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Abstract 

 

Cell membranes are composed of a variety of lipids and proteins where they interact with each 

other to fulfill their roles. The first step to model these interactions in molecular simulations is to 

have reliable mimetics of the membrane’s lipid environment. This Feature Article presents our 

recent efforts to model complex cellular membranes using all-atom force fields. A short review of 

the CHARMM36 (C36) lipid force field and its recent update to incorporate the long-range 

dispersion is presented. Key examples on model membranes mimicking various species and 

organelles are given. These include single-celled organisms like bacteria (E. coli., chlamydia, and 

P. aeruginosa) and yeast (plasma membrane, endoplasmic reticulum, and trans-Golgi network) 

and more advanced ones such as plants (soybean and Arabidopsis thaliana) and mammals (ocular 

lens, stratum corneum, and peripheral nerve myelin). Leaflet asymmetry in composition has also 

been applied to some of these models. With the increased lipid diversity in the C36 lipid FF, these 

complex models can better reflect the structural, mechanical, and dynamic properties of realistic 

membranes and open an opportunity to study biological processes involving other molecules.  
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Introduction 

The cell membrane is a complex mixture of lipids and proteins that can provide protection to the cell 

as a plasma membrane (PM) or define cellular organelles, e.g., endoplasmic reticulum (ER), trans-Golgi 

Network (TGN), and mitochondria.1 Although membrane-associated proteins have been a strong focus in 

research on cell signaling,2-4 molecular transport across cell membranes,5-8 and shuttles for lipid movement 

within/between organelles,9-13 proteins do not reside in a homogenous sea of lipids that form a bilayer. 

These cellular membranes are quite dynamic and can have hundreds of varied lipids that can phase separate 

into liquid ordered and disordered domains.1, 14, 15 These varied domains within a given organelle are 

believed to be important to certain functions of membrane-associated proteins. Ultimately, it is important 

to fully investigate the physical properties of cellular membranes to provide insight into an organelle’s 

evolved lipid composition or specifics to membrane-protein interaction. 

Key to understand the physical properties of realistic cellular membranes is obtaining the lipid 

composition of cells and organelles. 16-22 Original studies were on overall lipid compositions of entire cells 

like that done for yeast with mass spectroscopy.16 Experimental techniques to pull out individual organelles 

of the cell allow for improved quantification of cellular distribution of lipids.17 More recent lipidomic 

studies with enhanced resolution can provide detailed distributions of head groups and associated tails.16 

Moreover, cell membrane leaflets for many organelles are known to consist of varied concentrations of 

lipid head groups and acyl chains.1, 18 This was first quantified through biochemical studies (enzymatic 

modification, chemical modification, lipid exchange and physiochemical techniques) on a red blood cell 

(RBC) because it lacks organelles.18, 19 More recently, Lorent et al.20 extended past work on RBCs by 

enzymatic lipid removal and mass spectroscopy of 400 lipid species to quantify the head groups and acyl 

chains. The inner leaflet was shown to have approximately twofold more unsaturated when compared to 

the outer leaflet.  

The focus of this Feature Article is using computational modeling to probe cell membrane physical 

properties. Key to developing models and simulating the natural movement of lipids, is an accurate 

mathematical description of interactions between molecules. Once this is obtained, then Newton’s Second 

Law, 𝐹 = 𝑚 ∙ 𝑎 (force equals mass times acceleration), can be solved using the functional form for the 

force, known as a force field.  With experimental lipidomic studies, models of cellular membrane can be 

developed. Tools, such as CHARMM-GUI’s Membrane Builder23-26 and Insane27, have made the hard task 

building of complex cellular membranes more straightforward. Moreover, with increasing computational 

power, the ability to probe membranes with 5 or more lipid types that properly sample configurational space 

has made the study of realistic cellular membranes feasible. 
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This Feature Article will focus on our lab’s efforts in the field of cell membrane modeling and is not 

an exhaustive review of work from other labs, which can be found in other works.28-30 First, the development 

of accurate all-atom lipid force fields will be described and how these are key toward accurate modeling of 

cellular membranes. The second section will summarize our work on modeling bacterial membranes from 

the simple cytoplasmic membrane in gram-negative bacteria to the more complex outer membrane. 

Membrane modeling of a more complex single-celled organism, i.e., yeast, will be presented in the third 

section. Then, the fourth section presents our efforts in modeling plant membranes and the last section 

recaps some initial efforts toward modeling mammalian membranes.  

 

Importance of Accurate All-Atom Lipid Force Fields 

Introduction to Force Fields. Molecular simulations provide detailed information of the structure and 

dynamics of biological systems with proteins, lipids, sugars, and nucleic acids. A crucial part of the 

simulation is the force field (FF), which is the potential energy function to describe the interaction within 

the simulated system. In this Feature Article, we focus on the lipid FFs.31-47 Lipid molecules are amphiphilic 

with a hydrophilic head and hydrophobic tails, which enables them to act as a barrier between different 

biological environments where specific chemical reactions may happen to increase biochemical efficiency 

and restrict dissemination of reaction products.1 The development of a lipid FF is either targeted at the two 

major segments32, 48 or at smaller residues for each segment.37, 49 The parameterization procedure is usually 

a combination of theoretical calculations such as quantum mechanics (QM) and empirical adjustments using 

molecular dynamics (MD) simulations. Based on the modeling strategy, popular lipid FFs can be divided 

into four major groups – additive atomistic FFs, polarizable FFs, united-atom (UA) FFs, and coarse-grained 

FFs. The parameters associated with these FFs are harmonic bonded terms, dihedral terms, and nonbonded 

terms (electrostatics and van der Waals). In atomistic FFs,31-37 all atoms including hydrogens are assigned 

a mass and its own nonbonded parameters. Polarizable FFs can also model the induced dipoles for all the 

atoms in the system38 or the heavy atoms.39, 40 In a UA FF, selected hydrogens are lumped into their bonded 

heavy atoms forming the united atoms,41-45 so that the total mass and the effective nonbonded parameters 

are used for each united atom. For coarse-grained FFs, multiple heavy atoms are grouped together.46, 47 For 

more details about these FFs, please refer to the review article by Leonard et al.28 The choice of the lipid 

FF in simulations depends on the trade-off between efficiency and accuracy, the type of problem being 

solved, the compatibility with the non-lipid part of the simulated system and more. 

CHARMM36 and Diversity.  The potential energy for the all-atom CHARMM36 lipid FF can be written 

as 
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where r is the distance between two atoms, 𝜃 is the angle formed by three atoms, 𝜙 is the improper angle, 

𝜑 is the dihedral angle, 𝛿𝑛 is the phase shift for multiplicity n. In the CHARMM FF, a minimal number of 

dihedral terms is used to best represent the torsional profile, though the multiplicity can vary from 1 to 6. 

For the van der Waals interaction, CHARMM uses the Lennard-Jones (LJ) potential where Rmin is the 

distance at which the LJ potential (of a specific atom pair) reaches its minimum. The electrostatic interaction 

follows Coulomb’s Law where q is particle charge of atoms and ε0 is vacuum permittivity. 

The CHARMM36 (C36) lipid FF uses the particle-mesh Ewald (PME) method50 for the electrostatic 

interactions and a force-based switching function ranging from 8 to 12 Å for the LJ. This treatment for the 

LJ interactions was needed at the time of parameterization since there was no efficient algorithm for the 

long-range dispersion. However, the nonbonded terms, especially the electrostatic parameters, were 

carefully optimized to match surface area per lipid (Alip) for a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) bilayer and the aqueous solvation free energies of methylacetate (MAS) and dimethylphosphate 

(DMP). The initial parameterization focused on DPPC but was also tested against 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE), which is a monounsaturated lipid. The agreement with 

experimental Alip and head group structure (measured by the deuterium order parameters, SCD) for these 

lipids was outstanding. However, the isotherm of lipid monolayer Alip versus surface tension was not 

accurately modeled by this FF due to the lack of long-range dispersion. In the following years, more lipid 

head groups were added to the FF. These include a systematic parameterization of the non-bonded fix 

(NBFIX) terms between ions and the ester and carbonyl oxygens to incorporate phosphatidylglycerol (PG) 

and phosphatidylserine (PS) lipids, and the extensive tests on phosphatic acids (PA)51 and 

phosphatidylinositols (PI).52 Sphingolipids and ceramides have been parameterized and tested in a series of 

studies.53-55 Following the re-optimization of the ether linkage to increase bilayer hydration,56 parameters 

for plasmalogens (which contain a vinyl-ether and an ester bond at the sn-1 and sn-2 positions, respectively) 

were developed recently.57 Glycolipids and lipopolysaccharides (LPS) have also been developed and 

tested58-61 utilizing the CHARMM carbohydrate FF.62-65 Aside from this head group diversity, work has also 
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been focused on the varying lipid tails, i.e., polyunsaturated,66 branched,67 and cyclic-containing.68, 69 The 

C36 lipid FF also supports various sterols.70-72 

CHARMM36 LJ/PME. Long-range dispersion has been excluded from the potential energy in most FFs 

due to its relatively fast decay (∝ r−6 compared to ∝ r−1 for electrostatics). This is a reasonable treatment 

when the electrostatic interactions are dominant for the simulated system (for example, a water box) or 

when the properties of interest are not sensitive to the long-range dispersion.73 However, as mentioned in 

the previous section, the lack of long-range dispersion in the C36 lipid FF leads to the inconsistency between 

bilayers and monolayers. This is because the acyl chain/air interface in a monolayer system requires the 

long-range dispersion to reproduce experiment as indicated by studies using alkanes.74-76 This inconsistency 

was recently resolved by a re-parameterization77, 78 of the FF focusing on the ester and ether linkages to 

incorporate the long-range dispersion explicitly through the LJ particle-mesh Ewald (LJ-PME) method. The 

new FF was named C36/LJ-PME. Parameters for the acyl chain were not changed in this re-

parameterization since they already produce accurate densities of alkanes for a wide range of temperatures 

when using LJ-PME.74 It should be noted that there are alternative approaches to compensate for the long-

range dispersion such as the analytic long-range correction (LRC)32 and the pressure-based LRC.79 

However, LJ-PME is more rigorous and suitable for heterogeneous systems such as lipid bilayers and 

monolayers. Another benefit of C36/LJ-PME is the elimination of the LJ cutoff, which means the lipid FF 

can be used with other FFs parameterized with the long-range dispersion or ones that are not sensitive to 

the cutoff, such as a protein FF.73 

The parameterization of C36/LJ-PME initially focused on the PC head group and the ether linkage, and 

validation of the FF was extended to PE and PG lipids. Bilayers and monolayers simulated with C36/LJ-

PME showed good agreement with experimental structure data (scattering data and NMR deuterium order 

parameter) and NMR T1 relaxation times for varying carbon positions (both head group and acyl chain). An 

example of such a comparison is in Figure 1 where the Alip, head-to-head thickness (DHH), and monolayer 

surface tension compare favorably with experiment. However, lipid diffusion derived for the infinite system 

size is too fast (almost two-fold) compared to experiment. A semi-automated approach was used for this 

re-parameterization, which utilized thermodynamic reweighting to estimate the property sensitivity, and 

the change of parameter in each iteration was determined in a least-square manner. Parameter restraints 

were also added to the residual function to keep C36/LJ-PME close to C36. This approach greatly reduced 

the time needed to re-parameterize the FF and the whole parameterization took only a couple of months. 

However, there are pitfalls with such an automated method such as overfitting and sampling issues, and 

more about these problems were discussed in the original publication77 and a recent review.80 
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Figure 1. Area per lipid, Alip (a) and head-to-head distance, DHH (b) obtained from C36/LJ-PME simulation 

compared with experiment (Exp). Red circles are PC lipids, green upside-down triangles are PG lipids, blue 

triangles are PE lipids, black squares are ether lipids. Black diagonal lines represent the 95% confidence 

intervals of the experimental measurements. (c) Surface tension vs. Alip for DPPC monolayer obtained from 

simulation (C36/LJ-PME and C36) compared with experiment (Exp). 

 

To keep consistency with the other parts of the CHARMM FF, the TIP3P water model81, 82 was used in 

C36/LJ-PME. The addition of the long-range dispersion has negligible influence on the solvent-solvent and 

solvent-solute interactions since they are dominated by electrostatics, and this can be demonstrated by the 

radial distribution functions (RDFs) between water and lipid atoms, which remained unchanged when the 

long-range dispersion was added.77 However, there are known flaws of the TIP3P water model such as the 

too-fast diffusion and the failure to reproduce local structures accurately, though these are unavoidable for 

a three-point additive water model. While further development of C36/LJ-PME to incorporate more lipids 

is necessary, a better polarizable lipid FF with a better water model is in urgent need. Currently, popular 

simulation programs compatible with C36/LJ-PME are GROMACs,83, 84 CHARMM,74, 85 and OpenMM.86 

 

Summary of Membrane Properties Covered by this Review 

The following sections of this Feature Article will focus on our lab’s efforts in various biological 

membrane models. In the Bacterial Membrane Modeling section, the inner membrane (IM) of E. coli, 

Chlamydia trachomatis, and P. aeruginosa and the outer membrane (OM) of E. coli will be described. 

Yeast-like membrane models and yeast organelle membrane models for the ER, TGN, and the PM will be 

presented in Yeast Membrane Models section. The Plant Membrane will present the PM of soybean and A. 

thaliana. Ocular lens, Stratum Corneum, and Peripheral nerve myelin modeled membranes will be descried 

in the Mammalian Membrane Models section. Table 1 summarizes the important membrane properties, i.e., 

surface area per lipid (Alip), the head-to-head thickness (DHH), the overall bilayer thickness (DB), the 
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hydrophobic core thickness (2DC), and the area compressibility modulus (KA) of all membrane models 

presented in this work. The detail of models and other membrane properties can be found in the original 

reports. 

 

Table 1. Membrane Properties for Each Model. a 

Model Alip (Å2) DHH (Å2) DB (Å2) 2DC (Å2) KA (N/m) 

Bacterial Membrane      

E. coli IM Top6
68

 64 ± 1  37.3 ± 0.2 29.8 ± 0.1 0.34 ± 0.04 

E. coli IM early-log
101

 60.77 ± 0.02 37.73 ± 0.13 38.27 ± 0.12 30.62 ± 0.13 0.28 ± 0.02 

E. coli IM mid-log
101

 61.26 ± 0.04 38.00 ± 0.11 38.15 ± 0.03 30.36 ± 0.03 0.29 ± 0.01 

E. coli IM stationary
101

 62.48 ± 0.07 37.33 ± 0.07 37.07 ± 0.07 30.00 ± 0.03 0.31 ± 0.01 

E. coli IM overnight
101

 63.08 ± 0.17 37.00 ± 0.23 36.82 ± 0.10 30.09 ± 0.13 0.33 ± 0.03 

E. coli IM early-log (asym)
103

 60.86 ± 0.08b 62.46 ± 0.08c 39.07 ± 0.22 38.04 ± 0.06 28.96 ± 0.04 0.26 ± 0.01 

E. coli IM stationary (asym)
103

 62.41 ± 0.09b 64.05 ± 0.10c 38.53 ± 0.16 37.13 ± 0.09 28.66 ± 0.04 0.29 ± 0.01 

Chlamydia EB
67

 47.14 ± 0.06 44.1   0.583 ± 0.081 

Chlamydia RB
67

 49.45 ± 0.06 42.3   0.459 ± 0.007 

P. Aeruginosa IM Planktonic
69

 61.19 ± 0.25 41.1 ± 0.2 39.9 ± 0.2 30.4 ± 0.1 0.28 ± 0.02 

P. Aeruginosa IM Biofilm
69

 61.20 ± 0.22 40.3 ± 0.1 38.9 ± 0.3 29.7 ± 0.3 0.23 ± 0.02 

E. coli OM LPS-PL[36,100]
58

  182 ± 1d   24.7  

E. coli OM LPS-PL[37,100]
58

  177 ± 03d   24.8  

Yeast Membrane       

Yeast CPR∆1
23

 51.6 ± 0.2 43.0 ± 0.1    

yeast CPR∆1 sat
23

 44.6 ± 0.1 46.8 ± 0.6    

yeast CPR∆1 sat -γ10
23

 47.2 ± 0.3 45.8 ± 0.6    

yeast hypo
23

 48.8 ± 0.2 45.2 ± 0.8    

yeast ER1
71

 64.0 ± 0.4 37.8 ± 0.1 34.4 ± 0.2 29.1 ± 0.2 0.29 ± 0.02 

yeast ER2
71

 63.6 ± 0.4 37.4 ± 0.1 34.1 ± 0.2 29.3 ± 0.2 0.28 ± 0.02 

yeast TGN1
71

 60.6 ± 0.4 38.6 ± 0.1 36.4 ± 0.2 26.5 ± 0.2 0.28 ± 0.06 

yeast TGN2
71

 60.9 ± 0.4 38.4 ± 0.1 35.8 ± 0.2 29.7 ± 0.2 0.27 ± 0.02 

yeast PM1
71

 47.4 ± 0.2 43.4 ± 0.1 39.3 ± 0.2 34.4 ± 0.2 0.57 ± 0.06 

yeast PM2
71

 46.8 ± 0.3 44.4 ± 0.1 39.6± 0.2 34.9 ± 0.2 0.47 ± 0.08 

AVG-yeast
71

 47.3 ± 0.3 43.0 ± 0.1 39.9± 0.2 34.0 ± 0.2 0.34 ± 0.04 

Plant Membrane       

Soybean PM hypocotyl
72

 52.7 ± 0.2 42.7 ± 0.3 40.1 ± 0.1 32.0 ± 0.1 0.51 ± 0.07 

Soybean PM root
72

 51.9 ± 0.1 42.7 ± 0.1 39.3 ± 0.1 32.2 ± 0.04 0.57 ± 0.06 

A. thaliana PM plant 1
138

 43.66 ± 0.03b 48.03 ± 0.03c 

43.6 ± 0.4e 40.8 ± 0.2e 34.3 ± 0.1e 0.94 ± 0.04e A. thaliana PM plant 2
138

 42.53 ± 0.04b 47.50 ± 0.04c 

A. thaliana PM plant 3
138

 43.67 ± 0.04b 48.03 ± 0.04c 

Ocular Lens
144

 
     

PC:NSM 57.7 ± 0.2 43.40 ± 0.00 45.36 ± 0.12 33.63 ± 0.04  
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PE:NSM 58.5 ± 0.1 45.00 ± 0.14 45.39 ± 0.02 35.01 ± 0.04  

PC:NSM:CHOL 39.58 ± 0.03 47.80 ± 0.14 41.06 ± 0.01 36.17 ± 0.01  

PC:DHSM:CHOL 39.44 ± 0.03 47.20 ± 0.10 41.41 ± 0.04 36.25 ± 0.02  

PE:NSM:CHOL 40.79 ± 0.03 46.60 ± 0.14 40.95 ± 0.01 36.10 ± 0.01  

PE:DHSM:CHOL 40.70 ± 0.03 46.73 ± 0.14 41.12 ± 0.05 36.22 ± 0.04  

PE:PC:NSM:CHOL 40.35 ± 0.03 46.73 ± 0.14 41.12 ± 0.05 36.22 ± 0.04  

PE:PC:DHSM:CHOL 40.40 ± 0.03 46.13 ± 0.05 40.52 ± 0.10 35.56 ± 0.04  

Stratum Corneum Models
146

 
     

CerNS/Chol/LA XCER=0.20 31.18 ± 0.02 48.9 ± 0.2 48.07 ± 0.02 43.62 ± 0.03 3.9 ± 0.1 

CerNS/Chol/LA XCER=0.34 32.81 ± 0.01 49.1 ± 0.1 50.27 ± 0.03 44.4 ± 0.1 3.4 ± 0.1 

CerNS/Chol/LA XCER=0.50 34.50 ± 0.08 49.9 ± 0.2 52.7 ± 0.1 45.33 ± 0.03 3.78 ± 0.06 

CerNS/Chol/LA XCER=0.70 36.79 ± 0.03 51.1 ± 0.5 54.72 ± 0.02 46.4 ± 0.1 3.26 ± 0.03 

CerAP/Chol/LA XCER=0.20 31.18 ± 0.08 47.9 ± 0.2 48.4 ± 0.1 43.16 ± 0.04 3.9 ± 0.2 

CerAP/Chol/LA XCER=0.34 32.62 ± 0.07 48.6 ± 0.1 51.2 ± 0.2 43.98 ± 0.04 4.5 ± 0.2 

CerAP/Chol/LA XCER=0.50 34.53 ± 0.04 49.6 ± 0.1 53.3 ± 0.2 44.87 ± 0.01 4.2 ± 0.4 

CerAP/Chol/LA XCER=0.70 37.41 ± 0.06 50.2 ± 0.1 54.55 ± 0.01 45.6 ± 0.1 3.3 ± 0.1 

CerNS/Chol/LAP XCER=0.34 32.63 ± 0.0 49.7 ± 0.2 51.4 ± 0.1 44.7 ± 0.1 4 3.7 ± 0.1 

Peripheral Nerve Myelin
147

      

PI-containing, nondiabetic  47.66 ± 0.12 43.3 ± 0.2 42.4 ± 0.0 32.9 ± 0.0 0.42 ± 0.03 

PS-containing, nondiabetic  48.24 ± 0.08 43.5 ± 0.2 41.2 ± 0.1 32.8 ± 0.0 0.45 ± 0.02 

PI-containing, diabetic  58.51 ± 0.24 39.7 ± 0.1 40.0 ± 0.2 30.1 ± 0.1 0.20 ± 0.01 

PS-containing, diabetic  59.08 ± 0.37 40.1 ± 0.1 38.8 ± 0.2 30.0 ± 0.1 0.19 ± 0.01 

a Values are reported with the standard errors from the original article; the blank is shown if the value was 

not reported.  

b The Alip of the outer leaflet of the asymmetric membrane is reported. 

c The Alip of the inner leaflet of the asymmetric membrane is reported. 

d The surface area per Lipid A is reported. 

e The average from the three A. thaliana PM membranes is reported.   

 

Bacterial Membrane Modeling 

Bacteria offer a good starting point for membrane modeling because the diversity of lipids is reduced 

compared to eukaryotes. Traditionally, model membranes of bacteria were limited to two-component 

phospholipid (PL) mixtures of phosphoethanolamine (PE) and PG in simulation87-94 and experiment.95-100 

However, bacteria are known to produce lipids with varied acyl chain types. This section describes our 

efforts to model the inner and outer membranes of various bacteria. Our lab has developed advanced lipid 

bilayer models with accurate lipid diversity and leaflet asymmetry in compositions to reflect the realistic 

complexity of membranes that mimic the bacterial membranes. Models for the E. coli cytoplasmic 
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membrane or inner membrane (IM) constitutes PE and PG lipids in general with a cyclopropane ring in the 

fatty tail of lipids that increases in concentration from the early to the end of the bacterial lifecycle.68, 101 

Another gram-negative bacteria IM model, Pseudomonas aeruginosa, was developed for two states, biofilm 

and planktonic, in which the former is more resistant to environmental stress compared to the latter.69 While 

E. coli has acyl chains with cyclopropane moieties, we have also done modeling for Chlamydia trachomatis, 

containing methyl branches at the iso- and anteiso-positions of lipid tails focusing on its biphasic life cycle 

(elementary body, which enters and infects the host cell initially, and the reticular body, which 

metabolically more active).67 We also discuss our modeling of the asymmetric leaflet in lipid compositions 

for the well-known OM of E. coli58, 60, 102 and also the less understood IM.103  

 

Cytoplasmic Membrane of E. Coli. Bacterial inner membranes have been observed to consist of 70~80% 

PE, 10-20% PG and < 10% cardiolipin lipid (CL) from the experimental measurements.104-107 Initial 

membrane modeling typically consisted of a simplified two-component POPE/POPG bilayer.87-89 CL 

distributes in the polar and septal regions to induce curvature97, 108, 109 and is typically not included in typical 

IM bacterial bilayer models. These models match the main compositions of lipid head groups but ignore 

the lesser-known diversity of lipid tails. Pandit and Klauda68 were the first to develop IM models that 

considered the presence of a cyclic moiety in lipid tails. Quantum mechanics was used to develop dihedral 

potentials of the cyclopropane moiety of the 1-palmitoyl-2-cis-9,10-methylene-hexadecanoic-acid-sn-

glycero-3-phosphoethanolamine (PMPE) lipid. Bilayer simulations of PMPE resulted in excellent 

agreement with the deuterium NMR experiment for the SCD of the cyC19:0 acyl chain of l-palmitoyl-2-di-

hydrosterculoyl-sn-glycero-3-phosphoethanolamine (PDSPE) lipid. Consequently, these parameters were 

then used in simulations of a complex bacterial IM model of six lipid types (Top6 model) to represent the 

K12 CSH2 E. coli. The membrane model was developed with a 4.2 PE:PG ratio and included various fatty 

acid tails of 15:0, 16:0, 16:1, 18:1, and cyC17:0  in 7%, 40%, 8%, 10%, and 35%, respectively. The Top6 

model (identified as the overnight stage or the death stage) revealed that the bilayer is thinner and has less 

surface density and greater area compressibility modulus (KA) compared to the simple POPE/POPG 

membrane. The Top6 membrane also matched the hydrophobic length of known integral E. coli membrane 

protein better.  

To further our understanding of the IM of E. coli, the effect of lipid composition changes during the 

life cycle of E. coli on bilayer properties was probed.101 The models emphasized an increase in the 

percentage of lipids with cyC17:0 acyl chain at 0%, 18%, 53%, and 70% representing the earlylog, midlog, 

stationary, and overnight stages, respectively. This focused on E. coli’s two different regimes in its 

chronological development: the growth stages (earlylog and midlog) and the plateau stages (stationary and 

overnight). The membrane becomes less dense, lower chain order, and thinner from the growth stages to 
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the plateau stages. It also revealed that the Alip increases among lipids with cyC17:0 tails. Lipid diversity of 

complex E. coli IM models provides more accurate membrane properties with detailed molecular structural 

information during the developmental cycle of the bacterium and allows for studies on various applications 

such as studies of antibiotic transport across the IM or passive movement of ethanol across the IM.  

One such example application was our work that investigated the effects of engineering E. coli membrane 

with a strain-specified lipid concentration in our collaboration with the Jarboe group at Iowa State 

University.110 “In this work, the membrane modeling assisted to probe the impact of microbial membrane 

during a production of biorenewables. Bacterial membranes were constructed to match the lipid 

composition measurements of the evolved strain, as well as the control and exchange of the head group and 

tail of these two bacterial strains (hybrid models) for examining their impact on membrane properties.” 

These models were used to study membrane integrity (and permeability) by analyzing the surface density, 

thickness, order parameter, and KA. In water solvent, the head-to-head thickness of the PE-enriched (+pssA 

model) bilayer was larger than the control bilayer. In the presence of ~4.5 mol% ethanol solvent to simulate 

a microbial production environment, the Alip was higher in both models. The thicknesses significantly 

decrease in both models, except for the insignificant change in the hydrophobic core thickness of +pssA 

model, that indicated its resistance to permeation by ethanol. The evidence of the upper chain order 

parameter and electron density profile of the phosphate and carbonyl groups also concluded that the PE-

enriched E. coli IM membranes improve their tolerance in the ethanol solvent.      

Beyond lipid diversity, leaflet asymmetry in lipid compositions for the E. coli IM has been recently 

developed to consider its effect on lipid properties103 and influence on TM protein orientation due to the 

positive inside rule.111 The leaflet asymmetry reflecting the natural heterogeneous lipid mixture of cellular 

bilayers has been found in the cytoplasmic membrane of eukaryote on the local membrane region, so that, 

many studies are interested in remodel the asymmetric membrane and examination involving biological 

activities.112-116 However, asymmetry in the bacterial IM has also been hypothesized without direct 

lipidomics on leaflets due to the challenge of the experimental measurement. Leaflet asymmetric E. coli 

IM models of the earlylog and stationary stages have been constructed with a more negative-charged lipids 

(PG) on the inner leaflet than the outer leaflet, in which the PE/PG ratio was set to 2.8 and 6.8, respectively. 

The percentages of lipids with cyC17:0 acyl chain were at 0 and 51% in earlylog and stationary stage, 

respectively. During the chronological development of E. coli, like the previous probe in the four stages 

modeling, the similar results showed that the surface density was less, the thickness was thinner, and the 

deuterium order parameters were lower in the plateau stages, compared to the growth stages. Examining 

the asymmetric distribution of lipid composition across the leaflets showed less surface density, thinner, 

and more tilt and disordered lipid tails at the inner leaflet than the outer leaflet in both stages. While the 
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Alip, leaflet thickness, and tilt angle of hydrophobic tails act correspondingly by assuming a roughly constant 

leaflet volume, the deviation of these leaflet properties from the reference membranes (symmetric models) 

depends on the containing lipid components. Our simulations suggest that membrane properties in the 

asymmetric models are more dependent on the percentage of PG compared to the symmetric models. In our 

perspective, the leaflet asymmetry and lipid diversity with an appropriate mixture of various lipid types 

reflect a more realistic membrane that will provide a more accurate representation of the interaction, 

structure, and dynamics of membrane-associated molecules and orientation of membrane-associated 

proteins.  

 

Chlamydia. Early in our lab’s membrane modeling efforts, the cytoplasmic membrane of Chlamydia 

trachomatis was studied to probe the bacterium biphasic life cycle of the elementary body (EB) and the 

reticular body (RB) stages.67 The EB is a small cell type and occupies the host cell at the initial infection, 

whereas the RB is a larger cell type and metabolically active in the host cell. The mainly constituted methyl 

benched lipids results in highly stable bacterial bilayer and low permeability to water.117, 118 Initial modeling 

was performed with various PC lipids with methyl branches at iso- and anteiso-positions, including 1-13-

methylpen-tadecanoyl-2-palmitoyl-phosphatidylcholine (13-MpPPC), 1-14-methylpentadecanoyl-2-

palmitoyl-phosphatidylcholine (14-MpPPC) and diphytanoylphosphatidylcholine (DPhPC, methyl 

branches at the 3, 7, 11, and 15 positions in both fatty acid tails) that compared favorably with experimental 

measures. Briefly, the simulated Alip of 13-MpPPC, 14-MpPPC, and DPPC bilayer were 63.8 ± 0.2 Å2, 62.9 

± 0.2 Å2, 62.9 ± 0.3 Å2, agreeing with the experiment Alip of DPPC (63 ± 1.0 Å2). The calculated Alip of 

DPhPC were 76.1 ± 0.1 Å2 (298K) and 80.5 ±0.1 Å2 (323K), matching the measured Alip 76 Å2 (298 K) and 

80.5 ±1.5 Å2 (303.15K). The EDP has a very similar shape in both model and experiment of DPhPC bilayer 

and its peak-to-peak distance was 37.6 Å (calculation) and 36.4 Å (experiment); the average peak density 

was 0.428 e/Å3 (calculation) and 0.429 e/Å3 (experiment). The details of validation of methyl branches lipid 

membrane could be found in the original article.67 Therefore, we developed a model for this bacteria with 

a total of 9 lipid types containing PC, PE, PG, Chol at 28.8%, 34.4%, 3.2%, and 33.6% for EB and 32.8%, 

36.8%, 4.8%, and 25.6% for RB as well as variations in the acyl chains to match the experimental data.119 

The simulations used the updated C36 FF67 for the branched-chain topology. The result revealed that 

membranes containing lipids with methyl branches tend to increase lipid Alip, decrease chain order, increase 

KA, and increase lipid axial relaxation times.  The KA is different between EB and RB models. The higher 

moduli in EBs leads to a greater membrane stiffness, which we hypothesize makes it easier to penetrate 

host cells and less permeable to solutes as a metabolically inactive form.  
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Inner Membrane of Pseudomonas Aeruginosa. Aside from E. coli, we have also studied the cytoplasmic 

membrane of another gram-negative bacterium, Pseudomonas aeruginosa, in its planktonic and biofilm 

modes, which the latter is much more resistant to antibiotics compared to the former.69 Although membrane 

models for P. aeruginosa have been constructed experimentally to study the physicochemical properties,120-

122 a membrane modeling for P. aeruginosa was missing. In our lab, lipid diversity of symmetric P. 

aeruginosa IM models were developed to include lipids containing a cyclopropane moiety of sn-2 tail, 

namely, 1-palmitoyl-2-cis-11,12-methylene-stearic-acid-sn-glycero-3-phosphoethanolamine (PMSPE) and 

1-palmitoyl-2-cis-11,12-methylene-stearic-acid-sn-glycero-3-phosphoglycerol (PMSPG). The FF for the 

cyclopropane moiety of these lipids was adapted from the QM-based parameters for PMPE, which was 

developed for the IM of E. coli.68 This was further tested against deuterium NMR data of the sn-2 chain on 

a single PDSPE lipid membrane.69 The IM models consisted of a PE:PG ratio of 1.4 for both modes and 

included fatty acid chain 16:0, 16:1, 18:1, and cyC19 in 54%, 0%, 27%, and 19% for planktonic mode; in 

48%, 10%, 32%, and 10% for biofilm mode. While the surface area per lipid has no significant difference 

in both modes, the thickness (head-to-head, bilayer, and hydrophobic) of the planktonic membrane was 

thicker ~1 Å than that of the biofilm membrane. The hydrophobic thicknesses of the planktonic and the 

biofilm membranes were 30.4 ± 0.1 Å and 29.7 ± 0.3 Å, respectively, in good agreement with the average 

hydrophobic thickness of transmembrane proteins in the P. aeruginosa IM (30.4 ± 0.7 Å). The lipid 

relaxation time in the planktonic membrane is significantly longer than that in the biofilm membrane. The 

PMSPG lipid chain with a cyclopropane moiety (the sn-2 tail) has a higher order parameter at C19 but 

lower at C11 and C12 in the planktonic membrane, compared to the biofilm membrane. While the 

compression modulus has no difference in both modes, the modulus of P. aeruginosa IM is relatively 

smaller compared to E coli IM and Chlamydia trachomatis IM models. 

 

Outer Membrane of E. coli. In previous section, our modeling efforts on lipid composition leaflet 

asymmetry for the bacterial IM was presented and this section focuses on the more extreme case of leaflet 

composition asymmetry, i.e., the outer membrane (OM) of gram-negative bacteria The OM consists of LPS 

with varying lengths and sugars in the outer leaflet and PL in the inner leaflet. The structure of LPS contains 

a glycan polymer at the outermost domain, the core oligosaccharide, and lipid A having a phosphorylated 

glucosamine disaccharide with multiple acyl chains. Lipid A, as the lipid anchor to the outer leaflet of the 

OM, is known to have varied amounts of acyl chains (4-7) and varied chain length60, depending on the 

bacterial species and environments. The unique asymmetric OM of gram-negative bacteria functioning as 

a selective barrier and resistant shell allows the bacterium to survive in many harsh environments and resist 

antibiotics. Most OM modeling58, 60, 102, 123, 124 has been studied by a floating bilayer while the OM 

experimental models102, 124-127 have been created as supported lipid bilayer. Our lab has modeled 
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homogeneous lipid A bilayers in collaboration with Wonpil Im,58, 60 focusing on the topology, FF 

parameters, and membrane properties (Alip, the hydrophobic thickness, and the chain order), and 

investigated 21 distinct lipid types found in bacterial species. The various neutralizing ion types (Ca2+, K+, 

and Na+) affecting the membrane properties in terms of lipid diffusion coefficients, ion residence times, 

and KA) were also examined. The investigation revealed that the bilayer properties are mainly determined 

by the acyl chain number and chain length. The Alip increases as a function of chain number, and the 

hydrophobic thickness increases as a function of chain length. An observed correlation among the Alip, the 

hydrophobic thickness, and the chain order shown that as the order parameter increases, Alip decreases, and 

the membrane containing a highly ordered lipid A is thicker. Also, Ca2+ resides longer on the head groups 

of lipid A, resulting in a low lateral diffusion and high compressibility of lipid A.     

 

An E. coli OM model (LPS-PL bilayer) has also been developed for investigating the interactions 

between a transmembrane protein, OmpLA, and the lipid bilayer.58 The OM consisted of Lipid A, R1 core 

(without O-antigen polysaccharide) for the outer leaflet and a mixture of 1-palmitoyl(16:0)-2- 

palmitoleoyl(16:1 cis-9)-phosphatidylethanolamine (PPPE), 1-palmi-toyl(16:0)-2-vacenoyl(18:1 cis-11)-

phosphatidylglycerol (PVPG), and 1,10-palmitoyl-2,20-vacenoyl cardiolipin with a net charge of -2e 

(PVCL2) at a ratio of 15:4:1 for the inner leaflet. The structural properties of the E. coli OM showed that 

the hydrophobic thickness of the asymmetric LPS-PL bilayer (24. Å) is much thinner than the symmetric 

PL bilayer (28.3 Å) (the control) due to the thinner LPS leaflet.  The hydrophobic thickness of the E. coli 

OM model perfectly agrees with the average hydrophobic thickness of the known outer membrane proteins 

(~24 Å).128 Different lipid ratios of the asymmetric LPS-PL bilayer demonstrated no significant difference 

in the membrane area, density profile, and hydrophobic thickness but in changes in the chain packing, 

indicating the lipid self-adjusting mechanism allows the bacteria to alter the lipid ratio to keep membrane 

integrity. In terms of the modeling of OmpLA on membranes, the hydrophobic thickness of OmpLA is 

much better matched to that of the asymmetric LPS-PL bilayer than the symmetric PL bilayer. A thinning 

effect on the change of local membrane structure has been observed when the asymmetric bilayer facilitates 

OmpLA. The OmpLA loop movement analysis revealed that the reduced loop dynamics with LPS lipid led 

to a rigid secondary-structure formation and loop displacement, which is crucial for preventing pore 

formation across the barrel and keeping toxic molecules outside the OM.     

 

The above E. coli OM modeling has been also applied to explore the physical properties of synthesized 

OM mimetics in collaboration with Göran Widmalm and Wonpil Im.102 The bacterial OM model has been 

developed to include E. coli K12 lipid A with the K12 core sugars (without O-antigen) in the outer leaflet 

and DPPC in the inner leaflet to match the experimental model.125, 126 The study connected the MD 
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simulation and the neutron reflectometry by converting the number density distributions profile along the 

bilayer normal axis (z-axis) from the OM modeling to scattering length density (SLD) which is compatible 

with the measurement result of neutron SLD (NSLD).  Experimentally, the amount of DPPC that is in the 

inner vs. outer leaflet is unclear so a set of LPS-DPPC bilayers were simulated with various degrees of 

asymmetry ranging from 50% to 100% DPPC for the amount of DPPC in the inner leaflet. Noting that 

system LPS-DPPC50% represents the fully mixed symmetric bilayer system, whereas system LPS-DPPC100% 

represents the fully demixed system that consists of pure LPS in the outer leaflet and pure DPPC in the 

inner leaflet. The asymmetric membrane modeling result showed that the Alip for Lipid A and DPPC and 

hydrophobic thickness of membrane illustrated monotonic functions in the range between 50 to 90% of the 

degree of asymmetry, indicating the set of bilayer modeling was a perfect scaler for identifying the degree 

of asymmetry of the experimental samples. Examining the synthesized floating E. coli OM model 

membrane, the resulting measurement using the developed scaler for SLD revealed no significant difference 

in lipid composition between T=293 and 310 K, indicating temperature-induced lipid translocation across 

leaflets on heating is unlikely in this temperature range. On the other hand, the out-of-plane fluctuations 

(roughness) of membrane showed as a Gaussian width of 14.7 Å at 293 K, compared to 22 Å at 310 K, as 

the exception for thermal driven property.        

 

Yeast Membrane Models 

Membrane modeling of more complex eukaryotic organisms have also been investigated using MD 

simulation in our lab. Our first membrane modeling in this area was to develop a yeast-like membrane 

model using the early version of CHARMM-GUI Membrane Builder23 with the CHARMM27r FF. This 

early model of yeast membrane composited lipids that averaged between the ER and the PM with six 

different lipid types (available at the time): DPPC, DOPC (1,2-dioleoyl-sn-glycero-3-phosphatidylcholine), 

POPE, POPA (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatic acids), and POPS (1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphatidylserine), and cholesterol (CHOL). This yeast-like bilayer was remarkable for being 

the first yeast membrane model that contained some lipid diversity compared to the earlier models with 

only two PLs and cholesterol. This yeast-like bilayer model was taken to further investigate the permeability 

of some artificial receptors.94 Although the simulation time was relatively short (20-30 ns) compared to 

what is currently used (300 ns and more), the effects of lipid tail saturation, Chol concentration, and surface 

tension on membrane properties were examined. The results revealed that the Alip increases, the order 

parameter decreases, and the tilt angle of Chol increases as the concentration of unsaturated chains 

increases. 
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This initial modeling was updated to develop yeast organelle membrane models for the ER, TGN, and 

the PM71 with the more available lipid types and updated FF (C36). The models consisted of lipid head 

groups of PA, PC, PE, PI, PS and ergosterol (ERG) at various ratios: 5%, 12%, 13%, 12%, 18% and 40% 

for the PM bilayer; 4%, 47%, 13%, 23%, 3%, and 8% for the ER bilayer; 3%, 35%, 11%, 37%, 3%, and 

12% for the TGN bilayer. Phospholipids of 14 lipid types containing at least one monounsaturated tail and 

lengths vary from 16 to 18 carbons (16:0, 16:1, 18:0, and 18:1) and ergosterol, instead of cholesterol in the 

previous model, have been used to construct the yeast membranes. The Alip of models increased in order of 

PM < TGN < ER whereas the KA of models decreased in order of PM > TGN ~ ER. The PM model 

demonstrated less tilt of sterols and a higher order parameter in both tails that indicates a more ordered 

bilayer. The PM model is thicker in hydrophobic core thickness than ER and TGN models, matching with 

the estimation of hydrophobic regions of transmembrane proteins from the Orientation of Proteins in 

Membranes database. Besides general trends of the structural, mechanical, and dynamical behavior of 

membranes, these yeast organelle models provided an understanding of detailed lipid information, such as 

fatty acid tail ordering, which has been illustrated quite differently among specific compartments in the cell 

from the lipid diversity modeling. The result indicated that the inclusion of lipid diversity for bilayer models 

better described the lipid domain of the bilayer environment, providing more accurate membrane-

membrane and membrane-protein interactions for cell processes. 

 

 Plant Membrane Models 

Moving on from single-celled organisms, we have done research on more advanced organisms such as 

plants. Although it is well known that the major lipids for the plant PM are sterols, sphingolipids and 

glycerolipids,129 limited experimental data on the detailed lipid composition for plant species is available 

since the extraction and purification of the PM or certain lipids is challenging,130-132 and there are less 

simulation studies of plant PM72, 133 since the diversity of lipids requires a versatile lipid FF. With a wide 

range of lipids supported, the C36 lipid FF is now capable of modeling complex plant membranes. Soybean 

membrane models were constructed using a mixture of phosphatidic acid (PA), PC, PI, PE lipids and sterols 

and shown to be less compressible compared to the bacterial membranes. An asymmetric model for the 

Arabidopsis thaliana PM was also developed using glycerophospholipids, glycolipids and sitosterol. 

Glycolipids were put in the outer leaflet exclusively in this model and displayed favorable interactions with 

sitosterol, potentially promoting the formation of lipid rafts. 

Soybean Plasma Membrane. Zhuang et al.72 were the first to simulate a complex plant membrane model 

containing sterols. Membrane models based on experiments were built for the PMs (hypocotyl and root) of 
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soybean. The two models contain 9 and 10 different lipids including glycerophospholipids (GPLs), 

sitosterol and stigmasterol. The work also compared the complex model membranes to single-component 

linoleic acid-containing lipid membranes because linoleic-acid (18:2, cis-9,12) was present in all the GPLs 

of the complex models. Other acyl chains of the complex membranes are palmitic acid (16:0) and linolenic 

acid (18:3, cis-9,12,15). Note linoleic-acid and linolenic acid are polyunsaturated fatty acids (PUFAs) 

containing two or more double bonds.  

The root membrane has a slightly lower Alip compared to the hypocotyl due to more sterols and PA 

lipids with a small head group. The smaller head group of PA also allows more water penetration into the 

membrane so that a smaller overall thickness (DB), which measures water penetration, was observed for the 

root membrane. Using tilt angle and component surface area, the authors found stigmasterol is more upright 

in the root membrane, though the difference is small. Hydrogen bonding and lipid clustering were 

performed for the two model membranes, and it was found that the interaction between the sterols and 

GPLs is stronger than the interactions between GPLs. These analyses also indicated that the lipids of similar 

tail saturation prefer each other rather than the lipids with different tail saturations. The comparison with 

simple 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DLiPC, di-18:2, cis-9,12) lipid membrane showed a 

smaller component area of DLiPC in the hypocotyl membrane (62.3 ± 0.4 Å2 versus 70.7 ± 0.2 Å2) and a 

corresponding larger hydrophobic thickness (32.8 ± 0.2 Å versus 26.9 ± 0.03 Å), which suggested a tighter 

packing of the hypocotyl membrane. This tight packing was more directly measured by the SCD of DLiPC 

and was very likely caused by the ordering effect of sterol. KA for the soybean membranes (hypocotyl: 0.51 

± 0.07 N/m; root: 0.57 ± 0.06 N/m) is comparable to the yeast PM and about twice the KA of the E. coli 

cytoplasmic membrane, which can be explained by the sterols present in the soybean/yeast membranes but 

absent in the E. coli membrane. 

Arabidopsis thaliana Plasma Membrane. Realistic PMs of eukaryotic cells are asymmetric in terms of 

lipid composition between leaflets like the bacterial membranes. Although simplified asymmetric 

membrane models have been used in simulation studies,134-137 modeling asymmetric membrane in a more 

realistic manner remains challenging due to lack of experimental data. Yu and Klauda138 recently modeled 

the PM of Arabidopsis Thaliana leaves based on collective experimental studies.129, 131, 139, 140 The major 

lipid types detected in these experiments are GPLs, sphingolipids, and sterols. While the leaflet asymmetry 

was not directly determined, it is known that sphingolipids are primarily on the outer (apoplastic) leaflet 

due to biased lipid transportation.1 A simplification was made by Yu and Klauda138 to exclude sphingolipids 

from the inner (cytosolic) leaflet in order to model the lipidomic asymmetry. Five different GPLs, two 

different sphingolipids, and one sterol (sitosterol) were used in their model. The two sphingolipids (Figure 

2a), glucosylceramide (GluCer) and glycosyl inositol phosphoryl ceramide (GIPC), are characteristic 
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sphingolipids in plants and are also called glycolipids. Acyl chains of GPLs in the model were mostly 

unsaturated while the glycolipids contain more saturated tails. Two symmetric models (one for each leaflet) 

were built and simulated before combining them to form the asymmetric model (Figure 2b) using an area-

matching method. 

 

 

Figure 2. (a) Representation of a glycosyl inositol phosphoryl ceramide (GIPC) and a glycosylceramide 

(GluCer) from the Arabidopsis thaliana model membrane. Carbon in silver, oxygen in red, phosphorous in 

copper, nitrogen in blue. (b) The Asymmetric model for the PM of Arabidopsis thaliana. Carbon of GIPC 

and GluCer in green, carbon of sitosterol in yellow, carbon of glycerophospholipids in silver, oxygen in 

red, phosphorous in copper, nitrogen in blue, potassium ions shown as cyan spheres. 

 

Analyses on these membrane models (symmetric and asymmetric) indicated that the outer leaflet is 

more rigid and tightly packed compared to the inner leaflet, which is consistent with the higher portions of 

saturated tails and sitosterol. KA for the asymmetric membrane is 0.94 ± 0.04 N/m, which is almost two 

times the value for the soybean membranes. Considering the fluidity of PUFAs (more in the soybean 

membranes) and saturated tails (more in the Arabidopsis Thaliana membrane), this result is expected. 

Pressure profiles calculated for these membranes showed overall similarity between the inner and outer 

leaflets. The additional huge oscillations at ±10 Å from the center of the bilayer compared to pure 

GPL/sphingolipid bilayers indicated that the modification to the membrane mechanics by sitosterol is 

evident. It is worth noting that the spontaneous curvatures calculated for all these model membranes were 

negative, which suggested the importance of the interplay between lipids and membrane proteins. 

Clustering analysis and lipid raft analysis using hidden Markov modeling (HMM)141 suggested stronger 
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interactions between sitosterols and glycolipids than sitosterols and GPLs. Glycolipids were found to have 

unfavorable interactions between each other and the bridging role of sitosterol in raft formation was 

hypothesized. 

  

Mammalian Membrane Models 

Apart from plants, mammalian membrane models have been studied using the C36 lipid FF in our lab. 

Unlike plants whose major sphingolipids are glycosphingolipids, mammalian membranes contain more 

sphingomyelins (SMs) and ceramides (CERs).142, 143 The lipid composition can vary wildly depending on 

the species and organelles, which is evident from our models for ocular lens,144 stratum corneum (SC)145, 

146 and peripheral nerve myelin.147 The modeling of ocular lens focused on the influence of CHOL fraction 

and SM species where CHOL% ranged from 0 to 73 in the context of equal GPL/SM concentration. Two 

sets of models were developed for the SC, corresponding to the short periodicity phase (SPP) and the long 

periodicity phase (LPP). Both the SPP and LPP are repeating units based on X-ray diffraction,143, 148 

although the SPP is characterized as a simple bilayer while the LPP has a sandwich-like structure.149 The 

study of the SPP covered a wide range of CER concentration and examined the effects of CER 

hydroxylation and free fatty acid (FFA) protonation. The sandwich model for the LPP initially proposed by 

the group of Bouwstra149 consists of two bilayers surrounding a fluid interior slab, and further investigation 

suggested that CHOL is not present in the interior.150 Our models captured these main features and 

replicated the compositions used by two experiments so that direct comparisons were possible. Modeling 

of rat peripheral nerve myelin in our group focused on the effects of CHOL concentration and PI vs. PS 

inspired by the dysfunction that occurs in diabetic individuals. 

Ocular Lens. Simple ocular lens membrane models were developed by Adams et al.144 An important 

feature of ocular lens membrane is the large portion of CHOL, which accounts up to 73% in these models. 

Adams et al. used two different SMs, namely dihydrosphingomyelins (DHSM) and N-nervonoyl-D-

erythro-sphingosylpho-sphorylcholine (NSM), to explore the influence of the double bond at the beginning 

of the sphingosine chain. They also compared the complex membranes containing four lipid types (PC, PE, 

SM, and CHOL) to simpler mixtures with or without CHOL/PC/PE. Adding cholesterol to the system led 

to more compact membranes reflected by the reduced component surface area and the prominently 

increased SCD for SM/PC/PE. While most membrane properties were not significantly or directly influenced 

by the change from NSM to DHSM, the double bond of NSM reduced the flexibility for both the 

sphingosine and fatty acid chains so that deeper penetration of the NSM methyl was observed. DHSM also 

affected the membrane structure indirectly by altering the tilting of CHOL and the function of PE such as 
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hydrogen bonding with CHOL. Although the models presented in this study are simple, it provided a 

baseline for future simulations of more accurate ocular lens membrane models. 

 

Stratum Corneum Models. Stratum corneum, which is the outer layer and the primary barrier of the skin, 

has two major components: corneocytes and the surrounding lipid matrix.151 Existing simulations of the SC 

vary in many aspects such as lipid composition, protonation state of the FAA, number of layers, hydration, 

and FF. In a series of related studies,54, 145, 146, 152 Wang and Klauda modeled and simulated the SPP145, 152 

and the LPP146  with the C36 lipid FF and compared their results with experiments and simulations using 

other FFs.153-156  

The SPP model from Wang and Klauda is a ternary mixture composed of N-lignoceroylsphingosine 

(CerNS)/α-lignoceroylphytosphingosine (CerAP), FFA and CHOL. The effects of CER concentration, CER 

hydroxylation (CerNS vs. CerAP) and FFA protonation were thoroughly investigated.145 Among the three 

factors, CER concentration and hydroxylation were found to have more comprehensive influence on bilayer 

properties, while FFA protonation mostly induced significant changes in FFA-specific properties. For 

example, increasing the CER concentration induced decrease in component surface area for all the three 

lipids and increased SCD for both FFA and CER (fatty acid chain). CER hydroxylation was found to have 

prominent influence on hydrogen bonding. A more-than-two-fold increase in hydrogen bonds per lipid for 

CER was observed when hydroxylated, and the corresponding increases were 14% for CHOL and 30% for 

FFA. The work has also discussed the differences in the NSLD profiles between simulation and 

experiment.157 The acetate buffer used in the experiment could bind to the lipid head groups and cause 

widening of the head group peak around ±25 Å. Additional peaks at ±8 Å in the simulated profiles were 

potentially due to the increased disorder at the bilayer center, while in experiment the ends of the fatty acid 

tails protruded straight though the center and met the sphingosine chains of the opposite leaflet. 

Models in bilayer-slab-bilayer (sandwich) structures for the LPP were simulated with the C36 lipid FF 

by Wang and Klauda, along with umbrella sampling simulations using select models (including SPP 

models) to study ethanol permeation through the lipid matrix. The major difference in lipid composition 

compared to the SPP is that 30-linoyloxytriacontanoic acid-[(2S,3R)-1,3-dihydroxyoctadec-4-enyl]-amide 

(CerEOS) is present in these models, which contains a long fatty acid chain (48 carbons). For each model, 

one monolayer with randomly selected lipids flipped to create a bidirectional slab was put at the middle and 

two bilayers were put at two sides to form a sandwich structure. CerEOS was only present in the outer 

leaflet of the bilayer and CHOL was excluded from the central slab. The study found increased CerEOS 

concentration can induce melting of the central slab. Different conformations for CerEOS (hooked and 
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extended) and CERs with shorter fatty acid chain (hairpin and extended) were observed and the time scale 

of transition between different conformations is typically tens of nanoseconds. Comparison with 

experimental density profiles indicated a thinner central slab in simulation which can be explained by the 

greater interdigitation among the slab lipids. The phase change of the central slab with varying CerEOS 

concentration was found to influence the energetics of ethanol permeation, with the central well of the PMF 

lowered for the disordered phase. However, the overall shapes of the PMF for different LPP models were 

similar and indicated a leapfrog mechanism of ethanol permeation in the LPP. 

Peripheral Nerve Myelin. Myelin sheath has a multilayered structure and is a critical component of both 

central and peripheral nerves.158 Yuan et al.147 modeled the myelin sheath of rat sciatic nerves in a simplified 

one-layer and symmetric fashion. Four models were built and simulated with the C36 lipid FF to investigate 

the influences of PI vs. PS and diabetes on membrane properties. The diabetic models contain significantly 

less cholesterol (13-14%) compared to the non-diabetic models (36-37%). The lowered cholesterol 

concentration induced a less rigid and thinner membrane measured by the lateral compressibility and a 

looser lipid packing which was reflected by both the component surface area and SCD. The increased fluidity 

of the diabetic membrane agrees with the electron spin resonance spectroscopy study by Zuvic-Butorac et 

al.159 and corresponds well to reports of diabetic myelin sheath being more prone to damage.160, 161 The 

decreased cholesterol content in the diabetic membranes also induced more tilt of the sugar ring in 

galactosylceramide (GalCer) toward the bilayer surface due to increased inter-lipid hydrogen bonding with 

phospholipids, which can further deteriorate the myelin sheath in a multilayer context because of the 

decreased chance for GalCer to form hydrogen bonds with the opposing layers. Compared to the PI-

containing membrane, PS lipids resulted in a slightly less rigid membrane, but the influence was subtle 

compared to the disease condition. 

 

 

Conclusion 

This Feature Article has reviewed our work on cell membrane modeling, involving continuous 

development of the C36 FF for a diversified set of lipids leading to multi-component lipid bilayer models 

that contain leaflet asymmetry in composition, reflecting realistic biologic membranes. For our updates to 

the C36 FF, we include various lipid head groups of phospholipids (PC, PE, PG, PS, PA, and PI), 

sphingolipids, ceramides, glycolipids, lipopolysaccharides, and lipid fatty acid chains (polyunsaturated, 

branched, and cyclic-containing), using the QM-based parameters and verified by available experimental 

data for structural and mechanical properties. These efforts remove the limitation of parameterized lipids 
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and lead to developing species-specific lipid bilayers for general availability in the field. Several realistic 

membrane models of bacteria (gram-negative bacterial outer membranes and cytoplasmic membranes), 

single-celled organism (yeast organelle membranes), plant (PM of soybean and Arabidopsis thaliana), and 

mammalian (ocular lens, stratum corneum, and peripheral nerve myelin) have been developed focusing on 

comprehensive diversity in lipid head group and fatty acid chains and initial leaflet asymmetry in 

composition recently in our lab. These models better reflect the structural and mechanical properties of 

membranes composed of varied compositions when compared to available experimental data. They also 

demonstrate the capability of lipid diversity and leaflet asymmetry in modeling lipid bilayer for many 

species and provide the detailed molecular information for natural and engineered cellular bilayers. 

Our recently updated C36/LJ-PME improves the accuracy of the FF by adding the long-range 

dispersion and eliminates the FF’s dependence on the LJ cutoff, which are particularly beneficial for 

heterogeneous lipid bilayers and monolayers while imposing minimal effects on systems insensitive to the 

cutoff (i.e., proteins). This updated FF demonstrates good agreement in lipid packing and relaxation time 

at various carbon positions and will prompt accurate simulations of protein or other macromolecules 

interacting with monolayers and bilayers. On the other hand, biomembrane models focusing on leaflet 

asymmetry in lipid composition have been constructed and simulated for the E. coli IM (without sterol) and 

Arabidopsis thaliana PM (with sterol) which vary in composition between the inner and outer leaflets. A 

more extreme case for leaflet asymmetry, the E. coli OM, has also been modeled. This leaflet asymmetry 

in composition can lead to variations of leaflet properties as observed in the asymmetric E. coli IM and 

Arabidopsis thaliana PM. Moreover, modeling leaflet asymmetry improves the ability to describe the 

natural bilayer and how lipid composition and asymmetry influences biological processes. For example, 

TM proteins orient in the membrane by the positive inside rule to match with the more negative-charged 

lipids that exist at the inner leaflet.  

Accurate and diverse FFs for lipids allow for more realistic bilayers reflecting a native-like setting for 

complex biological processes and provide estimates for the structural, mechanical, and dynamic properties 

of the modelled cellular membrane. The current field is now at a state that we can begin to develop accurate 

model membranes of organelles in simple to complex organisms. Ultimately, it will be important to simulate 

larger membranes in longer timescales with proteins, nucleic acids, and carbohydrates using all-atom FFs 

and the next-generation polarizable FFs that future developments in improving computing power will 

enable. This future work will help us understand the heterogeneity and dynamics of realistic membranes 

and the elaborate interplays between these macromolecules leading toward potentially models that represent 

whole organelles and even cells. 
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