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I 

ABSTRACT 

The structural properties of lipid bilayers in biological membranes are of great 

interest in biochemistry, biophysics, and medicine. The main goal of the present study 

was to use molecular dynamic (MD) techniques to investigate physical properties of the 

hydrated dipalmitoylphosphatidylcholine (DPPC) bilayer. 

The bilayer model consists of 25 DPPC molecules per each monolayer and 44.8% 

water by total weight. A modified version of AMBER MD suit of programs with 

CHARMM22 force field for phospholipids was used in simulation. The isothermal­

isobaric or NPT ensemble with a fully flexible simulation box in ROAR program was 

used in this study. Simulations were performed under different pressure and temperature 

conditions. 

According to experimental results, a liquid crystal phase (La) is expected with the 

DPPC bilayer simulated under 1 atm pressure and 323 K temperature conditions. 

However, area per lipid, bilayer thickness, chain tilt, and the order parameters resulting 

from the present simulation appeared to be more consistent with the known properties of 

the Ltr phase. An increase of temperature up to 423 K increased the area per lipid of the 

bilayer system. Average chain tilt values at 423 K were lower than those at 323 K. 

Further, ends of alkyl chains showed more disorder at 423 K compared to those at 323 K. 

Increase of system pressure up to 1000 atm at constant temperature (323 K) decreased the 

area per lipid while increasing the bilayer thickness compared to the results obtained at 1 

atm. Further increase of pressure up to 2000 atm did not change the area per lipid but 

slightly decreased the bilayer thickness from that of at 1000 atm. Greater ordering was 

observed with an increase of pressure. 
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Chapter 1: Introduction 

Chapter 1· 

INTRODUCTION 

1.1 MOLECULAR DYNAMICS SIMULATION 

Molecular dynamics simulation techniques are used to study the dynamics of 

individual molecules in models of solids, liquids, and gases, i.e., they study how their 

positions, velocities, and orientations change with time [1]. The molecular dynamics 

method was first introduced by Wainwright (Alder and Wainwright, 1957, 1959) [2,3] to 

study the interactions of hard spheres [4]. Stillinger and Rahman (1974) [5] were 

credited in performing the first simulation of a realistic system using a liquid water 

system. Many new algorithms were produced in the 1980s in part due to the introduction 

of modifications to the equations of motion in classical mechanics [6]. These 

modifications allowed the adaptation of the computer simulations to various situations. 

Today, molecular dynamics simulation methods are used in studying solvated proteins, 

protein-DNA complexes as well as lipid systems addressing a variety of issues including 

the thermodynamics of ligand binding and the folding of small proteins. 

In general, in a computer simulation, if the chosen model is a suitable one, and then 

it can be used to get insights to assist in the interpretation of theoretical results. It also 

provides a direct route from the microscopic details of a system (the size and number of 

1 



Chapter 1: Introduction 

atoms, the interaction between them, molecular geometry, etc.) to macroscopic properties 

of an experimental interest (the equation of state, phase diagrams, transport coefficients, 

etc.). The dual role of simulation, as a bridge between models and theoretical predictions 

on the one hand, and between models and experimental results on the other, is illustrated 

in Figure 1.1. 

Real 
System 

Perform 
Experiments 

Jl 
Experimental 

results 

Make 
models 

Carry out 
computer 

simulations 

M 

Exact results 
for model 

Model 
System 

Construct 
approximate 

theories 

Theoretical 
predictions 

~ (1 ~ (1 
I' _C_o_m_p_ar_e....;;....,l l Compare I 

Test of 
model 

Tests of 
theories 

Figure 1.1: The connection between experiment, theory, and computer simulation [7] 

Results from computer simulation is academically and technologically important in 

cases where it may be difficult or impossible to carry out experiments under extremes of . 

2 



Chapter 1: Introduction 

temperature and pressure and also to understand multi-component models and their 

complex interrelationships. Considerable advances in the field of computer simulation of 

molecular systems have taken place with the improvements in computer hardware and the 

wider availability of simulation software [8]. 

The three most common types of computer simulation are: discrete event, 

continuous and Monte Carlo [9]. Computer simulation techniques can also be divided 

into three classes: knowledge or rule based methods, quantum mechanical methods, and 

classical 'potential energy' based techniques [8]. These three areas are not mutually 

exclusive and it may be necessary to combine them sometimes to tackle particular 

problems. Some of the general-purpose computer simulation programs available to study 

molecular dynamics are AMBER [10], CHARMM [11], GROMOS [12] and OPLS [13]. 

1.2 PHOSPHOLIPIDS AND BIOLOGICAL MEMBRANES 

All living cells have a membrane that separates the cell interior from the 

surroundings. Membranes also envelop many of the cell components such as 

mitochondria and chloroplasts. Biomembranes serve as a barrier to maintain the integrity 

of cells, and also provide the functional environment for a large number of proteins [14]. 

Phospholipids are the major structural elements of biological membranes, while globular 

proteins may be inserted into the bilayer in a random fashion (Figure 1.2). Figure 1.2 

depicts the current conception of the fluid mosaic model of a biological membrane at one 

point in space and time as the entire structure is thought to be dynamic with most 

components capable of rotational diffusion. 

3 



Chapter 1: Introduction 

The role of phospholipids in biological membranes is closely related to their ability 

to form bilayers when dispersed in water [15]. The phospholipid molecule is composed 

of two apolar hydrocarbon chains and one polar phosphate-containing head group 

attached to a glycerol backbone (Figure 1.3). 

Figure 1.2 The lipid-globular protein mosaic model of a biological membrane with a 
lipid matrix [16] 

0 
II 

O H2C,-o-C-R1 
II 

R2-C-O-C-H 

I ~ 
H C-0-P-O-x 

2 I 
o_ 

Figure 1.3: General structural formula of glycerophospholipids. X is an alcohol that is . 
esterified on to the phosphate headgroup. [15] 
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Chapter 1: Introduction 

The nonpolar hydrocarbon chains dislike the polar aqueous environment when 

phospholipids contact with water and they stick together pointing their polar heads to the 

outside of the aggregates (Figure 1.4). The polar head groups can be stabilized by ion-

dipole and H-bonds between charged head groups and water. Repulsive forces may also 

be involved. Head groups can repel each other through steric factors, or ion-ion repulsion 

from like-charged head groups. The attractive forces must be greater than the repulsive 

forces, which lead to the formation of these molecular aggregates. Due to the specific 

shape of most lipid molecules, bilayers are the favored structure rather than micelles or 

inverted hexagonal phases [15]. 

(a) (b) (c) 

Figure 1.4: States of aggregation of phospholipids in water: (a) bilayer, (b) micelle, and 
(c) inverted cylinders [15] 

The hydrocarbon chains in phospholipids may vary in length but are usually 

between twelve and sixteen alkyl groups long [17]. Further, the alkyl chains can be 

saturated or unsaturated. The polar groups may also vary, from the zwitterionic 

phospholipids (e.g. phospatidylcholine) to charged molecules (e.g. phosphatidylinositol) . 

5 



Chapter 1: Introduction 

[18]. The most prevalent molecule that forms the bilayer of eukaryotic cell membranes is 

phosphatidylcholine (PC) [19]. The dipalmitoylphosphatidylcholine (DPPC) molecule, 

which was used to build the bilayer model for the present work, consists of two saturated 

16-carbon fatty acid chains connected by a glycerol backbone with a zwitterionic head 

group (Figure 1.5). 

Figure 1.5: DPPC molecule 

1.3 PHASE BEHAVIOUR OF PHOSPHOLIPIDS 

Dry amphiphiles and hydrated lipids at relatively low temperatures typically form 

densely packed crystalline structures, named as crystal or Lc phase [17]. For binary lipid-

water systems, the amphiphilic nature of the phospholipid molecule allows it to form a 

variety of different structures and phases with the increase of temperature and/or water 

content in the system (Figure 1.6). 

At some subtransition temperature, the two-dimentional lipid crystal normally 

transforms into a more expanded lipid gel phase of the [3/ or, more frequently, [3, 

organization with tilted or untilted chains, respectively [17]. Increasing hydration may 

lower the phospholipid subtransition temperature. Lipid chains in the gel state are packed 

6 



Chapter 1: Introduction 

on a (skewed) hexagonal lattice and are moderately tilted (L13') or untilted (L13). Some 

phospholipids such as DPPC form only a L13' phase at subtransition temperature. Heating 

lipids above the subtransition temperature enhances the torsional oscillations of the 

hydrocarbon chains until these turn into essentially unhindered long-axis rotation. Some 

lipids display a pretransition at which the lipid head group mobility and the interfacial 

area per molecule increase. The bilayer surfaces at such a pretransition temperature 

break up into a series of periodic, asymmetric, quasi-lamellar bilayer segments that give 

rise to the appearance of the surface undulations or ripples characteristic of the P 13' or P 13 

phase. As temperature of the bilayer system increase further, it undergoes a phase 

transition to the liquid crystal (La) phase (in general, at fixed temperatures, an increase in 

hydration does not lead to phase transitions). In La phase bilayers, the lipid molecules 

move much more freely and may even undergo lateral diffusion throughout the bilayer. 

As well, the hydrocarbon chains become more fluid in nature. For this reason, the 

transition between a gel phase and the La phase is often referred to as a chain melting 

transition [15]. Schematic representation of a phospholipid bilayer undergoing a phase 

transition from the more rigid crystalline state to the more random fluid state is shown in 

Figure 1.7. 

The gel-to-fluid phase transition is believed to have a substantial effect on 

membrane function. Living organisms try to keep their membrane bilayers close to a 

fluid-phase optimum, either by means of chemical chain modifications or by synthesizing 

appropriate soluble molecules [17]. This appears to be necessary because such processes 

7 



Chapter 1: Introduction 

as membrane biogenesis, transmembrane transport, and exo- and endocytosis can only 

occur when the membrane exhibits sufficient fluidity [ 16]. 

nw [ mol HzO I mol lipid] 

La I La+ H20 

40 ptl' 
,-.. + H20 
(.) 

0 
'-" 

L~r e 
Lp' +H20 .a ; 

8" 20 

~ 

Lc1 Lc1+ H20 

0 
20 40 

Water Content [ % ] 

Figure 1.6: Partial phase diagram of DPPC in water [Based on reference 17] 

Heat 
-·----

Figure 1.7: Schematic representation of a phospholipid bilayer undergoing a phase 
transition from the more rigid crystalline state to the more random fluid state 
[ 16] 
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Chapter 1: Introduction 

Wong et al. (1987) [20] have shown the existence of five pressure-induced gel 

phases of the DPPC bilayer through Raman and Infrared spectroscopic analyses. The 

lipid bilayer structure in each of the five gel phases (named GI through GV 

corresponding to the increasing pressure of the transition) and the liquid crystal phase 

(La) ofDPPC are shown in Figure 1.8. 

LC 

GID 

GI 

nmnr~ 
111t 1111 li ~; 1HI ITTIITii 
~blill!illl 

GN 

Gn 

G2 

Figure 1.8: Representations of the lipid packing and interchain structure in the liquid 
crystal and GI-GV gel phases of DPPC [20] 

The GI and GII phases in this study refer to P /3' and Lp phases described earlier, 

respectively. However, the structure and dynamics of Gill, IV and V are not well studied 

by other methods. In addition to Wong's studies, small angle neutron diffraction [21, 22] . 
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Chapter 1: Introduction 

has shown the existence of a pressure induced interdigitated phase in DPPC bilayers at 

pressure above 1 kbar and temperatures above 40°C. High-pressure phases of DPPC 

have also been studied by using deuterium NMR [23]. Figure 1.9 illustrates the 

pressure/temperature phase diagram of a 15 %(by wt.) dispersion of DPPC in water. 

4 Phase X 

0 20 40 

Temperature (C) 

Interdigitated 
Gel 

60 80 

Figure 1.9: Pressure/temperature phase diagram of DPPC (15 % by wt. in water) 
[Based on reference 23] 

1.4 COMPUTER SIMULATION STUDIES OF LIPID BILA YERS 

Understanding lipid bilayers and proteins in biological membranes from the atomic 

point of view is of great biochemical, biophysical, and medical interest. A better 

understanding of the structure and dynamics of membranes and membrane proteins may 

help in the development of pharmaceuticals, anesthetics, and drug-delivery agents [24]. 

10 
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Furthermore, studies of pure membrane structural and dynamical properties at the atomic 

level can enhance our understanding of more complicated biological membrane functions 

and their environmental interactions. 

The time scales of biochemically relevant fluctuations in membranes can span 

anywhere from femtoseconds (10-15s), for intramolecular vibrations, to minutes or hours 

(103s), for lipid molecule transbilayer flips (Blume, 1993) [25]. Further, motion can 

occur on different length scales (from 0.01 A up to 100 A) and on different energies (0.1-

100 kcallmol) [26]. Phospholipid bilayers are used as models to study the characteristics 

of biological membranes. Some important dynamic properties of membranes are lateral 

diffusion of lipids within a lipid membrane, dynamical fluctuations within a lipid moiety 

(rotational, reorientation, and relaxation), gauche-trans equilibrium, and their respective 

interconversions [24]. However, little atomic-level structural data is available even for 

single-component membranes due to very fluid and dynamical structures of phospholipid 

bilayers under physiologically relevant conditions of temperature and hydration [27, 28, 

29]. Methods such as nuclear magnetic resonance (NMR) spectroscopy, neutron 

diffraction, X-ray diffraction, Raman spectroscopy, etc. have been used to obtain the 

experimental data available on lipid bilayers [30]. However, spectroscopic measurements 

provide information averaged over the time scale of the experiment and the fine details of 

the molecular motion are not directly measured if the motion is fast relative to the 

experimental time scale (Brooks et. al., 1988) [31]. Due to these reasons, theoretical 

methods such as molecular dynamics calculations have become a powerful tool in 

studying structural and dynamical properties in membranes at atomic level. Most of the 

11 



Chapter 1: Introduction 

molecular dynamics studies on lipid bilayers have been performed at constant number of 

atoms, volume, and temperature (NVT, or canonical) [32, 33, 34], or at constant number 

of atoms, pressure, and temperature (NPT) conditions [35, 36, 37]. 

First molecular dynamics simulation study of lipid bilayer was reported by Ploeg 

and Berendsen (1980, 1982) [38, 39]. They used a small lipid system (2 x 16 decanoate 

molecules) to represent biological membrane. Periodic boundary conditions together 

with the small system size gave rise to artifacts with this study. Thus, the system size 

was increased to 2 x 64 decanoate molecules in later studies by the same group [ 40]. 

Since then, many other investigations with increased sophistication and system size have 

been carried out. For example, simulation of complete lipid molecules (2 x 24 1,2-

dimyristoyl-sn-glycero-3-phosphatidylethanolamine (DMPE) molecules and 553 water 

molecules) [41] made the model more realistic. An important improvement was the 

inclusion of water and ions in the simulation [42]. The first simulation of a phospholipid 

bilayer including water molecules was done by Egberts in 1988 (PhD thesis) and 

published in 1994 as an article [43]. After that, substantial simulation researches have 

been performed on phospholipid bilayers of DPPC [35, 36, 44, 45], DMPC [24, 37, 46], 

POPC (palmitoyloleoylphosphatidylcholine) [ 19], DLPE ( dilaureoylphosphatidylethanol 

-amine) [47], and so on. 

With the improvements in computer software and the model systems used, 

molecular dynamics studies of lipid bilayers at present perform well in terms of 

reproducing structural parameters such as bilayer thickness [19], cross-sectional area per 

lipid [19, 30, 37, 48], and so on. Dynamic properties, such as permeation rates for small 

12 
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molecules passing through a membrane, have also been reasonably well reproduced 

considering some of the approximations used in those simulations [49, 50]. However, 

two limitations still exist when one uses molecular dynamics to probe membrane 

properties [24]. The first limitation is system size. Typical molecular dynamic 

simulations seldom span more than 100 A in any direction of the simulation cell, making 

it feasible to only treat a few hundred lipid molecules with present-day resources. The 

second limitation involves the accessible time scales. The current molecular dynamic 

simulations seldom span more than a few nanoseconds, with simulations of 10 or more 

nanoseconds being relatively rare for this type of system. The longest/largest simulation 

of a lipid that has been reported to date (Lindahl and Edholm, 2000) [51] extends these 

factors by an order of magnitude. However, certain simplifying approximations were 

necessary to enable this calculation. Even so, the scales for time and space are still small 

compared to the time and length scales for some important lipid membrane phenomena 

[24]. 

One area where molecular dynamics often falls short is in reproducing measured 

electrostatic potential between the hydrocarbon interior of a bilayer and the adjacent 

water region [45, 52]. This may be due to two major problems in molecular dynamics: 

polarizability, as a function of neighboring nonbounded atoms is ignored, and long range 

dipolar interactions must be truncated somehow. Even with these drawbacks the results 

produced by molecular dynamics method still show much promise and in fact, this is the 

only technique to yield microscopic level description of the membrane system retaining 

consistency with thermodynamic and collective behavior [53]. 

13 



Chapter 1: Introduction 

1.5 OBJECTIVES AND OUTLINE 

The objective of this study was to use molecular dynamic techniques to 

investigate physical properties of the hydrated DPPC bilayer at high pressures and 

temperatures. When available a comparison with the results of previous simulation and 

experimental works was also performed. An La phase bilayer was created during the 

initial system construction and simulation was performed at 1 atm pressure and 323 K 

temperature conditions in order to study the La phase. In addition to this, simulations 

were performed at high pressure (1000 atm and 2000 atm) and temperature (423 K) 

conditions to determine whether this method can be used to study high pressure and high 

temperature phases without complex equilibration procedures. 

In Chapter 2 of this thesis; basic statistical mechanics concepts used to perform 

molecular dynamics simulations, methods used to parameterize the energy hypersurface, 

the Ewald summation method for long-range electrostatistic energy calculation, and 

Nose-Hoover methods used for NVT and NPT simulations will be presented. Initial 

bilayer construction, parameterization and simulation conditions will be given in Chapter 

3. Results of the simulations will be discussed in Chapter 4. Summary of this study and 

further work will be given in Chapter 5. 

14 
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Chapter 2 

THEORY 

2.1 MOLECULAR MECHANICS 

2.1.1. Ensembles 

Computer simulation produces information at the microscopic level (atomic and 

molecular positions, velocities etc.) and converts this very detailed information into 

macroscopic terms (pressure, internal energy etc.). This process is a part of statistical 

mechanics. Molecular dynamics simulations have been carried out under different 

microscopic boundary conditions. These conditions in a simulation can be treated in 

different ways. Boundary conditions are defined by a small set of parameters such as 

number of particles N, energy E, chemical potential f.J., temperature T, total volume V, and 

pressure P. There are several options in selecting a boundary condition: Micro-canonical 

ensemble (E, V and N constant), Canonical or NVT (N, V and T constant), Grand 

canonical (T, V and f.J constant) and isothermal-isobaric ensemble or NPT (N, P and T 

constant) [54]. Either NPT or NVT boundary conditions have been used in most studies. 

The size of a simulation box in NVT simulations is determined by using an experimental 

value for the area per lipid and the repeat distance for a given number of water molecules 
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or by using the total density. Under this condition, pressure of the system fluctuates 

during the simulation. In NPT simulations, box sizes fluctuate (length x, width y and 

height z independently of each other, or x and y coupled and z independent) in order to 

keep the pressure approximately constant. In addition, this process sometimes allows the 

box angles to fluctuate with the change of box size, abandoning a rectangular shape [55]. 

2.1.2 Phase-space 

Phase-space trajectories are most often used to describe the molecular system in the 

simulation. The state of a classical system, at any instant in time, can be completely 

described by specifying the position rand momenta p of all particles. If the system has N 

number of particles and the space is three dimensional, definition of a microstate requires 

the specification of 3N position coordinates r1, r2, r3, ... r3N = { r} and 3N momentum 

coordinates PI. p2, p3, ... PJN = {p}. This 6N dimensional space is called phase-space or 

r -space. In this space, the total number of degrees of freedom is 6N - 6. The phase point 

(r;,p;) refers to a representative point for the system. The system of particles is described 

by the Hamiltonian H: 

2.1 

where U is potential energy. The change in coordinates r; and momenta p; with timet is 

determined by Hamilton's equations shown below [56]. 
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. aHcr;,p) 
f;= N 

ap 
2.2 

. aHcr;,p;) 
p =-

L ar; 
2.3 

where i = 1 ,2,3 ... Nand H { r, p} is the Hamiltonian of the system. 

2.1.3 Thermodynamic Averages 

Thermodynamic properties of a system such as kinetic energy, volume, and 

pressure are functions of the coordinates and momenta of the particles in that system. 

These properties (averages) are independent of time in a state of equilibrium. Averages 

of these thermodynamic properties can be calculated in two ways: ensemble averages 

and time averages [54]. 

2.1.3.1 Ensemble Averages 

Every member of the ensemble undergoes a continual change of microstates with 

time. Thus, the representative points continually move along their respective trajectories 

within the allowed region of the space. 

The number of representative points around the point (r;, p;) of the phase-space is 

the p(n,pi;t) is the probability density function for the desired ensemble. The ensemble 

average (/) of a given physical quantity f(ri, p;) can be given by [56] 
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2.4 

The ensemble average of any physical quantity fmust be independent of time if that 

ensemble is a stationary one. 

2.1.3.2 Time Averages 

The process of time averaging is completely independent from ensemble averaging. 

Here, (/) will be obtained by any member of the ensemble over long time period. (/) 

can be obtained as follows: 

2.5 

The equations of motion are usually solved step-by-step on a computer. Time 

length for one step is 8 t = T / M . T is the total time of simulation runs and M is the 

number of time steps. In this case, Equation 2.4 has to be rewritten in the form 

2.6 

For more accuracy, this average has to be taken over the number of particles for a 

long time period [7]. 
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2.2 FORCE FIELDS 

A potential energy function along with a specified set of parameters is often 

referred to as a force field. Molecular dynamics simulations are based on force fields that 

govem all the relevant intramolecular and intermolecular energetic, structural and 

dynamics properties. Ranges of applicability and the accuracies of force fields have been 

limited by the way in which they were derived [57, 58]. Factors that affect the accuracy 

of molecular simulations include the treatment of solvent, counterions, and other species 

that may be present in the modeled environment, as well as other details of the simulation 

techniques. 

2.2.1 Potential Energy Function 

The potential energy is expressed as a sum of valence or bonded and non-bonded 

interactions. The valence interactions consist of bond, bond angle, and dihedral angle, 

terms. The non-bonded interactions consist of van der Waals terms and electrostatic 

terms. Bonds and angles are usually described as harmonic oscillators while dihedral 

angles are described by a suitable cosine expansion [59, 60, 61, 62]. The basic potential 

energy function is shown in Equation 2.7. 
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u(R)= 'LKb(b-boY + 'LKe(e-eoY + L Kq, [l+cos{n¢-r)] 
bonds angles dihedrals 2 

where 

b,8,¢ - bond length, bond angles, and dihedral angle 

r0 ,80 ,¢0 -equilibrium values for the individual terms 

K r, K 8 , K 41 - force constants for bonds, bond angles, and dihedral angle 

qi,qj 

rij 

Aij,Bij 

- Lennard-Jones well depth and distance at the Lennard-Jones 

minimum 
-partial charges for atom i and} 

- distance between atom i and j 

- Lennard-Jones parameters 

2.7 

Schematic expressions of bond length, bond angle, and dihedral angle are shown in 

Figure 2.1. 

Bond Angle Dihedral 

Figure 2.1: Schematic expressions of bond length, bond angle, and dihedral angle 
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In addition to bond, angle, dihedral angle, electrostatistic, and van der Waals 

interaction terms, some other terms may also be included in order to make the potential 

energy function more accurate. A hydrogen bond interaction term has been added to the 

potential energy function used in AMBER force field [10]. The improper dihedral angle 

term and the Urey-Bradley term have been included in CHARMM22 force field [63]. 

2.2.2 Parameterization 

In order to obtain values for force field parameters, the potential energy function 

must be fitted to the experimental data from molecular mechanics calculations, 

theoretical data or some combination of both. The Consistent Force Field (CFF) is an 

e~<.ample of the category where experimentally deriv~d thermodynamic data (e.g. heats of 

formation) have been used to create the force field [63]. However, a lack of such 

experimental data, especially for large organic compounds or for coordination complexes, 

has often made it difficult and in some cases impossible to parameterize and test accurate 

force fields. It may become necessary to use ab initio data in the parameterization 

process when relevant experimental data is not available. Force fields such as CFF91 and 

Merck Molecular Force Field-93 (MMFF93) are parameterized using molecular 

properties determined by ab initio quantum chemical methods [64]. 

Force fields such as Assisted Model Building with Energy Refinement (AMBER) 

[ 1 0] and Chemistry at Harvard Macromolecular Mechanics (CHARMM) [ 11] are used in 

studying protein and nucleic acid macromolecules. Even though CHARMM was 
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originally devised for proteins and nucleic acids, it has now been applied to other 

biomolecules. Its usage has been extended to slow solvation, crystal packing and 

vibrational analysis problems [11]. 

The "united atom model" was commonly used for bilayer simulations in the 

1980s and early 1990s [65]. In this method, alkyl groups in a particular molecule are 

treated as single "atoms" in order to reduce the number of atoms constituting the 

molecular system. This was pe1formed to reduce the complexity of the intermolecular 

energy calculation, which must be performed at each integration time step. Treating a 

single DPPC molecule in this way reduces the number of atoms from 130 to 50, 

corresponding to a reduction in degrees of freedom from 780 to 300 [66]. However, 

force fields employed in the united atom model have been found to give incorrect 

hydrocarbon chain packing in bilayer simulations for example, due to an increase in 

collective chain tilt and low molecular volumes. At high pressure, according to 

experimental evidence, the hydrocarbon chains of lipid molecules may become 

interdigitated [21]. Increasing pressure has also been shown to result in a decreasing area 

per lipid [20]. Thus, there will exist a low free volume in the region of interdigitation and 

a detailed description of the chain structure may be important. Due to these facts, an "all 

atom force field" was thought to be necessary for high pressure simulations [66]. All 

atom force fields available today for studying organic systems include CHARMM22 

[63], AMBERJOPLS [10], CFF93/95 [64], and COMPASS [67]. 
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2.3 BOUNDARIES AND LONG RANGE FORCES 

2.3.1 Periodic Boundary Conditions 

Even with the availability of supercomputers, methods such as Monte Carlo and 

molecular dynamics can still only be applied to samples of relatively small number of 

particles, usually of the order of a few hundreds to a few thousands. The simulation 

system of that small size would leave too many molecules near the surface. Surface 

effects would dominate and the system would represent a cluster rather than a liquid in a 

liquid structure [68]. One way of avoiding these cluster artifacts is the use of periodic 

boundary conditions. In this approach, the simulation system consists of repetitions of 

the base unit in all directions. Only the base unit needs to be kept in the simulation as all 

the other units are related to the base unit by translational symmetry [68]. The potential 

energy per particle for a system interacting through a central force type potential due to 

the periodic conditions is given by 

V =_!__ LLU('ij + Ln) 
N n j<i 

2.8 

where N is number of particles in the box and L is the length of a side. The summation is 

to be taken over all the molecule pairs within the simulation model. This method does 

not cause a problem for short-range interaction forces. However, this method introduces 

errors for long-range forces such as charge-charge interaction between ions as this 

equation converges only conditionally for long-range forces. Moreover, periodic 
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boundary conditions should be used only when the system is truly or nearly periodic. 

However, since periodic boundary conditions provide important advantages in a 

simulation, various correction schemes have been proposed in order to take the long­

range forces into account. 

2.3.2 Cut-offs and Long Range Forces 

Both van der Waals interactions (proportional to 1/ R6 ) and Coulomb interactions 

(proportional to 1/ R) decrease with the increase of distance. In general, these interactions 

are neglected after certain distance which is referred to as the 'cut-off point'. The cut-off 

procedure works best for van der Waals interactions. There are problems with using it for 

the Coulomb interactions. There is now a sizable amount of evidence that suggest that 

the cut-off method should be discontinued. However, it is still regularly employed in 

simulations. 

The Ewald sum method is a better way to handle Coulombic interactions in 

molecular dynamics and Monte Carlo simulations employing periodic boundary 

conditions. This procedure was originally used to calculate the electrostatic interactions 

in crystals but it is ideal for charges of systems with infinitely repeating units like 

polymers and lipid bilayers. Ewald sum method cannot be used for non-periodic systems 

such as gas phase systems [69]. This method reduces the cost of calculating the Coulomb 

potential sum. The coulomb potential sum is split into two parts, one of which is 
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calculated directly or in real space, and the other is calculated in Fourier or reciprocal 

space [70]. The real space potential part is given by 

2.9 

where qi and q j are charges of ith and l particles and 'ij is nearest-image antiparticles. 

First double summations are taken over all atoms. A third summation, over n, represents 

a sum over lattice vectors in three dimensions. 'erfc' is the complementary error function 

(equation 2.10) 

2 Jx tz erfc(x) = 1- c e- dt 
"'1C 0 

2.10 

and the convergence parameter a is set so that Ereal is negligible after cutoff radius rcur. 

Therefore, this term needs to be evaluated over only the nonbonded pairs of atoms with 

n=O. The reciprocal space part, given by, 

1 N N ~.q. 41C 2
) {-k 2

) f ) 
£reciprocal =--LLL I 

1 -2- ex --2- exp\ik.ljj 
21CV i=l j=l bO 4nE k 4a 

2.11 

where V = I3 is the unit cell volume and k is the reciprocal lattice vector. The 

summation over k = 21C -,-,- represents a sum over reciprocal lattice vectors in ( l m n J 
Lx LY Lz 

three dimensions. In fully flexible box constant pressure simulations, a general definition 

for the k vector is [69], 
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2.12 

where h is box size tensor. In addition to the above two terms, the following two 

correction terms have been added to the total electrostatistic expression, 

2 a N q. 
Eself = -[i ~ 4~c 2.13 

2.14 

Eself cancels the interaction of the charges with themselves. EexcL cancels charge 

distribution between an atom and atoms in its excluded atom list in molecular systems. 

The total electrostatic interaction is calculated by equation 2.15 

£total = Ereal +£reciprocal - Eself - Eexcl" 2.15 

2.4 NOSE-HOOVER CHAIN (NHC) METHODS 

2.4.1 Constant Temperature Molecular Dynamics (NVT) 

Most experimental measurements are performed at constant temperature rather than 

constant energy. Therefore, temperature control is an essential step in molecular 

dynamics simulation. Many methods have been developed in order to control 

temperature of a simulation. Crude [71] introduced a method to maintain the system · 
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temperature (Td) at a constant value by scaling the velocities of the particles at each time 

step or every several time steps by a factor of (Td /Tr )112 • Tr is the calculated temper~ture 

of the system. Brendan et al. [72] modified the method by scaling the velocity by a 

[ dt (T )]X factor of 1 + ry T~ -1 , where dt is the time step and ry is the temperature 

coupling constant. This method is very efficient in equilibrating to a new temperature but 

does not correspond to any existing ensemble. 

Nose [73, 74, 75] introduced an extended system method by coupling the system to 

a heat bath. He derived a dynamics from of an extended Hamiltonian that can be shown 

to give canonically distributed positions and momenta. In this method, an extra degree of 

freedom associated with the heat bath is included. Martyna et al. [76] modified the 

equations of motion by introducing a chain of thermostats and formed a Nose-Hoover 

chain (NRC) algorithm. 

The set of dynamical equations in NRC algorithm [76], 

2.16 

. _ iJV(r) P;;1 

P; --:\-- P;-Q 
Ulj I 

2.17 

2.18 

p =[~ p; -N kT]- p P;;z 
;;I L.Jm 1 ;;I Q 

t=l i 2 

2.19 
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2.20 

· =[PL_, -kr] p~M Q 
M-1 

2.21 

where r and p are the positions and momenta, M is the number of thermostats on the 

chain, g and p~ are the thermostat variable and its conjugated momentum, Q; is the mass 

of the ith thermostat, k is the Bolzmann constant, N 1 is the number of degrees of 

freedoms (for N partials in d-dimensional system N.t·= Nd). The extended Hamiltonian or 

conserved quantity can be express by following equation. 

2.22 

where U(r) is the total potential energy. 

The phase space distribution for dynamics equations is 

{ 1 [ N 2 ] M p 2 
} f(p,r,p~,g)oc exp -- U(q)+ L.E!_ + L__£_ . 

kT i=I 2m; i=I 2Q; 
2.23 
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2.4.2 Constant Pressure Molecular Dynamics (NPT) 

The same amount of attention has been directed to the development of constant -

pressure algorithms. Berenden et al. [72] developed a method to keep pressure constant. 

They introduced a scaling factor J..t, 

2.24 

where dt is time step, Pr is the isothermal compressibility, Pr is the calculated 

instantaneous pressure, and tp is noncritical time constant. The coordinates of the 

particles and the simulation box are scaled by f.l to keep pressure of the system P d 

constant. Parrinelo and Rahman [77] have also developed a method to keep the system 

pressure constant by allowing both the volume and shape of the simulation box to vary 

freely. 

Martyna et al. [78] introduced Nose-Hoover (NHC) chain algorithm to form 

isobaric- isothermal simulations. This NHC algorithm allows changing the size and the 

shape of the box. 

2.25 

2.26 
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:. - - P; - p~ -
Pg =V(~nt -/Pext)+ -L- /--pg [ 

1 N 2] 

. p~ c;=­
Q 

Nf i=l m; Q 

2.27 

2.28 

2.29 

2.30 

where h and pg are the box dimension tensor and the conjugated momentum. Wg is the 

barostat mass, pg is the barostat momentum, Pexr is the external pressure, V = detlh J, I is 

identity matrix, Tr[p~ p g J is the sum of the squares of all the elements of the matrix pg, 

and P;nr is internal pressure. Thus, 

2.31 

h U-, _au~,;;) w ere - ( ) a h afJ 

The extended Hamiltonian or conserved quantity for isothermal-isobaric dynamics is, 

2.32 
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The new dynamical equation leading to the partition function is 

exp[E/kT] J - J r-J-d [ H"] Z = 2 dp~dhdpg dpdrdetth exp --
(N1 +d )kT D(h) kT 

_ N 2 p2 1 f-] 
where H" =U(r,h)+ L,~+-~ +--Tr[D~pg]+Pexrdeqh 

i=I 2m; 2Q 2W8 

2.33 

Different groups have applied the Nose-Hoover Chain method (NHC) to solve a large 

number of complex problems. Cheng and Merz [79] used NHC for protein dynamics and 

Deng et al. [80] used NHC methods in quantum studies of metal-ammonia solutions. 

NHC method is also used in ROAR program in NVT and NPT simulations [69]. 
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Chapter 3 

SIMULATION METHODOLOGY 

3.1 INITIAL CONSTRUCTION OF THE DPPC BILAYER 

X-ray crystallographic data for DMPC molecules at Lc phase [17] was used in 

constructing the initial structure for a DPPC molecule. Using this data, a Protein 

Databank (PDB) file was created by using the Crystal Builder module of the Cerius2 2.0 

program [81]. Two additional alkyl groups were added to both acyl chains in a trans 

conformation in DMPC molecule in order to make the DPPC molecule (Figure 3.1) and 

then the atoms were assigned names and CHARMM22 partial charges and force field 

atom types with the help of the AMBER LEaP program. Five thousand minimization 

steps were performed on the DPPC molecule by using the ROAR program. This was 

performed to ensure that the bond lengths in the DPPC molecules matched the 

CHARMM22 parameters closely. 

The initial bilayer was constructed from the DPPC molecules generated as 

mentioned above. This bilayer consists of 25 DPPC molecules per each monolayer. The 

area per lipid was set to 68.1 A2, which is the experimental data for a bilayer system with 

a water percentage by weight of about 45% [82]. Five hundred steps of energy 
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H29-C37-H30 H60-C27-H61 

I I 
H31-C38-H32 H62-C28-H63 

I I 
H33-C39-H34 H64-C29-H65 

I I 
H35-C90-H36 H66-C80-H67 

I I 
H37-C91-H38 H68-C81-H69 

I I 
H39-C92-H40 H70-C82-H71 

I I 
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I I 
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H47-C96-H48 H78-C86-H79 

I I 
H49 H80 

Figure 3.1 Atomic names for DPPC 
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minimization were performed on the system to remove close contacts. Water 

molecules in the TIP3P model of Jorgensen et al. (1983) [83] were added as a 15 A 

thick layer on both sides of the bilayer using a modified version of the AMBER EDIT 

program. The total number of water molecules in the system is 1656. This gave 33.12 

water molecules per lipid molecule or 44.8% water by total weight of the bilayer system. 

Finally, 500 energy minimization steps were performed on the total system to remove 

remaining bad contacts among the atoms. 

3.2 FORCE FIELD PARAMETERIZATION 

A modified version of the CHARMM22 force field for phospholipids is used in 

this study. As previously mentioned (Section 2.2.2), the potential function used in 

CHARMM22 includes all atoms explicitly [63]. The energy function (Equation 3.1) 

contains two additional terms other than the terms include in the basic potential energy 

function (Equation 2.7): improper dihedral angle (qJ) and Urey-Bradley bond length (S) 

shown in Figure 3.2. 

u(R)= "LKb(b-bo? + "LKu8 (S-S0 ) 2 + "LK8 (8-eo? 
bonds UB angles 

K 
+ "LKimp(qJ-qJ0 ) 2 + L _1/J [l+cos(ncp-y)] 

improper dihedrals 2 
3.1 
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D 

2 4 

(b) Urey-Bradley 1,3 distance 

A B 
(a) Improper Torsion 

( The improper angle <p is defined 
as the angle between the planes 
ABC and BCD) 

Figure 3.2 CHARMM22 improper angle and Urey-Bradley bond length 

The improper dihedral angle (Figure 3.2a) has been introduced to keep the CCOO 

structure in phospholipids (Figure 1.3) planar [66]. The Urey-Bradley bond length 

(Figure 3.2b) is the distance between atoms 1 and 3. This term is introduced when the 

bond angle term is thought to be insufficient to accurately reproduce the interaction 

energy between three bonded atoms. 

In this version of CHARMM, initial values of the intermolecular parameters 

(Coulomb and Lennard-Jones) have been chosen based on the reproduction of ab initio 

interaction calculations on small monomers [63]. Given these values, the intramolecular 

parameters (bond length, Urey-Bradley, bond angle, dihedral angle, and improper 

dihedral angle terms) have been determined by using structural and vibrational data for 

the model compounds [63]. The resulting structures were then used for optimization of 

the intermolecular parameters relative to interaction energies and condensed-phase 

properties of model compounds. The interaction parameters (partial atomic charges and 
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Lennard-Jones parameters) have been optimized based on ab initio results for 

water/model compound interactions and from macroscopic thermodynamic properties 

calculated via Monte Carlo simulations [84]. 

3.3 MOLECULAR DYNAMICS SOFTWARE 

AMBER software was used in this study as it has most of the features required for 

this work and also due to its relatively low cost. This is a well-known molecular 

dynamics software that can be used in simulating biomolecules. AMBER programs 

include components useful in the construction of initial system configurations, simulation 

of these systems, and analysis of the simulation results [10]. The code allows some 

variation in functional form as well as parameters of the force field. These variations 

include alternate functions for improper torsions and Urey-Bradley interactions. 

Therefore, CHARMM22 force fields can be used with AMBER energy programs such as 

SANDER and ROAR [10]. 

The molecular dynamics energy program ROARI.O [69] that is included in 

AMBER5.0 [10] was used in performing molecular dynamics simulations and energy 

minimization in the present study. LEaP, which is another program included in 

AMBER5.0, was used in preparing initial input for the ROARI.O. The Nose-Hoover 

Chain algorithms [76] are combined with an explicit reversible integrator [85] in 

ROARI.O in order to solve Newton's equations of motion and to control the temperature 

and pressure during a simulation. The Ewald sum method with spherical cutoff was used 

in calculating long-range electrostatic interactions [7]. 
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When using the ROARl.O program, simulations can be performed under NVT or 

NTP conditions [69]. Under NTP conditions, the ROAR software eliminates bond 

vibrations with the SHAKE/RATTLE method [86]. In the SHAKE algorithm, a guess is 

made as to what constraint forces would be required to maintain constant bond lengths. 

On the other hand, the RATTLE algorithm is used to ensure there is a zero net velocity 

along the borid length between two bonded atoms. A 15% increase in cpu time required 

for one time step has been observed for NPT simulations where the RA TILE and 

SHAKE procedures were used [69]. The SHAKEIRA TILE constrain was used in this 

study since the vibrational modes of pairs of bonded atoms will not be examined. 

3.4 SIMULATION CONDITIONS 

The all atom CHARMM22 force field was used to parameterize lipids with 12 A 

spherical cutoff. The TIP3P water model was used to hydrate the system. Each molecule 

in the system was treated as a group. Cutoff of 12 A was used for longer-range 

interactions. The SHAKE tolerance of 0.0005 A was used to constrain bond lengths. 

The isothermal-isobaric or NPT ensemble with a fully flexible simulation box was used 

as microscopic boundary conditions for this study because it is particularly useful for 

membranes. This ensemble allows validating simulations by checking their ability to 

reproduce important structural parameters such as the area per lipid and bilayer thickness 

when they are known, and to predict these parameters when they are unknown. These 

simulations were run under different pressure (1 atm, 1000 atm and 2000 atm) and 

temperature (323 K, 423 K) conditions in order to study the change in physical · 
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parameters of the bilayer system under different temperature-pressure combinations. All 

simulations were run for 1.5 - 2.0 ns time period with 1 fs time steps. Area per lipid, 

bilayer thickness, chain tilt, and total energy of the system at different pressure 

temperature combinations were analyzed. 

Simulations were carried out on eight SGI Onyx 3400, 400 MHz processors; sixteen 

SGI Origin model 2400, 400 MHz processors; and sixteen SGI Origin model 3800, 400 

MHz processors. Eight 400 MHz processors took 336 cpu hours (42 Clock time hours) to 

reach -90 ps time period and sixty 400 MHz processors took 376 cpu hours (23.5 Clock 

time hours) to reach -75 ps time period. 
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Chapter 4 

RESULTS AND DISCUSSION 

4.1 SIMULATION AT 1 ATMOSPHERIC PRESSURE AND 323 K 
TEMPERATURE 

Simulation at 1 atm pressure and 323 K temperature conditions was performed up 

to 2 ns time period in order to study physical properties of the bilayer such as area per 

lipid, bilayer thickness, chain tilt, and order parameters. Initially, the integration time 

step for the modified Nose-Hoover Chain equations was set to 1 fs. The thermostat and 

barostat masses are important in determining the rate at which atomic velocities and 

positions are rescaled in order to maintain constant temperature and pressure. Therefore 

proper choices of the thermostat and barostat masses are essential to reach equilibrium. 

When very small masses are chosen, bond length and velocities may fluctuate rapidly 

leading to constraint algorithm failure. In this study, thermostat and barostat masses 

changed to 12 and 1.2 respectively from the default values (1.0 and 0.3) of ROAR 

program after performing several simulations with different values. Without these 

changes, the SHAKE/RATTLE algorithms were found to fail after a short period of time. 

The reciprocal lattice vector was set to 6 while the real cutoff was set to 12 A. These 

values were determined by increasing the real and reciprocal space cutoffs alternatively 

until the electrostatic energy was approximately converged. 
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Figure 4.1 shows how H' changed with time during the simulation. According to 

Nose-Hoover Chain method, the H' should be a conserved quantity. However, Figure 4.1 

indicates that H' increased proportionally with time in this simulation. 
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Figure 4.1: H' as a function of time for the DPPC bilayer simulation at 323 K 
temperature and 1 atm pressure 

When we consider Equation 2.32, the sum of the first two terms is constant 

(Figure 4.3) and the third and fourth terms of the equation have very small contribution to 

the H' value. Fifth term is the PV term and that is again a constant. Thus, the increase in 

H' is due to the term involving the thermostat (see Figure 4.2). The (N 1 + d 2 ~T~ 

term is the potential energy related to the thermostat position g (Equation 2.32). In this 

term, factors (N 1 + d 2 ), k, and T are constant. Thus, it is the increase in thermostat 

position, ;, that causes the increase in H'. The thermostat variable controlled the system 
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temperature well during the simulation (Figure 4.4). However, it might have been 

necessary to supply heat by thermostat in order to control system temperature as the 

system itself is cooling down with simulation time. This might have led to the increase in 

H'. 

~ 

Figure 4.2: 
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(N1 + d2 )kr~ term (Black) with H' (Red) as a function of time for the 

DPPC bilayer simulation at 323 K temperature and 1 atm pressure 

The bilayer system should be equilibrated in order to interpret results produced 

from a simulation. However, the examination of properties calculated before 

equilibration may still provide information about the equilibrium state of the system. For 

example, if the bulk quantities (i.e., quantities which depend on large number of 

molecules such as area per lipid and bilayer thickness) are converging to a reasonable 

value, one can conclude that the system has reached an equilibrium. Further, according 
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to Figure 4.3, the total system energy had converged within a 1000 ps time period. Thus, 

the physical properties of the bilayer such as area per lipid, bilayer thickness, chain tilt, 

and order parameters were evaluated after 1000 ps. 
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Figure 4.3: Internal energy as a function of time for the DPPC bilayer simulation at 323 
K and 1 atm 

The variation of system temperature and pressure in the simulation are shown in 

Figure 4.4 and Figure 4.5a respectively. The system temperature varied slightly around 

323 K and was controlled reasonably by the Nose-Hoover Chain algorithms used in this 

study. However, the pressure variation was considerably high. In addition, the average 

value of system pressure was slightly higher than 1 atm. X, Y and Z components of 

system pressure as a function of time for the DPPC bilayer simulation at 323 K and 1 atm 

are shown in Figure 4.5b. These figures show that the system pressure applied in this 

simulation was nearly isotropic. 
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Figure 4.4: System temperature as a function of time for the DPPC bilayer simulation at 

323 K and 1 atm. 
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Figure 4.5a: System pressure as a function of time for the DPPC bilayer simulation at 323 

K and 1 atm. 
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Figure 4.5b: X, Y and Z components of system pressure as a function of time for the 

DPPC bilayer simulation at 323 K and 1 atm. 

4.1.1 Area Per Lipid 

The average area per DPPC head group can be used as a convenient measure of 

molecular packing in the DPPC bilayer. The periodic boundary conditions used in this 

work allow the surface planes of the bilayer (defined as the planes formed by the head 

group phosphorus atoms) to be parallel to the plane containing the lattice vectors a and 

c (Appendix E). The cross sectional area per lipid may then be calculated according to 

the following formula: 

A=-l II a xc II 
25 
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where 25 is the number of lipids in one monolayer. Figure 4.6 illustrates the time 

evolution of the surface area per lipid along with the experimental La and Lf3' values from 

references [92] and [91], respectively. According to Figure 4.6, the area per lipid 

converged within 1000 ps, after which it fluctuated around a certain value with a small 

amplitude. This result also indicates the system equilibration within 1000 ps. The 

average value for area per lipid was hence calculated for the last 1000 ps time period. 

This value is 48.85 ± 0.44 A 2 and is represented by the solid horizontal line in Figure 4.6. 

In literature, structural data has been obtained using various experimental methods. 

For La phase of the DPPC bilayer, area per lipid values reported are 71.2 A2 [89], 68 A2 

[90] (by gravimetric X-ray (GX) method), 68.1 A2 (by corrected gravimetric (GXC) 

method) [91], and 62.9 A 2 (by electron density profile (EDP) method) [92]. For the Lf3' 

phase, the experimental values according to literature are 52.3 A 2 [89], 50 A 2 [90], 48.6 

A2 [88] (by GX method), 48.6 A2 (by GXC method) [91], and 47.9 A2 (by EDP method) 

[93]. There is a scatter in experimental results possibly due to uncertainties in obtaining 

structural results by using methods mentioned above. 

According to phase diagrams of Figure 1.6 [17] and Figure 1.9 [23], a liquid crystal 

phase (La) was expected for the present DPPC bilayer simulated under 1 atm pressure 

and 323 K temperature conditions. Instead, a gel-like phase (Lf3') was observed when 

comparing with the previous experimental data mentioned above for the area per lipid of 

the DPPC bilayer. In fact, the average area per lipid value (48.85 ± 0.44 A 2) is very close 

to the experimental results reported for LfJ' phase [88. 91. 91]. 

45 



Chapter 4: Results and Discussion 

70 

65 

0 
60 

<( .._, 

"' ·a 
55 :.::3 .._ 

o:l 

~ 50 

45 

40 
0 500 1000 

Time (ps) 

1500 2000 

Figure 4.6: Time evolution of the area per DPPC molecule during the constant NPT 
simulation of the DPPC bilayer at 323 K and 1 atm. The solid line represents 
the average value for area per lipid calculated for the last 1000 ps. l)ashed 
line and dotted line represent the experimental values for La [92] and Lf3' 
[91] phases respectively. 

4.1.2 Bilayer Thickness 

The thickness of a bilayer in X-ray diffraction studies is determined as the distance 

between the two peaks of maximum electron density, which occurs on the phosphate 

anion regions of the polar head groups [94]. In order to be consistent with diffraction 

data the bilayer thickness in molecular dynamics simulations is taken as the distance 

between the two planes which best fit the phosphorus atom position in the upper and 

lower mono layers. Bilayer thickness as a function of time is shown in Figure 4. 7 along 

with experimental La and L13' values from reference [89]. 
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Figure 4.7: Time evolution of the DPPC bilayer thickness during the constant NPT 
simulation at 323 K and 1 atm. The solid line represents the average value 
for thickness calculated for the last 1000 ps. Dashed line and dotted line 
represent the experimental values for La and L13'phases respectively [89]. 

The average value of bilayer thickness for the last 1000 ps period is 44.57 ± 0.33 A. 

Experimental values of DPPC bilayer thickness according to Lis et al. (1982) [89] are 

34.2 A for La phase and 44.2 A L13'phase. Thus, similarly to the area per lipid results, the 

present bilayer thickness at 1 atm and 323 K is close to the experimental value of L/3' 

phase. 

4.1.3 Average Chain Tilt 

The angle of chain tilt is defined as 

- A e ~·lz'n 

tilt= II ~·lzll 
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where vector ~~~ is the vector connecting a carbon atom near the tail of a hydrocarbon 

chain and a carbon atom near the beginning of the chain, and fi is the unit vector of the 

bilayer normal direction. In this study, the vector ~~~ has been taken by averaging the 

vector from carbon C85 (95) to C23 (33) (Figure 3.1) over all chains in a monolayer. 

Figure 4.8 shows how the average chain tilts of monolayers vary with the time in 

this simulation. The horizontal solid line a~d the dashed line represent the average values 

for the bottom monolayer (33.67° ± 1.25°) and the top monolayer (28.03° ± 1.10°) 

respectively. Dotted horizontal line represents the experimental value of chain tilt for 

DPPC bilayer in Lf3' phase. The simulated average tilt values of the present study remain 

close to experimental value (29.78 °) [95] of Lf3'phase. 
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Figure 4.8: Time evolution of the average chain tilt at 323 K and 1 atm: top monolayer 
(black), bottom monolayer (gray). Average values for the average chain tilt 
values represent by horizontal lines: top monolayer (solid line), bottom 
monolayer (dashed line), and experimental value for L13' phase (dotted line). · 
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4.1.4 Order Parameters 

The disorder in acyl chains can be most effectively represented by the molecular 

order parameter profile. The order parameter of l alkyl group in a lipid hydrocarbon 

chain is defined as 

where e j is the angle between the bilayer normal to the plane formed by the carbon atom 

and the two hydrogen atoms bonded to it. The averaging is done over all alkyl groups in 

the bilayer which have the same chain position. Order parameters obtained in this study 

are shown in Figure 4.9. 
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Figure 4.9: Order parameters as a function of carbon atom numbers at 323 K and 1 atm. 
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Orientational order parameter profiles for DPPC at 1 atm pressure and and 348 K 

temperature have been reported by Driscoll et al. (1991) [96]. The values reported for 

La phase DPPC bilayer according to them were all less than about 0.2. In another study 

of DPPC order parameter profiles [97], the plateau values of order parameters for liquid 

crystalline DPPC were also around 0.2. Experimental values for Srnoh which is twice the 

Sco, for Lw phase of DPPC-water system have been found to be between 0.2 to 0.3 [98]. 

Order parameter results from the present study varied between 0.2- 0.3, that were higher 

than the results obtained from the studies mentioned above. Data for the gel phase is 

more difficult to find from experiments due to the fact that order parameters cannot be as 

easily extracted from gel phase deuterium NMR spectra as from corresponding liquid 

crystal spectra. 

As discussed above, physical properties obtained by the simulation of the DPPC 

bilayer system with 46 % water by weight at 1 atm pressure and 323 K temperature 

conditions indicate an existence of a gel like phase (L13} At this temperature, pressure, 

and water content an La phase should be observed [ 17, 23]. The initial system 

construction consisted of phospholipid with their acyl chains in an all trans conformation, 

with the area per lipid equal to 68.1 A2 which is consistent with an La phase bilayer. As 

shown in Figure 4.10, this initial construction was followed by a rapid increase in system 

density which fluctuated around a constant value afterwards. One explanation for this 

may be the expulsion of water molecules from the bilayer system constructed. Graphical 

representations of the initial bilayer and the bilayer system after 2 ns simulation at 323 K 

and 1 atm are shown in Appendices E and F respectively. 
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Figure 4.10: Time evolution of the density. 
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The CHARMM22 force field used in this study has been noted for giving too high 

densities in simulations [66]. A possible explanation as to why an LfJ' phase bilayer is 

forming may be that flaws in the force field are being augmented by the particular 

equations of motion used in this study. However, an NPT simulation conducted by 

Shinoda et al. (1997) [99] using an OPLS/AMBER force field with 32 DPPC and 434 

water molecules (TIP4P model) under periodic boundary condition at 353 K and 1 atm 

(i.e., La phase) has also reported similar area per lipid and order parameters results as 

obtained in the present study (Figures 4.6 and 4.9). They have also reported area per 

lipid (53.9 A2) and order parameter values (between 0.1 - 0.25) that are close to 
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experimental values of L.a,phase. NPAT (where A is the area per lipid) simulation 

conducted by Venable and Pastor (1997) [30] has used CHARMM program with 

PARM22b4b parameter set for their study along with a lipid bilayer of 72 DPPC 

molecules and approximately 2000 water molecules. The simulation performed at 1 atm 

and 323 K with different constant area per lipids (59.3, 62.9, 65.5, or 68.1 A2) had 

resulted in different chain tilt and order parameter values depending on the initial area per 

lipid used. Moreover, even at 68.1 A2 /lipid, their chain tilt is close to the average chain 

tilt value as obtained in this study. 

4.2 SIMULATION AT 1 ATMOSPHERIC PRESSURE AND 423 K 
TEMPERATURE 

In section 4.1 we showed that, even though an La phase should result, physical 

properties obtained by the simulation of the DPPC bilayer system with 45 % water by 

weight at 1 atm pressure and 323 K temperature conditions resulted in a gel like phase 

(Lf3'). Thus, it was decided to increase the system temperature up to 423 K (by keeping 

other simulation conditions such as molecular dynamics parameters, initial system, and 

pressure similar to the simulation performed at 323 K) in order to study how the resultant 

bilayer properties would change accordingly. This simulation study was performed up to 

600 ps and the same physical parameters discussed in Section 4.1 were evaluated under 

these conditions. Graphical representation of the bilayer system after 600 ps simulation 

at 423 K and 1 atm are shown in Appendix G. The variation of H', system temperature 

and pressure in this simulation (see Appendix B) showed a similar pattern to that of at 

323 K (Section 4.1). 
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According to previous experimental studies, when the temperature or hydration of 

the bilayer system increased further, the Lf3' phase undergoes a phase transition first to the 

Pf3'0r P13 phase and then to the liquid crystal (La) phase (Figure 1.6) [17]. 

4.2.1 Area Per Lipid 

According to Figure 4.11, area per lipid after 600 ps had not converged completely. 

However, when compared to the average area per lipid value at 323 K (48.85 ± 0.44 A 2, 

Figure 4.6), an increase in area per lipid could be observed at 423 K (53.61 ± 0.49 A2, by 

taking average for last 100 ps) (Figure 4.11). These results are closer to experimental 

results of La phase than the results obtained at 1 atm pressure and 323 K temperature 

conditions in this study (Section 4.1). 
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Figure 4.11: Time evolution of the area per DPPC molecule during the constant NPT 
simulation of the DPPC bilayer at 423 K and 1 atm. Dashed line and dotted 
line represent the experimental values for La [92] and Lf3' [91] phases . 
respectively. 
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4.2.2 Bilayer Thickness 

. Bilayer thickness at 423 K after 600 ps (Figure 4.12) is close to the experimental 

value of Lf3' phase [89] similar to the simulation result obtained at 323 K. However, high 

variability could be observed in bilayer thickness with a lower starting value compared to 

the simulation at 323 K (- 44 A). 
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Figure 4.12: Time evolution of the DPPC bilayer thickness during the constant NPT 
simulation at 423 K and 1 atm. Dashed line and dotted line represent the 
experimental values for La and L13'phases respectively [89]. 

4.2.3 Average Chain Tilt 

Average chain tilt values at 423 K varied between 0 - 25 o (Figure 4.13) and are 

lower than at 323 K [the bottom monolayer (33.67° ± 1.25°) and the top monolayer . 
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(28.03° ± 1.10°) respectively, Section 4.1.3]. Further, average chain tilt values at 423 K 

are lower than the experimental value for the L,B'phase (29.78 °) [95]. 
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Figure 4.13: Time evolution of the average chain tilt at 423 K and 1 atm: top monolayer 
(black), bottom monolayer (gray). 

4.2.4 Order Parameters 

Order parameters obtained at 423 K and 1 atm in this study are shown in Figure 

4.14. Order parameter variation is larger when comparing with the values obtained at 

323 K temperature (Figure 4.9). At 323 K, order parameters of C2- CIO carbon atoms 

remained close to -0.27 and showed a slight decrease at the end of the alkyl chain (- 0.22 

for C14). Similarly, at 423 K, there was a plateau region between C3 and CIO where Sco 
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was -0.28, but showed lower order (-0.17) (Figure 4.14) at the end of the chains 

compared to the order for Cl3 and Cl4 at 323 K (Figure 4.9). 
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Figure 4.14: Order parameters as a function of carbon atom numbers at 423 K and 1 atm 

According to Feller et al. (1997) [100], increase in temperature of the DPPC bilayer 

system may increase disorder by lowering Sco values for carbon atoms. However, this 

phenomenon could only be observed in a significant amount for Cl3 and C14 carbon 

atoms in this study. 
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4.3 SIMULATION AT 1000 ATMOSPHERES PRESSURE AND 323 K 
TEMPERATURE 

Bilayer system pressure was increased to 1000 atm by keeping other simulation 

conditions such as molecular dynamics parameters, initial system, and system 

temperature constant as described in Section 4.1. This simulation study was performed 

up to 1.5 ns to study how the changes in physical parameters take place with the increase 

of system pressure. Graphical representation of the bilayer system after 1.5 ns simulation 

at 323 K and 1000 atm are shown in Appendix H. The same physical parameters 

discussed in Section 4.1 were evaluated under these conditions. According to Figure 1.9, 

DPPC bilayer with this pressure and temperature conditions should be in Gel I phase or 

P fJ' phase. However, experimental results for bilayer properties such as area per lipid, 

bilayer thickness for Pp- phase could not be found from literature. This may be due to the 

difficulty in performing experiments at these extreme conditions. Thus, the results 

obtained from this simulation study at 1000 atm pressure will be compared with La and 

Lp' phase experimental results. The variation of H', system temperature and pressure in 

the simulation are shown in Appendix C. 

4.3 .1 Area Per Lipid 

The average value for area per lipid of 46.55 ± 0.30 A 2 is represented by the solid 

horizontal line in Figure 4.15. The area per lipid is smaller at 1000 atm than at 1 atm 

pressure (Figure 4.6). When comparing with experimental values, the average area per 
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lipid value under these conditions is even below the experimental L13, phase value. Thus, 

it can be predicted that the area per lipid decreases when the pressure of the system 

increases. Lis et al. [89] have also observed this phenomenon experimentally at constant 

temperature. 
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Figure 4.15: Time evolution of the area per DPPC molecule during the constant NPT 
simulation of the DPPC bilayer at 323 K and 1000 atm. The solid line 
represents the average value for area per lipid calculated for the last 600 ps. 
Dashed line and dotted line represent the experimental values for La [92] 
and Lf3' [91] phases respectively. 

4.3.2 Bilayer Thickness 

Figure 4.16 shows bilayer thickness variation with time. Average value of bilayer 

thickness is 46.02 ± 0.23 A and represented by solid horizontal line. Bilayer thickness at 

1000 atm pressure is greater than that of at 1 atm (Figure 4.7) and also than the · 
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experimental value for Lf3' phase. The thickness variation may be inversely related to the 

variation of area per lipid and the bilayer can be assumed to be volumetrically 

incompressible. 
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Figure 4.16: Time evolution of the DPPC bilayer thickness during the constant NPT 
simulation at 323 K and 1000 atm. The solid line represents the average 
value for thickness calculated for the last 600 ps. Dashed line and dotted line 
represent the experimental values for La and Lf3' phases respectively [89]. 

4.3.3 Average Chain Tilt 

Both top and bottom monolayer chain tilt variation with time are shown by black 

and gray lines, respectively, in Figure 4.17. The top monolayer was still not converged 

completely with this time period while bottom monolayer tilt had converged to a value 

with a small variation around it. Solid and dashed lines show average values of chain tilt 

for top (8.42° ± 1.82°) and bottom (23.82° ± 1.34°) monolayers after 1000 ps. Both 

values had decreased when the pressure was increased to 1000 atm relative to bilayer at 1 
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atm pressure (Figure 4.8). It could be observed that when pressure increases, the area per 

lipid decrease and the chain tilt also decreased accordingly and came closer towards the 

bilayer normal. 
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Figure 4.17: Time evolution of the average chain tilt at 323 K and 1000 atm: top 
monolayer (black), bottom monolayer (gray). Average values for the 
average chain tilt values represent by horizontal lines: top monolayer 
(solid line), bottom monolayer (dashed line). 

4.3.4 Order Parameters 

Order parameters obtained at 323 K and 1000 atm in this study are shown in Figure 

4.18. Order parameter variation is larger when compared to the values obtained at 1 atm 

pressure. In addition to that, all values have increased with the increase of system 

pressure. This implies an increase in order of the system under this pressure and 

temperature condition. Experimental study performed by Driscoll et al. ( 1991) [96] had · 
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also pointed out the fact that order parameter profiles increase with the increase of 

pressure from 1 atm- 1200 atm at 348 K. 
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Figure 4.18: Order parameters as a function of carbon atom numbers at 323 K and 1000 
atm. 

4.4 SIMULATION AT 2000 ATMOSPHERES PRESSURE AND 323 K 
TEMPERATURE 

Pressure was increased further up to 2000 atm in order to study physical properties 

of lipid bilayer at this high pressure. Temperature, initial system, and molecular 

dynamics parameters were kept the same as those described in Section 4.1 and the 

simulation was performed up to 1.7 ns. Graphical representation of the bilayer system 

after 1.7 ns simulation at 323 K and 2000 atm are shown in Appendix I. According to 

Figure 1.9, the DPPC bilayer at 2000 atm pressure and 323 K temperature should be in 

61 



Chapter 4: Results and Discussion 

the interdigitated phase. The variation of H', system temperature and pressure in the 

simulation are shown in Appendix D. 

4.4.1 Area per Lipid 

Figure 4.19 illustrates how the area per lipid varied with time during the simulation. 

Area per lipid had converged with first 500 ps. When comparing with previous sections, 

this shows a rapid convergence. Thus, the physical properties of the bilayer such as area 

per lipid and bilayer thickness were evaluated after 500 ps. No significant differences 

could be observed for average area per lipid (46.55 ± 0.41 A 2) result at 2000 atm 

compared to the result (46.55 ± 0.30 A 2) obtained at 1000 atm. 
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Figure 4.19: Time evolution of the area per DPPC molecule during the constant NPT 
simulation of the DPPC bilayer at 323 K and 2000 atm. The solid line 
represents the average value for area per lipid calculated for the last 1300 ps. 
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4.4.2 Bilayer Thickness 

Similarly to the area per lipid under these conditions, bilayer thickness shows a 

rapid convergence (Figure 4.20). However bilayer thickness shows a higher variation 

around the average value than the variation of area per lipid (Figure 4.19). A slight 

decrease could be observed for average bilayer thickness (45.15 ± 0.35 A) results at 2000 

atm compared to the result (46.02 ± 0.23 A) obtained at 1000 atm and is slightly higher 

than the one at 1 atm (44.57 ± 0.33 A). 
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Figure 4.20: Time evolution of the DPPC bilayer thickness during the constant NPT 
simulation at 323 K and 1 atm. The solid line represents the average value 
for thickness calculated for the last 1300 ps. 
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4.4.3 Average Chain Tilt 

The top and bottom monolayer chain tilts variation with-time during the simulation 

are shown in Figure 4.21. Average chain tilt values for the top and bottom mono layers 

are very close and are 17.19° ± 1.32° and 18.68° ± 1.32° respectively (which were 

obtained after 1000 ps in the simulation). These values are less than chain tilt values at 1 

atm pressure conditions (Figure 4.8). 
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Figure 4.21: Time evolution of the average chain tilt at 323 K and 2000 atm: top 
monolayer (black), bottom monolayer (gray). Average values for the 
average chain tilt values represent by horizontal lines: top monolayer 
(solid line), bottom monolayer (dashed line). 
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4.4.4 Order Parameters 

Both at 1000 and 2000 atm, order parameters for C2 to C8 carbon atoms are 

similar. But, the carbon atoms at the end of alkyl chains show higher order parameter 

values at 2000 atm (Figure 4.22) indicating greater ordering of chains at high pressure. 

0.45 

0.40 

0.35 I f f I I 1 I I f f f f 
e 0.30 

Cl.l 

0.25 

0.20 

0.15 
0 2 4 6 8 10 12 14 16 

Carbon number 

Figure 4.22: Order parameters as a function of carbon atom numbers at 323 K and 2000 
atm. 
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Chapter 5 

CONCLUDING REMARKS 

5.1 SUMMARY OF RESULTS 

Fifty DPPC molecules with 1656 water molecules (TIP3P model) were used to 

construct the initial bilayer system and the simulations were performed using ROAR 

molecular dynamic program. At 1 atm pressure and 323 K temperature, the equilibration 

phase of the simulation was completed at 1000 ps when the internal energy of the system 

had stabilized. Physical properties of the bilayer system such as area per lipid (48.85 ± 

0.44 A2), bilayer thickness (44.57 ± 0.33 A), chain tilt (the bottom monolayer: 33.67° ± 

1.25° and the top monolayer: 28.03° ± 1.10°), and the order parameters (0.2- 0.3) appears 

to be consistent with the experimental results of Lp' phase under these conditions even 

though the desired equilibrium structure for the 1 atm simulation was that of an La phase 

bilayer. 

An increase of temperature up to 423 K increased the area per lipid of the bilayer 

system. However, no significant difference could be seen between bilayer thickness 

values under 423 K and 323 K temperature conditions at 1 atm. Average chain tilt values 

at 423 K varied between 0 - 25 ° and were lower than at 323 K. Furthermore, end of 

alkyl chains showed more disorder at 423 K compared to at 323 K. Exact conclusion . 
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could not be given at this point about the bilayer changes as the simulation at 423 K was 

performed only up to 600 ps and had not converged within this time. 

Pressure (atm) at 323 K Ex peri mental 
value 

1 1000 2000 1 atm& La L!J 
423K 

Area per lipid 48.85 46.55 46.55 53.61 62.9 48.6 cA2) ±0.44 ±0.30 ± 0.41 ±0.49 

Bilayer thickness 44.57 46.02 45.15 44.10 34.2 44.2 0 

±0.33 ± 0.48 (A) ±0.23 ±0.35 

Average chain tilt 28.03° 8.42° 17.19° -120 
top monolayer ± 1.100 ± 1.82° ± 1.32° 

- 29.78° 
Average chain tilt 33.67° 23.82° 18.68° -120 
bottom monolayer ± 1.25° ± 1.34° ± 1.32° 

Table 5.1: Summary of physical properties for different pressure and temperature 
combinations 

Increase of system pressure up to 1000 atm at constant temperature (323 K) 

decreased the area per lipid while increasing the bilayer thickness compared to the results 

obtained at 1 atm. Further increase of pressure up to 2000 atm did not change the area 

per lipid significantly from 1000 atm and slightly decreased bilayer thickness. Average 

chain tilt values were considerably different for top and bottom monolayers at 1000 atm. 

However, at 2000 atm, both monolayers had similar average tilt values and greater 

ordering was observed. The results obtained in this study are summarized in Table 5.1 

and Figure 5.1. 
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5.2 FURTFI£R \\ORK 

The simulations in this study, like other molecular dynamic studies of membrane 

systems. it; limiled by lhe system size and time scaJe. More accur:ue physicaJ results of 

the bilayer sy~tcm would require extensive ensemble overnging by perfonning simulation 

for much lon,ger time periods with supercomputers. Simulation at 423 K in the present 

<tudy must be performed for a longer time period before final conclu.<ioos can be made. 

One: Of the m~l important USkJ in SlffiUJ3tion is generating a SUH:lble starting 

bol>ycr su·u.:tun:. In thJS sludy. the initi>l Inlayer II>. been chosen from available 

e.penmcnl.1l dau. but ~ is considerable amount of uncct1aonty of thc>e experimenl.1l 

n:sulu. A< an example. for the DPPC biloycr at t.. phase. an:• per hpod """'IS varies 

from S7 to 71.2 A'· On the other hond. consodenna the initial collopse of the bilayer 
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system, the simulation should be performed by changing initial physical properties of the 

system such as area per lipid which may lead to different final results. According to 

Figure 1.6, the initial bilayer system constructed in this study should create a bilayer of 

an La phase with some excess water in the system. This excess water may create 

problems in such a small bilayer system. Thus, it would be better to add only a sufficient 

amount of water to hydrate the system in order to create the desired phase at the desired 

temperature and pressure condition. United atom force field may be used for lipid bilayer 

systems with much less computational time. In this Nose-Hoover Chain method, 

velocities and positions depend on the adjustable parameters such as thermostat and 

barostat. Therefore, it may be useful to perform simulations by changing these 

parameters in order to obtain better results. 
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APPENDICES 

Appendix A: Molecular Dynamics Simulation Control Inputs 

Input parameters for energy minimization with ROAR program 

$cntrl 

$end 
eof 

imin= 1 ,maxcyc=500,ncyc= l OO,imgslt=O,iftres= 1, 
cut=13,scee=1.0,scnb=1.0,kmax= 12,ntpr=50,ntb=1 ,ntx=1, 
ntt=1 

Input parameters for molecular dynamics simulation with ROAR program 

$cntrl 

$end 
eof 

imin=O,nrun=500,nstlim=500,dt=O.OO 1 ,imgslt=O,iftres= 1, 
cut=13,scee=1.0,scnb=1.0,kmax=6,ntpr=50,ntb=2,ntx=13, 
ntt=1,init=4,ntorp=4,nchain=1,mtstat(1)=5,pext=1000, 
temp0=323,tempi=323,ntf=3,ntc=3,tol=0.0005,ntwx=500,ntwv=500, 
ntwe=50,nhcpmt=1,qfactor=l2.000,wfactor=l.200 
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Appendix B: H', Temperature and Pressure Variation at 1 atm and 423 K 
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Figure B.l: H~ as a function of time for the DPPC bilayer simulation at 323 K 
temperature and 1 atm pressure 
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Figure B.2: System temperature as a function of time for the DPPC bilayer simulation at 
423 K and 1 atm 
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Figure B.3: System Pressure as a function of time for the DPPC bilayer simulation 
at 423 K and 1 atm 

Appendix C: H', Temperature and Pressure Variation at 1000 atm 
and 323 K 
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Figure C.1: H' as a function of time for the DPPC bilayer simulation at 323 K 
temperature and 1 atm pressure 
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Figure C.2: System temperature as a function of time for the DPPC bilayer simulation at 
323 K and 1000 atm 
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Figure C.3: System Pressure as a function of time for the DPPC bilayer simulation at 
323 K and 1000 atm 
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Appendix D: H', Temperature and Pressure Variation at 2000 atm and 323 K 
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Figure D .1: H' as a function of time for the DPPC bilayer simulation at 323 K 
· temperature and 1 atm pressure 
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Figure D.2: System temperature as a function of time for the DPPC bilayer simulation 
at 323 K and 2000 atm 
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Figure D.3: System Pressure as a function of time for the DPPC bilayer simulation at 
323 K and 2000 atm 
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Appendix E: Initial DPPC Bilayer Symm 
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Appendix F: Final DPPC Bilayer System at I atm Pmsure and 323 K 
Temperarure 
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Appendix G: Final DPPC Bilayer System ar I attn ~ and 423 K 
Temperarure 
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Appendix H: Final OPPC Bilayer System at I 000 atm Pressure and 323 K 
Temperature 
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Appendix 1: Final OPPC Bilayer System at 2000 atm Pressure and 323 K 
Temperature 
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