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ABSTRACT 

The current Chemistry at Harvard Molecular Mechanics (CHARMM) force field cannot accurately describe the proper-
ties of unsaturated phospholipid membranes. In this paper, a series of simulations was performed in which the Lennard- 
Jones (L-J) parameters of lipid acyl chains of dioleoylphosphatidylcholine (DOPC) were systematically adjusted. The 
results showed that adjustment of the L-J parameters in lipid acyl chains can significantly improve the current 
CHARMM force field. It was found that the L-J parameters have different influences on the order parameters of the top 
half and bottom half of the chain, separated by the cis double bond. The order parameters of the top half and the bottom 
half of the chain are related to the area/lipid and the length of the chain, respectively. 
 
Keywords: Molecular Dynamics; Simulations; DOPC; Lipid Bilayers 

1. Introduction 

The functioning of living biological systems is directly 
dependent on the structure of biological membranes [1] 
and [2]. The main structural component of biological 
membranes is a liquid-crystalline lipid double layer. De- 
pending on the properties of their interactions with the 
bilayer, proteins or peptides can either insert into or at- 
tach to the bilayer, which in turn can activate or prevent 
the biological functions of proteins or peptides. As a result 
of rapid advances in the capabilities of computational 
hardware and simulation software, biological membrane 
systems have been studied extensively using molecular 
dynamics (MD) simulation methodology [3-12].  

Significant progress has been made in the development 
of software and force fields. CHARMM (Chemistry at 
Harvard Molecular Mechanics) and GROMOS (Univer-
sity of Gronizn Atom. Simulations of lipid bilayers at 
various hydrations have been performed in different en- 
sembles, such as NPAT (constant normal pressure and 
lateral surface area of membranes and constant tempera- 
ture) [8,13,14], NPγT (constant normal pressure and lat- 
eral surface tension of membranes and constant tem- 
perature) [15-19] and NPT (constant number of mole- 
cules, constant pressure, and constant temperature) en- 
sembles [5,20-23]. Data from the literature show that  

GROMOS simulations yielded good values of area/lipid 
but shorter d-spacing in comparison with experimental 
data, e.g. 71.1 Å2/35.08 Å [5] and 70.55 Å2/35.8 Å [24] 
versus the experimental data of 72.5 Å2/36.9 Å for the 
dioleoylphosphatidylcholine (DOPC) bilayer [25], 59.2 
Å2/49.7 Å [3] versus 59.3 Å2/49.1 Å [26,27] at 66% RH. 
On the other hand, CHARMM simulations produced 
smaller values of area/lipid and wider spacing distances 
in the NPT ensemble, e.g., 56.6 Å2/50.4 Å [6] versus the 
experimental data of 59.3 Å2/49.1 Å at 66% RH [26,27], 
which suggests that the temperature of the bilayer is 
lower and the hydrocarbon chains of the lipid are less 
flexible than observed experimentally. Since the area/lipid 
and d-spacing are of fundamental importance for the struc- 
ture properties, a more realistic and effective all-atom 
force field that can more Accurately reproduce these two 
characteristic properties is highly desirable.  

This paper discusses simulations of a DOPC bilayer 
that were performed with modified van der Waals inter-
action parameters to show that adjustment of the Len- 
nard-Jones (L-J) parameters of the carbon atoms in the 
hydrocarbon chains alone can significantly improve the 
current all-atom force field for lipid bilayers.  

2. Methods 

MD simulations of DOPC bilayer systems were carried *Corresponding author. 
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out in the NPT ensemble. The system is fully hydrated 
(128 DOPC molecules and 6483 tip3p water molecules, a 
total of 37113 atoms). The CHARMM MD program [28] 
version 28 with the CHARMM27 force-field parameters 
(toppar_c31b1.tar.gz, http://mackerell.umaryland. edu/C- 
HARMM_ff_params.html) was used for the initial system 
setup and for some analyses. The NAMD (Nanoscale 
Molecular Dynamics) MD program [29] version 2.6 was 
used with the same force-field parameters given above 
for the equilibrium and production runs. The temperature 
was maintained at 303 K by means of Langevin dynam-
ics using a collision frequency of 5/ps. A fully flexible 
cell constrained to an orthorhombic system at a constant 
pressure of 1 atm was applied by means of the Nosé- 
Hoover Langevin Piston method [21] and [30] as imple- 
mented in the NAMD program. The van der Waals in- 
teractions were switched smoothly to zero over the re- 
gion 10 - 12 Ǻ, and the PME method was applied for the 
calculation of electronic interactions. A neighbor list was 
kept to 13.5 Ǻ and updated every 10 steps. The time step 
was 2 fs. The DOPC molecule was built using the in- 
sightII program (InsightII version 2001) [31] and opti- 
mized in bulk. A library of DOPC molecules was gener- 
ated by randomly rotating the DOPC molecule. The bi- 
layer system was constructed according to the protocol 
from Roux et al. [4] [11]. In order to fully relax the polar 
head groups and hydrocarbon chains of the lipids, the 
initial system was heated up to 500 K from 303 K in a 
period of 80 ps. The system stayed at 500 K for 200 ps 
and was then cooled down to 303 K within 80 ps. The 
subsequent equilibrium and production runs, with differ-
ent parameters for the carbon atoms in the hydrocarbon 
chains, were carried out for 8 - 20 ns. Data averages and 
error estimations were taken from the last 4 ns trajecto- 
ries. Uncertainties were estimated by the block averages. 

3. Results and Discussion 

The periodic simulation box contained 128 DOPC lipids 
(64 per monolayer) and 6483 water molecules in a full 
hydration of the bilayer (≈50.6 water molecules per lipid). 

The system was first simulated with the CHARMM 
c31b2 force-field parameters at 303 K in the NPT en- 
semble and then simulated with modified L-J parameters 
for the carbon atoms in the hydrocarbon chains at which 
experimental values of the DOPC bilayer are available. 
The simulation yielded A = 69.15 ± 1.27 Ǻ2 for area/lipid 
and Dp-p = 37.47 ± 0.37 Ǻ for phos- phate-phosphate dis-
tance, respectively. The area/lipid was calculated by the 
area of the simulation box divided by the number of lip- 
ids per monolayer.  

The area/lipid value is about 4.6% smaller than the 
experimental value of 72.5 [25], and the d-spacing is 
about 1.5% wider than the experimental value of 36.9 
[25]. In order to investigate the influence of the hydro- 
carbon chains on the bilayer structure, a series of simula- 
tions was performed with the change of the L-J parame- 
ter ε or parameter Rmin/2 for the carbon atoms in the 
chains. There are six energy and size L-J parameters for 
carbons in three different groups in the chains, namely, 
the methylene group (-CH2-), the alkene group (-CH= ) 
and the methyl group (-CH3), respectively. The simula- 
tion values of the area/lipid and the distance between 
phosphate atoms on the opposite monolayers are pre- 
sented in Table 1.  

Comparison of the Sys#2 with the Sys#1 in Table 1 
shows that the reduction of the parameter ε for the carbon 
of the methylene group (-CH2-) in the chains signifi- 
cantly increased the area/lipid of the bilayer. With a de- 
crease of 50% of ε alone, the area/lipid increased to the 
experimental value. At the same time, the chains ex- 
panded, which is in contradiction to the intuitive expec- 
tation of a decrease because more subsequent systems, in 
which the parameter ε for the carbon of the methylene 
group was kept the same as in Sys#2. The L-J parameter 
Rmin/2 free space is available for the chains to move. 
Sys#2 was used as a reference system and Rmin/2 was re-
duced by 10% in Sys#3. The reduction of Rmin/2 for the 
carbon of the methylene group increased the value of the 
area/lipid, whereas the length of the chains changed lit- 
tlein comparison with the values from Sys#2. The ε  

 
Table 1. Simulation values of DOPC bilayers with modified L-J parameters for hydrocarbon chains. 

System CTL2 CTL3 CEL1 Time A Dp-p 

 ε Rmin/2 ε Rmin/2 ε Rmin/2 ns Å2 Å 

1 –0.056 2.01 –0.078 2.04 –0.068 2.09 10 69.15 ± 1.27 37.47 ± 0.37 

2 –0.028 - - - - - 12 72.62 ± 1.45 39.16 ± 0.52 

3 –0.028 1.91 - - - - 8 73.62 ± 1.50 39.06 ± 0.52 

4 –0.028 - –0.0936 - - - 12 73.32 ± 1.02 38.62 ± 0.42 

5 –0.028 - - 2.01 - - 12 72.39 ± 0.89 39.23 ± 0.36 

6 –0.028 - - - –0.034 - 8.5 73.10 ± 1.11 39.45 ± 0.43 

7 –0.028 - - - - 2.01 8.0 71.92 ± 0.98 39.13 ± 0.35 

8 –0.0392 1.9095 –0.0936 2.142 - - 20.0 72.01 ± 0.71 38.44 ± 0.29 
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parameter for the carbon of the methyl group (-CH3) in- 
creased 20% in Sys#4. This change produced a larger 
value of area/lipid and a shorter length of chains com- 
pared with Sys#2. The decrease of Rmin/2 of the carbon in 
the methyl group reduced the value of the area/lipid and 
increased the chain length slightly in Sys#5 compared 
with Sys#2. In Sys#6 the ε parameter for the alkene 
group (-CH=) was reduced 50%. This increased both the 
values of the area/lipid and the p-p distance compared 
with Sys#2. The reduction of Rmin/2 of the carbon in the 
alkene group reduced the area/lipid and produced very 
small changes in the chain length. The corresponding 
lipid scd order parameters are shown in Figure 1.   

It is interesting to note that the L-J parameters do not 
affect the flexibilities of the hydrocarbon chains uni- 
formly. Figure 1 shows that the modified parameters 
made the first half of the hydrocarbon chains (C2-C8) 
more flexible (scd smaller) but the second half of the 
hydrocarbon chains (C9-C14) more rigid (scd higher) in 
comparison with the original parameters in charmm 
C31B2. From the figure we can conclude that the surface 
area or area/lipid changes were mainly contributed by the 
properties of the first half of the hydrocarbon chains. The 
second half of the hydrocarbon chains contributed to the 
extension of the chains.  

A long simulation was done for a system in which four 
L-J parameters were changed in order to obtain a shorter 
chain length (Sys#8 in Table 1). Figures 2 and 3 show 
the order parameters and the electron profiles of the 
modified system and the system with the original CHARM 
force field, respectively. Figure 3 shows that the system 
with modified parameters has wider and deeper electron 
density profiles than the one with the original parameters. 
Wider profile and less electron density in the hydrocar- 
bon core range corresponds to a larger Dp-p value. When 
the L-J parameters of the carbon atoms in the hydrocar- 
bon chains are adjusted, the fundamental structure prop- 
erties, such as area/lipid and d-spacing, can be described 
more accurately. Certainly many combinations of the 
 

 

Figure 1. Order parameters of the hydrocarbon chains. 

parameters could be found to reproduce the experimental 
value within the experimental uncertainties. The advan- 
tage to having an effective potential based on the modi- 
fication of the L-J parameters is that it is simple and the 
properties depending on long-range interactions will not 
be affected. It is arguable whether the surface pressure 
exists in a bilayer system or whether the introduction of 
the surface pressure parameter γ is due to the imperfect- 
tion of the effective potentials. The reproduction of the 
experimental structure properties by modification of the 
L-J parameters indicates that the surface pressure effect 
might be included in these parameters if there are any sur-
face pressures in these systems.  

4. Conclusion 

The effect of the Lennard-Jones (L-J) parameters of 
DOPC lipid acyl chains on the area/lipid and length of 
chains has been investigated by MD simulations. It was 
found that the L-J parameters have different influences on 
the order parameters of the top half and bottom half of 
the chain, separated by the cis double bond. The order 
parameters of the top half of the chain are directly related 
to the area/lipid, whereas the order parameters of the  
 

 

Figure 2. Order parameters of Sys#1 and Sys#8 in Table 1. 
 

 

Figure 3. Electron density profiles of Sys#1 and Sys#8 in 
Table 1. 
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bottom half of the chain are directly related to the length 
of the chain. It is possible to adjust a few L-J parameters 
on the acyl chains to obtain more accurate structure 
properties of lipid bilayers.  
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