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Biomembranes surround cells: a membrane separates the interior of a cell from the outside 
environment. Being selectively permeable, membranes participate in control of the movement of various 
compounds (substances) into and out of cells. Biomembranes are very complex heterogeneous systems 
consisting of many different types of lipids, sterols, proteins, carbohydrates and various membrane 
associated molecules which are involved in a variety of cellular processes. Consequently, membranes play 
an active part in the life of the cell, they exist as dynamic structures. Lipid molecules differ with respect to 
the type of hydrophilic head-group and occur with a wide variety of hydrophobic hydrocarbon chains of 
fatty acids (FAs). Usually the most abundant phospholipid in animal and plants is phosphatidylcholine 
(PC), it is the key building block of membrane bilayers. Knowledge of physical-chemical properties of 
lipid bilayers is a key element of our general understanding of biomembrane functioning, which is one of 
the greatest challenging problems in biochemical, biophysical and biomedical sciences. This information is 
also relevant and essential in new biotechnological and biomedical applications. 
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Experimental measurements of structural and dynamical properties are obtained as averages over a 
large number of lipids and over a certain time interval, which not always can give an unambiguous picture 
of individual lipids and their interactions. During the last decades computer simulations have become a 
well established tool of modern investigations of molecular structure. Monte Carlo (MC) or molecular 
dynamics (MD) can provide three-dimensional real-time imaging of the system with atomistic-level 
resolution, and hence can give essential structural and dynamical information which otherwise is hardly 
accessible by any experimental method. The rapid development of the accessible computer power has 
made simulations of more and more complicated systems feasible, and allowed also increase the size of the 
simulated systems. The amount of works on simulations of lipid membrane systems has increased 
tremendously, and a number of reviews appeared accounting for this in the past decade (Damodaran, Merz, 
1994; Mouritsen, Jørgensen, 1994; Pastor, 1994; Mouritsen et al., 1996; Jacobsson, 1997; Merz, 1997; 
Tieleman et al., 1997; Tobias et al., 1997; Berendsen, Tieleman, 1998; Feller, MacKerell, 2000; Feller, 
2000; Forrest, Sansom, 2000) and more recently (Feller, 2001; Tobias, 2001; Scott, 2002; Hansson, 2002; 
Saiz, Klein, 2002; Saiz et.al., 2002; Vigh et. al., 2005; Chan, Boxer, 2007; Vermeer et al., 2007; Feller, 
2008; Marrink et al., 2009; Pandit, Scott, 2009). 

It was mentioned that a typical biological membrane contains many species of lipid molecules, with 
different head groups and hydrocarbon tails. The most commonly occurring FA chains may contain 1 – 6 
carbon – carbon double bonds of the cis configuration in different positions. In most cases, at least half of 
the FA chains are unsaturated. The double bonds of polyunsaturated (PU) chains are, as a rule, methylene-
interrupted. The PUFA tails of lipids are of great importance for the structure and functioning of 
biomembranes (Dratz, Deese, 1986; Rabinovich, Ripatti, 1994; Gawrisch et al., 2003; Stillwell, Wassall, 
2003; Rabinovich et al., 2003; Valentine, Valentine, 2004; Feller, Gawrisch, 2005; Gawrisch et al., 2008; 
Stillwell, 2008; Wassall, Stillwell, 2009). Docosahexaenoic acid, 22:6(n-3)cis, is the longest and most 
unsaturated FA commonly found in nature. It is known that membranes that are active metabolically have 
high levels of PU chains. PU chains have been linked to the great number of biochemical processes, to an 
enormous variety of human afflictions. Evidently the basis of these phenomena is the specific chemical 
structure of PU chains, which results in their specific physical properties, which are in its turn cause their 
specific functioning in living organisms. Full understanding of the effects of lipid unsaturation on various 
physical properties of membranes at the molecular level, affecting their functioning, is not yet achieved. 
The mechanisms of many biological functions of PUFAs remain a subject of much debate.  

We have carried out series of MD simulations of 16 hydrated liquid crystalline phase PC bilayers 
consequently changing the number of double bonds in the sn-2 chain of phospholipids with sn-1 saturated 
and sn-2 unsaturated chains: 18:0/18:1(n-9)cis PC, 18:0/18:2(n-6)cis PC, 18:0/18:3(n-3)cis PC, 
18:0/18:4(n-3)cis PC, 18:0/18:5(n-3)cis PC, 18:0/20:4(n-6)cis PC, 18:0/20:5(n-3)cis PC, 18:0/22:6(n-3)cis 
PC, 16:0/18:1(n-9)cis PC, 16:0/18:2(n-6)cis PC, 16:0/18:3(n-3)cis PC, 16:0/18:4(n-3)cis PC, 16:0/18:5(n-
3)cis PC, 16:0/20:4(n-6)cis PC, 16:0/20:5(n-3)cis PC, 16:0/22:6(n-3)cis PC. The main goal was to study 
their physical properties and the features of PU bilayers.  

The main idea of MD simulations of a many-particle system is the solution of the Newton’s 
equations of motion for a set of particles (atoms or molecules) that comprises the system. This procedure 
includes a model description of the atomic system, atom-atom interaction potentials, boundary conditions 
of the system, and an approximate step-by-step technique for solving the classical equations of motion. 
Bilayer system setup and simulation details were as follows: each bilayer was simulated in a rectangular 
periodic box within NPT ensemble, i.e., with constant number of lipid molecules N, pressure P (1 atm) and 
temperature T (303 K); 128 PC lipids per bilayer (64 lipids in each leaflet) with explicit hydrogens were 
used; the two hydrocarbon tails, the glycerol section and the head group of the lipid molecules were treated 
in accordance with their known chemical structure; the lipids were hydrated by 3840 water molecules (30 
waters per lipid) which were approximated by anharmonic flexible SPC water model; the electrostatic 
interactions were treated by the Ewald summation method. To calculate the energy of the bilayer systems 
CHARMM27 force field with a scaling factor for electrostatic interactions between 1...4 neighbours and 
corrections of partial atom charges were used (Hőgberg et al., 2008). The double time step algorithm 
(Tuckerman et al., 1992) was used to treat separately fast (covalent bonds, angles, torsions, collision 
Lennard-Jones forces within 5 A distance) and slow forces: 0.25 fs time step for the fast, 2 fs – for the slow 
forces.  
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The average area per lipid defined in constant pressure – zero tension simulations, is a parameter 
which is most often used to define the quality of the force field used in the simulations. Area per lipid 
molecule A_p_m is one of the most fundamental properties of a lipid bilayer and one of the most common 
ways to determine whether the bilayer system has reached equilibrium. When the area per lipid reaches a 
stable value, other structural properties (density distributions, NMR order parameters) do not change 
either. Simulated area per lipid can be also compared with experimental values available from X-ray or 
neutron diffraction and volumetric data. A collection of average lipid areas for several bilayers composed 
from different lipids and computed from different force fields, as well as experimental areas, is available in 
Table 1 of paper (Poger, Mark, 2010). More reliable validation of a force field can be done by comparison 
of simulated and experimental structure factors as it was shown in paper (Benz et al., 2005). Additional 
important source of data for validation of a force field used in lipid bilayer simulations is NMR bond order 
parameters. 

The temporal behavior of the A_p_m (Å2) of the bilayers is shown in Fig.1(a and b). It is clear from 
this figure that MD simulations of the bilayers should be at least of the order of tens of nanoseconds to 
reach equilibrium and surpass the longest characteristic timescales for A_p_m fluctuations. For this reason, 
the first 20 ns of the total 60 ns were considered as equilibration, and the last 40 ns were used for analysis 
and calculations. Consecutive configurations of the bilayers were sampled every 1 ps.  

 
a b 

      

Fig.1. The temporal behavior of the average area per lipid A_p_m (Å2) of the PC bilayers with 16:0 (a)  
and 18:0 (b) sn-1 chains 

Different equilibrium structural and dynamic parameters of the bilayers were defined, such as the 
average area per lipid head group and its fluctuations, bond order parameters of lipid molecules with 
respect to the bilayer normal, the orientational fluctuations of the bond vectors, the root mean square 
values of the positional fluctuations of all lipid atoms relative to the average atomic coordinates, mass 
density distributions of various atoms of lipids relative to the bilayer middle plane, interpenetration of lipid 
tails of the opposite monolayers into each other, etc. In this paper the main goals are the C-C bond order 
parameters to characterize the order in lipid bilayers. These quantities are sensitive to the degree of 
unsaturation in the chains. The order parameter for each C-C bond of the chains may be defined as: 

SCC = (3·<cos2�CC> – 1)/2, 
where CC is the angle between a C-C-bond and the bilayer normal. Fig. 2 (a, b, c, d) shows the C-C bond 
order profiles for the sixteen bilayers and marked differences in the SCC order parameter between odd and 
even running numbers for hydrocarbon chains sn-1 and sn-2 of the bilayers. 

The ‘ordinary’ odd-even effect for saturated sn-1 chains 16:0 and 18:0 (Fig.2) is well known: this is 
because the rotations of the CH2 groups about their local axes are anisotropic. The main difference in behavior 
and properties of unsaturated lipid molecules is that the SCC order parameters of single C-C-bonds next to the 
cis double bond C=C in all unsaturated sn-2 chains are lower than that for the double bond C=C and for the 
corresponding single bond C-C (i.e. C-C bond with the same number) in the saturated chains sn-1.  
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It should be noted that the main qualitatively characteristic features of the profiles of SCC for a given 
acyl chain (sn-2) of the bilayers are highly characteristic for the level of unsaturation. It means that a close 
relationship between the investigated order parameters and the structure of the chains is elucidated. The 
number of the chain carbons, the number of cis double bonds and their position in the chain determine 
principally the calculated order properties: they are similar both for the bilayers with 16:0 and 18:0 chains 
sn-1. The understanding of the molecular basis of the physical properties of the lipids allows one to narrow 
down the list of hypotheses under consideration about the possible function of various acyls in lipid 
membranes.  

The temperatures of the lamellar gel – liquid crystalline phase transition in fully hydrated PCs of 
different sn-2 chain unsaturation (Koynova, Caffrey, 1998) show that increased chain unsaturation above a 
certain number of double bonds does not necessarily translate into increased membrane fluidity: a fluid 
lipid bilayer could be attained by lipids having only mono- and diunsaturated FAs (e.g., 18:1 and 18:2) and 
hence the influence of PU chains of lipids is much more than the simple ‘fluidization’ of the matrix of lipid 
membrane. The effects of PU chains are more profound than would be observed by solely controlling the 
temperature. The results obtained in this work supplement the information about PU lipids, these data can 
be used for the analysis of the relations between properties and functions of PU lipids that play a key role 
in functioning of biomembranes (Rabinovich, Ripatti, 1994; Rabinovich, 2008). 

This work has been supported by the Swedish Institute Visby programme 00961/2008, Swedish 
Research Council, grant No. 3731.2010.4 for leading research schools of Russian Federation, and grant 
No. 10-03-00201 of Russian Foundation for Basic Research. 

References 

Benz R.W., Castro-Román F., Tobias D. J., White S. H. 2005. Experimental validation of molecular dynamics 
simulations of lipid bilayers: a new approach // Biophys. J. V.88. P.805 – 817. 

Berendsen H. J. C., Tieleman D. P. 1998. Molecular dynamics: studies of lipid bilayers. In: Encyclopedia of 
computational chemistry. R. Schleyer, Ed., Chichester, N.Y. et al., J. Wiley & Sons. P. 1639–1650.  

Chan Y. H. M., Boxer S. G. 2007. Model membrane systems and their applications // Curr. Opin. Chem. Biol. 
V.11. P.581–587. 

Damodaran K. V., Merz K. M. 1994. Computer simulation of lipid systems. In: Reviews in Computational 
Chemistry. V.5. K.B. Lipkowitz and D.B. Boyd, eds. VCH Publishers, Inc. N.Y., P. 269–298. 

Dratz E. A., Deese A. J. 1986. The role of docosahexaenoic acid (22:6n-3) in biological membranes: examples 
from photoreceptors and model membrane bilayers. In: The health effects of polyunsaturated fatty acids in seafood, 
A. P. Simopoulous, R. R. Kifer, R. E. Martin, eds. N.Y., Acad. Press. P.319–351. 

Feller S. E. 2000. Molecular dynamics simulations of lipid bilayers // Curr. Opin. Colloid Interf. Sci. V.5. P. 
217–223.  

Feller S. E. 2001. Molecular dynamics simulation of phospholipid bilayers. In: Lipid Bilayers. Structure and 
Interactions. J. Katsaras and T. Gutberlet, Eds. Berlin, Heidelberg, N.Y. Springer-Verlag. P.89–107. 

Feller S., editor. Computational Modeling of Membrane Bilayers. Current Topics in Membranes, 
V.60. Elsevier Inc., San Diego. 448 p., 2008. 

Feller S. E., Gawrisch K. 2005. Properties of docosahexaenoic-acid-containing lipids and their influence on 
the function of rhodopsin // Curr. Opin. Struct. Biol. V.15. P.416–422. 

Feller S. E., MacKerell A. D. 2000. An improved empirical potential energy function for molecular 
simulations of phospholipids // J. Phys. Chem. B. V. 104. P. 7510–7515. 

Forrest L. R., Sansom M. S. P. 2000. Membrane Simulations: bigger and better? // Curr. Opin. Struct. Biol. 
V.10. P.174–181. 

Gawrisch K., Eldho N. V., Holte L. L. 2003. The Structure of DHA in Phospholipid Membranes // Lipids. 
V.38. P.445–452. 

Gawrisch K., Soubias O., Mihailescu M. 2008. Insights from biophysical studies on the role of 
polyunsaturated fatty acids for function of G-protein coupled membrane receptors // Prostagl., Leukotr. and Essent. 
Fatty Acids. V.79. P.131–134. 

Hansson T., Oostenbrink C., van Gunsteren W. F. 2002. Molecular dynamics simulations // Curr. Opin. Struct. 
Biol. V.12. P.190–196. 

Hőgberg C.-J., Nikitin A. M., Lyubartsev A. P. 2008. Modification of the CHARMM force field for DMPC 
lipid bilayer // J. Comput. Chem. V.29. P.2359–2369. 

Jacobsson E. 1997. Computer simulation studies of biological membranes: progress, promise and pitfalls // 
Trends in Biochemical Sciences. V.22. No.9. P. 339–344. 



94 

Koynova R., Caffrey M. 1998. Phases and phase transitions of the phosphatidylcholines // Biochim. Biophys. 
Acta. V.1376. P.91–145. 

Marrink S. J., de Vries A. H., Tieleman D. P. 2009. Lipids on the move: Simulations of membrane pores, 
domains, stalks and curves // Biochim. Biophys. Acta, V.1788. P.149 – 168. 

Merz M. 1997. Molecular dynamics simulations of lipid bilayers // Curr. Opin. Struct. Biol. V.7. No.11. 
P.511–517. 

Mouritsen O.G., Jørgensen K. 1994. Dynamical order and disorder in lipid bilayers // Chem. Phys. Lipids. 
V.73. P.3–25}, 

Mouritsen O.G., Sperotto M.M., Risbo J., Zhang Z., Zuckermann M.J. 1996. Computational approach to lipid–
protein interactions in membranes. In: Advances in Computational Biology, vol. 2. JAI Press, P. 15–64. 

Pandit S. A., Scott H. L. 2009. Multiscale simulations of heterogeneous model membranes // Biochim. 
Biophys. Acta. V.1788. P.136 –148. 

Pastor R. W., 1994. Molecular dynamics and Monte Carlo simulations of lipid bilayers // Curr. Opin. Struct. 
Biol. V.4. P. 486–492. 

Poger D., Mark A. E. 2010. On the validation of molecular dynamics simulations of saturated and cis-
monounsaturated phosphatidylcholine lipid bilayers: a comparison with experiment // J. Chemical Theory & 
Computation, V.6. P.325–336. 

Rabinovich A. L. 2008. Temperature dependence of conformational properties of natural lipid chains: 
computer simulations [in Russian] // Biofizika (Biophysics). V.53. P.426–433. 

Rabinovich A. L., Ripatti P. O. 1994. Polyunsaturated hydrocarbon chains of lipids: structure, properties, 
functions (in Russian) // Uspekhi sovremennoi biologii (Progress in modern biology). V.114. P.581–594. 

Rabinovich A. L., Ripatti P. O., Balabaev N. K., Leermakers F. A.M. 2003. Molecular dynamics simulations 
of hydrated unsaturated lipid bilayers in the liquid-crystal phase and comparison to self-consistent field modeling // 
Phys. Rev. E. V.67. 011909. 

Saiz L., Klein M. L. 2002. Computer simulation studies of model biological membranes // Accounts Chem. 
Res. V.35. P.482–489. 

Saiz L., Bandyopadhyay S., Klein M. L. 2002. Towards an understanding of complex biological membranes 
from atomistic molecular dynamics simulations // Bioscience Reports. V.22. P.151–173. 

Scott H. L. 2002. Modeling the lipid component of membranes // Curr. Opin. Struct. Biol. V.12. P.495–502. 
Stillwell W. 2008. Docosahexaenoic acid: a most unusual fatty acid // Chem. Phys. Lipids. V.153. P.1–2. 
Stillwell W., Wassall S. R. 2003. Docosahexaenoic acid: membrane properties of a unique fatty acid // Chem. 

Phys. Lipids. V.126. P.1–27. 
Tieleman D. P., Marrink S. J., Berendsen H. J. C. 1997. A computer perspective of membranes: molecular 

dynamics studies of lipid bilayer systems // Biochim. Biophys. Acta. V. 1331. P. 235–270.  
Tobias D. J. 2001. Membrane simulations. In: Computational Biochemistry and Biophysics. Eds. Becker O.H. 

MacKerell A.D., Jr., Roux B., Watanabe M. N.Y.: Dekker, P.465–496. 
Tobias D.J., Tu K., Klein M.L. 1997. Atomic-scale molecular dynamics simulations of lipid membranes // 

Current Opinion in Colloid and Interface Science. V.2. P.15–26. 
Tuckerman M., Berne B. J., Martyna G. J. 1992. Reversible multiple time scale molecular dynamics // 

J. Chem. Phys. V.97. P.1990–2001. 
Valentine R. C., Valentine D. L. 2004. Omega-3 fatty acids in cellular membranes: a unified concept // Prog. 

Lipid Res. V.43. P.383–402. 
Vermeer L. S., de Groot B. L., Reat V., Milon A., Czaplicki J. 2007. Acyl chain order parameter profiles in 

phospholipid bilayers: computation from molecular dynamics simulations and comparison with 2H NMR experiments 
// Eur. Biophys. J. V.36. P.919–931. 

Vigh L., Escribá P., Sonnleitner A., Sonnleitner M., Piotto S., Maresca B., Horváth I., Harwood J. L. 2005. 
The significance of lipid composition for membrane activity: New concepts and ways of assessing function // Prog. 
Lipid Res. V.44. P.303–344. 

Wassall S. R., Stillwell W. 2009. Polyunsaturated fatty acid – cholesterol interactions: Domain formation in 
membranes // Biochim. Biophys. Acta. V. 1788. P.24–32. 




