraction also increases with the ratio of GM1. 

Therefore, GM1 destabilizes the lipid phase separation regardless of how strong it initially is. This 

destabilization, however, appears stronger at lower temperatures where the phase separation 

initially is better defined. 

To further investigate the destabilizing effect of gangliosides, we also studied the influence 

of GM3 on membrane phase separation. GM3 has a smaller oligosaccharide head group compared 

to GM1, lacking two sugar rings. We incorporated 10% to 30% GM3 into the same ternary 

membrane as we did for GM1 and got qualitatively similar results. The GM3-DLiPC contact 

fraction and DPPC-DLiPC contact fraction for GM3 incorporated systems are shown in Figure S5. 

In line with the results for GM1, the GM3-DLiPC contact fraction is below that of the ideal mixing 

line, indicating GM3 interacts more favorably with DPPC lipids and hence partitions into the Lo 

region. The addition of GM3 enhances the DPPC-DLiPC contact fraction and the contact fraction 

increases with GM3 ratio (Figure 2e). This indicates that GM3 also shows the ganglioside induced 

mixing effect, becoming stronger at higher GM3 ratio. Compared to GM1, however, the mixing 

effect of GM3 is weaker, since DPPC-DLiPC contact fraction of GM3 at a given ganglioside ratio 

is lower than that of GM1, as clear from Figure 2e. 

Together, our results show that both GM1 and GM3 have a preference to reside in the Lo 

domain rather than the Ld domain, but can induce mixing of these domains at increasing 

concentrations. To assess the robustness of our predictions, three replica simulations were 

performed for GM1 incorporated systems at 295K (Figure S6), leading to quantitatively similar 

results. Furthermore, we verified that the starting configuration, a uniformly mixed membrane, did 

not result in any kinetic trap which would prevent reaching the thermodynamic equilibrium state 

of the system. To this end, we carried out additional simulations starting from a homogeneous grid 

of GMs covering an already phase separated membrane (see Methods), covering a temperature 
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range from 280 to 325K. At 295K, the DPPC-DLiPC and GM1-DLiPC contact fractions for the 

two initial configurations converge to the same value in less than 60μs at most GM1 concentrations 

(Figure S3 and S4). At higher temperatures (>295K), the contact fractions converge faster, in less 

than 20μs. Only in case of 280K at 30% GM1, convergence of fPC is not reached within the 30μs 

sampled. Note that in case of GM3s, systems equilibrate faster (<10μs) which we attribute to their 

smaller head groups allowing faster diffusion compared to GM1. Overall, we conclude that, the 

results presented on membrane phase behavior and the lateral distribution of the gangliosides are 

not affected by the choice of starting structure, at least at temperatures above 280K. 

Oligosaccharide ganglioside head group plays crucial role 

A GM lipid can be divided into an oligosaccharide head group and a ceramide part. To test 

their respective influence on GM sorting and lipid mixing, we built modified lipids based on GM1, 

and we compared their behavior with the behavior of the original glycolipid. We carried out 

simulations at 295 K using these modified lipids with a glycolipid molar ratio of 20%. 

To investigate the influence of the size of the oligosaccharide head, we replaced the 

oligosaccharide head by a linear sequence of 1 to 4 sugar rings (Figure 3, index 0 to 3). With values 

of GM1-DLiPC contact fraction between 0.3 and 0.35, the modified glycolipids distribute in the 

Lo phase in the same manner as the unmodified GM1 (index 7). They also have a similar effect on 

lipid mixing with values of fPC ranging from 0.31 to 0.36 for 1 to 4 rings, comparable to fPC = 0.28 

of unmodified GM1 and significantly higher than fPC = 0.2 for the membrane without GM1. We 

also removed completely the oligosaccharide head and replaced it by a PC head group, like the 

surrounding lipids (Figure 3, index 4). With a GM-DLiPC contact fraction of 0.16, this modified 

lipid distributes even more strongly in the Lo phase than GM1. Interestingly, the lipid mixing is 

not affected as shown by a DPPC-DLiPC contact fraction of 0.2, the same value as the membrane 

without GM. Therefore, it appears that the oligosaccharide head is needed for the solute to 

destabilize the lipid phase separation. Even a single sugar ring (index 0) already causes some lipid 

mixing. 
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Figure 3. Influence of modified GM on membrane phase separation. Results obtained for 20% GM with 

different head groups or tails, at 295K. (a) and (b) are the contact fractions sampled and averaged for the 

last 10 µs. (c ) Indices of modified GM1: one sugar GM1 (0), two sugar GM1 (1), three sugar GM1 (2), 

four sugar GM1 (3), PC head-GM1 tail (or sphingomyelin) (4), GM1 head-DPPC tail (5), GM1 head-

DLiPC tail (6) and original GM1 (7). The sugar head of GM1 is composed of Glucose; head of two sugar 

GM1 composed of Glucose and Galactose; head of three sugar GM1 composed of Glucose, Galactose and 

N-acetylgalactosamine; head of four sugar GM1 composed of Glucose, N-acetylgalactosamine and two 

Galactose rings.  

To investigate the influence of the ceramide part of GM1 on lipid mixing, we replaced it 

by a saturated di-palmitoyl pair of tails copied from DPPC (Figure 3, index 5), as well as by a 

poly-unsaturated di-linoleyl pair copied from DLiPC (Figure 3, index 6). In both cases, we kept 

the oligosaccharide head group of GM1. With a GM-DLiPC contact fraction of 0.32, the saturated 

glycolipid partitions in the Lo phase; instead, the poly-unsaturated glycolipid partitions in the Ld 

phase. The construct with GM1 head-DPPC tails clearly induce a mixing effect, while the GM1 



 

Chapter 2 - GM partitioning 

 

29 

 

head-DLiPC tail lipids have no such effect, as evidenced by DLiPC-DPPC contact fractions of 

0.34 and 0.20 for the saturated and the poly-unsaturated lipid, respectively. This lack of effect of 

the modified unsaturated versions of the GM1 indicates that the oligisaccharide head group only 

has a destabilizing effect on the phase coexistence when they can partition into the Lo region. 

The effect of tail unsaturation on the preferred localization of GM1 is easily understood, 

given the nature of the ordered and disordered domains enriched in saturated and unsaturated 

lipids, respectively. The underlying reason for the effect of the oligosaccharide head group, 

however, is less obvious. As shown in Figure S7, the GM1 head group is located at the 

membrane/water interface. In particular, the glucose and galactose moieties attached to the 

sphingosine backbone are deeply embedded, and are expected to exhibit a strong perturbing effect 

on the neighboring lipids. To quantify this, we analyzed the influence of GM on membrane 

conformational structure. We computed the average membrane thickness and order parameter of 

the PC lipids for the GM1 containing system at 295K, after the systems reached equilibrium. The 

results are shown in Figure 4 for different GM1 concentrations (2D thickness and order parameter 

landscapes are shown in Figure S8-11). With more GM1 added into the membrane, the order 

parameter of hydrophobic tail and membrane thickness of DPPC decrease. However, compared to 

effects on DPPC lipids, the GM1 effects on DLiPC lipids is weaker. To explore this in a more 

clear setup, we also investigated the effect of GM1 on thickness and order parameter of pure 

ordered (lipid ratio of DPPC, DLiPC and cholesterol is 61:1:37) and disordered phase mimicking 

membranes (lipid ratio of DPPC, DLiPC and cholesterol is 8:75:17). The results, shown in Table 

S1, point to a similar effect: upon addition of GM1 into the pure ordered phase system, the order 

parameter and membrane thickness of DPPC lipids decrease. Likewise, the GM1 effect on DLiPC 

lipids is limited in the pure disordered phase. At higher temperature, when the phase separation is 

less stable, the influence of GM1 on membrane thickness and order parameter becomes weaker 

(Table S1), but the trend of a decreasing difference between the conformations of DPPC and 

DLiPC lipids upon addition of GM1 remains. This trend is also observed in systems with an 

modified GM1 containing two sugar rings (Table S1), as well as for the GM3 system (Table S2). 

From this data we conclude that gangliosides cause a decrease in the difference between the 

conformational organization of DPPC and DLiPC lipids in ordered and disordered domains, 

respectively, as measured by the order parameter and membrane thickness (see also the 2D 
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thickness and order parameter analysis in Figure S8-11). It seems plausible that a closer structural 

resemblance between the Lo and Ld domains results in a larger degree of mixing between them. 

 
Figure 4. GM1 effect on order parameter and membrane thickness of PC lipids.  (a) membrane thickness of 

DPPC-rich and DLiPC-rich regions are represented by solid and dashed lines. The arrow in the plot 

indicates the increasing of GM1 concentration for membrane thickness of DPPC-rich regions. Order 

parameter and membrane thickness were sampled from 55 µs to 60 µs of simulations at 295K in hybrid 

membrane system starting from mixed phase.  

Discussion 

This study aimed to determine whether and how GMs, like GM1 and GM3, have an effect 

on the lateral membrane organization. We found that GM has a mixing effect on co-existing liquid-

ordered and disordered domains in model membranes, the mixing effect becoming stronger with 

more GM added into the system. 
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Experimental support for our findings comes from a number of atomic force microscopy 

(AFM) studies. For instance, it is found that the area of the ordered region decreases with the 

increase of GM1 concentration in SM/DOPC/GM1/cholesterol bilayers102. Another AFM study 

also proposed that GM1 can mix ordered and disordered phases at certain cholesterol concentration 

in SM/DOPC/GM1/cholesterol bilayers103. Based on our simulations, the mixing effect of GM can 

be attributed mainly to its disordering effect on the Lo domain. Together with a slight increase in 

order of the Ld domain, the domains resemble each other more closely and hence their coexistence 

is destabilized. Studies on the effect of GMs on membrane properties are controversial. GM is 

commonly believed to condense the lipid molecular area and increase the deuterium order 

parameter of the hydrocarbon chains104-106. However some studies propose otherwise. The 

disordering effect of bovine brain gangliosides on PC-12 cell membrane (which were commonly 

cultured in chemically defined SATO medium on a collagen-coated substratum) is found by a 

fluorescence microscopy study107. In an atomistic MD simulation study, a decrease in the order 

parameters of the DPPC hydrocarbon chains upon addition of GM1 was observed78. In our 

simulation, GM1 decreases the order parameter and membrane thickness of DPPC lipids both in 

the co-existing and pure ordered phase membranes (Table S1 and S3). The disordering effect is 

probably caused by the larger head group of GM1, containing five sugar rings partially 

embedded in the PC head region (Figure S7). Whereas the effective shape of a DPPC lipid is 

a cylinder inside a bilayer membrane, GM1 more closely resembles an inverted-cone shape. 

Therefore, GM is able to disturb the tight DPPC/cholesterol packing inside Lo region. The effect 

of GM1 on DLiPC lipids is more limited, likely because DLiPC lipids are more flexible to 

accommodate the large headgroup of the inverted-cone shaped GM1. 

There are other factors that may also cause the mixing effect. As we showed (Figure S7), 

the first two sugar rings in the head of GM1 (i.e., those connected to the sphingosine backbone) 

are deeply embedded in the interfacial region of the membrane, in fact very similar to the location 

of disaccharides as observed in MD simulations108. Like the GMs,  disaccharides were found to 

induce mixing of domains in the same MD study, a finding supported by experimental 

measurements108.  Thus, the proposed mixing mechanism of disaccharides can also be applied 

here: more surface defects (shallow defects exposing the lipid glycerol moieties) are formed in a 

mixed membrane compared to a separated one. Hence, the bigger surface defect space can more 
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easily accommodate disaccharides, and likewise, the oligosaccharide GM1 head group.  In this 

scenario, formation of defects suitable for sugar rings drives the domain mixing. 

Finally, let us discuss some of the limitations of our study. The use of a CG model, 

necessary to reach the long time scales required for domain formation and destabilization, brings 

its own limitations as previously discussed in detail38. The reduced resolution of the lipids, and in 

particular of GM1 and GM3, is an obvious simplification that could affect the validity of our 

results. However, we recently reparameterized the CG model of gangliosides in an elaborate study 

involving close comparison to the behavior of gangliosides in all-atom simulations81. The overall 

behavior (e.g., orientation and embedding of the GM head, affinity to cluster) is well reproduced 

by the improved Martini model that is also used here. To make sure the effects observed here are 

not dependent on the details of the parameterization, we repeated some of the simulations (Table 

S4) with the previous GM model of Lopez et al.109. The results, in particular the ability of GMs to 

access the Lo phase and cause its destabilization, remain unaffected by the details of the model 

(Figure S13). Another limitation which is of particular relevance for the current study, is the strong 

phase separation between the Lo and Ld domains in the DPPC/DLiPC/Cholesterol mixture. A 

more realistic ternary mixture composed of mono-unsaturated lipids such as DOPC does not show 

phase separation with the Martini model unless the interaction parameters are specifically tuned110. 

Here, we tried to mimic a more realistic degree of phase segregation by enhancing the temperature. 

Indeed more mixing is observed, but the effect of GM was still noticeable. In future studies, it 

would be interesting to see how GMs affect the lateral organization in more realistic membranes, 

such as quaternary mixtures involving hybrid lipids (i.e., lipids with one saturated and one 

unsaturated tail)111, and the recent multi-component and asymmetric plasma membrane models1, 

84. 

Conclusion 

To summarize, based on CG simulations of membranes composed of DPPC, DLiPC, GM 

and cholesterol, we found that GMs preferentially partition into the ordered phase. In doing so, 

through a reduction of the membrane thickness and order parameter difference between the ordered 

and disordered domains, GMs compromise the phase separation at concentrations exceeding 10 

mol%. The head part of GM is responsible for the mixing effect, whereas the tail part determines 

the preferential location of GM. We expect our results to shed light on the mechanism and driving 
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forces of membrane phase behavior and domain perturbation in the presence of gangliosides, 

aiding the interpretation of often controversial experimental studies in this area. 
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Supplemental Information 

TABLE S1. Effect of GM1 on membrane organization (starting from mixed phase) 

Membrane 
Tested 

lipids 
Temperature 

(K) 
Ratio of 

GM (%) 

Membrane 

thickness 

(nm) 
Statistical 

error 
Order 

parameter 
Statistical 

error 

Hybrid system DPPC 295 0 4.35 < 0.01 0.497 < 0.001 

Hybrid system DPPC 295 10 4.29 < 0.01 0.481 0.002 

Hybrid system DPPC 295 20 4.18 < 0.01 0.473 0.002 

Hybrid system DPPC 295 30 4.05 < 0.01 0.442 < 0.001 

Hybrid system DPPC 310 0 4.24 0.01 0.434 0.007 

Hybrid system DPPC 310 10 4.14 < 0.01 0.423 0.002 

Hybrid system DPPC 310 20 4.06 0.01 0.414 < 0.001 

Hybrid system DPPC 310 30 3.97 < 0.01 0.399 < 0.001 

Hybrid system DPPC 325 0 4.09 0.01 0.382 0.002 

Hybrid system DPPC 325 10 4.04 < 0.01 0.378 0.002 

Hybrid system DPPC 325 20 3.99 < 0.01 0.377 < 0.001 

Hybrid system DPPC 325 30 3.92 < 0.01 0.370 < 0.001 

Hybrid system DLiPC 295 0 3.91 < 0.01 0.205 < 0.001 

Hybrid system DLiPC 295 10 3.85 < 0.01 0.212 < 0.001 

Hybrid system DLiPC 295 20 3.87 0.02 0.215 0.002 

Hybrid system DLiPC 295 30 3.94 < 0.01 0.221 < 0.001 

Hybrid system DLiPC 310 0 3.92 0.02 0.197 < 0.001 

Hybrid system DLiPC 310 10 3.93 < 0.01 0.203 < 0.001 

Hybrid system DLiPC 310 20 3.92 < 0.01 0.207 < 0.001 

Hybrid system DLiPC 310 30 3.91 < 0.01 0.209 < 0.001 

Hybrid system DLiPC 325 0 3.94 < 0.01 0.189 < 0.001 

Hybrid system DLiPC 325 10 3.92 < 0.01 0.194 < 0.001 

Hybrid system DLiPC 325 20 3.90 < 0.01 0.196 < 0.001 

Hybrid system DLiPC 325 30 3.87 < 0.01 0.197 < 0.001 

Ordered phase DPPC 295 0 4.29 < 0.01 0.443 0.002 

Ordered phase DPPC 295 20 4.21 < 0.01 0.437 < 0.001 

Disordered phase DLiPC 295 0 3.71 < 0.01 0.200 < 0.001 

Disordered phase DLiPC 295 20 3.73 < 0.01 0.208 < 0.001 

Ordered phase** DPPC 295 10 4.24 < 0.01 0.439 0.002 

Ordered phase** DPPC 295 20 4.20 < 0.01 0.427 < 0.001 

Ordered phase** DPPC 295 30 4.15 < 0.01 0.420 < 0.001 

Disordered phase** DLiPC 295 30 3.76 < 0.01 0.264 0.002 

*Hybrid system represents the membrane composed of coexisting ordered and disordered phase. The lipids 
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ratio of ordered phase is DPPC:DLiPC:cholesterol= 61:1:37; the lipids ratio of disordered phase is 

DPPC:DLiPC:cholesterol=8:75:17. All systems starting from mixed phase and data are averaged from the 

last 5 µs. **Ordered phase with two sugar ring GM1 incorporation. 

 

TABLE S2. Effect of GM3 on membrane organization (starting from mixed phase) 

Membrane lipids 
Temperature 

(K) 

Ratio of 

GM 

(%) 

Membrane 

thickness 

(nm) 
Statistical 

error 
Order 

parameter 
Statistical 

error 

Hybrid system DPPC 295 10 4.27 0.04 0.489 0.002 

Hybrid system DPPC 295 20 4.17 0.03 0.480 < 0.001 

Hybrid system DPPC 295 30 4.09 0.01 0.466 0.002 

Hybrid system DLiPC 295 10 3.88 0.03 0.209 < 0.001 

Hybrid system DLiPC 295 20 3.90 0.06 0.213 0.001 

Hybrid system DLiPC 295 30 3.91 0.08 0.217 < 0.001 
*Hybrid system represents the membrane composed of coexisting ordered and disordered phase. All 

systems starting from mixed phase and data are averaged from the last 5 µs. 
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TABLE S3. Effect of GM1 on membrane organization (starting from separated phase) 

Membrane lipids 

Temperature(

K) 

Ratio of 

GM (%) 

Membrane 

thickness (nm) 

Statistical 

error 

Order 

parameter 

Statistical 

error 

Hybrid system DPPC 295 10 4.33 < 0.01 0.490 0.008 

Hybrid system DPPC 295 20 4.23 < 0.01 0.477 0.001 

Hybrid system DPPC 295 30 3.98 < 0.01 0.439 0.004 

Hybrid system DPPC 310 10 4.11 < 0.01 0.421 0.007 

Hybrid system DPPC 310 20 4.08 < 0.01 0.412 0.005 

Hybrid system DPPC 310 30 3.94 < 0.01 0.400 0.002 

Hybrid system DPPC 325 10 4.03 < 0.01 0.380 < 0.001 

Hybrid system DPPC 325 20 4.01 < 0.01 0.378 < 0.001 

Hybrid system DPPC 325 30 3.89 < 0.01 0.372 < 0.001 

Hybrid system DLiPC 295 10 3.94 < 0.01 0.209 < 0.001 

Hybrid system DLiPC 295 20 4.00 < 0.01 0.215 < 0.001 

Hybrid system DLiPC 295 30 4.03 < 0.01 0.219 < 0.001 

Hybrid system DLiPC 310 10 3.97 0.01 0.204 < 0.001 

Hybrid system DLiPC 310 20 3.99 0.001 0.208 < 0.001 

Hybrid system DLiPC 310 30 3.96 0.002 0.209 < 0.001 

Hybrid system DLiPC 325 10 3.94 < 0.01 0.193 < 0.001 

Hybrid system DLiPC 325 20 3.94 < 0.01 0.195 < 0.001 

Hybrid system DLiPC 325 30 3.91 < 0.01 0.197 < 0.001 

*Hybrid system represents the membrane composed of coexisting order and disordered phase. All systems 

starting from separated phase and data are averaged from the last 5 µs. 
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TABLE S4. Effect of Lopez GM1 on membrane organization (starting from mixed phase) 

Membrane Lipids 
Temperature 

(K) 
Ratio of 

GM (%) 
Membrane 

thickness (nm) 
Statistical 

error 
Order 

parameter Statistical error 

Hybrid system DPPC 295 0 4.35 < 0.01 0.497 < 0.001 

Hybrid system DPPC 295 10 4.20 < 0.01 0.471 0.002 

Hybrid system DPPC 295 20 3.97 < 0.01 0.443 0.002 

Hybrid system DPPC 295 30 3.78 0.01 0.412 < 0.001 

Hybrid system DLiPC 295 0 3.92 <0.01 0.205 < 0.001 

Hybrid system DLiPC 295 10 3.81 < 0.01 0.203 < 0.001 

Hybrid system DLiPC 295 20 3.86 0.01 0.209 0.002 

Hybrid system DLiPC 295 30 3.73 < 0.01 0.199 0.002 
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Figure S1. DPPC density landscape for system starting from mixed phase. Localization of DPPC lipids in 

upper leaflet are expressed as relative density fraction, defined as the fraction of DPPC density over the 

total density of PC lipids. Only tail and linker part of PC lipids are taken into consideration. Density 

landscapes are sampled from 59.5 µs to 60 µs of simulation at 295K; from 29.5 µs to 30 µs of simulation 

at 310K and 325K.  

 



Chapter 2 – Supporting information for GM partitioning 

 

39 

 

 

Figure S2. DPPC density landscape for system starting from separated phase. Localization of DPPC lipids 

in upper leaflet are expressed as relative density fraction, defined as the fraction of DPPC density over the 

total density of PC lipids. Only tail and linker part of PC lipids are taken into consideration. Density 

landscapes are sampled from 59.5 µs to 60 µs of simulation at 295K; from 29.5 µs to 30 µs  of simulation 

at 310K and 325K.  

 



Chapter 2 – Supporting information for GM partitioning 

 

40 

 

 

Figure S3. Contact fraction between DPPC and DLiPC for different temperatures. The horizontal dash lines 

in the Figure represent ideal mixing, above which DLiPC lipids prefer to contact with DPPC lipids (more 

mixed), below which DLiPC lipids prefer to contact with themselves (more separated). 
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Figure S4. Contact fraction between GM1 and DLiPC for different temperatures. The horizontal dash lines 

in the Figure represent ideal mixing, above which DLiPC lipids prefer to contact with GM1 lipids, below 

which DLiPC lipids prefer to contact with themselves. 
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Figure S5. Contact fraction of GM3 membrane. (a) Contact fraction between DPPC and DLiPC for GM3 

system at 295K. The horizontal dash line in the Figure represents ideal mixing, above which DLiPC lipids 

prefer to contact with DPPC lipids, below which DLiPC lipids prefer to contact with themselves. (b) 

Contact fraction between GM3 and DLiPC.  

 

Figure S6. The DPPC-DLiPC contact fractions. The contact fractions were sampled and averaged for GM1 

incorporated system at 295K after the system reached equilibrium. The three replicas of different GM1 

ratios are shown. The error bars denote standard deviation. 
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Figure S7. (a) Partial density of lipids for 20% GM1 membrane system at 295K. The partial density is 

computed and averaged over the last 2 µs of the simulation. (b) side view of corresponding membrane at 

60 µs. DPPC, DLiPC, cholesterol and GM1 are represented by  green, red, blue and magenta, respectively.  
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Figure S8. Order parameter landscape for system starting from mixed phase. The order parameter is 

computed based on the bonds in DPPC and DLiPC tails in the upper leaflet of the membrane. Order 

parameter landscapes are sampled from 59.5 µs to 60 µs of simulation at 295K; from 29.5 µs to 30 µs  of 

simulation at 310K and 325K.  
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Figure S9. Order parameter landscape for system starting from separated phase. The order parameter is 

computed based on the bonds in DPPC and DLiPC tails in the upper leaflet of the membrane. Order 

parameter landscapes are sampled from 59.5 µs to 60 µs of simulation at 295K; from 29.5 µs to 30 µs  of 

simulation at 310K and 325K.  
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Figure S10. Membrane thickness landscape for system starting from mixed phase. Membrane thicknesses 

are computed as distance between the PO4 beads of PC lipids. Membrane thickness landscapes are sampled 

from 59.5 µs to 60 µs of simulation at 295K; from 29.5 µs to 30 µs  of simulation at 310K and 325K. The 

white spots are caused by the presence of GM1 aggregates.  
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Figure S11. Membrane thickness landscape for system starting from separated phase. Membrane 

thicknesses are computed as distance between the PO4 beads of PC lipids. Membrane thickness landscapes 

are sampled from 59.5 µs to 60 µs of simulation at 295K; from 29.5 µs to 30 µs  of simulation at 310K and 

325K. The white spots are caused by the presence of GM1 aggregates. 
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Figure S12.  Radial distribution functions (RDF) between GM1 and PC lipids. RDF is computed and 

averaged over the last 5 µs in the simulations of GM1 in pure ordered phase or disordered phase. 

 

 

 

Figure S13. Contact fraction of Lopez GM1s membrane at 295K. (a) and (b) represent the contact fraction 

between DPPC and DLiPC and the contact fraction between GM1 and DLiPC, respectively.
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Hamiltonian Replica Exchange 

Yang Liu, Weria Pezeshkian, Jonathan Barnoud, Alex H. de Vries and Siewert J. Marrink 
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Abstract 

The energy landscape of biomolecular systems contains many local minima that are 

separated by high energy barriers. Sampling this landscape in molecular dynamics simulations is 

a challenging task, and often requires the use of enhanced sampling techniques. Here, we increase 

the sampling efficiency by coupling the fine-grained (FG) GROMOS force field to the coarse-

grained (CG) Martini force field via the Hamiltonian replica exchange method (HREM). We tested 

the efficiency of this procedure using a lutein/octane system. In traditional simulations, cis-trans 

transitions of lutein are barely observed due to the high energy barrier separating these states. 

However, many of these transitions are sampled with our HREM scheme. The proposed method 

offers new possibilities for enhanced sampling of biomolecular conformations, making use of CG 

models without compromising the accuracy of the FG model. 

Introduction 

All-atom (AA) molecular dynamics (MD) simulation has become a powerful technique to 

investigate a broad range of biomolecular processes at atomistic detail112-113. MD relies on 

statistical mechanics and the ergodic hypothesis (the time average is equal to the ensemble average) 

to connect the microscopic variables to corresponding macroscopic properties that are measured 

in experimental settings. Therefore, an accurate measurement of the macroscopic properties is only 

possible if the MD trajectory samples all the important (probable) configurations. Typically, the 

energy landscape of biomolecular systems contains many local minima that are separated by high 

energy barriers. Sampling through these minima usually requires simulations much longer than the 

accessible time to currently available AAMD software114-116. On the other hand, coarse-grained 

(CG) simulation methods, at the expense of molecular details, allow exploring the spatial and 

temporal evolution of the systems up to 2-3 orders of magnitude higher than AA simulations117-
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118. Nevertheless, the correct description of many biological processes requires molecular details 

above the CG resolutions. To resolve this dilemma, one practical solution is to combine AA and 

CG simulations through a multi-scale approach to benefit from the advantages of both techniques.  

There are several different approaches to combine CG and AA simulations, including 

interface approaches, serial multiscale methods, adaptive resolution, and resolution exchange 

approaches. The interface approach keeps the details of the AA structure only for a specific part 

of the system and CG potentials govern the rest of the system46, 119-120. The serial multiscale 

method—also denoted back mapping, starts with the CG simulations and only switches back to 

AA resolution if some key states or interesting events occur121-122. In the adaptive resolution 

method, a resolution can be changed or adapted on the fly when atoms or molecules cross the 

boundary between AA-CG regimes123-124. In the resolution exchange approach, a set of simulations 

at different resolutions are performed simultaneously and the configurations between neighboring 

replicas are exchanged if the detailed balance condition is satisfied. This approach is more 

generally known as the Hamiltonian replica exchange method (HREM)125-127. 

The aim of this article is to combine the CG Martini26 and fine-grained (FG) GROMOS22 

force fields via HREM. Previously, Martini and FG force fields have been successfully coupled 

using the interface approach46, in serial multiscaling122, 128, as well as in adaptive resolution 

simulations48, 129. Christen and van Gunsteren54 combined both GROMOS and Martini force fields 

via HREM through a parameter λ ranging from 0 to 1, where each λ defines a level of resolution 

or a replica. In the Christen scheme, at each level of resolution, the FG bonded potentials are kept 

unchanged, whereas the FG non-bonded and the full CG potentials are weighed with a λ-dependent 

factor. The configurations of the different replicas are exchanged via the HREM framework. This 

scheme is indeed elegant, however, it is not very effective. Goga et al.130 estimated the sampling 

efficiency, based on the analysis of conformational entropy of systems simulated using this method, 

and showed that it does not yield a significant speedup. The main reason for the inefficiency of the 

Christen scheme is the use of unscaled FG bonded potentials. In this work, we take a similar 

approach but resolve the inefficiency problem by scaling the FG and CG potential of the important 

targets, which usually have multiple minima in the energy surface, but are separated by high energy 

barriers. Our approach recovers the FG potentials at the lowest λ value, while the corresponding 

CG potentials dominate the system at the highest λ. 
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The rest of this article is structured as follows. First, we introduce the methodological basis 

of our approach. Then, we validate the new multiscale model based on a pure octane system and 

on a lutein molecule, an important carotenoid cofactor of the photosynthetic machinery131. We 

subsequently evaluate the enhanced sampling of FG/CG HREM on an octane/lutein solution. 

Lastly, the merits and shortcomings of the method are discussed. 

Method 

Coupling resolutions 

In our HREM framework, we combine the FG GROMOS and CG Martini force fields. A 

molecule in HREM is represented, simultaneously, at both FG and CG levels of resolution. The 

CG particles are modeled by virtual sites that are positioned on the center of mass of their 

corresponding FG particles (Figure 1a, Equation 1a-c), similar to the interfacial coupling approach 

of Rzepiela et al.46.  

Mk = ∑mki

Nk

i=1

                                                                              (1. a) 

Rk
⃗⃗ ⃗⃗  = ∑rki

⃗⃗ ⃗⃗  mki
/ Mk

Nk

i=1

                                                                        (1. b) 

Vk
⃗⃗⃗⃗ = ∑vki

⃗⃗⃗⃗  ⃗mki
/ Mk

Nk

i=1

                                                                        (1. c) 

Mk ,  Vk
⃗⃗⃗⃗   and Rk

⃗⃗ ⃗⃗    are the total mass of the particles assigned to VS bead k, the velocity and 

the position of the VS bead, respectively. The k-th VS bead is constructed from Nk FG atoms with 

mass mki
, velocity vki

⃗⃗⃗⃗  ⃗ and position rki
⃗⃗ ⃗⃗   for the i-th atom of the k-th VS bead. Throughout the rest 

of this article, we refer to the particles of the FG systems as atoms and the particles of the CG 

systems as beads. 
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Figure 1. The multiscale system encompasses both FG/CG molecule representations. (a) Multiscale 

structure of octane (purple) and the backbone part of lutein (cyan). The unrestrained dihedral is indicated 

by the black arrow (see text for details). Double bonds are shown in orange. (b) Illustration of the dual 

resolution structure in case of lutein. (c) Schematic illustration of the multiscale structure of butane. λ 

ranges from 0 to 1 which takes the system from FG to CG descriptions.  

  The multiscale HREM potential is constructed by combining the underlying FG and CG 

potentials using a parameter which determines the resolution level of the simulation (Figure 1c). 

In this work, we propose two different combination schemes (denoted as I and II) that each 

describe the interactions between different molecules. 

Scheme I: 

Umultiscale = UFG
intra(λsc

FG, r) + (1 − λ) UFG−nonbonded
inter (λsc

FG, r) + λUCG(λsc
CG, R)

+ UFG−bonded
inter (λ, r)                                                                                                                       (2) 

 

UFG−bonded
inter (λ, r) = (1−aλ)UFG−bond

inter (r) + (1−bλ)UFG−angle
inter (r) + (1−cλ)UFG−dihedral

inter (r)      (3) 

 λ = [0 − 1] 

Scheme II:   

Umultiscale = (1 − λ)UFG(λsc
FG, r) + λUCG(λsc

CG, R)                                    λ = [0 − 1)      (4) 
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The specific potential components are illustrated in Figure 1a. The UFG and UCG are the 

total potential energy (bonded and non-bonded) of FG and CG force fields respectively. UFG
intra is 

the total interaction energy between atoms that are within the same CG bead and UFG
inter is the 

interaction energy between atoms belonging to two different CG beads. a, b and c are constants 

that are smaller than 1 to keep the weak inter-beads FG bonded potentials at λ=1. Under the 

condition of reproducing the ideal CG (VS) bond distribution, these numbers are chosen to keep 

as much FG bonded potential as possible. The nonbonded potentials are modified to a softer 

potential132 through parameters λsc
FG and λsc

CG to avoid sudden changes in the energy which can 

produce large forces. λsc
FG and λsc

CG are linear functions of the overall multiscaling parameter λ, 

ranging in value between 0 and 0.5, and are given in Equations S4-S5. For more information on 

the use of softcore potentials, see SI (Figure S1).  

Scheme I is used to describe the interactions between solvent molecules. Fully FG 

potentials are maintained at λ=0. As λ increases, the inter-bead FG interactions decrease and the 

non-bonded inter-bead FG potentials become softer. Simultaneously, the CG potentials are scaled 

up by the λ and the softcore CG potential becomes harder. When λ reaches 1, the inter-bead FG 

interactions go to the lowest value (but are not entirely absent) while the CG interactions are fully 

switched on. The intra-bead bonded FG potentials are kept constant throughout the replicas. 

Theoretically, it is not advisable to use the softcore potential on the intra-bead nonbonded FG 

potential. However, we have to use one tabulated potential for all FG atoms within one replica, so 

the soft-core potential is also applied to the intra-bead nonbonded FG interactions. This 

compromise only decreases the computational efficiency (because it only slightly increases the 

conformational difference between atoms in different replicas), and will not affect the accuracy of 

the multiscale scheme. Therefore, this scheme produces closely matched structures and potentials 

at high and low λ, and simultaneously maintains the correct CG structure at λ=1. In other words, 

the difference between the potentials at λ=0 and λ=1 is small and as a result, the solvent interaction 

has minimal influence on a decent acceptance ratio. In scheme II, the full FG potentials are also 

maintained at λ=0. As λ increases, the FG interactions are scaled down by both the λ and the soft-

core potential, while the CG interactions go the opposite way. When λ is close to 1, the hard-core 

CG potentials are recovered. Note: λ should never reach one. This is important because weak FG 

bonded potentials are needed to hold the underlying atoms together. At high λ, since the FG 

potentials are weaker, the FG atoms can easily overcome the energy barriers and visit more 
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configurations. The configurations can be exchanged through the replicas all the way to λ=0 and 

increase the sampled space. Scheme II is usually used for increased conformational sampling of 

the targets of interest (e.g., a solute). We also treat the interaction between solvent and solute using 

scheme II. Therefore, the combination of scheme I (solvent) and scheme II (solutes) can increase 

the sampling efficiency on the target molecules (solutes). 

To test our multiscale HREM scheme, we have compared its results and performance 

against other possible HREM schemes, denoted pure FG HREM, traditional HREM, CG solvent 

HREM and Christen HREM. In pure FG HREM, the system is only represented by FG interactions. 

Compared to the multiscale HREM described in Equation 2-4, all the CG interactions are neglected. 

In traditional HREM (e.g. as used by Fukunishi et al.125), the solvent Hamiltonian is kept 

unchanged and the solute interactions are scaled similarly to the pure FG HREM. In CG solvent 

HREM, the solvent (octanes in our systems) is treated by unscaled CG potentials and the solute 

(lutein) interactions are treated by scheme II. In Christen HREM, following the approach of 

Christen et al. 54, all the FG and CG potentials are scaled apart from the FG bonded interactions. 

The λ distribution used is the same for all the systems and it is listed in the SI.  

HREM algorithm  

As we mentioned earlier, each λ represents a specific resolution (Figure 1c). Exchange 

between these resolutions is done via HREM125. Let's assume H(S)=H( rFG ,pFG  ,λ ) is the 

Hamiltonian of a system at a specific state, where rFG and pFG are FG atom positions and momenta, 

respectively. The probability Wn of configuration S in the nth replica obeys the Boltzmann 

distribution and is expressed as: 

Wn(S) = exp(−βHn(S))/ Zn                                                              (5) 

Wall = ∏Wn (Sn) 

N

n=1

                                                                       (6) 

where Wall is the probability distribution of the extended system, Zn is the partition function of the 

nth replica, N is the number of replicas and β = (kBT)−1 , kB is the Boltzmann constant and T is 

the temperature. By satisfying detailed balance, the extended system reaches Boltzmann 

equilibrium: 

 Wall(S)W(S → S′) = Wall(S′)W(S′ → S)                                                  (7) 



Chapter 3 – Multiresolution HREM 

 

56 

 

where W(S → S′) represents the transition probability from global state S to state S’. 

Through Metropolis criterion133, the probability p(S → S′) of an exchange between replica 

S to replica S’  is expressed as: 

p(S → S′) = Wall(S′)/Wall(S) = W(S → S′)/W(S′ → S) 

p(S → S′) = exp(−Δ)        when Δ > 0 

p(S → S′) =1           otherwise                                            (8) 

Δ = β(Umultiscale(r
FG,S′, λS) − Umultiscale(r

FG,S, λS)) − β(Umultiscale(r
FG,S′, λS′)

− Umultiscale(r
FG,S, λS′))                                                                                                  (9) 

where Umultiscale(r
FG,S, λS ) represents the total potential energy including both FG and CG 

resolutions of the corresponding system. The coordinates of CG beads (RCG,s
) depend on FG 

atoms (rFG,s
) through the appropriate mapping scheme. λS  represents the λ, λsc

FG  and λsc
CG 

defined in Equations 2-4 and S4-S5. 

Simulation setup 

In this work, we have analyzed three distinct systems i.e., a solvent box containing pure 

octane, a single lutein in vacuum, and a mixed lutein/octane system. All systems were simulated 

using standard MD together with different HREM schemes (see Table 1).  

Octane solvent: The octane systems consisted of 128 octane molecules (Figure 1a), and 

was first simulated using the traditional MD technique with combination scheme I at λ=1 (Table 

1 System I). Then we performed HREM simulation on the same system that included 64 replicas, 

each at different λ which ranges from 0 to 1 (Table 1 System II and see SI for λ values).   

Lutein in vacuum: Next we performed HREM on a single lutein molecule in vacuum, 

considering only a fraction of the lutein backbone (Figure 1a), using scheme II. The simulation 

included 12 replicas with λ ranging from 0 to 0.8 (Table 1 System III). In addition, two reference 

simulations, starting either from the trans or cis dihedral structure, were simulated in vacuum using 

standard MD (Table 1 System IV). The overall translation and rotation were removed at every 

time step. 

Lutein/octane solution: A mixture containing 20 lutein molecules and 128 octane 

molecules were analyzed by five different simulation techniques, i.e., multiscale HREM,  pure FG 

HREM, traditional HREM, CG octane HREM and Christen HREM. Details are listed in Table 1 

System V to IX.   
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Table 1. Simulation setups in different systems 

Systems  Composition Ensemble  Time  Method  Multiscale scheme λ  

System I 128 octane NPT 200 (ns) MD Scheme I 1 

System II 

(multiscale 

HREM) 

128 octane NVT 2 (ns) × 64 

replicas 

HREM Scheme I 0-1 

System III 

(multiscale 

HREM) 

1 lutein 

(backbone 

only)  

NVT 400 (ns) ×12 

replicas 

HREM Scheme II 0-0.8 

System IV 1 lutein 

(backbone 

only) 

NPT 200 (ns) MD Scheme II 0 

System V 

(multiscale 

HREM) 

128 octane/ 

20 lutein 

NVT 3 (ns) × 64 

replicas 

HREM Scheme I/II for 

octane/lutein 

0-0.8 

System VI 

(pure FG 

HREM) 

128 octane/ 

20 lutein 

NVT 3 (ns) × 64 

replicas 

HREM Scheme I/II for 

octane/lutein (ignoring all 

CG interactions) 

0-0.8 

System VII 

(traditional 

HREM) 

128 octane/ 

20 lutein 

NVT 3 (ns) × 64 

replicas 

HREM Pure FG / Scheme II for 

octane / lutein, while 

ignoring all CG 

interactions  

0-0.8 

System VIII 

(CG solvent 

HREM) 

128 octane/ 

20 lutein 

NVT 3 (ns) × 64 

replicas 

HREM Pure CG/Scheme II for 

octane/lutein 

0-0.8 

System IX 

(Christen 

HREM54) 

128 octane/ 

20 lutein 

NVT 3 (ns) × 64 

replicas 

HREM Both FG and CG 

potentials are scaled, 

apart from FG bond 

interactions 

0-0.8 

All the simulations were performed using the GROMACS 2016 software33. The GROMOS 

53a622 and Martini 2.026 force field were used to describe FG-FG and CG-CG interactions, 

respectively. Martini and GROMOS are calibrated with two different cut-off lengths and different 

ways to shift the potentials. Therefore, we exploited a tabulated potential to correctly perform on 

both force fields. All the GROMOS topologies were generated by the Automatic Topology 
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Builder134. The CG octane model was downloaded from http://www.cgmartini.nl/ and the CG 

lutein was developed in 135. For details of the multiscale octane topology setups see SI (Table S1, 

Figure S2). We used an integration time step of 2 fs and updated the neighbor list every 5 steps. 

The temperature was kept constant at 300 K using Berendsen thermostat34 with τt = 0.1ps. In 

traditional simulations, the systems were coupled in the isothermal–isobaric ensemble and the 

pressure was controlled at 1 bar using a Berendsen barostat with τp = 1ps. The compressibility 

was 4.5 × 10−5 bar−1.  In HREM simulations, we used the NVT ensemble for all the replicas and 

started all the replicas from an identical structure. The exchange trial was performed every 500 

steps and the first 20 exchange trials were discarded from the analysis. Note that CG beads cannot 

be coupled to a thermostat since they are built as virtual sites. However, using the average kinetic 

energy of the beads, an effective temperature can be measured: 

TCG = ∑ MiVi
2/(3NkB)i                                                               (10)  

where kB and N are the Boltzmann constant and number of the CG beads.  

The free energy difference between the trans and cis states of lutein were estimated based 

on the state distribution  as  

ΔG = −kBTln(pA/pB)                                                                       (11)  

where pA and pB are the probability of visiting the trans and cis states, respectively. A dihedral 

angle (θ) is defined to be in a cis state if 90 < θ < 270 and in a trans state otherwise. The error 

estimate in the free energy was obtained using block averaging101. 

Results 

Validation of multiscale solvent system at λ=1 

As it was mentioned earlier, in scheme I, the FG bonded interactions within a bead are 

unscaled and between beads are not zero. Therefore, even at λ=1, the force field differs from the 

standard CG-Martini force field. In this section, we measure the deviation of the scheme I (at λ=1) 

from a reference standard CG-Martini simulation.  In addition, we compare this result to the 

multiscale scheme by Christen et al.54.  
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To this end, a system of 128 octane molecules was simulated using scheme I at λ=1 (Table 

1 System I). Table 2 compares the CG bead temperature and density of our method with standard 

Martini and Christen’s scheme. Both our multiscale scheme and Christen scheme can reproduce 

the temperature and density of standard Martini, yet, our scheme is slightly better. Furthermore, in 

Figure 2 we compare the conformational structure of the octane system, simulated with the two 

different multiscale schemes and with the standard Martini model, by means of the octane bond 

length distribution (Figure 2a) and the radial distribution function (RDF) of the octane centers of 

mass (Figure 2b). The distributions produced by our scheme match very well with the results of 

the standard Martini model, while the Christen scheme differs substantially. Notably, Christen’s 

scheme produces a shorter bond length (Figure 2a), which results in a clear peak in the RDF around 

0.41 nm (Figure 2b). This peak reflects the octane intra-bead distance; if the intra-bead pairs are 

excluded from the RDF, it is absent. In the standard CG and multiscale HREM, the intra-bead pairs 

contribute a shoulder to the RDF, reflecting the longer bond at CG level compared to the one 

resulting from the Christen system. The clear peak at 0.41 nm in the Christen scheme is present 

because the remaining FG bonded potentials (bond, angle, dihedral) that are fully switched on at 

λ=1, dominate the energy landscape relevant to the CG octane intra-bead distance. The shift in 

position from mapped full FG to the one observed in the Christen scheme is due to the switching 

off of the 1-4 pair interaction that is used in the FG GROMOS model and contributes to the 

potential energy landscape of dihedral angles. This can be seen by comparing the purple and red 

curves in Figure 2a, which reflect a full FG model without and with 1-4 pair interactions. It is to 

be expected that the use of a dihedral potential in combination with the 1-4 pair interactions would 

lead to a much better match of the Christen scheme with the full CG and multiscale HREM 

schemes.  Noted that a wider bond distribution is found in the standard CG model compared to the 

one resulting from mapping the full FG system. The Martini model does not always respect the 

FG mapping, which was shown for the angles and dihedrals in hexadecane136. In our multiscale 

scheme, the inter-bead FG interactions are weakened enough and the CG bonded potential energy 

dominant. Therefore, the bond distribution fits better with the standard CG model (Figure 2a). 

The shorter CG bond length observed in the Christen scheme explains the somewhat higher 

mass density. In octane, the effect is mild, but it has been shown that shorter bond lengths can 

compromise the partitioning behavior of the standard CG model137 and should therefore be avoided 
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also in hybrid schemes. Together, these results clearly show that scheme I, at λ=1, is able the 

reproduce pure CG system behavior. 

Table 2. Thermodynamic properties of the octane system at λ=1.* 

 Temperature (K) Density (kg/m3) 

Christen scheme 292.9 ± 12.5 803.0 ± 6.1  

Multiscale scheme I 303.6 ± 12.8 795.6 ± 6.1 

Standard CG 299.6 ± 8.2 792.3 ± 7.1 

*Note, the thermostat does not work on CG virtual sites, the temperature of which depends on the velocity 

of their underlying FG atoms and is measured using Equation 10. Error margins represent standard 

deviation after the values reach equilibration (first 10 ns are discarded). Statistical errors < 0.1%. 

 

Figure 2. Configurational properties of multiscale octane system at λ=1. (a) The bond length distribution. 

A bond is defined as the distance between the two CG beads within an octane molecule. The standard FG 

no 1-4 represents the system simulated with FG potential excluding the 1-4 interactions. (b) RDF of the 

centers of mass of octane molecules. The multiscale CG scheme I at λ=1 is compared to the multiscale 

scheme of Christen et al.54 and the standard CG Martini model. The solid line and dashed line represent the 

RDF including the intramolecular pairs and excluding the intramolecular pairs, respectively. 

HREM on multiscale octane solvent system 

To assess the suitability of our multiscaling scheme in HREM, we have performed an 

HREM simulation with 64 replicas (2 ns for each replica) on a solvent system composed of 128 

octane molecules (Table 1 System II). The potential energy of the system was described by scheme 

I (Equations 2 and 3). The λ space was divided into 64 points, distributed exponentially as shown 

in Figure 3a. We have observed that the conformations are exchanged between all pairs of 
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neighboring replicas (Figure 3b and Figure S4a), indicating that the trajectory of the replica at λ=0 

(FG system) is influenced by all other replicas. To investigate the effect of the softcore potential 

on the exchange rate, we performed a similar HREM simulation but using a hardcore potential. 

The results show that the exchange rates of the system using a softcore potential are higher than 

using a hardcore potential at λ close to 0 and 1 (Figure 3b). For a high exchange rate between two 

replicas, both conformational and potential energy similarities are important (Equations 8-9)127. 

The softcore CG potential at λ close to 0 and 1 increases the topological and conformational 

similarity between neighboring replicas. Thus, the exchange probability and the sampling 

efficiency are higher for HREM simulation with softcore potential and therefore incorporated into 

our Hamiltonian as indicated in Equation 2 . At λ close to 1, where the density of  replicas is high 

(Figure 3a), the corresponding exchange rate is still very low (Figure 3b). As the potential energy 

distributions overlap efficiently in this region of λ space (Figure S3), the poor exchange rate is 

attributed to a high conformational or topological difference. Therefore, a restricted λ range (from 

0 to 0.8) is used in the following sections. 

To provide further insight into the factors that govern the exchange probabilities (Figure 

3c), we obtained different energy components of the system as a function of λ. As expected, FG 

(CG) LJ potential decreases (increases) with an increase in the replica index. The total LJ potential 

energy behaves similarly to the total energy. This means that FG bonded and 1-4 LJ potentials 

undergo minor changes throughout the replicas because only small parts (namely, inter-bead 

potentials) are scaled according to the solvent interaction scheme I. The changes in CG bond 

potential are very small compared to the changes in the LJ potential energy. This indicates that the 

LJ potential is the dominant factor in the exchange rate. 
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Figure 3. HREM on octane systems. (a) λ distribution of the different replicas. (b) The exchange probability 

between neighboring replicas (index and index+1). (c) Different energy components of both FG and CG 

interactions for all the replicas. The dashed line shows the zero-energy level. 

HREM on lutein in vacuum 

To characterize the accuracy of scheme II (solute potential) we have performed an HREM 

simulation of the conjugated backbone of lutein (Figure 1a) in vacuum and compared the results 

to a standard FG MD simulation (Table 1, System III and IV). The backbone of lutein is composed 

of conjugated single/double bonds and conformational exchange between the trans/cis 

configurations cannot be captured by traditional FG simulations because of a high energy barrier 

separating these states.  In order to facilitate the comparison of the HREM results to standard FG 
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simulations, we only focus on conformational transformations of the central cis/trans double bond 

(black arrow, Figure 1a). All other dihedrals were restrained. The all-atom reference simulation 

was either initiated from the cis or trans conformation. In addition, we also performed a 

temperature REM simulation (temperature range 300-900K) and compared the results to the one 

obtained by our HREM scheme. 

Our results show that, indeed, the HREM simulation samples both trans and cis 

conformations, while the traditional FG simulations fail to overcome the trans/cis energy barrier 

on the allocated time scale (Figure 4a). To further check the validity of HREM, we calculated the 

potential energy distributions of the HREM system (at λ=0) for the trans and cis conformations 

separately and compared these to the results from the reference FG simulations (Figure 4b). It is 

clear that these distributions match very well in both configurations. 

The free energy difference between the trans and cis state (ΔG) can be calculated using 

Equation 11. We found that HREM predicts ΔG = −7.4 ± 0.3 kJ/mol  (trans state has lower 

energy). In order to validate this value, we also performed temperature REM on the system and 

found ΔG = −7.3 ± 0.2 kJ/mol, which is the same as the results from HREM, within the range of 

the error bar. Thus, we conclude that our HREM approach can sample the trans/cis dihedral 

distribution of this solute without a bias. 

Figure 4. HREM of a solute (lutein tail) in vacuum. Two traditional FG MD simulations, starting either 

from a trans or cis dihedral structure, are compared to the HREM system at λ=0. (a) Dihedral distribution 

of the central dihedrals as marked in Figure 1a. (b) Total potential energy distributions of the different 

systems samples either trans or cis conformation. 
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HREM of lutein cofactors in octane solution 

In this section, we aim to use both combination schemes (I and II) in a single multiscale 

simulation. To do this, we performed an HREM simulation on a system composed of 20 lutein 

(Figure 1b) and 128 octane molecules (Table 1 System V to IX). As shown in the previous section, 

the backbone of lutein contains several double bonds and conformational exchange between 

trans/cis conformations cannot be captured by traditional FG simulations. This makes the lutein 

solution a suitable system to test the power of our HREM approach. Note that here, we do not 

restrain any of the dihedral angles along the backbone, giving rise to a potential of 512 independent 

conformations. As we aim to increase lutein conformational sampling, we used scheme II to 

describe its interactions (both internal and with the surrounding solvent). Solvent-solvent 

interactions, on the other hand, were described by scheme I.  

We compared the results of this hybrid scheme to results obtained from pure FG HREM, 

traditional HREM, CG solvent HREM or Christen HREM. With these setups, we have observed 

an appropriate overlap of the energy probability distribution and a decent amount of exchanges 

between neighboring replicas (for more details see Figure S3 and S4). Acceptance ratios of all 

HREM simulations are above 10%. Figure 5 shows lutein’s dihedral distribution obtained from 

each HREM method, averaged over all 20 lutein molecules present in the simulation. The analysis 

is shown for the double bond dihedral that is marked in Figure 1b. Distributions for other dihedrals 

are shown in Figure S5. It is clear that, apart from Christen HREM, all other HREM schemes 

capture the transformations between cis/trans structures, in particular at high λ. This is because 

Christen HREM is the only scheme that does not scale FG bonded interactions throughout the 

replicas and preserves the high cis-trans barriers. It is interesting to note, however, that the 

exchange efficiency between neighboring replicas is highest in this scheme and similar throughout 

the range of λ values (Figure S4), likely due to high conformational similarity. The exchanges 

between cis/trans conformations, for the same simulation time, is higher in CG solvent HREM and 

hybrid HREM than pure FG and traditional HREM (Figure 5f). The same trends can be found for 

the other dihedrals in Figure S5. These results clearly show the advantage of using our HREM 

scheme over the traditional or pure FG HREM when we are dealing with high energy barriers. 

Comparing with the pure FG scheme, our hybrid HREM approach is able to sample more cis 

conformations at λ=0. Interestingly, fewer cis configurations are sampled at high λ (Figure 5a and 

b). This suggests that the CG potential at high λ, in our hybrid scheme, limits the sampling of the 
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FG dihedrals. The mapping scheme and stiffness of the CG bonds, angles, and dihedrals limits the 

motion of the FG atoms and influences the dihedral distribution at FG level.  Thus, more cis 

configurations are sampled at high λ and exchanged back to λ=0.  In addition, the results show that 

our hybrid scheme and CG solvent HREM, are equally good at sampling state transition (Figure 

5f). Nevertheless, compared with multiscale HREM, since no FG solvent is involved, CG solvent 

HREM is cheaper, especially when the number of solvent molecules are increased. Even though 

there is a resolution interface at λ=0, this virtual site hybrid model can properly reproduce the 

correct free energy of apolar hybrid compounds in apolar CG solvents47. Note that the simulations 

illustrated in Figure 5 have not fully equilibrated yet. In the lutein backbone system, we need 400 

ns in each replica to reach transition equilibrium between trans/cis states. That system only 

consisted of a lutein backbone in vacuum and was simulated with 12 replicas. However, for the 

lutein/octane solution simulated with 64 replicas, the HREM simulation is too expensive to reach 

the equilibrium state for all possible 512 trans/cis states. Here we only want to show that starting 

with the same structure, the hybrid and CG solvent HREM are able to sample more transitions 

between trans/cis states than the other schemes.   



Chapter 3 – Multiresolution HREM 

 

66 

 

 

Figure 5. Conformational sampling of a solution of lutein. (a-e) Dihedral distributions for four HREM 

schemes (our hybrid HREM, pure FG HREM, traditional HREM, CG solvent HREM and Christen HREM). 

(f) are the number of state (trans/cis) transitions of the five HREM systems at λ=0. The targeted dihedral is 

marked in Figure 1b.  
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Discussion 

We describe a novel multiscale approach, based on the HREM algorithm, and we 

demonstrate it with the efficient sampling of a system of lutein cofactors, containing conjugated 

bonds with high energy barriers between the possible conformations at atomistic resolution. Our 

multiscale approach couples the atomistic model to a CG model for which the energy barriers are 

much lower, allowing efficient sampling of the different conformations. To couple the atomistic 

and CG resolutions, we introduced two different combination schemes (I, II), one increases 

sampling efficiency (scheme II), suitable for important targets and the other guarantees accurate 

CG potential for the solvent (scheme I). We showed that the sampling efficiency of our hybrid 

HREM scheme is better than other approaches such as pure FG HREM, traditional HREM and 

Christen HREM. 

One of the advantages of using our approach is that it allows having several sampling 

targets in one set of simulations which can lead to an increase in the sampling. This capacity is 

absent in other enhanced HREM schemes such as soft-core HREM138-139, which may induce solute 

overlap leading to unphysical configurations. In our method, the CG potential compensates for the 

weak FG interactions at high λ (resolution levels toward CG) and prevents unphysical contacts 

between molecules. Thus, the more physical configurations at high λ can guide and accelerate the 

sampling for replicas at low λ (resolution levels toward FG) in a more reasonable way. Besides, 

the CG potential can also compensate for the decreased FG potential at high λ and increase the 

total potential overlap between replicas (Figure S3). 

Note that the CG interactions at high λ cannot accurately predict the FG conformations, 

especially for scheme II, since CG beads are only the center of mass of their corresponding atoms. 

Thus, many replicas, which change gradually from one to another, are required to connect these 

two resolutions. Considering the balance between the cost and efficiency, our approach does not 

need to go all the way from λ=0 to λ=1. This is because the accurate canonical ensemble at λ=0 is 

guaranteed by the detailed balance condition and the maximum λ value only affects the sampling 

efficiency. Therefore, in the current work we use a maximum λ of 0.8. The performance of our 

HREM scheme can be further boosted in several ways, for instance, it is possible to tune the λ 

distribution and obtain a more uniform distribution of acceptance ratios between replica pairs 

which reduces the necessary number of replicas. Another possibility is to use a larger time step at 
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the coarse-grained level, e.g. reversible RESPA140, since CG-Martini can perform correctly on 

time steps several-fold larger than 2fs38. 

A potential concern is the use of a weak-coupling thermostat in our simulations. For weak-

coupling thermostats (e.g. Berendsen) that do not produce a proper canonical ensemble, the 

conformational space distributions are distorted in temperature replica exchange141. However, it is 

also reported that after increasing the exchange time period and lowering the temperature coupling 

time in the Berendsen thermostat, the deviation of the potential energy distribution can be 

counterbalanced142. In our case, the system is able to sample the correct conformational space 

(Figure 4a), potential energy distribution (Figure 4b) and thermodynamic property (trans/cis free 

energy), therefore the choice of thermostat apparently does not lead to noticeable artefacts. It could 

be that temperature REMD is more sensitive to problems with weak-coupling141,142. Indeed, as far 

as we know there is no paper discussing the thermostat in HREM, and the Berendsen thermostat 

is also applied in many other HREM studies143-145. To be sure, we also tested other thermostats in 

our hybrid HREM system: v-rescale146 and Langevin147. In the lutein/octane solution, even though 

the number of trans/cis transitions in the systems coupled with the Langevin thermostat or v-

rescale thermostat are lower (Figure S6), the sampling efficiency is still higher than pure FG 

HREM, traditional HREM and Christen HREM (Figure 5f). This difference in the sampling 

efficiency is probably caused by the different reactions of thermostats to the solute components. 

Our hybrid HREM shares many features with the solute tempering replica exchange148, only the 

sampled configurations of the important target are increased at high λ, while solvent molecules do 

not change much. As we used one thermostat group for the whole system, at high λ the effective 

temperature of the solute (lutein in our case) may increase due to poor coupling with the 

surrounding solvent. Different thermostats may react differently to this local overheating scenario. 

A rigorous comparison of different coupling methods is hard since it also depends on how strong 

the temperature coupling is. Therefore, in hybrid HREM at high λ, the number of trans/cis 

transitions is different for systems with different thermostats, and thus the sampling efficiency 

varies. 

A shared feature between the Martini and GROMOS force fields is that both are calibrated 

to reproduce correct free energies (notably partition free energy). Unfortunately, this similarity 

does not give a great boost in the HREM framework since the exchange criterion is strongly 

dependent on the structural similarities. Therefore, our scheme will be more efficient if it is 
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performed on CG and FG force fields, where the configurational properties match better between 

resolutions, e.g. CG models built through force-matching149 or iterative Boltzmann inversion 

approach150. A related structural incompatibility we encountered in our multiscale simulations, the 

FG dihedrals between two CG beads (dihedral between C30, C31, C32 and C33 in Figure S5) do 

not get sampled properly since the stiff CG bond limits the motion of the FG atoms. This problem 

could be resolved by either neglecting the CG bonded potential in the solute interaction or 

changing the CG mapping of the solute and placing the sampling target inside a CG bead. 

In conclusion, we explored a multiscale HREM scheme based on coupling CG and FG 

force fields that can provide a substantial speedup of the configurational sampling of a targeted 

molecule. We demonstrated this method on a system of lutein and octane molecules and obtained 

the correct distribution of trans/cis conformations of the lutein double bonds. Our scheme opens 

up a new possibility for enhanced sampling of biomolecules without compromising the accuracy 

of the FG model. 
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Supplemental Information  

Supporting Methods 

Softcore potentials 

The nonbonded potentials in both scheme I and II are modified to a softer potential through 

parameters  λsc
FG and λsc

CG for the FG and CG interactions, respectively (Equations 2-4), to avoid 

sudden changes in the energy which can produce large force. λsc governs the soft-core interaction 

by modifying the distance used in the nonbonded potentials, as specified in Equations S1-S3:  

Usc(λsc, r)  = (1 − λsc)U(rA) + λscU(rB)                                         (S1) 

rA = (ασ6λsc
p

 +  r6)1/6                                                                 (S2) 

rB = (ασ6 (1 − λsc)
p + r6)1/6                                                         (S3) 

where U(r) is Lennard-Jones (LJ) or electrostatic potentials. σ is the radius of LJ potential. Here 

we have used α = 1, p = 2. λsc
FG and λsc

CG are linear functions of the overall multiscaling parameter 

λ, and are given in Equations S4-S5: 

λsc
FG   =    0.5 × i/(I − 1)                                                                         (S4) 

λsc
CG   =  0.5 − 0.5 × i/(I − 1)                                                               (S5) 

where i is the index of the replica (as defined in Figure 3) and I is the total number of replicas. 

Figure S1 shows the functional forms of the LJ potential for the range of  λsc used in this work. 

 λsc ranges from 0 to 0.5. At  λsc = 0, the hardcore potential is recovered and the potential becomes 

softer as the   λsc increase.  
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Octane parameters 

For multiscale scheme (scheme I) at λ=1, the FG interactions within CG beads are retained, 

while the FG interactions between CG beads are scaled. The FG bond interactions between CG 

beads are still needed to keep FG atoms together, while the interactions should be weak enough so 

that they barely affect the CG conformation. Specific parameters are shown in Table S1, octane 

model is shown in Figure S2. 

Table S1. FG octane bonded parameters at λ=1. 

Bond potential  Related atoms Updated force constant 

(fnew) 

Original force constant  (fold) 

Bond interaction  C4 and C5 6000 × 106kJ mol−1nm−4 715000× 106kJ mol−1nm−4 

Angle interaction C3, C4 and C5 100 kJ mol−1 530 kJ mol−1 

Angle interaction C4, C5 and C6 100 kJ mol−1 530 kJ mol−1 

Dihedral interaction C3, C4, C5 and C6 3 kJ mol−1 5.92 kJ mol−1 

* The rest bond parameters are kept as original GROMOS parameters. 

**1-4 nonbonded interaction between C3 and C6 is scaled to 0 at λ=1, while the rest are kept as original. 

*** Corresponding label is found in Figure S2. 

**** In Equation 3, a, b and c are computed by 1-fnew/fold  

***** The topology file is available in the supporting information 
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Lambda distribution 

In HREM simulations of octane the λ is set as: 0.00000 0.04744 0.08445 0.11148 0.14457 

0.17725 0.21126 0.24334 0.27433 0.30428 0.33333 0.36155 0.38900 0.41573 0.44179 0.46718 

0.49196 0.51610 0.53966 0.56262 0.58499 0.60679 0.62802 0.64867 0.66875 0.68826 0.70720 

0.72558 0.74338 0.76061 0.77726 0.79334 0.80884 0.82376 0.83809 0.85183 0.86498 0.87754 

0.88950 0.90086 0.91162 0.92177 0.93131 0.94025 0.94857 0.95527 0.96035 0.96582 0.97071 

0.97501 0.98033 0.98477 0.98792 0.98990 0.99170 0.99332 0.99474 0.99600 0.99708 0.99800 

0.99873 0.99930 0.99970 1.00000 

In HREM simulations of fractional lutein and lutein/octane solution the λ is set as: 0.00000 

0.01477 0.02954 0.04431 0.05906 0.07381 0.08853 0.10324 0.11792 0.13258 0.14721 0.16181 

0.17637 0.19089 0.20537 0.21981 0.23420 0.24853 0.26282 0.27704 0.29121 0.30531 0.31935 

0.33331 0.34721 0.36102 0.37476 0.38842 0.40199 0.41547 0.42887 0.44216 0.45537 0.46847 

0.48147 0.49437 0.50716 0.51984 0.53240 0.54485 0.55718 0.56938 0.58147 0.59342 0.60525 

0.61694 0.62850 0.63993 0.65121 0.66235 0.67335 0.68420 0.69490 0.70545 0.71584 0.72608 

0.73616 0.74608 0.75583 0.76542 0.77485 0.78410 0.79319 0.80. 
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Supporting Figures 

 

Figure S1. Illustration of softcore Lennard-Jones (LJ) potential. Standard LJ potential is recovered at λsc =
0 and the softness increase with the increase of λsc. (a) and (b) represent CG and FG potential, respectively. 

 

Figure S2. The multiscale model of octane.  
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Figure S3. Potential distributions for replica exchange systems. (a) and (b) represent the total potential 

distributions for octane and lutein fraction system. (c) to (g) illustrate the total potentials of lutein/octane 

solution applying multiscale HREM, pure FG HREM, traditional HREM, CG solvent HREM and Christen 

HREM, respectively. The black color represents the replica close to CG side and yellow represents the FG 

side. 

 

Figure S4. Conformation exchanges in HREM framework. (a) illustrates the octane solution system 

applying multiscale HREM. The replica index as a function of trial steps are shown. (b) to (f) illustrate the 

lutein/octane solution systems applying multiscale HREM, pure FG HREM, traditional HREM, CG solvent 

HREM and Christen HREM, respectively. The conformation exchanges as a function of trial steps are 

shown.  If an exchange is accepted, a blue spot is marked.    
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Figure S5. Dihedral distribution for five HREM systems at λ=0. The hybrid lutein model and corresponding 

labels are shown in the inset plot and the double bonds are expressed in yellow. 

 

Figure S6. The state transition number of lutein in solution. The number of state (trans/cis) transitions are 

shown for the multiscale HREM systems at λ=0 coupled with different thermostats. The targeted dihedrals 

are the four dihedrals computed in Figure S5. The error bars are the standard errors of the transition numbers 

of the four dihedrals.  
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Abstract  

All-atomistic (AA) and coarse-grain (CG) simulations have been successfully applied to 

investigate a broad range of biomolecular processes. However, the accessible time and length 

scales of AA simulation are limited and the specific molecular details of CG simulation are 

simplified. Here, we propose a virtual site (VS) based hybrid scheme that can concurrently couple 

AA and CG resolutions in a single membrane simulation, mitigating the shortcomings of either 

representation. With some adjustments to make the AA and CG force fields compatible, we 

demonstrate that lipid bilayer properties are well kept in our hybrid approach. Our VS hybrid 

method was also applied to simulate a small lipid vesicle, with the inner leaflet and interior solvent 

represented in AA, and the outer leaflet together with exterior solvent at the CG level. Our 

multiscale method opens the way to investigate biomembrane properties at increased 

computational efficiency in particular applications involving large solvent filled regions. 

Introduction  

Molecular dynamics simulations have been successfully applied to investigate 

configurations and dynamics of biomolecular processes for many years151-153. The accessible time 

and length scales are, however, limited for all-atom (AA) simulations. The computational 

efficiency has been accelerated by orders of magnitude by combining atoms into single effective 

interaction sites in coarse grain (CG) simulation154. However, the simplifications inherent to a CG 

model, i.e. the loss of some atomic detail comes at the price of a reduced accuracy. This limitation 

can be overcome by combining AA and CG resolution in a multiscale model. Several multiscale 

schemes have been put forward, falling into four classes: sequential, adaptive, mixed, and 

resolution exchange methods. In the sequential approach, one starts the system from the CG 
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resolution and some key states or interesting configurations found in this representation are 

transformed to the AA resolution121-122. In this way, more efficient sampling is achieved at more 

coarse representations, while more detailed information is obtained at less coarse representations. 

The adaptive approach allows atoms or particles to adapt their resolutions on the fly and transfer 

freely between spatially localized resolution domains without any barrier155-156. The mixed 

approach enables molecules with AA/CG resolutions to coexist in the same system, interacting 

with each other, while the resolution of the particles cannot be changed, analogous to the well-

known QM/MM approach that partitions a system in nuclei and electrons, on the one hand, 

described at the quantum-chemical level, and an embedding described at a force field level46, 157-

158. The resolution exchange approach simulates a batch of replicas with different resolutions in 

parallel and the configurations can exchange between replicas when the detailed balance condition 

is satisfied, e.g. Hamiltonian replica exchange126-127, 159. Further comprehensive understanding of 

multiscale modeling approaches can be found in a number of reviews160-162. 

The different multiscaling strategies are associated with different technical and theoretical 

challenges as well as different computational costs. For the sequential multiscale method, the 

determination of when to change resolution (frequency and choice of states) is not trivial and the 

change of resolution can move a conformation away from its initial state before resolution 

exchange during relaxation under the new force field (especially from CG to AA). For the adaptive 

resolution method, the simulation is expensive and not compatible with any standard molecular 

dynamics package (e.g. GROMACS). This is because an added thermodynamic force163 is required 

to compensate for the difference in chemical potentials and equations of state at the AA and CG 

resolutions. This force must be computed first, and then added as an external force. For the mixed 

method, the accuracy of the model in the resolution interface cannot be guaranteed, especially for 

AA/CG hybrid simulation47. Furthermore, the types of potential energy functions (e.g. coulombic, 

Lennard-Jones) may not be the same for both resolutions, especially in force-matching type 

potentials, requiring the use of tabulated potentials164-165. For the resolution exchange method, the 

simulation is computationally demanding, e.g. in Hamiltonian replica exchange, several replicas 

are needed to simulate the same system in parallel while only one of them can be used in the final 

analysis159 . 

In this paper, the aim is to combine molecules described in a particle-based manner at two 

different resolutions in a single simulation using a single set of standard potentials, in particular 
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atomistic (AA) and coarse-grain (CG), but the method should be applicable with other particle-

based combinations as long as the potentials are available. Such an approach is expected to be 

technically most straightforward and computationally most efficient, because it uses only the core 

functionalities of existing molecular modeling code. Here, we demonstrate this method combining 

the Martini CG force field26 with the atomistic GROMOS22 and CHARMM19 force fields, 

employing the GROMACS code33, and apply the method to lipid systems. The method builds on 

the experience of embedding of atomistic particles in a CG environment with the help of virtual 

sites (VS), described earlier by Rzepiela et al.46. The main idea of this VS hybrid scheme is that 

AA particles interact with AA particles according to the AA force field, and CG particles interact 

with CG particles according to the CG force field. AA particles do not interact directly with CG 

particles, but the interaction between molecules at AA resolution with molecules at CG resolution 

is achieved through VS. These VS carry interactions at CG level, i.e. the AA molecule ‘sees’ the 

embedding surroundings at the level of the CG model. Conversely, the CG molecules ‘see’ the AA 

molecules as CG molecules. A complication arises when dealing with the electrostatic interaction 

between AA and CG subsystems. The AA-CG electrostatic interaction is either ignored or it is 

acting at the level of the charged particles, be they part of the AA or CG subsystem. Both 

approaches are possible with straight cut-off or smoothed electrostatic potentials (shift166 or 

reaction field167), but the latter is the only option when using full electrostatics (such as Particle 

Mesh Ewald(PME)168). Even in this way, the polar (charged) particles of different resolutions 

interacting in close proximity to each other still cause problems, as shown by Wassenaar et al.47. 

In their simulations, VS hybrid solutes, e.g. amino acids, were solvated in CG solvent. Compared 

to fully atomistic results, the hybrid AA/CG model was successful for apolar molecules. However, 

their procedure could not reproduce correct potentials of mean force (PMFs) between pairs of 

amino acid side chain analogs in water and partitioning free enthalpies of amino acid side chain 

analogs of charged and polar molecules, despite adjustments in the relative dielectric permittivity 

to couple the AA−CG electrostatic interactions47. Therefore, to avoid polar resolution interfaces, 

we propose a dual resolution membrane structure with the AA-CG interface at the interleaflet 

region, constituting an apolar environment. 

In this paper, the VS hybrid scheme is introduced first, followed by a number of validations 

of embedded lipid systems by comparing their conformational and dynamic behavior against 
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corresponding reference systems. Finally, some applications are proposed and the computational 

efficiency is compared against the corresponding pure AA simulations. 

Methods 

VS hybrid model 

The virtual site (VS) hybrid scheme employed here is based on the combination of Martini 

and GROMOS force fields described by Rzepiela et al.46, but the idea can be applied to other 

combinations as well. The system is partitioned into two subsystems, i.e. all-atom (AA) and 

coarse-grain (CG). The crux of the method is that each subsystem interacts with itself at its 

corresponding level of description and that the interaction between the subsystems is at the CG 

level, thus avoiding the need to define and refine direct interactions between two models at 

different resolutions and with possibly quite different interaction potentials. This approach requires 

a mapping of the particles in the AA model to the CG beads, defining interaction sites through 

which the AA system interacts with the CG system. This hybrid technique is achieved through 

virtual sites located at the center of mass of the corresponding AA atoms: 

Rk
⃗⃗ ⃗⃗  = ∑rki

⃗⃗ ⃗⃗  mki
/ Mk

Nk

i=1

                                                                        (1) 

Mk = ∑mki

Nk

i=1

                                                                              (2) 

Mk and Rk
⃗⃗ ⃗⃗   are the total mass of the particles assigned to VS bead k and the position of the 

VS bead, respectively. The k-th VS bead is constructed from Nk AA atoms with mass mki
 and 

position rki
⃗⃗ ⃗⃗   for the i-th atom of the k-th VS bead. Depending on the mass of the AA particles, the 

force acting on the VS is distributed over its corresponding AA atoms as: 

fki
⃗⃗⃗⃗ = Fk

⃗⃗⃗⃗ mki
/Mk                                                                               (3) 

fki
⃗⃗⃗⃗  and Fk

⃗⃗⃗⃗  are forces acting on AA atom ki belonging to bead k, and on VS bead k. The VS 

hybrid scheme naturally combines the CG and AA models, where the AA model is a more detailed 

description of the molecule of interest. CG particles feel forces only at CG level, originating either 

at particles in the CG subsystem or at the VS. Direct interactions between AA atoms and CG beads 
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are not included, because these would constitute a double counting of interactions. The interaction 

is schematically shown in Figure 1 for lipid molecules. 

Matching AA and CG force fields 

When comparing different force fields at AA and CG resolutions, they usually differ in 

choices made in the interaction functions and/or simulation settings. For example, the Martini and 

the GROMOS force fields use cut-offs of 1.1 nm and 1.4 nm, respectively. Also, the shape of the 

non-bonded potentials is slightly different in these force fields, because they are either smoothed 

(and/or shifted) or straight cut-offs are applied. A simulation engine such as GROMACS allows 

only one choice for the potential form and cut-off. One way to deal with the different cut-offs and 

potential shapes in a hybrid simulation is to use tabulated potentials46. However, the tabulated 

potential can largely limit the computational efficiency and does not support GPU acceleration 

when using GROMACS169. In order to avoid having to use a tabulated Lennard-Jones (LJ) 

potential, a cut-off of 1.4 nm was used in the hybrid model to guarantee the accuracy of the AA 

components in the model. The change in cut-off for the CG force field means that CG  interactions 

are compromised and a solution is proposed in the results section of this paper. Another issue is 

the interaction between charges. Martini and GROMOS use a different dielectric constant because 

the screening in the AA force field is done by explicit solvent charges (SPC water for example), 

whereas standard Martini solvent does not have partial charges and screening must be made 

explicit by using a dielectric constant not equal to 1 in the coulombic potential. In order to avoid 

having to use a coulombic tabulated potential, the charge of CG beads was therefore scaled down 

with a factor of 0.258, which is computed by√1/ϵrCG, where ϵrCG = 15 represents the screening 

factor in standard Martini setup. Thus, we can apply a uniform dielectric screening factor (ϵr= 1) 

for the whole system. Full details regarding the force fields can be found in the Supporting 

Information. 



Chapter 4 –Multiresolution membrane scheme 

 

82 

 

 

Figure 1. The multiscale system encompasses both AA/CG molecule representations. Each subsystem (AA 

and CG, respectively) interacts within itself according to its own resolution. Molecules in the AA region 

interact at CG level with the molecules in the CG region through virtual sites that represent the AA region. 

When employing full electrostatics (PME), long range electrostatic interactions between AA and CG 

charges are included (green dashed line). The AA region is shown as bonds, the virtual sites representing 

the AA system as well as the CG region is shown as spheres. Lipid tail, linker and head are represented by 

cyan, green and orange color, respectively. 

Considerations for the GROMACS implementation 

In our implementation, we use the standard GROMACS 2016 simulation package170. In 

technical terms, the absence of direct interactions between AA and VS, VS and VS, as well as AA 

and CG particles may be achieved through setting non-bonded interaction parameters (in particular 

Lennard-Jones parameters) between these two subsystems to zero in the Verlet update scheme171 

or by explicitly excluding the interactions between the AA and CG, AA and VS, and VS and VS 

particle groups in the Group cut-off scheme. VS beads do not carry charge. If the system of interest 

is such that AA and CG charged components are so distant that they are beyond the cut-off for 

coulombic interactions, the former approach is suggested, since it has better computational 

efficiency. The latter approach is more general and functional for non-bonded short range 

potentials, but it does lead to a complication regarding the long range electrostatic interactions 

when a full electrostatics method, such as PME168 is used, since PME automatically considers all 

the long range interactions between charges in the system.  

 

VS hybrid scheme applied to a lipid membrane 

An intuitive way to build a dual resolution membrane system is a combination of AA 

membrane and CG water, in the same way as the earlier model for soluble protein47, and as 

illustrated in Figure S1(a).  The AA dipalmitoylphosphatidylcholine (DPPC) membrane is 
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embedded in solvent water at the level of the CG model. However, this set-up leads to major 

artifacts: compared to the standard AA simulations (reported in Table 1), the hybrid system has a 

much smaller area per lipid (0.521±0.004 nm2) and bigger membrane thickness (5.718±0.031 nm ). 

The lipid head groups aggregate too much and apolar acyl chains are exposed to the CG water, as 

shown in Figure S1(b). These phenomena are likely due to the lack of screening for AA coulombic 

interactions in the lipid head components from the CG solvent (without partial charge).  In previous 

works172-173, this problem was solved for solutes and proteins by restraining a layer of AA water 

around AA solute solvated in the CG water environment. However, it is hard to guarantee the 

correct thermodynamic and dielectric properties of water close to the resolution interface, which 

can still affect the solvation of the solute. It was also shown that the VS hybrid GROMOS/Martini 

model can properly reproduce the potentials of mean force (PMFs) between pairs of apolar amino 

acid side chain analogues, yet failed to reproduce correct PMFs for the polar and charged AA 

solutes in CG solvent47. Therefore, in this work, the VS hybrid membrane systems are constructed 

as shown in Figure 2, to keep the resolution interface at the apolar lipid tail region. 

Simulation setup 

There are several GROMOS models for the DPPC lipids. Poger lipids174 developed with 

the GROMOS 53a6 force field can only reproduce the reported membrane properties (i.e. area per 

lipid value of 0.63 nm2) with GROMACS versions 4.0.X and earlier175. The GROMACS 

developers were contacted and details regarding to this problem can be found in (http: 

//redmine.gromacs.org/issues/1400). Thus, we used a modified version of the GROMOS 53a6 

force field and lipid topology, which are more compatible with the newer version of GROMACS 

(2016) software. The corresponding files are included in SI. We simulated planar membranes of 

162 lipids (81 in each leaflet), as illustrated in Figure 2a. Water molecules could permeate through 

the biological membrane, so flat-bottom position restraints were added to AA water molecules to 

prevent them from permeating into other resolution regions (or crossing the resolution boundary), 

as illustrated in Figure S2. A force constant of 100 kJ/mol-1 was used and the distance between 

resolution interface and the beginning of the flat bottom potential is 0.5 nm. It is reported that, in 

the Martini model, the magnitude of the unidirectional flux is 1 CG water (4 water molecules) per 

100 ns for a 256 DPPC bilayer patch176. Considering the timescale of our simulation, a flat bottom 

constraint for CG water is not necessary. However, this constraint on CG water is suggested for 
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longer simulations. In our simulations, even though the unrestrained CG water may permeate 

through the membrane and go to the AA region, the CG water cannot interact with the AA water 

and act as water vapor.  

We have also applied the VS hybrid scheme to a vesicle with a diameter of 20 nm as 

illustrated in Figure 2b. We chose 20 nm because it is the minimal size of DPPC vesicles observed 

in experiment177. To build the VS dual resolution vesicle, we first built a CG vesicle using the 

CHARMM-GUI Martini maker178. The number of lipids within each leaflet of the vesicle was 

estimated based on the area per lipid. During the equilibration processes, six artificial pores in the 

vesicle were kept open with constraints to enhance lipid flip-flop and to equilibrate the number of 

water inside and outside the vesicle179. After equilibration, the vesicle was closed by healing the 

water pores by switching off the restraints CG water inside the vesicle and the inner leaflets were 

then mapped into AA resolution with the backmapping software tool backward128. The final 

configuration contained 996 lipids in the inner leaflet and 1748 lipids in the outer leaflet. Similar 

to the planar membrane, spherical flat-bottomed position restraints were added to AA water in the 

production run (Figure S2).  

We have used an integration time step of 2 fs in standard AA (both GROMOS and 

CHARMM) simulations and CHARMM/Martini VS hybrid simulation, and 20 fs in standard 

Martini simulations. However, we have used 4 fs for GROMOS/Martini VS hybrid simulations 

and GROMOS related simulations in hybrid settings, because the conformational and dynamical 

properties of united atom DPPC lipids are correctly reproduced in simulations with an integration 

time step up to 5 fs180. The Verlet cut-off scheme was used for the system and the allowed energy 

error due to the Verlet buffer is 0.005 kJ/mol/ps per atom. The potential modifiers were used to 

shift the complete LJ and coulombic potential value to zero at the cut-off. Electrostatic interactions 

were treated using PME with a 0.12 nm Fourier grid spacing. The temperature was maintained at 

323 K by integrating the equations of motion with the leapfrog stochastic dynamics integrator181 

with an inverse friction constant of 1 ps to CG (or VS) particles and 0.1 ps to AA particles. Noted 

that even though an inverse friction constant is given to the temperature coupling of VS 

components, VS particles cannot really be a part of thermostat, since they have no mass. AA lipids, 

AA water, CG lipids, CG water and VS beads were coupled separately to a thermostat. The 

pressure was kept at 1 bar independently in the lateral and normal directions with the Berendsen 

barostat34 in a semi-isotropic pressure bath (𝝉p= 0.5 ps) in the planar membrane, while an isotropic 
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pressure bath was used in the vesicle. The compressibility was  4.6 × 10−6 bar−1. The AA bonds 

were constrained with the LINCS algorithm , and simple point charge (SPC) water182 was 

constrained using SETTLE183. We refer to this setup as the hybrid setting. It is applied to a DPPC 

lipid membrane and validated against standard AA and CG simulations in the Results section. Note 

that, compared with this hybrid setting, the only difference is that the GROMOS force field in 

standard setting uses a time step of 2 fs and applies the reaction field to calculate the long range 

coulombic interactions. 

Free Energy Calculations 

Alchemical transformations were used to compute free energies of solvation ΔGsolv , 

hydration ΔGhydr, and partitioning ΔGpart. The hydration and solvation free energies of target bead 

types were calculated by the thermodynamic integration (TI) method184, decoupling the solute bead 

from its surrounding solvent (water or hexadecane) molecules by turning all solute-solvent 

interactions off. The partitioning free energy was obtained from ΔGpart = ΔGhydr-ΔGsolv. A series 

of 11 simulations with equally spaced λ points going from 0 to 1 were performed at 300 K for each 

selected CG bead and each λ point lasted for 10 ns. A soft core potential97 was used to avoid 

singularities due to solute−solvent particle overlaps as interactions were switched off, where α =

0.5, σ = 0.47 and the soft-core λ power set to 1. The derivative of the free energy with respect to 

λ was integrated through the trapezoidal method. Error estimations were obtained using the 

Multistate Bennett Acceptance Ratio185. 

Analysis 

The behavior of the lipid assemblies were analyzed at aggregate and molecular level. 

Aggregate level analysis included calculation of the projected area per lipid, bilayer thickness, 

temperature, etc. At molecular level, second rank order parameters were calculated according to 

P =
 1 

2
<  3cos2 θ −  1 >                                                           (4)  

When the order parameter is computed at CG level, θ represents the angle between CG 

bond of the lipid and the bilayer normal in planar membrane, or between the CG bond and the line 

connecting the center of mass of vesicle to the center of the CG bond in the vesicle. When 

deuterium order parameter is computed in AA level, θ represents the angle between the orientation 

of the C−H bond vector with respect to the bilayer normal in planar membrane, or between the 
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C−H bond vector with respect to the vector from  the center of mass of the vesicle to the target 

carbon atom. Angular brackets denote the average over the ensemble of bonds and over time.  

For a comparison between hybrid and CG models, atoms in AA simulation are first mapped 

into CG beads in the analysis processes and then the analysis is performed at CG level. Membrane 

thickness and area per lipid were computed using software called FATSLIM100. PO4 beads of the 

PC lipids were used as references to compute membrane thickness between two leaflets. Since the 

fluctuations or curvature of the membrane may introduce noise, the thickness and area per lipid 

are computed based on neighborhood-averaged coordinates to smooth the fluctuations. The 

specific explanation and software are freely available on website http://fatslim.github.io/.  

Partial density distributions were obtained from a simulation of a bilayer, where two 

leaflets of membrane and water are considered separately. The radii of the vesicle were computed 

by the average distance between the PO4 beads, either in the inner leaflet or in the outer leaflet, 

and the center of mass of the vesicle.  

The diffusion constant was obtained by fitting the linear part of the mean square 

displacement (MSD) of lipids in the lateral (xy) plane. The error estimation is obtained from the 

standard error of the distribution of diffusion constants of each individual lipid.  

http://fatslim.github.io/
http://fatslim.github.io/
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Figure 2. Virtual site hybrid membrane setups. (a) Planar DPPC membrane, (b) DPPC vesicle. Lipids in the 

AA region carry virtual sites. Lipids tail, linker, and head parts are represented by cyan, green, and orange 

color, respectively. The water is rendered by the white transparent surface.     

Results 

Consequences of using single set of parameters for two different resolution models 

The essence of the VS hybrid model is that highest computational efficiency with the 

GROMACS simulation engine can be achieved when atomistic (AA) and coarse-grained (CG) 

resolution models are treated with a single set of standard force field functions and run settings. 

Our proposed hybrid set-up in general therefore may necessitate that the AA or CG model or both 

models are run with different parameters (functional form of the interactions, cut-off, electrostatics 

scheme, time-step) from the ones they were developed with. To gain insight into the effect of 

changing these input parameters to the ones used in the hybrid setting described in the Methods 

section, we simulated planar DPPC membranes in AA and CG models and compared the 

conformational and dynamic properties of the membranes to their corresponding references in the 
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standard settings. Note that the only difference between hybrid setting and standard setting for AA 

simulation is the way the long range coulombic interaction is calculated (PME versus RF) and the 

time step (4 fs versus 2 fs). It can be seen in Table 1 and Figure 3, that, compared to the AA model 

in standard setting, the AA model in hybrid setting has slightly lower membrane thickness and 

deuterium order parameter, and slightly higher area per lipid. The position of the water/lipid 

interface and the extent of hydrophobic tail interdigitation between two leaflets were estimated 

from the partial density profiles across the membrane, shown in Figure 3e and 3f. The AA 

water/lipid interfaces and interdigitation in hybrid setting agree well with their corresponding 

references in standard setting. The lateral diffusion constants of the lipids in the AA models in the 

two settings are the same. Since the MSDs are not linear over the entire time span, MSD for 

individual lipids are computed and shown in Figure S3. The distributions of the MSD are also 

close for simulations in hybrid and standard setting. Therefore, the membrane properties of AA 

simulation in hybrid setting are, even though not the same, very close to their AA references and 

also agree well with the standard CG simulation after mapping to the CG model, as shown in Table 

1. 

CG simulations in hybrid setting were also compared to those in the standard CG setting. 

It can be seen in Table 1, that the CG model in hybrid setting has lower area per lipid and lower 

diffusion constant, and higher membrane thickness than in standard setting and the agreements are 

less ideal than the correspondence between the AA model in the two settings. To further investigate 

the cause of the disagreement, we simulated several CG systems in hybrid setting with nonbonded 

cut-offs ranging from 1.1 nm (the standard cut-off for the CG model) to 1.4 nm (the standard cut-

off for the AA model and the chosen cut-off for the hybrid setting). The rest of the input parameters 

are the same as in hybrid setting. In Table S1, we report that membrane thickness and order 

parameter increase with the cut-off, while area per lipid and diffusion constant show an opposite 

trend. This is because longer cut-off has stronger nonbonded interactions, which can order the lipid 

arrangement. The slower diffusion rate can be either caused by more tightly packed lipid 

arrangements or by the stronger interactions due to the longer cut-off. To answer this question, we 

ran CG simulations at constant area, but with different LJ cut-offs. In Table S2, it can be seen that 

the diffusion constant is similar for simulations with the same cut-off, even though the area per 

lipid is different. Therefore, different cut-off (or interactions) is the reason behind the different 

diffusion rates.  
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The strong decrease in area per lipid of the CG model in hybrid setting leads to an 

undesirable mismatch of lipid bilayer properties between AA and CG models which can lead to 

artifacts in the hybrid set-up. We chose to fix the CG disagreement in hybrid setting against the 

standard setting, by applying a scaling factor of 0.898 on ε in all the LJ potentials for the Martini 

subsystem in the hybrid setting. This scaling factor was arrived at by investigating pure hexadecane 

and water systems. In the newly parameterized Martini potential, the densities of hexadecane and 

water are similar to the simulations in standard setting, see Table S3. In addition to achieving 

correct densities, a correct representation of the mutual solubilities of hexadecane and water phases 

is also important in the Martini force field since it is based on partitioning. Randomly mixed 

systems containing hexadecane and water molecules were prepared and were observed to quickly 

phase separate to form an aqueous slab and an oil slab. The density profiles of the two components 

were compared between Martini simulations in both settings and can be seen to agree well in 

Figure S4. The reproduction of correct free energy trends is the hallmark of Martini force field38. 

With the newly scaled interaction table, the interactions of building blocks have been changed with 

respect to that of the standard Martini beads. Consequently, the free energy of solvation in different 

solvents of the CG particle types need to be re-evaluated. In Figure 4, the results of the free energy 

calculations in hybrid setting are presented and compared to standard Martini values for 

representative chemical building blocks (or Martini beads). The scaled CG model reproduces 

almost identical values for hydration free energy, hexadecane solvation free energy and partition 

free energy when compared to the standard Martini CG model. Thus, the scaled LJ potential can 

ideally reproduce the Martini force field with a cut-off of 1.4 nm in hybrid setting. The coulombic 

interaction cut-off does not play an important role in the Martini force field, since Martini systems 

are very sparsely charged and the coulombic interaction beyond the cut-off can be taken into 

account in reaction field or PME approaches. We have computed properties of the zwitterionic 

lipids (DPPC and DLiPC) and negatively charged lipids (DPPG) using Martini simulations with 

the scaled potential in hybrid setting. The long range interactions were calculated either using 

reaction field or PME approaches. In Table S5, it can be seen that the structural properties, like 

area per lipid, membrane thickness and order parameter, are very close to the standard Martini 

simulations. The order parameter profile and the partial density profile, which indicates water/lipid 

interface and interdigitation level between two leaflets, of the DPPC membrane are also similar to 

standard Martini simulations, see Figure 3 (b) and (d). In Table 1, it is shown that the diffusion 
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constant is higher than the simulation in hybrid setting without scaling and lower than the 

simulation in standard setting, which agrees with our previous finding that the interactions rather 

than membrane structure are the main reason for the different diffusion rates.  

Validation of  the VS hybrid scheme for lipid bilayer systems 

If we apply the unscaled LJ parameters to the CG part of the VS hybrid approach on a 

membrane, a DPPC membrane forms a ripple-like phase as illustrated in Figure S1(c). This is 

caused by the too strong CG interactions with a cut-off of 1.4 nm. Therefore, in the rest of the 

paper, the scaled LJ potential is included in the hybrid setting. 

The conformational properties of VS hybrid models were investigated for the double lipid 

bilayer system shown in Figure 2a. In Table 1 and Figure 3, the values of area per lipid, membrane 

thickness and order parameter (both AA and CG components) of VS hybrid model are shown to 

agree well with  their corresponding references in standard setting. As shown in Figure 3d-e, the 

water/lipid interface and interdigitation level between two leaflets estimated from partial density 

are reasonable compared to their corresponding references. Therefore, the conformational 

properties in the VS hybrid model are promising.  

Table 1. Membrane properties of DPPC membrane at 323K 

Resolution Setting 

Diffusion constant 

(10−6 cm2/s) 

Area per lipid  

(nm2) 

Membrane thickness  

(nm) 

AA  Standard 0.033±0.002* 0.611±0.004** 3.92±0.03** 

AA  Hybrid  0.032±0.003 0.626±0.012 3.82±0.05 

CG  Standard 0.85±0.06 0.627±0.010 4.08±0.04 

CG  Hybrid  0.25±0.02 0.572±0.004 4.20±0.02 

CG  Hybrid with scaled ε 0.61±0.06 0.627±0.003 4.04±0.03 

VS hybrid  Hybrid with scaled ε 

AA: 0.052±0.004 

0.628±0.003 3.89±0.03 CG: 0.40±0.04 

* The standard error of diffusion constants considering each lipid independently (Figure S3). 

** Standard deviation obtained after the value reached equilibrium. Standard errors are < 0.1%. 
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Thermodynamic and dynamic properties of the VS hybrid model are also tested and 

compared with pure AA simulations. Temperatures of different components in VS hybrid model 

are under good control by the thermostat (Table S6), regardless of the hybrid structure. In addition, 

the diffusion constant of lipids in the AA leaflet in the hybrid model is slightly higher than that of 

the pure AA simulations in hybrid setting and the diffusion constant of the lipids in the CG leaflet 

in the hybrid model is slightly lower than that of the pure CG model in the hybrid setting (Table 1 

and Figure S3). This is because in the VS hybrid model, the AA lipids experience a lower friction 

due to the presence of a CG leaflet. 
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Figure 3. Membrane properties in different settings. (a) and (b) represent the order parameter in planar 

membrane and (c) represents the order parameter of outer leaflet in vesicle. (a) represent the deuterium 

order parameter (-SCD) of two DPPC tails. (b) and (c) represent the CG order parameter, which are computed 

based on the bonds connecting CG beads. (d) and (e) represent the partial density of membranes in CG and 

AA resolution, respectively. (f) represent the number density of VS and CG beads in VS hybrid membrane. 

The scaled Martini potential was applied in the hybrid setting and VS hybrid model. 

 

Figure 4. Free energy comparison between Martini simulations in hybrid and standard settings.  The data 

points in the plot represent C1, C4, Na, P4, Q0 and Qa beads, respectively. Hydration free energy, 

hexadecane solvation free energy and partition free energy are compared in the plot and details can be found 

in Table S4. 
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Applying the VS hybrid scheme to a vesicle       

The VS hybrid scheme was also applied to a vesicle as illustrated in Figure 2b. Since it is 

very expensive to simulate an equilibrated vesicle in AA simulation, the VS hybrid vesicle was 

mostly compared against CG simulation. Area per lipid and radius of both inner and outer leaflet 

of the vesicle, membrane thickness (Table 2) and CG order parameter of outer leaflet (Figure 3c) 

in the VS hybrid model fit well with CG vesicle references. In general, the conformational 

properties of the VS hybrid vesicle are very reasonable.  

Computational efficiency 

To assess the performance of the VS hybrid scheme, its computational efficiency was 

compared to a pure AA DPPC model with the same compositions. Table 3 shows that the number 

of atoms or beads in the VS hybrid model is about 2 times lower than a pure AA model for the 

planar membrane model and about 6 times lower for the vesicle model. Thus, in the VS hybrid 

model, less computer memory is needed and fewer interaction pairs need to be taken into account. 

The computational speed is about 2 times faster for the planar membrane and about 5 times faster 

for the vesicle. The improved performance will be larger in a bigger system, when the size of the 

CG region is further increased. 

Table 2. Membrane properties of DPPC vesicle  

Resolution  Area per lipid (nm2) Radius (nm) Membrane thickness (nm) 

CG  

Inner leaflet 0.558±0.001* 6.9±0.9* 

3.79±0.01* Outer leaflet 0.804±0.001 10.6±0.9 

VS hybrid  

Inner leaflet 0.579 ±0.001 6.8±0.5 

3.65±0.01 Outer leaflet 0.781 ± 0.002 10.4±0.5 

* Standard deviation obtained after the value reached equilibrium. Standard errors are < 0.1%. 

** Note that the standard deviation of membrane thickness and area per lipid in the vesicle is smaller than 

the planar membrane (cf. Table 1). This is because in FATSLIM software, the noise introduced from the 

fluctuations or curvature of the membrane are smoothed out, while the fluctuations of the simulation box 

in xy directions in the planar membrane is included in the standard deviation. 
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Table 3. Performance for DPPC systems using different simulation schemes* 

System Resolution Number of atoms or 

beads 

Performance  

(ns/day)** 

Performance 

(step/day x105) 

Vesicle AA 2,402,906 0.14 0.67 

Vesicle VS hybrid 394,631 0.66 1.7 

Planar 

membrane 

AA 83,624 3.6 18 

Planar 

membrane 

VS hybrid 46,663 8.6 23 

*AMD 2.3 GHz, 12 CPU(12 MPI processes) 

** The AA resolution used a time step of 2 fs and VS hybrid used 4 fs. 

*** The planar membrane systems include two membranes as shown in Figure 2a 

Applying the VS hybrid scheme to the CHARMM and Martini force field combination 

We also apply the VS hybrid model to combine CHARMM3619, 186 with Martini force 

fields. The standard Martini interaction table was used in CHARMM/Martini VS hybrid model, 

since the CHARMM force field uses the same nonbonded cut-off as the Martini force field in the 

old setting26 (1.2 nm). Even though the nonbonded interaction potentials are different between the 

two force fields(details in Supporting Information), the Martini model still reproduces the lipid 

membrane structure reasonably well in the CHARMM setting, as shown in Table 4. Therefore the 

hybrid setting uses the standard AA setting to guarantee the accuracy in AA resolution. However, 

in the CHARMM/Martini VS hybrid model,  the area per lipid in VS hybrid model is too high and 

the membrane underwent a strong interdigitation between the two leaflets, shown in Figure S5a 

and Table 4. This is because CHARMM DPPC187 has partial charges in the acyl tails, that can 

interact with the Martini DPPC full charge head components without screening, which means the 

attractions between the two leaflets are overestimated. Note that this problem can be partially 

solved by excluding the short range interactions between CG and AA components with the group 

cut-off scheme. However, this cutoff scheme sacrifices the computational efficiency. Therefore, 

we choose to decrease the LJ interactions between C1 and VC1 beads (interactions between tail 

parts of CG and AA leaflets) in the VS hybrid model from ε=3.5kJ/mol to ε=3.25kJ/mol. By doing 

so, the interaction between AA-AA and CG-CG subsystems are not affected, only the coupling (or 
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attraction) between two resolutions is slightly decreased. The membrane structure properties (area 

per lipid, membrane thickness, partial density and deuterium order parameter) are more reasonable 

as shown in Table 4 and Figure S5.  

Table 4. Membrane properties of CHARMM DPPC membrane at 323K 

Resolution Setting Area per lipid (nm2) Membrane thickness (nm) 

AA  Standard 0.622±0.010* 3.82±0.07* 

CG  Hybrid  0.633±0.089 4.05±0.04 

VS hybrid Hybrid  0.681±0.014 3.66±0.07 

VS hybrid 

Hybrid with 

C1-VC1 LJ 

ε=3.25kJ/mol 0.621±0.008 3.85±0.05 

* Standard deviation obtained after the value reached equilibrium. Standard errors are < 0.1%. 

Discussion 

In this study, we propose a VS hybrid model to bridge AA and CG resolutions in 

biomolecular membrane simulations. The accuracy of the hybrid scheme compared with the 

standard GROMOS/CHARMM or Martini models is satisfactory, with a significant increase in the 

computational efficiency. 

Although our method is straightforward to use, some choices for the setup need careful 

consideration. Whereas the Martini force field is mostly used in combination with reaction field 

for the long range electrostatics, here, we use PME to be compatible with most of the popular AA 

force fields. Thus, our VS hybrid scheme can be further expanded to combine Martini with other 

AA force fields, e.g. OPLS188, AMBER189, etc. in the future. Furthermore, we have used the flat 

bottom potential to prevent AA water from penetrating into the membrane. In principle, one could 

also add artificial repulsion between AA water atoms and beads in CG leaflets to avoid the flat 

bottom potential restraint. To test this idea, we explored a pure repulsive LJ potential (C12 

of 10−7kJ nm12/mol and C6 of 0 kJ nm6/mol) between the AA water and CG tail beads. When 

AA water crosses the AA leaflet, the repulsion between the CG leaflet and AA water effectively 

blocks their further penetration. Note that occasional entering of AA solvent molecules into the 
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CG region is not a problem per se, as they will effectively behave as an ideal gas in the absence of 

interactions with the CG solvent.  

In addition, coupling an AA force field to the Martini model requires some finetuning of 

the interaction parameters to account for the different settings. We showed that, to match the 

GROMOS force field, a uniform scaling of all Martini LJ interactions by a factor 0.898 suffices to 

compensate for the use of a longer cutoff. Matching the CHARMM force field, however, required 

a different approach in which specific cross interactions between the AA and CG models were 

optimized. Our method works best on membranes for which the area per lipid in both AA and CG 

resolutions is very similar, because the two leaflets in one membrane are represented in different 

resolutions. A potential mismatch in the area per lipid could be remedied by introducing additional 

lipids in one of the leaflets, but this is not ideal. 

Concerning the computational efficiency of our method, we showed that the VS hybrid 

scheme can increase the speed of the simulation by about fivefold in case of a small vesicle. This 

speedup will be enhanced if larger vesicles are considered. The efficiency can be further improved 

by applying mean field force approximation boundary potentials, that replace both the internal and 

external excess bulk solvent around a membrane179 or by using the Dry Martini force field190 to 

model the outer leaflet. In a planar membrane, the computational efficiency benefit also exists, 

albeit much smaller (twofold with the current settings), for any simulations requiring two 

membrane environments. The computational efficiency can potentially be further increased by 

using a multiple time step approach for different resolution levels, such as reversible RESPA191. 

In order to apply our hybrid method, it is essential that the two combined force fields are 

compatible, or can be made compatible as illustrated in this paper. We have successfully combined 

both the GROMOS and CHARMM force fields with the Martini force field in the DPPC membrane. 

We expect that the GROMOS/Martini VS hybrid scheme can be easily applied to simulate any 

type of lipid or lipid mixtures without further modification, as long as the area per lipid between 

the two resolutions agrees. However, to combine CHARMM (or other AA force fields) and Martini 

through the VS hybrid scheme, reparameterization of the cross interactions might be needed for 

lipid types that feature different atom types in the tails. 

In terms of potential applications of the VS hybrid membrane model, we could think of 

simulations of cytosolic solutions inside a liposome, or simulations of curvature effects on the lipid 

packing and interaction of other compounds with the inner leaflet. In both examples, the interior 
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region of interest is modeled in full AA detail, whereas the less interesting (but necessarily 

included) outer region is modeled at the CG level. Simulations that include two planar membranes 

could also benefit from our hybrid model, e.g. to simulate the preliminary phase (stalk formation) 

of membrane fusion192 or the effect of asymmetric ionic concentrations across the membrane193, 

etc. Note that this scheme only gains computational speedup in a double membrane setup. 

Compared with an AA system, our hybrid scheme replaces one solvent compartment and two 

membrane leaflets with its CG representations. The amount of computational speedup strongly 

depends on the size of the CG solvent compartment. In addition, the hybrid scheme could be used 

to drive the atomistic region across potential barriers. For instance, the Martini force field has 

successfully captured spontaneous separation of ternary membranes into a liquid-disordered and a 

liquid-ordered phase194-195 that can hardly be reached by simulation with all atomistic details196-197. 

One can imagine applying the VS hybrid method on such a ternary membrane and expect the phase 

separation of the CG leaflets to accelerate and guide this process in the AA leaflets. 

Conclusion 

In conclusion, we demonstrated a VS based hybrid method that can concurrently couple 

AA and CG force fields in molecular dynamics simulations of membranes. We have tested the VS 

hybrid method on both a DPPC planar membrane and a DPPC vesicle and got reasonable structural 

and conformational properties compared to AA reference simulations of the same system. The 

computational speedup of our VS hybrid method is largely increased compared to AA simulations, 

in particular for the vesicular geometry. We expect that our new multiscale method finds 

applications in simulating membrane related processes at large spatio-temporal scales, as well as 

to be useful in the ongoing development of related multiscale simulation schemes.  
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Supplemental Information  

 

Figure S1. Unsuccessful hybrid schemes (a,b) final snapshot of a system composed of an AA DPPC 

membrane with CG virtual sites, surrounded by CG water. (b) shows only the AA component in the 

membrane. (c) Final snapshot of a DPPC membrane in the VS hybrid model without scaling the LJ potential. 

The color scheme is the same as that of Figure 2 in the main text. 

 

Figure S2. Illustration of flat bottom potential. The flat bottom potential is applied only on AA water 

molecules. The distance between the resolution interface and the beginning of flat bottom potential is 0.5 

nm. The color scheme is the same as that of Figure 2 in the main text. 
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Figure S3. Mean square displacement (MSD) as a function of time. The MSD is shown for lateral lipid 

motion in the bilayer plane for the AA (a-c) and CG (e-g) lipids in different set-ups as shown in the caption 

to each graph. The thinner pink curves represent the MSD for individual lipids and the thicker magenta 

curve represents the averaged MSD among all lipids.  

 

 

Figure S4. Mass density profile across the hexadecane/water interface. Density profiles are shown for a 

Martini simulation in hybrid setting (dashed) and in standard setting (solid).  The phase separated system 

was obtained from a randomly mixed initial configuration containing 343 hexadecane and 1331 water beads 

and simulated for 200 ns at 300 K. 
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Figure S5. CHARMM/Martini VS hybrid model.  (a) snapshot of the intuitive VS hybrid model. The color 

scheme is the same as Figure 2. (b) and (c) represent the partial density and deuterium order parameter for 

the updated CHARMM/Martini VS hybrid model. The two tails are represented respectively by solid and 

dashed lines in panel (c). 

 

Table S1. Membrane properties of CG DPPC lipid in hybrid setting* 

Cut-off (nm) 1.1 1.2 1.3 1.4 

Area per lipid (nm) 

** 0.634±0.004  0.612±0.005  0.583±0.004 0.571±0.004 

Membrane thickness 

(nm) ** 4.06±0.02 4.09±0.03 4.18±0.02  4.20±0.02 

Order parameter** 0.32±0.01  0.34±0.01  0.37±0.01 0.38±0.01 

Diffusion constant 

(10−6 cm2/s )*** 0.46±0.05  0.36±0.01 0.31±0.03 0.30±0.05 

*The simulations were run for 200 ns at 323 K. 

** Errors are standard deviation obtained after the value reached equilibrium. Standard errors are < 0.1%. 

*** The errors are the difference of the diffusion coefficients obtained from fits over the two halves of the 

fit interval, as defined in gmx msd.   
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Table S2. Membrane properties of CG DPPC lipid at constant area 

Cut-off (nm) 1.1 1.1  1.4 1.4 

Starting area (nm2) 64.42* 57.43** 64.42* 57.43** 

Diffusion constant 

(10−6 cm2/s) 0.47±0.05  0.47±0.06  0.33±0.01  0.31±0.05 

* Start of the simulation from the last frame of CG simulation in hybrid setting (bigger area in xy plane). 

** Start of the simulation from the last frame of CG simulation in standard setting (smaller area in xy plane). 

*** The simulations were run for 200 ns at 323 K. We used semi-isotropic pressure coupling and set the 

compressibility of the xy pressure to 0, but keep the coupling on in the z direction. 

**** The errors are the difference of the diffusion coefficients obtained from fits over the two halves of the 

fit interval, as defined in gmx msd.   

 

Table S3. Densities (kg/m3) of hexadecane and water in Martini hybrid setting 

Components Standard setting Hybrid  setting 

Water 987.2±5.8 987.6±1.2 

Hexadecane 816.1±6.0 818.0±0.9 

* Errors are standard deviation obtained after the value reached equilibrium. Standard errors are < 0.1%. 
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Table S4. Free energy comparison between Martini simulations in hybrid and standard settings 

(kJ/mol) 

Bead 

type 

Solvation 

free energy 

of 

hexadecane 

Solvation 

free energy 

of 

hexadecane 

reference  

Hydration 

free energy 

Hydration free 

energy 

reference 

(error<0.3kJ/

mol)198 

Partition 

free energy  

Partition 

free energy  

reference26 

Qa 24.66±3.01 22.92±1.88 25.33±0.67 -24.7 −49.99±3.0

8 

< -30 

Q0 24.65±2.60 24.90±1.49 25.08±0.44 -24.7 −49.73±2.6

3 

< -30 

P4 6.05±0.32 5.61±0.78 18.42±0.31 -18.5 24.47±0.44 -23 

Na 0.48±0.60 1.73±1.02 8.90±0.40 -7.8 −8.42±0.72 -7 

C4 5.00±0.31 5.38±0.43 4.17±0.40 4.7 9.17±0.50 9 

C1 9.50±0.52 11.19±0.7 10.38±0.32 11.6 19.88±0.60 18 

 * Error estimations were obtained using the Multistate Bennett Acceptance Ratio185. 
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Table S5. Membrane properties of Martini simulations in VS hybrid model 

Lipids 

components 

Setups  Area per lipid 

(nm) 

Membrane 

thickness (nm) 

Order 

parameter 

DPPC Standard setting 0.627±0.010 4.08±0.04 0.31±0.01 

DPPC  HB setting PME 0.627±0.003 4.04±0.02 0.31±0.01 

DPPC  HB setting RF 0.626±0.002 4.04±0.02 0.32±0.01 

DIPC  Standard setting 0.782±0.013 3.48±0.04 0.17±0.01 

DIPC  HB setting PME 0.762±0.002 3.52±0.02 0.17±0.01 

DIPC  HB setting RF 0.762±0.001 3.50±0.02 0.17±0.01 

DPPG Standard setting 0.627±0.010 4.09±0.04 0.33±0.02 

DPPG HB setting PME 0.629±0.003 4.06±0.02 0.32±0.01 

DPPG HB setting RF 0.627±0.002 4.05±0.02 0.32±0.01 

* Errors are standard deviation obtained after the value reached equilibrium. Standard errors are < 0.1%. 

 

Table S6. Temperature of different components in VS hybrid model 

Components AA bilayer CG bilayer AA water CG water 

Temperature (K) 323.0±0.1 322.9±0.1 323.7±0.1 322.9±0.1 

* Errors are standard deviation obtained after the value reached equilibrium. Standard errors are < 0.1%. 

Supporting Methods 

AA versus CG force field in standard settings  

Both Martini and modified GROMOS force field use the Lennard–Jones (LJ) 12/6 

interaction function and the normal electrostatic Coulombic potential to calculate the short range 
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nonbonded interactions. The interactions between interaction sites i and j are described by: 

 

ULJ(r)  =  4 ϵij[(σij/r)
12 − (σij/r)

6]                                             (1) 

Uelectrostatic(r; q)  =  qiqj/(4πε0ϵrr)                                             (2) 

 

With parameters q and r describe particle charge and distance between interaction sites i 

and j. σij represents the effective minimum distance of approach between two particles, ϵij the 

strength of their interaction, ϵ0the dielectric permittivity of vacuum and ϵr relative permittivity.  

The Martini force field in modern setting42 uses a cutoff of 1.1 nm, and the potentials are 

shifted to zero at the cut off using potential modifiers. However, the modified GROMOS force 

field use a cutoff of 1.4 nm. The potential modifier is used to shift the LJ potential, while the 

reaction field is used to include the long-range coulombic interaction: 

 

URF(r; q)  =  qiqj/(4πε0ϵ1r) − 0.5 ∗ Crfr
2/(Rrf

3 )                                        (3) 

where 

  Crf  =  (2ϵ1 − 2ϵ2)(1 + κRrf) − ϵ2(κRrf)
2 /[(ϵ1 + 2ϵ2)(1 + κRrf) +

ϵ2(κRrf)
2]               (4) 

With ϵ0 and  ϵ1 represent the dielectric permittivity of vacuum and the relative permittivity 

of the medium, in which the atoms are embedded in. ϵ2 and κ are the relative permittivity and 

inverse Debye screening length of the medium outside the cutoff sphere defined by Rrf , 

respectively.  

Both old Martini26 and CHARMM19 force field use a cutoff of 1.2 nm. For the Martini 

force field, the LJ potential is smoothly shifted to zero between 0.9 nm and 1.2 nm and the 

coulombic potential is shifted from 0 nm to 1.2 nm. In the CHARMM force field, a force‐switching 

function is applied to LJ potential over the range of 1–1.2 nm in combination with a long‐range 

correction199 and the PME is used to account for the coulomb interactions beyond the cutoff 

distance. The compressibility of  4.6 × 10−5 bar−1 is used in CHARMM simulations, while the 

value of 3 × 10−4 bar−1 is used in Martini simulations. 
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Applying the virtual site hybrid scheme to accelerate 

phase separation in ternary membranes 

Abstract 

Understanding the lateral organization in plasma membranes remains an open problem and 

is of great interest to many researchers. Model membranes consisting of coexisting domains are 

commonly used as simplified models of plasma membranes. The coarse-grain (CG) Martini force 

field has successfully captured spontaneous separation of ternary membranes into a liquid-

disordered and a liquid-ordered domain. With all-atom (AA) models, however, phase separation is 

much harder to achieve due to the slow underlying kinetics. To remedy this problem, here, we 

apply the virtual site (VS) hybrid method on a ternary membrane composed of DPPC, DLiPC and 

cholesterol and investigate the phase separation. The VS scheme couples the two membrane 

leaflets at CG and AA resolution. The hypothesis is that the rapid phase separation reached by the 

CG leaflet can accelerate and guide this process in the AA leaflet. 

Method 

Simulation setup 

We have applied the VS hybrid scheme as described in Chpater 4 to a membrane system 

as illustrated in Figure 1. The VS hybrid scheme is a multiscale scheme that can concurrently 

couple AA and CG force fields.  Here we combine the atomistic in-house GROMOS force field 

(described and tested in 200) and the CG Martini force field26 in a single membrane simulation. We 

kept the resolution interfaces at the apolar region in the center of the bilayer, and restrained water 

penetration through the membranes. The details of this setup can be found in 200.  
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Figure 1. Virtual site hybrid scheme of a membrane. Lipids’ tail, linker, and head parts are represented by 

cyan, green, and orange color, respectively. The water is rendered by the white transparent surface.     

 The membrane consists of a DPPC:DLiPC:cholesterol ternary mixture (molar ratio 

42:28:30 and about 1500 lipids in total), which forms co-existing Lo and Ld domains as shown 

previously195. The ternary membrane is simulated in a box of 15nm × 15nm × 15nm. Forcefield 

details are described in Chapter 4. The simulations were carried out using the GROMACS (2016) 

software33, using an integration time step of 4 fs. The Verlet cut-off scheme was used for the non-

bonded interactions and the allowed energy error due to the Verlet buffer is 0.005 kJ/mol/ps per 

atom. The potential modifiers were used to shift the complete LJ and Coulomb potential value to 

zero at the cut-off. Electrostatic interactions were treated using PME with a 0.12 nm Fourier grid 

spacing. The temperature was maintained at 295 K by integrating the equations of motion with the 

leapfrog stochastic dynamics integrator181 with inverse friction constants of 1 ps to CG (or VS) 

particles and 0.1 ps to AA particles. AA lipids, AA water, CG lipids, CG water and VS beads were 

coupled separately to a thermostat. The pressure was kept at 1 bar independently in the lateral and 

normal directions with the Berendsen barostat34 in a semi-isotropic pressure bath (𝝉p= 0.5 ps). The 

compressibility was  4.6 × 10−6 bar−1. The AA bonds were constrained with the LINCS algorithm, 

and simple point charge (SPC) water182 was constrained using SETTLE183. A flat bottom potential 

was used on the polar headgroup of cholesterol (CG or VS ROH beads) to restrain flip-flop as 

suggested in194. 
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The fully AA membranes simulated using CHARMM force field were built with the 

CHARMM-GUI web server. The bilayer systems were simulated using the equilibration and 

production protocol provided by CHARMM-GUI. The simulations last for more than 40 ns. 

Results 

Recalibration of the VS hybrid scheme for lipid bilayer systems 

We have applied the VS hybrid scheme on the ternary mixture (DPPC, DLiPC and 

cholesterol) at 295K to investigate the phase separation. However, even though the cholesterol 

flip-flop is limited (see Methods), coupling the two different resolutions still resulted in a strong 

interdigitation between the two leaflets, shown in Figure 2a. The cholesterol from the AA leaflet 

is found embedded deeply into the CG leaflet. It appears that the attraction between the AA 

cholesterol and CG leaflet is too strong. The underlying reason can be found in the different CG 

bead densities of the two cholesterol models. In Figure 3, the bond distance distributions of the 

CG virtual sites of cholesterol in the AA leaflets are computed and compared with their 

counterparts of the CG leaflets using the indicated mapping. Note, the bonds far from the resolution 

interface are not taken into consideration.  As expected, apart from the C1 and C2 bonds, the rest 

of bond distributions in cholesterol (especially the ring structure) disagree between the two 

resolutions. The modified VS (CG) bond distances of the AA model causes the wrong local density 

of interaction sites and entails the risk of compromising the trends of free enthalpy and partitioning 

behavior against the standard CG model137. This could explain the strong interdigitation between 

CG and AA leaflets in the ternary membrane . 

To solve the interdigitation problem, we applied a scaling factor of 0.6 on the epsilon of 

the LJ potential between the subset of the VS beads in AA cholesterol (R3-R5 beads) and the C4 

beads of DLiPC lipids in the CG leaflet. As shown in Figure 2b, the interdigitation is now much 

weaker, although there are still one or two cholesterols translocated along the perpendicular 

direction of the membrane toward the CG leaflet. This result confirms that the strong attraction 

between AA cholesterol and the CG leaflet is the reason for excessive interdigitation in VS hybrid 

ternary membrane, and also that the scaling factor of 0.6 is not enough. Besides, this approach 

only decreases the attractions between cholesterol and DLiPC, while the attractions between 
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cholesterol and DPPC are kept unchanged. This setup artificially increases the cholesterol partition 

into the ordered phase. 

 

Figure 2. Snapshots of ternary membrane in VS hybrid setup. (a) and (b) represent the VS hybrid system 

and the scaled VS hybrid system (the attractions between cholesterol (R3-R5 beads) in AA leaflet and the 

DLiPC lipids in the other CG leaflet are scaled down by a factor of 0.6), respectively. (c) and (d) represent 

the VS hybrid systems starting from half phase separated phase and already phase separated phase after 

about 6 μs, respectively. The C6 of the LJ potential between the cholesterols (R3-R5 beads) and the other 

leaflet is set to 0. The right column only show the cholesterols of the ternary membranes in the left column 

and cholesterol in the wrong position is rendered in cyan in (b). DPPC, DLiPC and cholesterol are 

represented by green, red, and magenta, respectively. Thin and thick lines represent the AA and CG 

resolutions, respectively. Water is not shown for clarity. 
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Figure 3. Cholesterol bond distributions. The distances between VS in AA resolution are computed and 

compared with the CG counterparts. Only the bonds close to the resolution interface are taken into 

consideration. A CG cholesterol structure and corresponding mapping scheme are shown in the middle. 

Shown in Figure 3, for some cases, the CG bonds are longer than the AA (VS) bonds, while 

for the others, the trend goes opposite. Thus, there is no uniform scaling factor of the attractions 

between the cholesterol and the other leaflet. To avoid rebuilding either the AA or CG cholesterol 

model, we next tried an approach in which the C6 of the LJ potential between the cholesterols (R3-

R5 beads) and the other leaflet is set to 0, while keeping the C12 unchanged. Thus, the flip-flop 

and vertical translocation of cholesterol is further suppressed while the interactions neither in AA 

nor in CG resolution are affected. To validate this modification, we tested the VS hybrid scheme 

on pure DLiPC, DPPC/CHOL and DLiPC/CHOL membranes at 295K and compared the 

membrane properties against their corresponding references. As shown in Table 1, the area per 

lipid, and membrane thickness agree well between AA, CG and VS hybrid models for DLiPC and 

DPPC/CHOL membranes. In case of the DLiPC/CHOL membrane, the properties of the VS hybrid 

membrane agree with the AA simulation, however, the difference between AA and CG resolutions 

is bigger. A similar picture emerges from comparison of the density profiles and the deuterium 

order parameter (Figure 4). Since the properties of the hybrid membrane agree better with the AA 

simulation (Table 1), further analysis will focus on the AA components in VS GROMOS/Martini 
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hybrid model. In addition, we compare the DLiPC and DLiPC/CHOL membrane properties with 

other fully AA simulations in Table 2.  We found that the area per lipid of DLiPC/CHOL 

membranes simulated with in-house GROMOS force field (applied in our hybrid scheme and 

described in 200) agrees with the membrane simulated with other force fields. However, in DLiPC 

membranes, the difference between the area per lipid of the bilayers simulated with different force 

fields is significant. This may be caused by the differences in the force fields. Or maybe the 

simulations of membranes are not fully converged after tens of nanoseconds simulation. As shown 

in Figure S1, the area per lipid looks converged after 40ns, but the numbers can still deviate from 

the averaged value after hundreds of nanoseconds. It is reported that, for DPPC membrane, the 

equilibration of the area per lipid requires up to 25 ns and even 100 ns simulation is not sufficient 

to sample all the states statistically180. This could also be true for DLiPC.  

Table 1. Structural properties of different membranes at 295K 

Resolution Lipids Lipid ratios Area per lipid (nm2) Membrane thickness (nm) 

AA  DLiPC - 0.736±0.008 3.46±0.03 

CG  DLiPC - 0.735±0.010 3.58±0.05 

VS hybrid DLiPC - 0.717±0.005 3.62±0.05 

AA  DPPC/CHOL 61/37 0.430±0.008 4.56±0.02 

CG  DPPC/CHOL 61/37 0.421±0.001 4.48±0.02 

VS hybrid* DPPC/CHOL 61/37 0.418±0.003 4.45±0.02 

AA  DLiPC/CHOL 41/9 0.590±0.004 3.84±0.02 

CG  DLiPC/CHOL 41/9 0.634±0.003 3.61±0.05 

VS hybrid* DLiPC/CHOL 41/9 0.595±0.002 3.87±0.02 

* The C6 of the LJ potential between the cholesterols (R1-R5 beads) and the other leaflet is set to zero, 

while keeping the C12 unchanged. 

** All the simulations last for more than 50 ns.   
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Table 2. Structural properties of fully AA membranes simulated using different force fields 

Force field Lipids Lipid ratios Temperature (K) Area per lipid (nm2) 

In-house GROMOS* DLiPC - 295 0.737±0.004 

CHARMM 36 DLiPC - 295 0.691±0.004 

In-house GROMOS* DLiPC - 303 0.751±0.004 

CHARMM36** DLiPC - 303 0.707 ± 0.02 

GROMOS 43A1-S3*** DLiPC - 303 0.650±0.005 

In-house GROMOS* DLiPC/CHOL 41/9 295 0.590±0.004 

CHARMM 36 DLiPC/CHOL 41/9 295 0.599±0.004 

In-house GROMOS* DLiPC/CHOL 1/1 303 0.454±0.005 

GROMOS 43A1-S3** DLiPC/CHOL 1/1 303 0.443±0.002 

* The in-house GROMOS force field is described and tested in 200. 

**The membrane properties are obtained from201 

***The membrane properties are obtained from202  
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Figure 4. Membrane properties in different resolutions. (a-c) show the deuterium order parameter of pure 

AA simulation and AA components in VS hybrid simulation. Solid and dashed lines represent two tails of 

the PC lipids, respectively. (d-f) represent the partial number density of VS and CG beads in membranes. 

The scaled Martini potential was applied in the VS hybrid model. (g-i) illustrate the CG (VS) order 

parameter of pure CG and AA simulation, as well as CG and AA components in VS hybrid simulation.  
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Figure 5. Ternary membrane setup. (a) and (b) represent the starting structures of the two VS hybrid systems: 

already phase-separated and half phase-separated systems, respectively. The snapshots in the left and right 

represent the two leaflets in one membrane with different resolutions. DPPC, DLiPC and cholesterol are 

represented by green, red, and magenta, respectively. Only the linker beads (DPPC and DLiPC) or head 

group bead (cholesterol) are depicted in the top view. To better illustrate the ordered/disordered regions in 

the membrane, the center box and 8 periodic images in xy plane are shown in each leaflet. Water is not 

shown for clarity. 

Phase separation in VS hybrid membrane 

To test whether our optimized VS hybrid approach can speed up domain formation at the 

AA level, we first created a suitable starting configuration. To this end, we carried out simulations 

of a DPPC:DLiPC:cholesterol ternary mixture (molar ratio 42:28:30) at 295K using the Martini 

CG force field. As described previously195, at this state point the membrane phase separates to 

form a DPPC and cholesterol-rich liquid-ordered (Lo) phase, and a DLiPC rich liquid-disordered 

(Ld) phase. The last frame of the CG simulation is shown in Figure 5a. Using the last frame of this 

simulation, we built two different starting configurations for the GROMOS/Martini VS hybrid 

systems. In one of the starting configurations, the AA leaflet is also phase separated (obtained via 

backmapping of the CG structure, shown in Figure 5a left), and in the other configuration the AA 

leaflet is homogeneously mixed (Figure 5b left). In both setups, the CG leaflet is phase separated, 

as shown in Figure 5a right and Figure 5b right. From these starting points, two simulations of 

about 6 μs  each were performed. The flip-flop and vertical translocation of cholesterol is 



Chapter 5 –Multiresolution membrane scheme on ternary membrane 

  

115 

 

suppressed, shown in Figure 2c and 2d. To monitor the extent of phase separation, we computed 

the DPPC-DLiPC contact fraction for each of the two leaflets (both resolutions), as shown in 

Figure 6. A relatively high contact fraction denotes mixing, whereas low contact fraction hallmarks 

the phase separated state. As can be seen from the temporal evolution of the contact fraction, in 

case of the already phase-separated membrane, both leaflets keep the phase separated state. In the 

half phase-separated membrane, the CG leaflet also keeps the phase separation and the mixed AA 

leaflet starts to phase separate. We can see from the snapshot in Figure 6 that the phase separation 

level of AA leaflets in half phase separated membrane is similar to that observed by Hakobyan 

and Heuer196, where a membrane with the same lipid composition was simulated at 300K for 9 μs 

using a united atom force field.  We can already sample this level of phase separation after 2 μs, 

suggesting our method is more efficient. We can also compare the phase separation level with the 

ternary membrane (composed of DPPC, DOPC and cholesterol with a molar ratio of 7:7:6) 

simulated using Slipids at 290K by Gu et al.197. Here we use a more quantitative measure, namely 

the enrichment value of DPPC lipids in the DPPC environment as defined in Gu et al.197. From our 

data, we obtain an enrichment value of 1.13 ± 0.02 considering the AA leaflet in half phase 

separated membrane. This value is close to the value of 1.10 ± 0.02 reported in197, hence the phase 

separation level is similar. However, the Slipids simulations are not fully equilibrated after 10 

μs197. Our simulations have not reached equilibrium after ~6 μs, either. We therefore need to 

further extend the simulation to see whether full phase separation will eventually occur. To 

rigorously prove our hybrid model is faster than a pure AA simulation, we need to compare with 

a fully AA simulation using the same state condition and simulation settings as our hybrid model 

in the future. 
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Figure 6. Phase separation of ternary membrane. a) DPPC-DLiPC contact fraction. The thin line and thick 

lines represent the AA and CG resolutions, respectively. The horizontal dashed line represents ideal mixing, 

above which DLiPC lipids prefer to contact  DPPC lipids (more mixed), below which DLiPC lipids prefer 

contacts with themselves (more separated). The last frames of AA leaflets in half phase separated (top) and 

already phase separated (bottom) systems are illustrated on the right. Only lipids tails are shown and the 

color scheme is the same as Figure 1. b) the last frame of the complete AA ternary membrane simulation 

by Hakobyan and Heuer after 9 μs. The membrane is composed of DPPC, DLiPC and cholesterol, which 

are represented by green, blue and red color, respectively. This image is reproduced from Figure 4 in 

Hakobyan and Heuer196 . Reprinted (adapted) with permission from 196 Copyright 2013 American Chemical 

Society. 
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Supplemental Information  

 

Figure S1 Area per lipid as a function of time. The systems are composed of 200 DLiPC lipids and 

simulated with the in-house GROMOS force field. 
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Applying the virtual site hybrid scheme to investigate 

lipid relaxation dynamics in vesicles 

Abstract 

Accurate details on the conformational dynamics of lipids inside membranes can be 

obtained by measuring C–H bond order parameters and spin relaxation rates in experiments. These 

data can be also reproduced in molecular dynamics simulations with atomistic details. Due to the 

computational limitations of simulating at the all-atom level, to date, only small lipid bilayer 

patches have been simulated to this end. The role of curvature on the conformational dynamics 

has, therefore, remained unexplored, as this requires simulations of curved membrane systems 

such as vesicles. In this section, we applied the VS hybrid method on DPPC vesicles in which the 

inner layer is treated in atomistic detail and coupled to a CG outer leaflet. We systematically 

increased the size of the vesicle, and computed the C-H bond rotational dynamics and compared 

it to experimental results, confirming the trend of faster dynamics as the radius of curvature 

increases. 

Method 

Simulation setup 

We have applied the virtual site (VS) hybrid scheme to planar membrane and vesicle as 

illustrated in Figure 1. The VS hybrid scheme is a multiscale scheme that can concurrently couple 

a GROMOS based force field and a modified Martini force field in a single membrane simulation, 

as explained in Chapter 4. To build the VS dual resolution vesicle, we first built a coarse grain 

(CG) vesicle using the CHARMM-GUI Martini maker178. During the equilibration processes, six 

artificial pores in the vesicle were kept open with constraints to enhance lipid flip-flop and to 

equilibrate the number of water beads inside and outside the vesicle179. After equilibration, the 

vesicle was closed by healing the water pores by switching off the restraints. CG water inside the 

vesicle and the inner leaflets were then mapped into all-atom (AA) resolution with the 

backmapping software tool backward128. Water permeation through the membrane is restrained. 
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The details of this setup can be found in Chapter 4. For reference, also a planar DPPC membrane 

(200 lipids per membrane) was simulated. 

 

Figure 1. Virtual site hybrid membrane setups. (a) and (b) represent planar membrane and vesicle, 

respectively. Lipids in the AA region carry virtual sites. Lipids tail, linker, and head parts are represented 

by cyan, green, and orange color, respectively. The water is rendered by the white transparent surface.     

The simulations were carried out using the GROMACS (2016) software. We used an 

integration time step of 4 fs.  The Verlet cut-off scheme was used for the system and the allowed 

energy error due to the Verlet buffer is 0.005 kJ/mol/ps per atom. The potential modifiers were 

used to shift the complete LJ and Coulomb potential value to zero at the cut-off. Electrostatic 

interactions were treated using PME with a 0.12 nm Fourier grid spacing. The temperature was 

maintained at 323 K by integrating the equations of motion with the leapfrog stochastic dynamics 

integrator181 with inverse friction constant of 1 ps to CG (or VS) particles and 0.1 ps to AA 

particles. AA lipids, AA water, CG lipids, CG water and VS beads were coupled separately to a 

thermostat. The pressure was kept at 1 bar independently in the lateral and normal directions with 

the Berendsen barostat34 in a semi-isotropic pressure bath (𝝉p= 0.5 ps) in the planar membrane, 

while an isotropic pressure bath was used in the vesicle. The compressibility was  4.6 × 10−6 bar−1. 

The AA bonds were constrained with the LINCS algorithm, and simple point charge (SPC) 
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water182 was constrained using SETTLE183. All the simulations were carried out for more than 100 

ns. 

Analysis 

For lipids, the so-called order parameter 𝑆𝐶𝐻 of the C-H bonds in the lipid tail has been 

studied, mostly because it is accessible experimentally via 2𝐻 − 𝑁𝑀𝑅203. It can be defined as 

𝑆𝐶𝐻 = 𝑃2 =
 1 

2
<  3𝑐𝑜𝑠2 𝜃 −  1 >                                                           (1)  

where 𝑃2 denotes the second Legendre polynomial, 𝜃 is the angle between a C-H bond and bilayer 

normal, and the angle bracket denotes averaging over time. The second-order autocorrelation 

function for the reorientation of the C–H chemical bond axis is calculated according to: 

𝑔(𝜏) =< 𝑃2 [𝜇(𝑡) ⋅ 𝜇(𝑡 + 𝜏)] >                                                           (2)  
where 𝜇(𝑡) is the unit vector in the direction of C–H chemical bond at time t. This autocorrelation 

is related to experimental spin relaxation rates through a Fourier transformation at frequency 𝑤 

called spectral density: 

𝑗(𝑤) = 2 ∫ 𝑐𝑜𝑠(𝑤𝜏)𝑔(𝜏)𝑑𝜏
∞

0

                                                              (3)  

Typically, there are two timescales during the relaxation processes and thus the auto-

correlation function can be divided into the fast and slow motions204-205: 

 𝑔(𝜏) =< 𝑔𝑓(𝜏)𝑔𝑠(𝜏) >                                                           (4)  

Here, 𝑔𝑓(𝜏) and 𝑔𝑠(𝜏) represent the fast and slow decay, respectively, which corresponds to the 

lipid rotation within the bilayer plane and diffusion between bilayer regions. In liquid crystalline 

lipid bilayers, the 𝑔𝑓(𝜏) decays to the plateau of 𝑆𝐶𝐻
2  within hundreds of nanoseconds, which is 

used to compute the order parameters in 2𝐻 − 𝑁𝑀𝑅 𝑎𝑛𝑑  13𝐶 − 𝑁𝑀𝑅 experiments204. 

Therefore, the rotational auto-correlation function can be used to express the average time to 

sample all conformations within a bilayer plane. The effective correlation time is defined as: 

𝜏𝑒: = ∫
𝑔𝑓(𝜏) − 𝑆𝐶𝐻

2

1 − 𝑆𝐶𝐻
2 𝑑𝜏

∞

0

                                                                (5)  

Larger 𝜏𝑒 means longer time required for the conformational sampling. With this definition, the 

area between the correlation function and its plateau can be written as (1 − 𝑆𝐶𝐻
2 )𝜏𝑒. 

To analyze the lipid order at AA resolution, Equation 1 was used directly. The united‐atom 

force field implicitly incorporate the aliphatic H-atoms into the carbons to which they are bound. 

The coordinates of the H-atoms on the aliphatic carbons are estimated based on the positions of 



Chapter 6 –Multiresolution membrane scheme on vesicle 

  

122 

 

the neighboring carbons assuming tetrahedral geometry. θ  represents the angle between the 

orientation of the C−H bond vector with respect to the bilayer normal in planar membrane. When 

the CG order parameter was computed, θ represents the angle between the CG bond of the lipid 

and the bilayer normal. To compute the vesicle outer and inner radius, we computed the distance 

between the PO4 CG beads (or virtual sites) of the PC lipids in outer (or inner) leaflets and center 

of mass of the vesicle. The area per lipid were computed using software called FATSLIM100. Since 

the fluctuations or curvature of membrane may introduce noise, the area per lipid is computed 

based on neighborhood-averaged coordinates to smooth the fluctuations. The specific explanation 

and software are freely available on the website http://fatslim.github.io/.  

 

Figure 2. Snapshots of the final configuration of the vesicles. a) and b) represent the hybrid and fully AA 

vesicles directly backmapped from CG simulations, c) represent the hybrid and CG vesicles with 10% fewer 

lipids in the inner leaflets. The color scheme is the same as Figure 1. Water is not shown for clarity. 

Results 

Model validation 

To test the model, the VS hybrid scheme was initially applied to a DPPC vesicle with 

diameter of 20 nm. In our hybrid setup, the inner leaflet together with the interior solvent is 

modeled in all-atom (AA) detail, using the GROMOS force field, whereas the outer leaflet and 

exterior solvent are modeled at the coarse-grain (CG) level using the Martini force field. After 

building and equilibrating a CG vesicle, and converting the inner leaflet to AA resolution, we noted 

in a 10 ns simulation, that parts of the vesicle form the gel phase that lasts for the whole simulation 

http://fatslim.github.io/
http://fatslim.github.io/
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(Figure 2a). From the equilibrated hybrid vesicle, we backmapped to a fully AA model and found 

that also in this case the gel phase persisted during a 5 ns simulation (Figure 2b). This implies that 

the optimum ratio of lipids in inner and outer leaflets is different between two resolutions.  

 

Figure 3. CG order parameter of vesicle outer leaflet lipids. The order parameters are computed based on 

the bonds connecting CG beads. The error bars are smaller than (or similar to) the size of the data points 

and the values are listed in Table S1. 

Next, in order to solve this imbalance, we deleted 10% lipids from the inner leaflet (the 

ratio was decided based on trial and error) of the vesicles. We tried to avoid formation of the gel 

phase and kept the number of deleted lipids as low as possible. The final numbers of lipids in the 

two leaflets and water molecules/beads inside and outside of the vesicle are listed in Table 1. The 

VS hybrid scheme was applied to a DPPC vesicle with diameters of 15, 20 and 25 nm. Since it is 

very expensive to simulate an equilibrated vesicle in atomistic detail, the VS hybrid vesicle was 

mostly compared against CG simulation. Snapshots of the final configuration of each of the 

vesicles, after 100 ns simulations, are shown in Figure 2c and reveal that the lipids now keep the 

liquid crystalline phase. Occasionally, the vesicles are observed to adopt an aspherical shape, but 

on average they stay spherical. In Table 1, the area per lipid and radius of both inner and outer 

leaflets of the vesicle are shown. Overall, the hybrid vesicles have structural properties that are 

close to those of the pure CG ones, although some differences are noticeable such as a thinner 

membrane in the hybrid scheme. This may, at least in part, be due to the chosen mapping of PO4 

beads in the AA leaflet. To further characterize the hybrid vesicles, we computed the CG order 

parameter of the outer leaflet. The results, presented in Figure 3, show that the order parameter 
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profiles of the VS hybrid model fit well with the CG vesicle references. This agreement exists in 

vesicles with different sizes. Taken together, the conformational and structural properties of the 

VS hybrid vesicles appear reasonable, which is confirmed by the visual inspection (Figure 2c).  



Chapter 6 –Multiresolution membrane scheme on vesicle 

  

125 

 

Table 1. Membrane properties of DPPC vesicles  

System 

 

Diameter 

(nm) 

#Lipid 

Nin/Nout
∗  

#Water Nin/

Nout
∗∗  Leaflet Area per lipid (nm2) Radius (nm) 

CG vesicle  

15 356/892 

2649/107544 

Inner 0.596±0.002 4.1±0.2 

Outer 0.846±0.003 7.7±0.2 

VS hybrid 

vesicle 10596/107544 

Inner  0.619±0.002 4.2±0.3 

Outer  0.833±0.002 7.7±0.3 

CG vesicle  

20 996/1748 

10732/174625 

Inner 0.558±0.003 6.9±0.8 

Outer  0.804±0.002 10.6±0.8 

VS hybrid 

vesicle 42928/174625 

Inner  0.579±0.002 6.8±0.4 

Outer  0.781±0.002 10.4±0.4 

CG vesicle  

25 

1717/ 

2774 

26131/266286 

Inner  0.755±0.003 9.1±0.3 

Outer 0.604±0.002 12.9±0.8 

VS hybrid 

vesicle 104524/266286 

Inner  0.742±0.003 9.1±0.3 

Outer  0.607±0.002 12.7±0.3 

* Number of lipids in the inner/outer leaflet of the vesicle. 

**Number of AA water molecules (or CG water beads) located inside/outside of the vesicle. 

***Error margins represent the standard deviation after the system reaches equilibrium. Standard errors are 

< 0.1%. 

Relaxation dynamics of vesicular lipids 

In order to investigate the curvature effect on the dynamic properties of the membrane, we 

simulated the multiscale vesicles with different sizes for more than 100 ns. Only the AA leaflets 

of the bilayers are used to compute the C-H bond rotational dynamics, since the atomistic details 

are missing in the CG components. For reference, we also simulated a planar DPPC membrane 

(radius of curvature ∞). As shown in the inset of Figure 4a, the autocorrelation functions of order 

parameters for the acyl chains, calculated according to Equation 2, are well converged before the 

end of the simulations. In Figure 4b, the effective correlation time (Equation 5) is plotted, which 
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is longer for carbons in the region close to the glycerol group than the ones close to the bilayer 

center. The magnitude and the overall shape of these profiles are independent of curvature, and 

similar to those reported by Ollila and Pabst206 obtained from atomistic simulations of planar 

membranes. From the data presented in Table 2 and Figure 4b, we can find that the effective 

correlation time in the planar membrane is shorter than in the vesicles, while the effective 

correlation time in the different vesicular systems are the same within error bars. The same trend 

can also be found in Figure 4a, where autocorrelation decays faster in the planar membrane and 

the rest of the lines overlap with each other. Interestingly, the shorter correlation time of the lipid 

dynamics in the planar membrane is mostly due to faster dynamics close to the glycerol linker 

region (Figure 4b). In fact, the terminal groups appear to relax faster inside the vesicles. This 

difference can be understood considering the negative curvature of the vesicular inner leaflet, 

leaving relatively less space in the head group region and more space toward the tail ends. Overall, 

the relaxation time of lipid tails inside the planar membrane is shorter than inside the vesicles, 

which suggests that the rotational dynamics in the membranes with smaller curvature are faster 

than the ones with bigger curvature.  

It is reported that the order parameters and reorientational correlation times of phospholipid 

chain are almost identical in small (~35 nm diameter) and large (~95 nm diameter)  unilamellar 

vesicles measured by 𝐶13  NMR spin-lattice relaxation rates207. The only significant differences in 

correlation times appear at the carbonyl ends of the acyl chains207.  It is also found by a pure 

Martini simulation that the relaxation time of order parameter of both leaflets in a planar membrane 

is shorter than in a 20 nm diameter vesicle208. These results qualitatively agree with our prediction. 

However, Kel et al. found by 2D IR vibrational echo spectroscopy209 that the decay of center line 

slope (ultrafast structural dynamics) of the vesicles (with diameters ranging from 72 nm to 122 

nm) becomes faster as the curvature increases. The contradiction between this experimental result 

and our findings could be caused by the following reasons. The physical meaning of the relaxation 

time of center line slope may not be entirely identical to what we measured (the relaxation time of 

the deuterium order parameter) in our simulations. In experiment, the measurement was performed 

on the vibrational mode of tungsten hexacarbonyl (W(CO)6) in the membrane, however, where 

exactly the probe sits in the membrane is unclear. In contrast, we directly analyzed the whole acyl 

lipid group in our simulations.  Besides, we only considered the inner leaflet of the vesicle. These 
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could be the reasons that the decay speed of center line slope in Figure 3 of 209 is about two 

magnitude faster than the decay speed in our simulations (Figure 4a). 

The curvature differences between vesicles with size ranging from 15 nm to 25 nm are 

rather small and the relaxation times of these systems cannot be distinguished (Table 2). Therefore, 

in future studies, we will use the Martini force field to simulate the dynamics of vesicles with 

bigger size and longer simulation time, and probing the properties on both leaflets of the membrane.  

 

Figure 4. Dynamic properties of lipids in vesicles with different sizes. (a) and (b) show the autocorrelation 

of order parameters as a function of time (Equation 2) and the effective correlation time of carbons in the 

fatty acid tails (Equation 5), respectively. The inset in (a) is the entire plot of the autocorrelation  reaching 

more than 100 ns. ∞ denotes the planar membrane. 

Table 2. The averaged effective correlation time 𝜏𝑒 (ns) 

Size of vesicle ∞ 25 nm  20 nm  15 nm 

𝜏𝑒 0.43 ± 0.02* 0.52 ± 0.02 0.50 ± 0.02 0.52 ± 0.02 

* All the data are randomly divided into five groups and the 𝜏𝑒 is computed based on the averaged curve 

within each group. The standard error of the 𝜏𝑒 of the five groups is used as the error margin. 
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Supplemental Information  

Table S1. CG order parameter of vesicles with different sizes and resolutions 

Order 

parameter 

15 nm CG 

vesicle  

 

15 nm VS 

hybrid 

vesicle 

20 nm CG 

vesicle  

 

20 nm VS 

hybrid 

vesicle 

25 nm CG 

vesicle  

 

25 nm VS 

hybrid 

vesicle 

NC3-PO4 -0.14±0.03 -0.20±0.03 -0.14±0.03 -0.13±0.03 -0.14±0.03 -0.21±0.03 

PO4-GL1 0.57±0.03 0.62±0.03 0.59±0.03 0.53±0.03 0.60±0.03 0.59±0.03 

GL1-GL2 -0.22±0.02 -0.19±0.02 -0.23±0.02 -0.22±0.03 -0.22±0.02 -0.22±0.02 

GL1-C1A 0.43±0.03 0.44±0.03 0.46±0.03 0.46±0.02 0.48±0.03 0.47±0.03 

C1A-C2A 0.39±0.02 0.39±0.03 0.41±0.03 0.42±0.03 0.45±0.03 0.46±0.03 

C2A-C3A 0.31±0.03 0.31±0.03 0.31±0.03 0.33±0.03 0.36±0.03 0.38±0.03 

C3A-C4A 0.19±0.03 0.20±0.03 0.19±0.02 0.21±0.03 0.24±0.03 0.25±0.04 

GL2-C1B 0.39±0.03 0.41±0.03 0.40±0.03 0.41±0.03 0.43±0.03 0.44±0.03 

C1B-C2B 0.38±0.02 0.39±0.02 0.38±0.03 0.40±0.02 0.43±0.03 0.44±0.02 

C2B-C3B 0.31±0.02 0.32±0.03 0.29±0.03 0.32±0.03 0.36±0.03 0.37±0.03 

C3B-C4B 0.19±0.03 0.21±0.03 0.17±0.02 0.21±0.03 0.23±0.03 0.24±0.04 

Average 0.25±0.01 0.26±0.01 0.25±0.01 0.26±0.01 0.29±0.01 0.29±0.01 
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Summary and outlook 

The focus of this thesis was divided into two parts: to investigate the membrane phase 

separation in the presence of gangliosides, and to develop new multiscale schemes. 

We started with a coarse grain (CG) simulation to investigate ganglioside (GM) 

destabilizing effect on membrane phase separation (Chapter 2). Using the Martini forcefield, the 

ternary membrane composed of DPPC, DLiPC and cholesterol is able to separate into a liquid-

ordered phase and liquid-disordered phase at 295K29. We added different ratios of GM into the 

ternary membrane and found that this phase separation is compromised and the demixed phase 

shrinks with the increased GM ratio. This observation is true for both versions of Martini GM 

models40, 81 and for membranes at temperatures ranging from 280K to 320K. We proposed a 

hypothesis for this demixing effect. The GM lipids possess an inverted-cone shape. The inverted-

cone GM lipids partition into the DPPC-enriched region and disrupt the ordered arrangement, 

thereby reducing the difference between the liquid-ordered and liquid-disordered phases. 

Therefore, GM is able to destabilize the phase separation of the ternary model membrane. The next 

step is to investigate the GM mixing effect on a more complex and realistic membrane model, e.g. 

the neuronal plasma membrane84. 

Then, we developed a multiscale enhance sampling scheme via the Hamiltonian replica 

exchange method (HREM) in Chapter 3. The multiscale scheme concurrently couples all-atomistic 

(GROMOS force field) and coarse grain (Martini force field) resolutions through hybrid virtual 

sites developed by Rzepiela et al.46, with the expectation that the fast sampling speed of the CG 

replicas can guide and accelerate the all-atomistic (AA) replicas. Using HREM, we performed a 

number of independent simulations (replicas) at different resolutions, gradually changing from AA 

to CG representation. We kept most of the AA interactions throughout the replicas for the solvent, 

and replaced all the AA interactions by CG interactions for solutes in replicas at the CG side. In 

this way, the conformational difference is small for solvent between replicas, and the sampling is 

enhanced for solute replicas at the CG side, the conformations of which are exchanged to the rest 

of replicas. Therefore, the sampling is enhanced for the replica at AA size. This theory was tested 

on a lutein/octane system. Using our multiscale scheme, we were able to sample more trans/cis 
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transitions than a traditional molecular dynamics simulation. The next step is to extend the 

application to solutes in aqueous solution. 

In addition, we proposed another virtual site based multiscale scheme46 that can 

concurrently couple AA and CG resolutions in a membrane simulation (Chapter 4). This approach 

is technically straightforward and computationally efficient because it uses only the core 

functionalities of existing molecular modeling code (GROMACS33). We combined modified 

GROMOS and CHARMM force fields with the Martini force field to simulate multiscaled bilayer 

membranes. To guarantee the accuracy of the hybrid model, the resolution interface has to be kept 

in the apolar part of the system. Therefore, we built one leaflet of the membrane in AA resolution 

and the other one in CG with the resolution interface located the middle of the bilayer. The input 

parameters were carefully tuned to represent the correct conformational space against the standard 

mono-resolution simulations. This multiscale scheme is able to increase the computational 

efficiency for binary planar membrane and vesicle systems by replacing part of the system in CG 

resolution.   

This dual resolution scheme is first applied to investigate membrane phase separation in 

Chapter 5. The separation of ternary membranes into liquid-disordered and liquid-ordered phase 

has been captured in the Martini force field29, as we also showed in Chapter 2. However, this phase 

separation is hard to be reached in a pure AA simulation. Therefore, in our dual resolution scheme, 

we combined a phase-separated CG leaflet with an either mixed or phase-separated AA leaflet. 

We expect that the phase separation of the CG leaflets to accelerate and guide this process in the 

AA leaflets. After 6 microseconds simulation, the mixed AA leaflet started to phase separate and 

the demixed AA kept the phase separation state. Since the systems have not reached equilibrium 

yet, we need to further extend the simulations to at least tens of microseconds to assess the potential 

speedup of our hybrid approach. 

Finally, the dual resolution scheme was also applied to investigate the dynamic properties 

of vesicles with different curvatures in Chapter 6. The autocorrelation of the deuterium order 

parameter was computed for a planar AA membrane and for hybrid AA/CG vesicles with 

diameters ranging from 15 to 25 nm. Results showed that the planar membrane has a faster lipid 

dynamics than the vesicles. However, contrary to expectations, all vesicles showed similar 

dynamics. This may be caused by insufficient sampling and/or limited curvature difference. 

Therefore, in future work we will study the curvature effect on lipid dynamics using the CG model, 
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which allows to simulate vesicles with a bigger size and longer simulation time.
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Samenvatting en vooruitzicht 

De nadruk van dit proefschrift ligt op twee onderdelen: het onderzoeken van fasescheiding 

in membranen, en het ontwikkelen van nieuwe meer-schalige simulatie technieken. 

Wij zijn begonnen met een grofkorrelige simulatie om het destabiliserende effect van 

ganglioside (GM) op fasescheiding in membranen (hoofdstuk 2). Gebruikmakend van het Martini 

krachtveld, het membraan bestaande uit drie componenten, DPPC, DLiPC en cholesterol, is in 

staat te scheiden in een vloeibaar-geordende fase, en een vloeibaar-ongeordende fase bij 295K. 

We hebben verschillende hoeveelheden GM aan het drie-componenten-membraan toegevoegd en 

we hebben gezien dat deze fase scheiding gecompromitteerd wordt en dat de ontmengde fase 

kleiner wordt met een grotere hoeveelheid GM. Deze observatie is waar voor beide versies van het 

Martini GM model en voor membranen bij temperaturen van 280K tot 320K. Wij stellen een 

hypothese voor voor dit ontmengende effect. De GM lipides hebben een geinverteerde conus vorm. 

Deze geinverteerde conus GM lipides mengen in de DPPC verrijkte regio en verstoren de 

geordende organisatie, waardoor het verschil tussen vloeibaar-geordende en vloeibaar-

ongeordende fases kleiner wordt. Daardoor is GM in staat om de fase scheiding van het drie-

componenten-membraan te destabiliseren. De volgende stap is om het mengende effect van het 

GM te onderzoeken op complexere en realistischere membraan modellen, zoals het neuronale 

plasma membraan. 

Daarna hebben we in hoofdstuk 3 een meer-schalige verbeterde bemonstering techniek 

ontwikkeld, die gebruik maakt van Hamiltioniaan replica uitwisseling (HREM). Deze meer-

schalige techniek koppelt gedetailleerde simulaties waarbij ieder atoom gerepresenteerd is (het 

GROMOS krachtveld) aan de grofkorrelige simulaties (het Martini krachtveld) via hybride virtuele 

deeltjes, zoals ontwikkeld door Rzepiela et al., met de verwachting dat de versnelde bemonstering 

van de grofkorrelige replica's de atomistische replica's kan leiden en versnellen. Gebruik makend 

van HREM hebben we een aantal onafhankelijke simulaties (replica's) gedraaid met verschillende 

resoluties, geleidelijk van atomistisch naar grofkorrelig veranderend. We hebben de meeste 

atomistische interacties behouden voor alle replica's voor het oplosmiddel. Alle atomistische 

interacties voor het opgeloste deeltje zijn vervangen voor grofkorrelige interacties voor de 

grofkorrelige replica's. Op deze manier is het verschil in conformatie klein tussen het oplosmiddel 
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van verschillende replica's, en de bemonstering van het opgeloste deeltje in de grofkorrelige 

replica's versneld. Deze conformaties worden weer uitgewisseld met de andere replica's. Op deze 

manier is de bemonstering van de atomistische replica's verbeterd. Deze theorie is getest op een 

systeem bestaande uit luteïne en octaan. Gebruikmakend van ons meer-schalige model waren we 

in staat om meer trans/cis-transities te bemonsteren dan in een traditionele moleculaire-

dynamicasimultie. De volgende stap is om de toepassing uit te breiden naar opgeloste deeltjes in 

waterige oplossingen. 

Daarnaast stellen we een andere meer-schalige techniek voor, ook gebaseerd op virtuele 

deeltjes. Deze techniek kan atomistische en grofkorrelige resoluties aan elkaar koppelen in een 

simulatie van een membraan (hoofdstuk 4). Deze benadering is technisch eenvoudig, en 

computationeel efficiënt omdat het alleen gebruik maakt van kern functionaliteiten van bestaande 

moleculaire-dynamicasoftware (GROMACS). We hebben gemodificeerde GROMOS en 

CHARMM krachtvelden gecombineerd met het Martini krachtveld om meer-schalige 

bilaagsystemen te simuleren. Om de correctheid van het hybride model te garanderen moet de 

scheiding tussen de resoluties in het apolaire deel van het systeem blijven. Daarom hebben wij één 

blad van het membraan in atomistische resolutie gebouwd, en het andere in grofkorrelige resolutie 

met de scheiding tussen de resoluties in het midden van het membraan. De ingevoerde parameters 

zijn zorgvuldig aangepast om de correcte conformationele ruimte weer te geven, en gevalideerd 

tegen mono-resolutie simulaties. Deze meer-schalige benadering is in staat om de computationele 

efficientie voor binaire, vlakke membranen en blaasjes te verhogen door deel van het systeem te 

vervangen voor een grofkorrelige representatie. 

Deze dubbele resolutie techniek is voor het eerst toegepast om fase scheiding in 

membranen te onderzoeken in hoofdstuk 5. De scheiding van drie-component-membranen in 

vloeibaar-ongeordende en vloeibaar-geordende fases is correct gereproduceerd met het Martini 

krachtveld, zoals we ook laten zien in hoofdstuk 2. Echter, deze fase scheiding is moeilijk te 

bereiken in puur atomistische simulaties. Daarom hebben we een fase gescheiden grofkorrelig blad 

gecombineerd met een atomistisch blad in ofwel een gemenge fase, ofwel een scheiden fase, in 

onze dubbele resolutie techniek. We verwachten dat de fase scheiding in de grofkorrelige bladen 

het proces van fase scheiding in de atomistische bladen leidt en versnelt. Na 4 microseconden 

simulatie begon het gemengde atomistische blad te fase scheiden, en het ontmengde atomistische 

blad behield zijn fase scheiding. Aangezien de systemen nog niet in evenwicht zijn dienen de 
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simulaties verder verlengd te worden, tot ten minste 10 microseconden om te potentiële versnelling 

die onze methode levert te beoordelen. 

Tot slot, de dubbele resolutie techniek is ook toegepast om de dynamische eigenschappen 

van blaasjes met verschillende krommingen te onderzoeken in hoofdstuk 6. De autocorrelatie van 

de deuterium-orde-parameters was berekend voor een vlak atomistisch membraan, en voor hybride 

atomistische/grofkorrelige blaasjes met diameters variërend van 15 tot 25 nm. Resultaten laten 

zien dat het vlakke membraan snellere lipide dynamica heeft dan de blaasjes. Echter, in 

tegenstelling tot de verwachtingen, alle blaasjes vertonen vergelijkbare dynamica. Dit zou 

veroorzaakt kunnen worden door onvoldoende bemonstering en/of een gelimiteerd verschil in 

kromming. Daarom, in toekomstig werk, zullen we het effect van kromming op lipide dynamica 

onderzoeken met behulp van het grofkorrelige model, wat ons in staat stelt om grotere blaasjes 

langer te simuleren. 
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98. Domański, J.; Marrink, S. J.; Schäfer, L. V., Transmembrane Helices Can Induce 
Domain Formation in Crowded Model Membranes. Biochimica et Biophysica Acta 2012, 
1818, 984-994. 
99. Barnoud, J.; Rossi, G.; Monticelli, L., Lipid Membranes as Solvents for Carbon 
Nanoparticles. Physical Review Letter 2014, 112, 068102. 
100. Buchoux, S., Fatslim: A Fast and Robust Software to Analyze MD Simulations of 
Membranes. Bioinformatics 2017, 33, 133-134. 
101. Hess, B., Determining the Shear Viscosity of Model Liquids from Molecular 
Dynamics Simulations. Journal Chemical Physics 2002, 116, 209-217 
102. Goins, B.; Masserini, M.; Barisas, B. G.; Freire, E., Lateral Diffusion of Ganglioside 
GM1 in Phospholipid Bilayer Membranes. Biophysical Journal 1986, 49, 849-856. 
103. Bao, R.; Li, L.; Qiu, F.; Yang, Y., Atomic Force Microscopy Study of Ganglioside 
GM1 Concentration Effect on Lateral Phase Separation of Sphingomyelin / 
Dioleoylphosphatidylcholine / Cholesterol Bilayers. Journal Physical Chemistry B 2011, 
114, 5923-5929. 
105. Westerlund, B.; Slotte, J. P., How the Molecular Features of Glycosphingolipids 
Affect Domain Formation in Fluid Membranes. Biochimica et Biophysica Acta 2009, 1788, 
194-201. 
105. Frey, S. L.; Chi, E. Y.; Arratia, C.; Majewski, J.; Kjaer, K.; Lee, K. Y. C., Condensing 
and Fluidizing Effects of Ganglioside GM1 on Phospholipid Films. Biophysical Journal 
2008, 94, 3047-3064. 
106. Patel, R. Y.; Balaji, P. V., Characterization of Symmetric and Asymmetric Lipid 
Bilayers Composed of Varying Concentrations of Ganglioside GM1 and DPPC. Journal 
Physical Chemestry B 2008, 112, 3346-3356. 
107. Ravichandra, B.; Joshi, P. G., Gangliosides Asymmetrically Alter the Membrane 
Order in Cultured Pc-12 Cells. Biophysical Chemistry 1999, 76, 117-132. 
108. Moiset, G.; López, C. A.; Bartelds, R.; Syga, L.; Rijpkema, E.; Cukkemane, A.; 
Baldus, M.; Poolman, B.; Marrink, S. J., Disaccharides Impact the Lateral Organization of 
Lipid Membranes. Journal of the American Chemical Society 2014, 136, 16167-16175. 
109. López, C. A.; Rzepiela, A. J.; De Vries; A. H., Dijkhuizen, L.; Hünenberger, P. H.;  
Marrink, S. J., Martini coarse-grained force field: extension to carbohydrates. Journal of 
Chemical Theory and Computation, 2009, 5, 3195-3210. 
110. Carpenter, T. S.; López, C. A.; Neale, C.; Montour, C.; Ingólfsson, H. I.; Di Natale, 
F.; Lightstone, F. C.; Gnanakaran, S., Capturing Phase Behavior of Ternary Lipid 
Mixtures with a Refined Martini Coarse-Grained Force Field. Journal of Chemical Theory 
and Computation 2018, 14, 6050-6062. 



Bibliography 

  

142 

 

111. Ackerman, D. G.; Feigenson, G. W., Multiscale Modeling of Four-Component Lipid 
Mixtures: Domain Composition, Size, Alignment, and Properties of the Phase Interface. 
The Journal of Physical Chemistry B 2015, 119, 4240-4250. 
112. Dror, R. O.; Dirks, R. M.; Grossman, J. P.; Xu, H.; Shaw, D. E., Biomolecular 
Simulation: A Computational Microscope for Molecular Biology. Annual Review of 
Biophysics 2012, 41, 429-452. 
113. van Der Kamp, M. W.; Shaw, K. E.; Woods, C. J.; Mulholland, A. J., Biomolecular 
Simulation and Modelling: Status, Progress and Prospects. Journal of The Royal Society 
Interface 2008, 5 Suppl 3, S173-90. 
114. Yang, L. Q.; Ji, X. L.; Liu, S. Q., The Free Energy Landscape of Protein Folding 
and Dynamics: A Global View. Journal of Biomolecular Structure and Dynamics 2013, 31, 
982-992. 
115. Yonezawa, Y.; Shimoyama, H.; Nakamura, H., Multicanonical Molecular Dynamics 
Simulations Combined with Metadynamics for the Free Energy Landscape of a 
Biomolecular System with High Energy Barriers. Chemical Physics Letters 2011, 501, 
598-602. 
116. Tiwary, P.; van de Walle, A., A Review of Enhanced Sampling Approaches for 
Accelerated Molecular Dynamics. In book of Multiscale Materials Modeling for 
Nanomechanics, 2016, 195-221. 
117. Ingólfsson, H. I.; Lopez, C. A.; Uusitalo, J. J.; de Jong, D. H.; Gopal, S. M.; Periole, 
X.; Marrink, S. J., The Power of Coarse Graining in Biomolecular Simulations. WIREs 
Computational Molecular Science 2014, 4, 225-248. 
118. Noid, W. G., Perspective: Coarse-Grained Models for Biomolecular Systems. The 
Journal of Chemical Physics 2013, 139, 090901. 
119. Machado, M. R.; Dans, P. D.; Pantano, S., A Hybrid All-Atom/Coarse Grain Model 
for Multiscale Simulations of DNA. Physical Chemistry Chemical Physics 2011, 13, 
18134-18144. 
120. Gowers, R. J.; Carbone, P.; Di Pasquale, N., A Different Approach to Dual-Scale 
Models. Journal of Computational Physics 2020, 413, 109465. 
121. Tschöp, W.; Kremer, K.; Hahn, O.; Batoulis, J.; Bürger, T., Simulation of Polymer 
Melts. Ii. From Coarse-Grained Models Back to Atomistic Description. Acta Polymerica 
1998, 49, 75-79. 
122. Rzepiela, A. J.; Schäfer, L. V.; Goga, N.; Risselada, H. J.; De Vries, A. H.; Marrink, 
S. J., Reconstruction of Atomistic Details from Coarse-Grained Structures. Journal of 
Computational Chemistry 2010, 31, 1333-1343. 
123. Praprotnik, M.; Delle Site, L.; Kremer, K., Adaptive Resolution Molecular-Dynamics 
Simulation: Changing the Degrees of Freedom on the Fly. The Journal of Chemical 
Physics 2005, 123, 224106. 
124. Heyden, A.; Truhlar, D. G., Conservative Algorithm for an Adaptive Change of 
Resolution in Mixed Atomistic/Coarse-Grained Multiscale Simulations. Journal of 
Chemical Theory and Computation 2008, 4, 217-221. 
125. Fukunishi, H.; Watanabe, O.; Takada, S., On the Hamiltonian Replica Exchange 
Method for Efficient Sampling of Biomolecular Systems: Application to Protein Structure 
Prediction. The Journal of Chemical Physics 2002, 116, 9058-9067. 



Bibliography 

  

143 

 

126. Liu, P.; Voth, G. A., Smart Resolution Replica Exchange: An Efficient Algorithm for 
Exploring Complex Energy Landscapes. The Journal of Chemical Physics 2007, 126, 
045106. 
127. Lyman, E.; Marty Ytreberg, F.; Zuckerman, D. M., Resolution Exchange Simulation. 
Physical Review Letters 2006, 96. 028105 
128. Wassenaar, T. A.; Pluhackova, K.; Böckmann, R. A.; Marrink, S. J.; Tieleman, D. 
P., Going Backward: A Flexible Geometric Approach to Reverse Transformation from 
Coarse Grained to Atomistic Models. Journal of Chemical Theory and Computation 2014, 
10, 676-690. 
129. Zavadlav, J.; Melo, M. N.; Marrink, S. J.; Praprotnik, M., Adaptive Resolution 
Simulation of an Atomistic Protein in Martini Water. Journal Chemical Physics 2014, 140, 
054114. 
130. Goga, N.; Melo, M. N.; Rzepiela, A. J.; de Vries, A. H.; Hadar, A.; Marrink, S. J.; 
Berendsen, H. J. C., Benchmark of Schemes for Multiscale Molecular Dynamics 
Simulations. Journal of Chemical Theory and Computation 2015, 11, 1389-1398. 
131. Dall'Osto, L.; Lico, C.; Alric, J.; Giuliano, G.; Havaux, M.; Bassi, R., Lutein Is 
Needed for Efficient Chlorophyll Triplet Quenching in the Major Lhcii Antenna Complex 
of Higher Plants and Effective Photoprotection in Vivo under Strong Light. BMC plant 
biology 2006, 6, 32. 
132. Beutler, T. C.; Mark, A. E.; van Schaik, R. C.; Gerber, P. R.; van Gunsteren, W. F., 
Avoiding Singularities and Numerical Instabilities in Free Energy Calculations Based on 
Molecular Simulations. Chemical Physics Letters 1994, 222, 529-539. 
133. Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. H.; Teller, E., 
Equation of State Calculations by Fast Computing Machines. 1953, 21, 1087-1092. 
134. Malde, A. K.; Zuo, L.; Breeze, M.; Stroet, M.; Poger, D.; Nair, P. C.; Oostenbrink, 
C.; Mark, A. E., An Automated Force Field Topology Builder (Atb) and Repository: Version 
1.0. Journal of Chemical Theory and Computation 2011, 7, 4026-4037. 
135. Thallmair, S.; Vainikka, P. A.; Marrink, S. J., Lipid Fingerprints and Cofactor 
Dynamics of Light-Harvesting Complex Ii in Different Membranes. Biophysical Journal 
2019, 116, 1446-1455. 
136. Baron, R.; de Vries, A. H.; Hünenberger, P. H.; van Gunsteren, W. F., Comparison 
of Atomic-Level and Coarse-Grained Models for Liquid Hydrocarbons from Molecular 
Dynamics Configurational Entropy Estimates. The Journal of Physical Chemistry B 2006, 
110, 8464-8473. 
137. Alessandri, R.; Telles de Souza, P. C.; Thallmair, S.; Melo, M. N.; De Vries, A. H.; 
Marrink, S. J., Pitfalls of the Martini Model. Journal of Chemical Theory and Computation 
2019, 15, 5448-5460. 
138. Hritz, J.; Oostenbrink, C., Hamiltonian Replica Exchange Molecular Dynamics 
Using Soft-Core Interactions. Journal of Chemical Physics 2008, 128, 144121. 
139. Affentranger, R.; Tavernelli, I.; Di Iorio, E. E., A Novel Hamiltonian Replica 
Exchange MD Protocol to Enhance Protein Conformational Space Sampling. Journal of 
Chemical Theory and Computation 2006, 2, 217-228. 
140. Tuckerman, M.; Berne, B. J.; Martyna, G. J., Reversible Multiple Time Scale 
Molecular Dynamics. Journal of Chemical Physics 1992, 97, 1990-2001. 



Bibliography 

  

144 

 

141. Rosta, E.; Buchete, N. V.; Hummer, G., Thermostat Artifacts in Replica Exchange 
Molecular Dynamics Simulations. Journal of Chemical Theory and Computation 2009, 5, 
1393-1399. 
142. Lin, Z.; van Gunsteren, W. F., On the Use of a Weak-Coupling Thermostat in 
Replica-Exchange Molecular Dynamics Simulations. Journal of Chemical Physics 2015, 
143, 034110. 
143. Berardi, R.; Zannoni, C.; Lintuvuori, J. S.; Wilson, M. R., A Soft-Core Gay–Berne 
Model for the Simulation of Liquid Crystals by Hamiltonian Replica Exchange. The Journal 
of Chemical Physics 2009, 131, 174107. 
144. Khavrutskii, I. V.; Wallqvist, A., Improved Binding Free Energy Predictions from 
Single-Reference Thermodynamic Integration Augmented with Hamiltonian Replica 
Exchange. Journal of Chemical Theory and Computation 2011, 7, 3001-3011. 
145. Luitz, M. P.; Zacharias, M., Protein-Ligand Docking Using Hamiltonian Replica 
Exchange Simulations with Soft Core Potentials. Journal of Chemical Information and 
Modeling 2014, 54, 1669-1675. 
146. Bussi, G.; Donadio, D.; Parrinello, M., Canonical Sampling through Velocity 
Rescaling. The Journal of chemical physics 2007, 126, 014101. 
147. Goga, N.; Rzepiela, A.; De Vries, A.; Marrink, S.; Berendsen, H., Efficient 
Algorithms for Langevin and Dpd Dynamics. Journal of chemical theory and computation 
2012, 8, 3637-3649. 
148. Liu, P.; Kim, B.; Friesner, R. A.; Berne, B. J., Replica Exchange with Solute 
Tempering: A Method for Sampling Biological Systems in Explicit Water. Proceedings of 
the National Academy of Sciences of the United States of America 2005, 102, 13749-
13754. 
149. Noid, W. G.; Chu, J. W.; Ayton, G. S.; Voth, G. A., Multiscale Coarse-Graining and 
Structural Correlations: Connections to Liquid-State Theory. The Journal of Physical 
Chemistry B 2007, 111, 4116-4127. 
150. Moore, T. C.; Iacovella, C. R.; McCabe, C., Derivation of Coarse-Grained 
Potentials Via Multistate Iterative Boltzmann Inversion. The Journal of Chemical Physics 
2014, 140, 224104. 
151. van Gunsteren, W. F., et al., Biomolecular Modeling: Goals, Problems, 
Perspectives. Angewandte Chemie International Edition 2006, 45, 4064-4092. 
152. Lindahl, E. R., Molecular Dynamics Simulations. Methods in Molecular Biology 
2008, 443, 3-23. 
153. Karplus, M.; Andrew McCammon, J., Molecular Dynamics Simulations of 
Biomolecules. Nature Structural Biology 2002, 9, 646-652. 
154. Ingólfsson, H. I.; Lopez, C. A.; Uusitalo, J. J.; de Jong, D. H.; Gopal, S. M.; Periole, 
X.; Marrink, S. J., The Power of Coarse Graining in Biomolecular Simulations. Wiley 
Interdisciplinary Reviews: Computational Molecular Science 2014, 4, 225-248. 
155. Zavadlav, J.; Melo, M. N.; Marrink, S. J.; Praprotnik, M., Adaptive Resolution 
Simulation of Polarizable Supramolecular Coarse-Grained Water Models. Journal of 
Chemical Physics 2015, 142, 244118. 
156. Praprotnik, M.; Site, L. D.; Kremer, K., Multiscale Simulation of Soft Matter: From 
Scale Bridging to Adaptive Resolution. Annual Review of Physical Chemistry 2008, 59, 
545-571. 



Bibliography 

  

145 

 

157. Sherwood, P., et al., Quasi: A General Purpose Implementation of the QM/MM 
Approach and Its Application to Problems in Catalysis. Journal of Molecular Structure: 
THEOCHEM 2003, 632, 1-28. 
158. Wan, C. K.; Han, W.; Wu, Y. D., Parameterization of Pace Force Field for 
Membrane Environment and Simulation of Helical Peptides and Helix-Helix Association. 
Journal of Chemical Theory and Computation 2012, 8, 300-313. 
159. Fukunishi, H.; Watanabe, O.; Takada, S., On the Hamiltonian Replica Exchange 
Method for Efficient Sampling of Biomolecular Systems: Application to Protein Structure 
Prediction. The Journal of Chemical Physics 2002, 116, 9058-9067. 
160. Ayton, G. S.; Noid, W. G.; Voth, G. A., Multiscale Modeling of Biomolecular 
Systems: In Serial and in Parallel. Current Opinion in Structural Biology 2007, 17, 192-
198. 
161. Goga, N.; Melo, M. N.; Rzepiela, A. J.; de Vries, A. H.; Hadar, A.; Marrink, S. J.; 
Berendsen, H. J. C., Benchmark of Schemes for Multiscale Molecular Dynamics 
Simulations. Journal of Chemical Theory and Computation 2015, 11, 1389-1398. 
162. Peter, C.; Kremer, K., Multiscale Simulation of Soft Matter Systems – from the 
Atomistic to the Coarse-Grained Level and Back. Soft Matter 2009, 5, 4357- 4366 
163. Poblete, S.; Praprotnik, M.; Kremer, K.; Site, L. D., Coupling Different Levels of 
Resolution in Molecular Simulations. The Journal of Chemical Physics 2010, 132, 114101. 
164. Lu, L.; Dama, J. F.; Voth, G. A., Fitting Coarse-Grained Distribution Functions 
through an Iterative Force-Matching Method. Journal of Chemical Physics 2013, 139, 
121906. 
165. Ercolessi, F.; Adams, J. B., Interatomic Potentials from First-Principles 
Calculations: The Force-Matching Method. Europhysics Letters (EPL) 1994, 26, 583-588. 
166. van der Spoel, D.; van Maaren, P. J., The Origin of Layer Structure Artifacts in 
Simulations of Liquid Water. Joural of Chememical Theory and Computation 2006, 2, 1-
11. 
167. Tironi, I. G.; Sperb, R.; Smith, P. E.; van Gunsteren, W. F., A Generalized Reaction 
Field Method for Molecular Dynamics Simulations. The Journal of Chemical Physics 1995, 
102, 5451-5459. 

168. Darden, T.; York, D.; Pedersen, L., Particle Mesh Ewald: An N⋅Log(N) Method for 
Ewald Sums in Large Systems. The Journal of Chemical Physics 1993, 98, 10089-10092. 
169. Non-Bonded Cut-Off Schemes — Gromacs 2016 Documentation. 
170. Berendsen, H. J. C.; van der Spoel, D.; van Drunen, R., Gromacs: A Message-
Passing Parallel Molecular Dynamics Implementation. Computer Physics 
Communications 1995, 91, 43-56. 
171. Grubmüller, H.; Heller, H.; Windemuth, A.; Schulten, K., Generalized Verlet 
Algorithm for Efficient Molecular Dynamics Simulations with Long-Range Interactions. 
Molecular Simulation 1991, 6, 121-142. 
172. Kuhn, A. B.; Gopal, S. M.; Schäfer, L. V., On Using Atomistic Solvent Layers in 
Hybrid All-Atom / Coarse-Grained Molecular Dynamics Simulations. Journal of Chemical 
Theory and Computation 2015, 11, 4460-4472. 
173. Sokkar, P.; Choi, S. M.; Rhee, Y. M., Simple Method for Simulating the Mixture of 
Atomistic and Coarse-Grained Molecular Systems. Journal of chemical theory and 
computation 2013, 9, 3728-3739. 



Bibliography 

  

146 

 

174. Poger, D.; Van Gunsteren, W. F.; Mark, A. E., A New Force Field for Simulating 
Phosphatidylcholine Bilayers. Journal of Computational Chemistry 2010, 31, 1117-1125. 
175. Botan, A., et al., Toward Atomistic Resolution Structure of Phosphatidylcholine 
Headgroup and Glycerol Backbone at Different Ambient Conditions. The Journal of 
Physical Chemistry B 2015, 119, 15075-15088. 
176. Marrink, S. J.; de Vries, A. H.; Mark, A. E., Coarse Grained Model for 
Semiquantitative Lipid Simulations. The Journal of Physical Chemistry B 2004, 108, 750-
760. 
177. Cornell, B. A.; Fletcher, G. C.; Middlehurst, J.; Separovic, F., The Lower Limit to 
the Size of Small Sonicated Phospholipid Vesicles. Biochimica et Biophysica Acta 1982, 
690, 15-19. 
178. Hsu, P. C.; Bruininks, B. M. H.; Jefferies, D.; Cesar Telles de Souza, P.; Lee, J.; 
Patel, D. S.; Marrink, S. J.; Qi, Y.; Khalid, S.; Im, W., Charmm-Gui Martini Maker for 
Modeling and Simulation of Complex Bacterial Membranes with Lipopolysaccharides. 
Journal of Computational Chemistry 2017, 38, 2354-2363. 
179. Risselada, H. J.; Mark, A. E.; Marrink, S. J., Application of Mean Field Boundary 
Potentials in Simulations of Lipid Vesicles. The Journal of Physical Chemistry B 2008, 
112, 7438-7447. 
180. Anézo, C.; de Vries, A. H.; Höltje, H. D.; Tieleman, D. P.; Marrink, S.J., 
Methodological Issues in Lipid Bilayer Simulations. The Journal of Physical Chemistry B 
2003, 107, 9424-9433. 
181. van Gunsteren, W. F.; Berendsen, H. J. C., A Leap-Frog Algorithm for Stochastic 
Dynamics. Molecular Simulation 1988, 1, 173-185. 
182. Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Hermans, J., 
Interaction Models for Water in Relation to Protein Hydration. In The Jerusalem Symposia 
on Quantum Chemistry and Biochemistry, 1981, 331-342. 
183. Miyamoto, S.; Kollman, P. A., Settle: An Analytical Version of the Shake and Rattle 
Algorithm for Rigid Water Models. Journal of Computational Chemistry 1992, 13, 952-
962. 
184. van Gunsteren, W. F.; Berendsen, H. J. C., Thermodynamic Cycle Integration by 
Computer Simulation as a Tool for Obtaining Free Energy Differences in Molecular 
Chemistry. Journal of Computer-Aided Molecular Design 1987, 1, 171-176. 
185. Shirts, M. R.; Chodera, J. D., Statistically Optimal Analysis of Samples from 
Multiple Equilibrium States. The Journal of chemical physics 2008, 129, 124105. 
186. Huang, J.; MacKerell Jr, A. D. , Charmm36 All-Atom Additive Protein Force Field: 
Validation Based on Comparison to NMR Data. Journal of Computational Chemistry 2013, 
34, 2135-2145. 
187. Klauda, J. B.; Venable, R. M.; Freites, J. A.; O'Connor, J. W.; Tobias, D. J.; 
Mondragon-Ramirez, C.; Vorobyov, I.; MacKerell, A. D., Jr.; Pastor, R. W., Update of the 
Charmm All-Atom Additive Force Field for Lipids: Validation on Six Lipid Types. The 
Journal of Physical Chemistry B 2010, 114, 7830-7843. 
188. Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J., Development and Testing of 
the Opls All-Atom Force Field on Conformational Energetics and Properties of Organic 
Liquids. Journal of the American Chemical Society 1996, 118, 11225-11236. 



Bibliography 

  

147 

 

189. Wang, J.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D. A., Development 
and Testing of a General Amber Force Field. Journal of Computational Chemistry 2004, 
25, 1157-1174. 
190. Arnarez, C.; Uusitalo, J. J.; Masman, M. F.; Ingólfsson, H. I.; de Jong, D. H.; Melo, 
M. N.; Periole, X.; de Vries, A. H.; Marrink, S. J., Dry Martini, a Coarse-Grained Force 
Field for Lipid Membrane Simulations with Implicit Solvent. Journal of Chemical Theory 
and Computation 2015, 11, 260-275. 
191. Tuckerman, M.; Berne, B. J.; Martyna, G. J., Reversible Multiple Time Scale 
Molecular Dynamics. The Journal of Chemical Physics 1992, 97, 1990-2001. 
192. Markvoort, A. J.; Marrink, S. J., Lipid Acrobatics in the Membrane Fusion Arena. 
Current Topics in Membranes 2011, 68, 259-294. 
193. Khalili-Araghi, F.; Ziervogel, B.; Gumbart, J. C.; Roux, B., Molecular Dynamics 
Simulations of Membrane Proteins under Asymmetric Ionic Concentrations. Journal of 
General Physiology 2013, 142, 465-475. 
194. Thallmair, S.; Ingólfsson, H. I.; Marrink, S. J., Cholesterol Flip-Flop Impacts 
Domain Registration in Plasma Membrane Models. The Journal of Physical Chemistry 
Letters 2018, 9, 5527-5533. 
195. Risselada, H. J.; Marrink, S. J., The Molecular Face of Lipid Rafts in Model 
Membranes. Proceedings of the National Academy of Sciences of the United States of 
America 2008, 105, 17367-17372. 
196. Hakobyan, D.; Heuer, A., Phase Separation in a Lipid/Cholesterol System: 
Comparison of Coarse-Grained and United-Atom Simulations. The Journal of Physical 
Chemistry B 2013, 117, 3841-3851. 
197. Gu, R. X.; Baoukina, S.; Tieleman, D. P., Phase Separation in Atomistic 
Simulations of Model Membranes. Journal of the American Chemical Society 2020, 142, 
2844-2856 
198. Yesylevskyy, S. O.; Schäfer, L. V.; Sengupta, D.; Marrink, S. J., Polarizable Water 
Model for the Coarse-Grained Martini Force Field. PLOS Computational Biology 2010, 6, 
1000810. 
199. Allen, M. P.; Tildesley, D. J.; Allen, T.; D., Computer Simulation of Liquids; Oxford 
University Press, 1989,  385. 
200. Liu, Y.; De Vries, A. H.; Barnoud, J.; Pezeshkian, W.; Melcr, J.; Marrink, S. J., Dual 
Resolution Membrane Simulations Using Virtual Sites. The Journal of Physical Chemistry 
B 2020, 124, 3944-3953. 
201. Zhuang, X. Computational Simulations on Membranes and a Transmembrane 
Protein. 2017, (Doctoral dissertation). 
202. Emami, S.; Azadmard-Damirchi, S.; Peighambardoust, S. H.; Hesari, J.; Valizadeh, 
H.; Faller, R., Molecular Dynamics Simulations of Ternary Lipid Bilayers Containing Plant 
Sterol and Glucosylceramide. Chemistry and physics of lipids 2017, 203, 24-32. 
203. Davis, J. H., The Description of Membrane Lipid Conformation, Order and 
Dynamics by 2H-NMR. Biochimica et Biophysica Acta 1983, 737, 117-171. 
204. Ferreira, T. M.; Samuli Ollila, O. H.; Pigliapochi, R.; Dabkowska, A. P.; Topgaard, 
D., Model-Free Estimation of the Effective Correlation Time for C–H Bond Reorientation 
in Amphiphilic Bilayers: 1h–13c Solid-State NMR and MD Simulations. The Journal of 
Chemical Physics 2015, 142, 044905. 



Bibliography 

  

148 

 

205. Halle, B.; Wennerström, H., Interpretation of Magnetic Resonance Data from 
Water Nuclei in Heterogeneous Systems. The Journal of Chemical Physics 1981, 75, 
1928-1943. 
206. Ollila, O. H. S.; Pabst, G., Atomistic Resolution Structure and Dynamics of Lipid 
Bilayers in Simulations and Experiments. Biochimica et Biophysica Acta 2016, 1858, 
2512-2528. 
207. Lepore, L. S.; Ellena, J. F.; Cafiso, D. S., Comparison of the Lipid Acyl Chain 
Dynamics between Small and Large Unilamellar Vesicles. Biophysical Journal 1992, 61, 
767-775. 
208. Risselada, H. J.; Jelger Risselada, H.; Marrink, S. J., Curvature Effects on Lipid 
Packing and Dynamics in Liposomes Revealed by Coarse Grained Molecular Dynamics 
Simulations. Physical Chemistry Chemical Physics 2009, 11, 2056-2067 
209. Kel, O.; Tamimi, A.; Fayer, M. D., Size-Dependent Ultrafast Structural Dynamics 
inside Phospholipid Vesicle Bilayers Measured with 2D IR Vibrational Echoes. 
Proceedings of the National Academy of Sciences of the United States of America 2014, 
111, 918-923. 



Acknowledgement 

  

149 

 

Acknowledgement 

There are several people I want to thank for helping my research and my life in Groningen. 

It is hard to imagine my life without you. 

First of all, I want to thank Siewert for generously hiring me in our wonderful group, even 

though I did not have a related research background. During the first three years of my Ph.D., you 

gave me enough freedom to study whatever I want. And last year, you spent a lot of time guiding 

and helping me polishing my thesis. Hope our group can be better and better under your guidance.  

Jonathan and Alex, thanks for the daily supervision and guidance in every stage of my 

Ph.D. I had tons of questions and am very grateful for your patience to answer. Your knowledge, 

academic skills and sense of values forge who I am now. I wish you good luck with supervising 

more younger students.  

Weria, Peter, MingMing, Riccardo, Fude and Paulo, Whenever I encountered some 

problems in the work, I always come to you for help. Thank you for solving my problems and for 

many meaningful discussions. Hope you have a bright future in the academic world. 

Weria, Peter and Juanjuan, Thank you for the quiet and relaxing working environment 

and I really enjoy it.  

Masha and Antara, thank you for listening to my complaints about research and life. 

Bea, Anmara and Tamara, cannot thank you enough for helping me deal with the 

bureaucratic paperwork. 

Antara, Bart, Carsten, Fabian, Floris, Haleh, Helgi, Ignacio, Ilias, Jonathan, Josef, 

Juanjuan, Manel, Maria, Masha, Matthijs, Melanie, Paulo, Peter, Petteri, Pim, Riccardo, 

Sebastian, Tsjerk, Weria, Alex, Siewert, thank you for the helping me in my work and give me 

the best working environment in the world. 

My family, Yuchen Du and her family, thank you for always being there for me. 

Li Dai and Junjie Jiao, you were great roommates and the first two friends I had in 

Groningen. Thank you for the support and accompany. Wish you great careers in the future. 

Zhencheng Tang. ShiLin Chen, Shuqing He, Xilai Ma, Su Liu, Binyuan Liu, Shuai 

Feng, thank you for so much being more than friends. I wish I could meet you earlier. I hope you 

have good lives, even though some of you are leaving Groningen. 



Acknowledgement 

  

150 

 

YingYing Cong, Bing Jiang, Cong Duan, Binyu Peng, Yue Gu, Weihao Tang, Wanyi 

Zhang, Ke Zhen, Xin Yang, Yuxi Zhu, Mingqi Tu, thank you for so many crazy moments. My 

life in Groningen is more colorful with your company.  

Chentao Ji, Fei Wu, Jing Wu, Huala Wu, Yingying Wu, Yehan Tao, thank you for your 

so many happy hours.  

Undoubtedly, I may have forgotten to mention some people here. If it is you, I thank you 

here for helping me during my Ph.D.  

 


