
        

University of Bath

PHD

Molecular dynamics simulations of skin lipids

Evans, D. A.

Award date:
1996

Awarding institution:
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 24. May. 2023

https://researchportal.bath.ac.uk/en/studentTheses/3c29a3c0-51bd-463c-9388-3a223478f8ed


Molecular Dynamics Simulations of Skin Lipids

Submitted by D. A.Evans

For the degree of Ph.D. 

of the University of Bath 

1996

COPYRIGHT

Attention is drawn to the fact that copyright of this thesis rests with its author. This 

copy of the thesis has been supplied on condition that anyone who consults it is 

understood to recognise that its copyright rests with its author and that no quotation 

from the thesis and no information derived from it may be published without prior 

written consent from the author.

This thesis may be made available for consultation within the University Library and 

may be photocopied or lent to other libraries for the purposes of consultation.

David A Evans



UMI Number: U075643

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

Dissertation Publishing

UMI U075643
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.

Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



I WUVERSiTY OF EATH | 
LIBRARY '

2.1 2 3  AUG 1996

FHj>



ABSTRACT

Molecular Dynamics Simulations of Skin, lipids 

Submitted by D.A.Evans for the degree of Ph.D. 

of the University of Bath 

1996

The first dynamical models of stratum comeum lipid bilayer systems are 

presented. The models have been analysed to examine their structural and 

thermodynamic properties. Bilayers with cholesterol included, at low concentration, 

have been modelled in order to examine its effect upon the thermodynamic and 

structural behaviour of the system.

New methodology has been developed to enable both the simulation and 

analysis of these systems. Simulation artefacts associated with the use of truncated 

cutoffs, applied to the non-bonded interaction, have been analysed. Two new 

methods have been proposed and tested in order to circumvent this problem.

The bilayer systems are found to be stable over the course of the simulation. 

Segmental order parameter profiles were calculated and whilst the exact form of 

experimental profiles was not reproduced the values are within the bounds of those 

obtained experimentally. The cause of this discrepancy is attributed to the system 

conditions, size and the short time scale of molecular dynamics simulations

The effect of cholesterol upon the bilayer models has been found to mirror 

experiment. The general bilayer dimensions are unaffected by cholesterol but the 

segmental order parameters are increased, indicating a reduction in the fluidity of the 

lipid acyl chains.
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CHAPTER 1 

INTRODUCTION

The entire surface of the human body is covered by a layer of skin. This is the 

largest single organ of the human body, in an average 65 Kg male the skin accounts 

for just over 12.5 % of the body mass, with an area of roughly 1.75 m2. In addition 

to its obvious role as protection against physical abuse, the skin also has other equally 

important functions, relating to its forming the interface between the external 

environment and the internal organism, the human body.

1.1 The Functions of the Skin

Obviously the skin’s complex structure is not there merely to hold the internal 

organism in, it is so structured to help[l]:

• prevent harmful substances from entering into the body

• prevent loss of essential fluids from the body

• protect against damage by ultra violet radiation

• regulate the body’s temperature

• to contribute to the body’s supply of vitamin D, by the affect of UV radiation upon 

dehydrocholesterol

• the immunological response of the body to outside attack

• endocrine function

• respiration

• contain nerve endings for sensory perception

• sociosexual communication

The stratum comeum makes the loss of essential fluids, especially water loss, 

to the surrounding environment very difficult, this semi-permable barrier can limit 

water loss to as low as 500 cm3 per day.
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1.2 Epidermal Structure and Histology

There are two recognisable layers to the skin, fig 1.2.1,

1. Epidermis

2. Dermis

Dermal papillae 
Cold receptor 
Heat receptor

Blood vessels 

connective tissue

Nerve 

Fat lobules

Fig 1.2.1 Generalised diagram of Human skin

The outer layer, the epidermis is between 0.06 - 0.01 mm thick in most 

regions, but tending to be thicker on the back and much thicker in the callus areas. 

This forms most of the cutaneous appendages including the sweat glands and 

sebaceous glands, hair and nails.

The dermis is connective tissue and is much thicker than the epidermis, 2 - 4  

mm. It supports the cutaneous appendages and contains blood vessels, lymphatics 

and nerves. The dermis consists of a dense network of connective tissue, in which 

bundles of collagen Fibre predominate, intermingled with a mesh of elastic tissue.

The epidermis consists of epithelial cells growing in layers, fig 1.2.2. The 

deepest layer rests on top of the dermis and is attached to it by a basement 

membrane, cells of this layer, the basal layer, continuously divide, the daughter cells 

moving out towards the surface. As these cells migrate toward the surface they 

undergo a series of changes, the process of Keratinization, this involves the synthesis 

of Keratin, an inert fibrous protein with a high concentration of sulphur containing

Epidermis

Dermis

4 " -  Sebaceous gland 

{••• A rrec to r pili muscle

Sweat gland

4 " - " Subcutaneous layer
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residues. As the cells slowly reach the top surface of the skin, stratum corneum or 

horny layer, they have become fully keratinized dead cells.

Transitional
phase

Synthetic
phase

Horny celt

Transition
cells

Granular cell

Spinous cell

Basal cell

Basem ent
membrane

Fig 1.2.2 Cell Types in the Epidermis ( not to scale)
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These cells are devoid of nuclei and cytoplasmic organelles, these having 

degenerated by the time the cell reaches the upper granular level. The adjacent cells 

in the stratum comeum overlap and this locking together of the cells with a very large 

section of intracellular lipids forms a very effective barrier. This barrier is slowly 

abraded by the day to day activity of the individual.

1.3 The Semi-permeable Barrier

The skin is sub-divided into various regions, fig 1.2.1, and as early as 

1853 it was recognised that these various layers were not equally permeable. 

Homalle[2] and Duriau[3] noted that blister formation indicates that the epidermis is 

considerably more impermeable than the dermis.

The outermost layer of the human skin is the stratum comeum, fig 1.2.2, this 

layer acts as the primary defensive barrier to foreign bodies. It has to be able to 

withstand the large diversity of conditions encountered, e.g. from partial to complete 

immersion in water to the drying affects of extended exposure to direct sunlight, in 

order to protect the human body. Therefore a knowledge of the structure, function 

and chemistry of the outermost layer is vital to our understanding of the affects our 

lifestyle has upon the skin.

The First World War promoted the interest in the skin’s permeability, 

stimulated by the need to understand the affects of war gases and aerosols. Smith et 

al [4] noted that almost the entire amount of a mustard vessicant, dichloroethyl 

sulphide, could be washed off easily, 15 minutes after being applied to the skin. This 

led to the identification of the major barrier region, being in the uppermost part of the 

epidermis, the stratum comeum.

This was not immediately accepted, due to the mistaken belief that the stratum 

comeum was a grossly porous membrane through which large molecules as well as 

ions could easily move. This was further added to by the stripping experiments of 

Blank[5], in which successive layers of the skin are removed, this appeared to offer a 

way to finally locate the barrier zone with the stratum comeum. The water 

permeability of excised full thickness skin remained unchanged until the lowest part of 

the stratum comeum was removed. He erroneously concluded that a
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“thin layer in this region must contain the rate-limiting barrier”.

The conclusion was incorrect in that the observation only indicates that the 

lowest lying layers are quite impermeable. This does not indicate that they are any 

more impermeable than those upper layers of the stratum comeum. The data could 

equally be interpreted as implying that the bulk of the stratum comeum is uniformly 

impermeable, this has been shown in subsequent stripping experiments and 

acknowledged by Blank[6].

Today it is commonly accepted that the stratum comeum is the major rate 

limiting barrier in the skin[7-10]. Experiments have shown that there is no evidence 

that any section of the stratum comeum is any more or less permeable than any other, 

both top and bottom portions are excellent permeability barriers[l 1].

Transmission electronmicrographs of the stratum comeum in cross section 

show the arrangement of comeocyte cells surrounded by layers of narrow intercellular 

lipid[12]. This is shown schematically in fig 1.3.1. This arrangement o f tightly 

packed comeocyte cell ‘glued’ together with lipid is believed to give the stratum 

comeum its barrier properties.

CORNEOCYTES

r .T P T D P R O T E IN  ENVELOPE

Fig 1.3.1 Intercellular Lipid surrounding comeocytes
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1.4 Barrier Properties

The question still remains as to the particular direction that an absorbed 

moiety has taken to gain entry through the stratum comeum. This either via a 

comeocyte pathway or more directly through the lipid lamellae.

Results from the investigation of the transport o f HgCh through human skin 

indicate that this occurs almost entirely through the intercellular lipids[13]. This lipid 

lamellae is now believed to be the pathway by which the majority of substances, 

including water, traverse the stratum comeum.

Thus it is essential that we investigate the molecular organisation of this 

region. This information will lead to a greater understanding of the processes 

involved in the different aspects o f the skin’s function and also give an insight into the 

possible affect that diseases of the stratum comeum have upon this structure.

Recent X-ray diffraction studies have indicated that the comeocytes are 

surrounded by single layer of lipids[12,14,15], in addition to the electron microscopy 

results that support the notion of lipid being found in the intercellular spaces[16]. 

Further investigation into these systems and the barrier properties needs to be 

augmented by a knowledge of the chemical nature o f these skin lipids.

1.5 Chemical Analysis of the Stratum Corneum

The keratinized comeocyte cells are surrounded by a layer of bound lipid. In 

between these keratinized cells are dense regions of lipid. Chemical analysis of this 

region of the stratum comeum reveals that the intercellular region is comprised of 

three general groups of substances[l 7], table 1.5.1.

Table 1.5.1 Composition of the lipid region

% by mass 

of total lipid

Ceramides 49.2

Cholesterol 19.6

Fatty Acids 26.0
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1.5.1 Ccramides

Ceramides are a class of neutral lipids found predominantly in the stratum 

comeum. However shorter chain ceramides have been suggested to have some 

second messenger function and to be involved in cell regulation[18].

The ceramides have been separated into five to seven classes depending upon 

the number of hydroxyl groups attached and the length o f their acyl chain, see fig

1.5.1

Recent molecular mechanics investigations by Nyholm, Pascher and Sundell 

into the conformation of glycoceramides are the only examples in the literature of 

theoretical calculations that have been performed upon ceramides[19]. There are a 

few crystal structures available[20], however all the crystal structures include a sugar 

group attached to the primary hydroxyl group, see fig 1.5.1. The majority of 

ceramide lipids found in the lipid envelope of the stratum comeum contain an isolated 

hydroxyl groupf 17].

Site for sugar group attachmen 
in glycoceramides

Hydroxylated in majority of 
stratum comeum lipids

C and D are partially 
hydroxylated. If D is not an 
alcohol then the bond is a 
double bond

Fig 1.5.1 Hydroxyl positions around ceramide head group

The ceramides found in the stratum comeum are shown in fig 1.5.2.

O

N
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1.5.2 Sterols

Another important class of lipids are sterols. These are based upon the sterol 

ring system of three fused six membered rings and a five membered ring, shown 

below in fig 1.5.3.

Fig 1.5.3 Fused ring system of sterols

The most commonly found sterol in the skin and in biological membranes is 

cholesterol, fig 1.5.4.

HO

Fig 1.5.4 Cholesterol

The hydroxyl group attached to the A ring can adopt two possible positions, 

either above or below the ring, see fig 1.5.5. The p isomeric form, with the hydroxyl 

group above the ring, is the naturally occurring isomer. The a  isomers are known to 

be membrane anaesthetics.

Fig 1.5.5 a  and p isomers of the steroid A ring
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1.5.3 Fatty Acids

The rest of the lipid region is comprised of short/long chained fatty acids, such 

as palmitic, steric, oleic and docosamic acids.

1.6 Structural Aspects of the Stratum Corneum

Electron microscopy investigations of the stratum comeum using various 

staining techniques reveals an electron lucent region[12], usually referred to as the 

homy cell plasma membrane, found between the intercellular lamellae and the 

proteineous comeocyte envelope.

This layer is comprised of a monomolecular layer of co-hydroxyacyl 

sphingosines that are chemically bound to the homy cell envelope. Thus in addition 

to the surrounding protein layer each cell also appears to have a lipid envelope. This 

envelope may function in comeocyte cohesion and the barrier properties of the 

stratum comeum[14].

In transmission electron micrographs the translucent region surrounding the 

comeocytes has the appearance of a cell plasma membrane[12]. There is little change 

in the appearance of the electron micrograph as the cells migrate from the granular 

layer into the homy layer, apart from a merging of the inner dense region of the 

membrane with the protein envelope. It is therefore natural that this region should be 

referred to as the plasma membrane, though it is now known that it bares little 

resemblance to true plasma membranes being comprised of neutral ceramides rather 

that the more common phospholipids found in plasma cell membranes. Also in 

contrast to plasma cell membranes no fatty acids, cholesterol or its derivatives are 

found with in this membrane, it is comprised solely of ceramides.

The phase properties of this ‘membrane’ are also significantly different from 

those of biological membranes. The long acyl chains are found in the gel phase rather 

than the more fluid liquid crystalline phase of phospholipids, as a result of which they 

are highly impermeable to water. Thus it is likely that the lipid covering is also 

involved in regulating water transport into and out of the comeocytes.

The translucent band disappears from the electron micrographs after treatment 

with alkali and extraction of the liberated lipids[12]. This indicates that the lipids are
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bound to the comeocytes via an alkali labile bond, this is provided by the hydroxyl 

groups from either the lipid headgroups, see fig 1.5.1, or from the co-hydroxy-tail 

groups.

1.6.1 Evidence for Bilaver Structure in the Stratum Corneum

In between the keratinized comeocytes there are areas of lipid lamellae. 

Freeze fracture electron microscopy has shown that this area is composed of multiple 

sheets of lipid[14,16]. This intercellular layer is formed by the rearrangement of 

lamellae disks from within the granular layer. These lamellae disks are discharged 

into the intercellular space in the form of membranous disks.

Landmann[21] first suggested that these disks are formed by the flattening of 

lipid vesicles. These disks then fuse edge to edge to form the extended lamellae 

sheets seen in the stratum comeum. Support for these concepts has been provided by 

the demonstration that specific epidermal lipids can produce flattening and stacking of 

liposomes prepared either from phospholipids[22] or stratum comeum lipids[23].

A consequence of Landmann’s proposal is that each lamellar disk is comprised 

of two lipid bilayers. When the disks are fused together, edge to edge, each resulting 

disk should also contain two bilayers.

In 1991 Hou et al [24] identified the basic unit of the intercellular lamellae 

organisation, measuring 129 ± 2 A .between the centre of consecutive interrupted 

electron lucent bands in the lamellae. A small angle X-ray diffraction study revealed a 

repeat unit of 131 ± 2  A[25], both these results are in agreement with the proposed 

Landmann double bilayer unit. However theoretical studies presented by Bouwstra et 

al [26] showed that there are several plausible combinations of bilayer structures that 

will give the similar repeat unit results.

The spacing observed in X-ray diffraction studies of both dry and hydrated 

stratum comeum samples are very similar. Bouwstra et al [26] observed no swelling 

of the bilayers occurred upon hydration, this agrees with other studies upon 

murine[14] and human stratum comeum[27]. This indicates that there is very little 

water found between these bilayers under all hydration conditions, with only very 

small amounts of water intercalated between the lipid phases. This is in contrast to
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other phospholipid enriched biological membranes where the polar headgroups are 

heavily hydrated[28].

By virtue of the amid head group the ceramides are capable of extensive 

intermolecular hydrogen bonding[29]. This, and the lack of headgroup hydration, 

may help to explains the unusually high order observed in these systems[30].

1.6.2 Cholesterol in Stratum Corneum Lipids

Transmission electron microscopy experiments have shown that there is very 

little cholesterol to be found in the lipid envelope surrounding the comeocytes[12]. 

This has been confirmed by filipin probing experiments[31].

Filipin is a polyene antibiotic that interacts specifically with cholesterol in 

membranes. This is observed as pitlike deformations, 25 nm diameter, in the 

membrane plane. The lipid envelope surrounding the comeocytes was found to 

contain very little cholesterol, whilst the intercellular lamellae were found to contain 

significant amounts of cholesterol. However, cholesterol was only found in high 

concentrations in the limiting membranes. The internal structures of the internal 

lamellae, the central bilayers of repeat units, were found to be poorly labelled with 

filipin.

These results indicate that the internal structures have either very low 

concentrations of cholesterol or that these membranes have a much greater 

rigidity[12], i.e. the filipin probe cannot enter into the membrane.

1.7 Phase Behaviour of Lipid Systems

Pure lipid systems exhibit thermotropic mesomorphism ( temperature 

dependent phase behaviour ) and those dispersed in water also exhibit lyotropic 

mesomorphism ( solvent dependent phase behaviour )[32]. Geometric factors dictate 

that for lipids with two chains the bilayer structure is the most favoured, rather than 

micelles or inverted hexagonal phases[28], fig 1.5.1.
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Fig 1.5.1 Bilayer Structure and Micelles and Inverted Hexagonal Phases

The majority of the investigations of lipid phase behaviour have been 

performed upon phospholipid systems[33,34]. This is due to the importance of these 

lipids as major structural elements in biological membranes. This is a direct result of 

their self organisational properties arising from their amphiphilic nature. However the 

basic phase properties and changes seen in phospholipid model systems can equally be 

applied to ceramide systems. It is only recently that the thermodynamic nature of 

ceramide systems has begun to be investigated[13j.

Phospholipids contain a hydrophilic headgroup, phosphate and hydrophobic 

acyl chains. When dispersed in water hydrophobic effects cause lipid aggregation, 

with the polar headgroups in contact with the water and the non-polar acyl chains 

away from the water.

The bilayer structure minimises the contact between the acyl chains and the 

water molecules. The thermodynamic stability of the bilayer structure may be 

explained by a number of interactions:

• hydrophobic interactions between the hydrophobic acyl chains

• electrostatic interactions between the polar headgroups and the water molecules

• electrostatic interactions within the headgroup framework.

Lipid-water phase diagrams have been determined using combinations of 

calorimetric and spectroscopic techniques to determine phase boundaries and X-ray
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diffraction, electron-microscopy and NMR spectroscopy to determine specific phase 

structures[35,36].

Pure hydrated lipid bilayers undergo a calorimetric phase transition from a low 

temperature phase corresponding to a lamellar crystalline state, Lc, to a lamellar gel or 

ordered bilayer state, Lp [28].

The molecular packing properties of the Lc state are quite similar to those of 

anhydrous lipid crystals. Increasing the temperature causes the steric and Van der 

Waals interchain interactions favouring crystalline packing to be progressively 

counteracted by thermal rotational chain excitations. This corresponds to less tightly 

packed, more strongly hydrated lipid molecules and is accompanied by an increase in 

the interfacial lipid area, the Lp state.

As the temperature increases the lipid acyl chain motion increases further and 

as the interfacial lipid area increases then eventually the headgroups achieve free 

rotation. To achieve this and simultaneously retain the close chain packing each lipid 

molecule is displaced relative to its neighbour along its long axis. As a consequence 

of this the bilayer surface breaks up into a series of periodic, quasilamellar bilayer 

segments, known as the Pp or ripple phase.

As the temperature is further increased then the acyl chain rotation increases 

resulting in areas of rotationally isomerised chains, giving rise to fluid domains. This 

results in further hydration of the headgroup. These fluid domains then grow until all 

hydrocarbon chains within the bilayer are melted resulting in a fluid bilayer phase, La.
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The nomenclature used to describe lipid phases may be summarised as 

follows.

Long Range O rder Descriptions

L one-dimensional, lamellar

P two-dimensional oblique or centred ( ripple)

C three-dimensional crystalline

Short Range O rder Descriptions

a disordered fluid

P untilted, partially ordered gel

P5 tilted, partially ordered gel

1.8 Acvl Chain Motion

The molecular basis for the fluidity of bilayers arises from the rotation of the 

C-C single bonds in the acyl chain. The time averaged conformation of the acyl 

chains defines the particular phase of the system.

The carbon-carbon bonds in the alkane chain possess a threefold rotational 

symmetry arising from the tetrahedral geometry of the sp3 carbon valency. This 

rotational potential originates from the electronic structure of the sp3 bonds and may 

be expressed as

E«,) = ( E0 / 2 )( l -  cos 3<|>) ( eqn 1.1 )

where <|> is the dihedral angle for the rotation about the C-C bond. For n-alkanes the 

barrier height Eo is approximately 3.0 kcal mor1̂ ? ].

The minima corresponding to the staggered conformations occur at <j> = 180°, 

± 60°. The lowest energy minimum is the trans conformation at 180°, the two 

minima at ±60° corresponding to the two gauche conformations the two gauche
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two gauche conformations are higher in energy by 0.5-1 kcal mol"1. The barrier 

between trans and gauche conformations is approximately 3.6 kcal mol'1 but the 

barrier between gauche+ and gauche” is much larger[37].

In bilayer systems the intermolecular interactions between lipid chains also 

have to be taken into account in examining these isomerisation processes. The chain 

is not an isolated entity allowed total freedom of movement, it exists in a closely 

packed environment. The small magnitude of volume changes indicates the 

importance of co-operative packing of chains, with correlated chain motions in fluid 

lipid bilayers[28].

1.8.1 2H NMR Spectroscopy of Acyl Chains

2H NMR spectroscopy is a powerful technique for the investigation of 

membrane structure and has yielded information on the dynamics of both 

phospholipid and ceramide bilayers. The fluidity of the bilayer and specifically the 

acyl chains may be examined experimentally by 2H NMR spectroscopy[38,39], giving 

detailed information on the chain conformations.

This technique investigates the time average behaviour of the lipid acyl chains 

within the bilayer. By comparing results between homo and heterogeneous bilayers, 

the effect of dopant molecules may be examined and the way in which lipid acyl 

chains of varying length are accommodated in a bilayer.

The 2H NMR spectrum of perdeuterated acyl chains within fluid phase 

bilayers may be measured and from this data the orientational order parameter 

calculated for the acyl chains and the individual carbon positions[38]. These results 

give a direct measure of the fluidity of the bilayer.
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NMR order parameters are computed from quadrupole splittings due to 

molecular rotation around axes perpendicular to the applied magnetic field give rise to 

sharp features split by:

Avq = 3/4 Aq Scd ( eqn 1.2)

where

Aq is the quadrupole coupling constant 

Scd is the orientational order parameter

Scd = 1/2(3 cos2 0Cd -  1 > ( eqn 1.3 )

0Cd is the angle between a carbon-deuterium bond and the bilayer normal.

1.9 Influence of Cholesterol upon Lipid Bilavers

There have been numerous studies performed investigating the effect that 

cholesterol has upon phospholipid bilayers. These studies have included both 

experimental investigations, e.g. NMR spectroscopy [40], ESR[41], X-ray

diffraction[42] and fluorescence[43] as well as theoretical studies, e.g. molecular 

dynamics[44,45].

Cholesterol has a large effect upon biological membranes, it reduces 

permeability, increases molecular order and leads to a small increase in membrane 

thickness[41,43]. Cholesterol is also reported to reduce the hydration of the 

surrounding bilayer headgroups, resulting in a less polar environment.

The increase in the molecular order of the bilayer has been explained in terms 

of the interaction between the fused steroid ring and the surrounding lipids acyl 

chains[45]. Due to the fused steroid ring rigidity the surrounding acyl chains do not 

have the same potential free volume available for trans-gauche isomerisation to occur 

in. This leads to a increase in order at the top of the acyl chains. This increase in 

order, i.e. more trans dihedral angles in the upper acyl chains, leads to a slight
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increase in the bilayer’s thickness. This increase in the overall thickness of the bilayer 

will result in there being more free volume for the bottom dihedral angles of the acyl 

chains and thus an expected increase in the trans-gauche isomerisation and reduction 

in order. Thus the increase in order at the top of the acyl chain is balenced by a 

reduction in order at the bottom, corresponding to the experimental observation that 

there is no overall increase in the average number of trans dihedral angles seen per 

phospholipid.

1.10 Theoretical Studies upon Lipid Bilaver Systems

There have been numerous theoretical studies performed upon bilayer 

systems, using a variety of different techniques, approximations and conditions. 

These studies have investigated many different aspects of bilayer structure and 

properties, e.g. dynamic behaviour[46], phase behaviour[47,48], solvent effects[49], 

the effects of dopant molecules[45,50] and transport properties[51].

There are certain aspects of the experimental bilayer system which all models 

must attempt to resolve, through different techniques and varying degrees of 

approximation,

• the environment of the headgroups,

• the environment of the acyl chains

• the effect of any other bilayer components.

1.10.1 Head Group Environment

The headgroup environment has to take account of the interaction between 

the headgroups of the same monolayer and their interaction with the surrounding 

molecules, whether these be solvent or other lipid molecules. This has been 

investigated by examining the solvent structure around the head groups, by 

investigating the thermodynamic and dipole effects at the interfacial points, density 

profiles[49], torsion angles[52] and radial distribution functions[53].
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1.10.2 Acvl Chain Environment

Molecular dynamics and Monte Carlo simulations have provided a wealth of 

data on both n-alkanes[54-57] and acyl lipid chains[49,53,58-70]. These studies have 

varied from the investigation of isolated hydrocarbons, through constrained 

hydrocarbon clusters to simulations of solvated phospholipid 

bilayers[46,65,67,71,72].

These simulations have often used constraints or simplifications to the system, 

potential energy or degrees of freedom, in order to speed the calculation and thus 

enable larger systems to be investigated or longer time scales to be used or more 

sampling to be performed.

These simplifications have included constraining the headgroup atoms in the 

plane of the bilayer by a restoring potential and the use of an united or reduced atom 

representation of the methylene units of the acyl chains. In the united model the 

methylene unit is replaced by a single atom representing both the carbon and the 

hydrogen atoms.This approximation reduces the time required for each step of the 

simulation. However, the electrostatics of the united atom group cannot match those 

of the full atom representation. The effect of this has been investigated by Hagler et 

al [73], in which they examined the ligand binding of Trimethoprim to E.coli 

Dihydrofolate Reductase using both an united atom and full atom models each with 

point charges. Their results led them to conclude that the united atom model failed to 

correctly represent the intermolecular forces in protein systems.

Kim et al [74] investigated the effect of using full atom representations in 

molecular dynamics simulations of Langmuir-Blodgett monolayers and concluded that 

the results where significantly better than those performed using only the united atom 

representation. Thus the use of united atom models in lipid chain dynamics must be 

questioned when the relationship between the chains themselves is of vital importance 

to structure and phase of the system. The advancement of modem high speed 

computers now allows the use of much more realistic models of lipids.

The analysis of these systems has generally concentrated on the experimental 

data available, such as torsion angle behaviour[52] and segmental order 

parameters[62]. Monte-Carlo studies have demonstrated the importance of chain
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packing density to phase transition[75], by investigating a system of decane molecules 

and sampling the order parameter profiles.

1.10.3 Effect of Dopant

The interaction of various components usually found in membranes have also 

been investigated, from the inclusion of cholesterol in phospholipid bilayers to the 

simulation of membrane protein behaviour. X-ray diffraction results [43], H NMR 

spectroscopy[41] and fluorescence[76] have been used experimentally to investigate 

the positioning and relative abundance of cholesterol in various phospholipid systems. 

Molecular dynamics and Monte-Carlo simulations have then studied the interaction of 

cholesterol with the phospholipid headgroups and their acyl chains[45,50]. In a few 

simulations[77] ceramides have been incorporated into the bilayer as dopant 

molecules but never examined in their own right as bilayers.

1.10.4 Other Bilaver Models

Other bilayer models include more simplified techniques, such as lattice 

models[78]. In theses models a lattice is used to represent the possible positions for a 

carbon segment. A vector normal to the bilayer and having a magnitude of the 

number of chains intersecting per unit defines the chain flux. For any given chain 

length the model is characterised by the surface packing density of lipid chains, 

obtained from X-ray diffraction results.

A further model used is that of Mean Field Theory[79]. A single chain is 

modelled under the influence of a general molecular field, representing the rest of the 

acyl chains of the bilayer. These models enable very long simulations to be performed 

and have produced results which agree well with experiment, e.g. in chain packing 

simulations[79,80]. However these models cannot provide dynamical information on 

molecular motions and they treat only approximately thermodynamic properties such 

as membrane phase transitions.
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1.11 Molecular Modelling of Stratum Corneum Lipid Bilavers

The postulated double bilayer or multilayer structures of the stratum comeum 

are believed to be the fundamental structural elements that dictate the permeability of 

the skin. This permeability effects several of the skin’s functions including essential 

fluid loss and the adsorption of substances through the skin. Hence, it is of great 

importance to investigate the chemical and structural aspects of these systems.

There have been numerous studies performed upon both extracted and model 

stratum comeum lipids using practical techniques, e.g. X-ray diffraction and 

transmission electron microscopy. However there have been no theoretical studies so 

far.

The work presented in this thesis will be concerned with the modelling of 

single unhydrated bilayer units. These systems will be unhydrated because of the lack 

of water found within the intercellular lamellar. The bilayers will be modelled using 

an empirical all atom force field to represent the potential energy of the system, and 

studied using Molecular Dynamics techniques.
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CHAPTER 2

Methodology

2.0 Introduction

Molecules may exist in a variety of conformations, these will differ in energy 

depending upon the various interactions within the molecule and those with the 

surrounding system.

The relationship between a molecules’ conformation and its energy is 

described by a multidimensional potential energy surface or PES. The PES describes 

the total available phase space of a molecule or molecular system.

It possible to approximate such a surface with an empirical fit of various 

mathematical expressions. The commonest approximations include terms to describe 

the energy required to deform internal co-ordinates, non-bonded and electrostatic 

interactions of a molecule, often known as a ‘minimal’ representation 

e.g.

E p o t =  E b o n d "^  E angie +  E p h edra] +  E n0n-bond E e]ectrostatic (  e q n  2 . 1  )

The mathematical representation of this equation is known as the FORCE 

FIELD. Force fields differ in how they mathematically describe the individual terms 

and hence the values associated with them, also other terms may be included to 

explicitly characterise certain conditions and occurrences, e.g. hydrogen 

bonding[l,2].
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2.1 Valence Force Field

The force field that will be used throughout the work discussed will be the 

Valence Force Field[3], This has the form shown in equation 2.2 :

Vpot = Z D b [ 1 - e " a(b_bo)]2 Bond Strain Energy

+ 1/2 E He ( 6 -  Go )2 Strain Energy

+ 1/2 Z  H* ( 1 + s cos n<j)) Torsional Energy

+ 1/2 E  Hx%2 Out of Plane Energy

+ Z I  Fbb- ( b -  b0 ) ( b- -  b0- ) Cross Terms

+ Z E F ee’ ( 0 — 60 ) ( 0* -  00’ )

+ E E F be( b - b o ) ( 0 - 0 o )

+ E E  F̂ ee- cos <() ( 0 -  0O ) ( 0- -  00*)

+ E E  FXX’ % %-

+ E E e [ ( A / r12 ) -  2 ( B / r6) ] Lennard-Jones Energy

+ E E qj qj / r Electrostatic Energy

( eqn 2.2)

The parameters for this force field were refined to reproduce experimental 

data from a set of model compounds[3-5] and more recently further compared for use 

in lipid simulations [6].

Bond Strain Energy

The bond deformation energy is represented by a Morse function, bo 

represents the preferred bond length, i.e. where there is no bond strain. The 

parameter Db is the depth of the function, the energy required to break the bond, i.e. 

to lengthen the bond from b0 to boo i.e. an infinite distance between the two atoms. In
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cases where there are exceptionally strained bonds a harmonic function may 

alternatively be employed:

Ebond = l/2  kb ( b -  b0 )2 ( eqn 2.3 )

kb is the force constant.

Angle Strain Energy

The angle deformation is represented by a harmonic function, where Ht is the 

force constant and qo the preferred angle where there is no angle strain.

Torsional Energy

The torsion deformation is represented by a fourier expansion, which may be 

one of three terms, a onefold, twofold or threefold term[3]. The threefold term is 

sufficient to describe a torsion angle around a single bond, maxima at eclipsed 

positions ( 0°, ±120° ) and minima at staggered positions (±60°, 180° ). The twofold 

term is used to describe double and conjugated bonds, whilst the onefold term 

represents dipole - dipole interactions[7].

Out of Plane Energy

The out of plane term is required for conjugated systems[3], it describes the 

energy necessary to deform a conjugated system from planarity, i.e. sp2 systems, 

alkenes, amides and arenes.

Cross-Terms

The previous terms are also referred to as diagonal terms. The Valence Force 

Field also includes off-diagonal or cross terms, representing the coupling between 

two or more internals. For example the bond - bond coupling term defines the change 

in energy of a stretched bond ( b ) when the adjacent bond ( b ) is already stretched.
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These terms are required to reproduce experimental vibrational data and will 

affect the shape of the potential surface in non-equilibrium regions.

Lennard-.Tones Energy

The non-bonded interaction of an atom with the others in the system is 

represented by a Lennard-Jones potential. This describes all interactions between 

atoms separated by 3 bonds or more.

The function was originally proposed to explain the interatomic forces occurring in 

noble gas atoms[8]. It contains two separate terms:

• an attractive term, dependent upon r6, which accounts for forces caused by 

induced polarisation effects.

• a repulsive term, dependent upon r12, which accounts for replusions between 

electrons due to the Pauli exclusion principle.

Electrostatic Energy

The non-bonded electrostatic interaction energy of two atoms is represented 

as a pairwise Coulombic interaction between partial point charges centred on atoms. 

The parameters qi and qj are the partial charges on atom i and j respectively.

For the calculations presented in this work the values for qj and qj are pre

determined for all atom types with the exception of carbon. The charge on a given 

carbon atom depends upon its local environment and is determined to maintain overall 

neutrality as seen in the work of Hagler et al [3].

2.2 Spherical Cutoff Applied to the Non-Bond Potential

The non-bond potentials ( Lennard-Jones and electrostatic energies ) describe 

the influence of a single atom upon all the others of the system. This is calculated 

between all pairs of atoms separated by two or more bonds, this pairwise calculation 

is the longest part of the potential energy calculation and is the limiting factor in 

deciding the size of system that may be examined. However at large distances the 

interaction is small and it is therefore a good approximation to neglect it for distances
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longer than a given cutoff value. This considerably reduces the time required to 

calculate this term of the potential energy.

The cutoff distance used is of immense importance to the calculation. If too 

short a cutoff is used then vital information will be ignored in the calculation, thus 

resulting in an unrealistic model, a long cutoff only results in longer time required to 

calculate the potential energy. Thus careful attention must be paid to the cutoff used 

and the compromise made between the accuracy of the model and the time required 

to perform the calculation. The Lennard-Jones energy falls off to a value that 

becomes small enough to be ignored, after roughly 8 A . The electrostatic energy 

however, has effect at much longer distances, the interaction of charged groups 

greatly effecting the molecular geometry and energy. The interaction of charges is 

observed over distances considerably greater than that for the Lennard-Jones energy. 

Hence a longer cutoff is required before these interactions can be ignored. For the 

purposes of the calculations reported in this thesis a non-bond cutoff of 13 A  was 

employed.

2.3 Periodic Boundary Conditions

To simulate bilayer system one wishes to reduce surface or edge effects be 

observed. This is achieved by using Periodic Boundary Conditions[9], that is a cubic 

box, containing a model system known as the unit cell, is replicated throughout space 

to form an infinite lattice. Thus as a molecule leaves the unit cell an image of it will 

enter the unit cell from the opposite face, hence there are no walls at the boundary of 

the central box and no surface molecules.

This is implemented by assigning molecules from the unit cell and surrounding 

adjacent cell as basic and ghost molecules respectively. When one of the basic 

molecules crosses a periodic boundary, its co-ordinates are translated such that it 

enters the unit cell on the opposite side, the process is referred to as swapping. Basic 

molecules interact with both basic and ghost molecules whereas ghost molecules may 

only interact with basics. The co-ordinates of the system are maintained in their non

swapped form on the molecular dynamics output.
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2.4 Minimisation

A molecule may exist in any of the accessible conformations on the PES. 

However stable structures are characterised by being stationary points on this surface, 

where the local energy is a minimum, 

i.e.

dv I dr = 0 ( eqn 2 .4)

where r are the co-ordinates.

It is assumed that biologically active molecules will exist as stable, low energy 

structures. Any random structure produced may have unfavourable interactions, e.g. 

steric clashes, so we have to be able to adjust this structure to reduce these 

interactions and to promote favourable ones.

This is achieved by the use of mathematical techniques known as 

Minimisation Procedures. Both the first and second derivatives of the potential 

energy with respect to the co-ordinates may be calculated analytically.

A typical minimisation strategy is:

1. Calculate energy of trial structure

2. Make a conformational change from derivative information

3. Loop over 1 and 2 until a pre-set maximum derivative value is achieved or a set 

number of steps of minimisation performed

The maximum derivative is set a target value dependent upon the size of 

system and any further calculations to be performed. As the molecule reaches an 

energy minimum upon the potential energy surface the derivatives will all increasingly 

tend toward zero. With large molecules or systems of molecules it may be necessary 

to set a target maximum derivative that merely assures that there are no large 

derivatives ( i.e. forces ) acting upon any part of the system.

There are several mathematical techniques that can be utilised to achieve this. 

They are classified according to how they calculate the direction of the next step.
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2.4.1 First Derivative MethodsriOl

These methods calculate the first derivatives of the potential energy with 

respect to the co-ordinates, this is then used to calculate the direction of the next step.

Steepest Descents

This method uses only the first derivative information to minimise a structure. 

The next positions of the atoms are generated by purely following the first derivatives 

or gradients along the PES, the method follows the energy ‘downhill’.

Xk = xk.i + lksk ( eqn 2.5 )

sk = — gk/ I gk I (e q n 2.6)

where Xk is the set of co-ordinates for the iteration k, sk the step direction as

determined by the energy gradient vector gk, and k is the step size. This method is 

effective if the forces, i.e. gradients, on each atom are large, however as the structure 

approaches a stationary point, e.g. minimum, then the gradients tend to be very small 

and so this method becomes less effective.

Conjugate Gradients

It is possible to exert more control over the minimisation by including 

information about the previous pathway in the current step. In conjugate gradients, 

information regarding the previous gradient is included in the calculation of the next 

direction to step, so that the next step will have a gradient that is ‘conjugate' to the 

previous step.

sk = -g k + bk sk.i (eqn 2.7)

bk -  gk 2/g k- i2 ( eqn 2.8)
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where gk is the gradient and Sk the step size at iteration k, bk is the weighting factor, 

the ratio of the current and previous gradients.

This results in a more effective minimiser with better search direction and 

convergence properties than Steepest Descents.

2.4.2 Second Derivative MethodsriQl

These methods use information about the second derivatives, the curvature of 

the surface, when calculating the direction of the next step.

Newton Raphson

There is a whole family of methods which are all derived from the Newton - 

Raphson method which requires first and second derivative information about the 

surface. The method proceeds by assuming that the PES is a quadratic function of 

the co-ordinates then the first derivative with respect to the co-ordinates is:

3v/3r = g +  H ( r - r ° )  ( eqn 2.9 )

at a minimum dv/dr = 0 and hence the iteration step sk is given by:

sk = ( r - r ° ) k = -H']k gk (e q n 2.10)

The different family of methods is bom from different approaches to the calculation of 

the second derivative matrix, H, the Hessian matrix.

Quasi Newton-Raphson

This method builds up a numerical approximation to the Hessian, H, from the 

initial value of the gradient at previous iterations. Thus whilst a full analytical second 

derivative is not calculated the space for the matrix still needs to be allocated by the 

computer.
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Limitations on Second Derivative Methods

There are limitations placed upon these second derivative methods due to the 

calculation of the Hessian matrix. This results in only relatively small systems being 

able to be examined by these methods.

The first derivative methods obviously do not suffer from this limitation and 

hence can be used for much larger systems, e.g. bilayers with > 1000 atoms. 

However the much better convergence properties of the second derivative methods 

around a minimum account for their use.
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2.5 Molecular Dynamics

Biological systems do not exist as single stationary low energy structures. 

Rather they are dynamic systems in a continual state of change, traversing the 

accessible regions of the energy surface.

Thus via small changes in internal co-ordinates the general structure of a 

molecule will change. These seemingly small changes can lead to large 

conformational transformations, e.g. the chair - twist boat change in cyclohexane and 

the opening and closing of enzyme pockets.

In order to examine some these processes we need to be able to simulate the 

motions of the atoms due to the changing forces present upon them.

The collective motion of all the particles in a system over time can be 

described by Newton’s Second Law o f Motion,

Fi = mi ai ( eqn 2.11)

where Fi is the force acting upon atom I which has a mass of m,, and an acceleration 

of ai.

The force on an atom can be calculated from its potential energy,

It is possible to calculate a new set of co-ordinates from the current ones by 

applying a Taylor expansion to the co-ordinates, i.e.

Fi = —d w / d v ( eqn 2.12)

thus the acceleration on an atom can be calculated:

ai =  Fi /  nij = — 1 /  mi d v  /  d r ( eqn 2.13 )

when applied to the co-ordinates
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r (r +8t) = r(t) + 8tdr(t)/d t  + 5t2/ 2 d2r(t>/dt2 + .... ( eqn 2.15)

which gives

r(t+8t) — f(t) + 8t v(t) + 5t2 / 2 a(t) ( eqn 2.16)

where

v(t) = velocity at time t 

a<t) = acceleration at time t

The higher order terms of the expansion are ignored, this gives a small but 

persistent error.

2.5.1 Nature of the Time Step 8t

It is assumed that the acceleration remains constant throughout the time step 

8t, unless an infitessimately small time step is taken then this assumption is not true. 

However this error may be ignored if sufficiently small time steps are taken.

It is usual to use a time step that is smaller than the time difference for the 

highest frequency vibration observed in the system. Typically these are bond 

stretches, with a maximum frequency around 3500 cm'1, N—H stretch, this 

corresponds to a time for the vibration of 8 fs. In the following molecular dynamics 

simulations a time step of 1 fs is employed. This allows the calculation of properties 

dependent on the higher frequency vibrations yet maximises the time step with good 

energy conservation over the long term.
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2.5.2 Molecular Dynamics Algorithms

The commonest algorithms used in biological simulations are based upon the 

Verlet algorithm.

Verlet

The Verlet algorithm[ll] is based upon a central difference solution to the 

Taylor series expansion,

r(t+8t) = r(t) + 8 tv(t) + 8t2/2a(t) (eqn 2.17)

r(t-8t) = r(t) + 8t v(t) + 8t2/2a(t) (e q n 2.18)

Combining these together gives

r(t+8t) = 2r(t) -  r(t_8t) + 5t2 a(t) (e q n 2.19)

Notice that this equation only requires information about the co-ordinates and 

the accelerations to calculate the next set of co-ordinates, no velocity information.

The velocities may be calculated by a simple derivative equation,

v(t) = ( r(t+8t) -  r(t-8t)) / 2  8t (e q n 2.20)

these may be used to calculate the kinetic energy of the system and hence its 

temperature.

Leapfrog

A variant upon the Verlet is the Leapfrog[9]. In this algorithm the velocities 

are used to calculate the next set of co-ordinates,

T(t + 8t) — T(t) + 8t V(t + 8t/2) ( eqn 2.21 )
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the velocities are calculated by

V(t  + 8t/2 ) — V ( t _ 8t/2 ) + 8t2/ 2  a<t) ( eqn 2.22)

The algorithm derives its name from the velocities being half a time step out 

of phase with the co-ordinates and accelerations, and ‘leapfrogging’ over them when 

recalculated.

Velocity Verlet[121

The leapfrog algorithm was written because it was desired to include the 

velocities in the generation of the next co-ordinates. However the implementation of 

this involves the velocities being out of phase with the co-ordinates and accelerations 

by half a time step. The Velocity Verlet is a direct solution of the Taylor series 

approximation used in the initial Verlet algorithm. Thus in this algorithm the co

ordinates, velocities and the accelerations are all at the same time step and are in 

phase,

T(t+st) = T(t) + 8t v(t) + 8t2/ 2 a(t) ( eqn 2.23 )

the velocities are then calculated by a half step predictor - corrector

V( t + St/2 ) = v(t) + 8t/2a<t) (eqn 2.24)

and

V(t  + 8t) — V ( t + 8t/2 ) +  St/ 2 a(t + 8t) ( eqn 2.25 )

to give

V ( t + 8t )  =  V( t )  + 8t/ 2  [ a ( t)  +  a ( t + 8t) ] ( eqn 2.26)
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A requirement of all Verlet derived algorithms is that they give identical co

ordinate trajectories. The implementation of the Velocity Verlet in the VFF gives an 

identical co-ordinate trajectory to both the Verlet and Leapfrog algorithms, but also 

gives an identical energy trajectory to the Verlet as they are derived from identical 

solutions to the Taylor series expansion.

2.5.3 Initial Velocities for a Molecular Dynamics Simulation

The initial velocities for a simulation are assigned from a Maxwell-Boltzman 

distribution about a predefined temperature,

f( v ) dv = [ m / 2 71 kb T ]3/2 exp [ -  m v2 / 2 kb T ] 4 7t v2 dv

2.5.4 Calculation of Temperature and Pressure 

Temperature

Temperature is a thermodynamic quantity, it can be related to the average 

kinetic energy of the system through the equipartion principle, hence for a single 

atom,

K.E. = 3/2 kb T ( eqn 2.27 )

thus

T = 1/3 m v2 / kb ( eqn 2.28 )
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Pressure

There are two contributions to the calculation of the system pressure, from 

the ideal and non-ideal behaviour of the system. The ideal contribution is derived 

from calculating the pressure of an ideal gas, from the kinetic energy, the potential 

energy being zero.

P V ideal = NkbT = 1 / 3 < E  Pi 2 / m i >  ( eqn2.29)

The non-ideal component, the virial CD, is described by the potential energy of the 

system.

CD = -  1/3  £  Tj Vri V = 1/3 £  rj £ ( eqn 2.30 )

where Vri V is the derivative of the potential energy V.

Thus for intermolecular interactions:

PV = NkbTi + < co> ( eqn 2.31)

and the instantaneous pressure is,

Pi = NkbT + co/ V (eqn 2.32 )

where Ti is the instantaneous temperature and V the volume.

2.5.5 Statistical Ensembles

The molecular dynamics algorithms described produce trajectories that are in 

the micro-canonical ensemble or constant NVE, that is a constant number of 

particles, N, volume, V, and total energy, E. The temperature and pressure vary.

It may be desirous to run simulations under other conditions to provide further 

information about the system under investigation. Common conditions for biological 

simulations are those o f :
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1. Constant Temperature, constant NVT

2. Constant Temperature and Pressure, constant NPT

Constant Temperature Simulations

The conceptually simplest method for conducting constant temperature 

simulations is the direct scaling of the velocities, 

e.g. proposed for the Leapfrog algorithm by Brown and Clarke[13]

V(t+8t/2 ) = pV(t- 8t/2 ) + 8 t a<t) ( e q n 2.33)

Tr is the required temperature and T is the actual temperature of the step. The ( N - 1 

) factor occurs due to the removal of three degrees of freedom by the constraint of 

zero total linear momentum.

This gives a constant temperature simulation, but tends to deliver a rather 

harsh scaling of the velocities, thus adversely effecting the simulation[9].

A less harsh method was proposed by Berendsen et al [14] in 1984. In this 

method the velocities that appear in the generation of the next step are scaled.

f(t+st) = f(t) + ^ 8 tV(t+8t/2 ) (eqn 2.35)

where

P2 = ( 3 ( N - l ) T r/ T (eqn 2.34)

where

X2 = 1 + 8 t /  T [ Tt / T -  1 ] ( eqn 2.36)

This has the effect of a temperature bath, where the atoms of the system 

interact with the bath and are scaled accordingly. The severity of the interaction is 

governed by the temperature bath time constant T, as T approaches 8 t then X becomes
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similar to Brown and Clarke’s (3, whereas when x approaches infinity then the 

simulation becomes completely decoupled from the temperature bath and reverts to a 

micro-canonical simulation.

As was mentioned previously a requirement of Verlet derived algorithms is 

that they give identical co-ordinate trajectories. Thus it is possible to express each 

algorithm in terms of each other, and hence it is possible to form equations of motion 

in the Velocity Verlet that perform the same scaling as those derived by Berendsen 

for the Leapfrog.

The following set of new equations has been derived for temperature bath 

scaling using the Velocity Verlet,

frt+st) -  r(t) + A,5tv(i) + (2  -  A,) 6t2/2 a<t) (e q n 2.37)

where A, is Berendsen’s scaling factor.

Thus it is possible to perform constant temperature dynamics with the Velocity Verlet 

using the methodology of Berendsen et al[ 14].

Constant Pressure Simulations

In their 1984 paper Berendsen et al [14] also described an algorithm for 

performing constant pressure dynamics, scaling the co-ordinates and allowing unit cell 

parameters to vary with the simulation conditions.

The co-ordinate scaling factor used is similar to that for the constant temperature 

dynamics,

r = x 113 r ( eqn 2.38 )

where

X = 1 -  5t / tp (Pr -  P ) ( eqn 2.39 )
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with Pt being the isothermal compressibility and Pr the required pressure, of the 

system.

Again the severity of the coupling to the pressure bath is controlled by the pressure 

bath time constant tp.

Constant Temperature and Pressure Simulations

It is possible to perform constant temperature and pressure simulations by 

combining the two methodologies described above.

These algorithms have been implemented in the VFF program using the Velocity 

Verlet algorithm as the integration framework by the author.
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2.6 Analysis of Molecular Dynamics Simulations

The vast quantity of data that is produced by a molecular dynamics simulation 

needs to be analysed so to gain the fullest amount of information regarding the 

system. The simulations presented in this report have all been analysed using the in- 

house program FOCUS[15], Finally One Can Understand Simulations.

2.6.1 Time Averages and Standard Deviations

The statistical average and standard deviation of a property, P, are given by:

< p > is time average of the property, where p ( tk ) is the property value at time tk 

and a  is the standard deviation.

2.6.2 Thermodynamic Properties

A number of thermodynamic properties may also be calculated from a 

trajectory, these are based upon the atomic co-ordinates and velocities, and the unit 

cell dimensions.

Thermodynamic Information

Information about the conditions of the simulation at each stored step are 

recorded on a molecular dynamics trajectory. These include unit cell vectors and 

volume, atomic and molecular pressure, temperature, total, potential and kinetic 

energies. The individual components of the potential energy for each molecule are 

also stored, that is Eb, Ee, E$, Ez, EVdW, and the individual energy components from the

< P >  = l / N Z p  ( t k ) ( eqn 2.40)

a  = ( < p 2 > - < p > 2 ) * ( eqn 2.41)
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cross-terms and the molecular and atomic pressure tensors ( components of the 

pressure).

2.6.3 Structural Properties

The co-ordinates of the system are stored on the trajectory, this allows for the 

calculation of structural properties, their time dependence and ensemble averages.

Average Co-ordinates

The co-ordinates at a particular step may be returned or the average co

ordinates for the whole simulation or part thereof may be calculated.

Distances, Angles and Torsion Angles

The distance between two co-ordinates, the angle between three co-ordinates 

and the torsion angle between four co-ordinates may be calculated. These do not 

necessarily need to be connected co-ordinates, thus bonded and non-bonded distances 

may be calculated.

The ensemble averages and distributions may be calculated, e.g. measuring the 

distributions of trans and gauche conformations in the acyl chains.

2.6.4 Segmental Order Parameters

The segmental order parameters for C-H bonds in the acyl chains of the lipid 

molecules may be calculated and compared to experimental results from 2H NMR 

spectroscopy, ( C-D bonds ).

A tensor, Sjj, is calculated:

Sij = l/i < cos 0j cos 0j - 5ij > ( eqn 2.42 )

where ij  = [ x,y,z ], 0* is the angle subtended between that axis and the fixed system 

co-ordinate axis defined as the bilayer normal.



49

This defines the methylene groups average orientation relative to a long 

molecular axis.

The three molecular axes are calculated thus:

x-axis = H-H vector

y-axis = bisectrix of the H-C-H angle

z-axis = the vector perpendicular to the H-C-H plane

This may be compared to the experimental results by calculating an 

experimental order parameter:

S cd =  2 /3  S xx +  1/3 Syy  ( eqn 2.43 )

In an all trans chain with the chain aligned along the bilayer normal then 

segmental order parameter for each carbon is 1, whilst in a completely random chain,

i.e. totally disordered, S Cd =  0.0.

2.6.5 Fourier Transforms

A principal tool in molecular dynamics analysis is the fourier transform[15- 

17]. It characterises a function of time in terms of typical frequencies. The 

mathematical definition of a Fourier transform is:

H ( v ) = J h ( v ) e ' jvt = A ( v )  + B ( v )  (eq n 2 .4 4 )

where H ( v ) is the frequency domain representation of the function of time h ( v ). 

In general H ( v ) is a complex function, with A and B being the real and imaginary 

components.

Fourier transforms may be applied to the both thermodynamic and structural 

properties, revealing characteristic frequencies. High frequencies are associated with
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short time scale events, e.g. bond stretches, and low frequencies with much longer 

time scale events, e.g. conformational change.

Filtering

This method is based upon digital signal processing techniques, in which 

‘filtering’ is used in order to remove ‘noise’ from an electric signal. Each atomic 

trajectory may be treated in an analogous manner.

This involves three steps:

1. Fourier transform each trajectory

2. Apply a filtering function to remove the unwanted frequencies

3. Apply an inverse Fourier transform to back transform into the time domain.

This allows both thermodynamic and structural properties to be investigated. 

Structural properties may be filtered to reveal the motion associated with a 

characteristic frequency[ 16,18-21]. The thermodynamic properties may be filtered to 

reduce ‘noise’ and thus reveal any correlations between the properties[15,161.

2.7 Software

2.7.1 VFF: Minimisation and Molecular Dynamics

The program VFF[3] is a combined molecular mechanics and dynamics 

program for calculating the energetic, dynamic and structural properties of molecular 

systems. The following information is required:

• Cartesian co-ordinates of the system

• Residue library describing the connectivity and bond order of the molecules

• The force field parameters used in the energy calculation ( eqn 2.2)

• A control file for the running the program, containing information regarding the 

number of steps and any relevant physical information

This information is used to calculate the internal geometry of the system 

followed by the potential energy and first and second derivatives with respect to the 

Cartesian co-ordinates. This allows for the energy minimisation procedures to be
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performed. A trajectory of the atomic co-ordinates, velocities and energy 

components may then be calculated.

2.7.2 INSIGHT: A Molecular Graphics Program

INSIGHT[22] is a molecular graphics program used on a graphics 

workstation which allows the construction, manipulation and analysis of molecular 

systems. The Cartesian co-ordinates of these systems may be obtained and 

redisplayed, the periodic images may also be displayed. Systems may be solvated, in 

a variety of solvents, using a SOAK facility.

2.7.3 ALIGN: An alignment program

The ALIGN[23] program requires a Cartesian input file which is rotated and 

aligned along a specified axis. This produces the base molecular configuration for the 

generation of a bilayer.

2.7.4 GENBIL: A bilaver generation program

GENBIL[23] constructs a bilayer using a previous aligned Cartesian co

ordinate file. This program allows for bilayers of differing size and density to be 

produced.

2.7.8 FOCUS: A molecular dynamics analysis program

FOCUS [15] allows for the analysis of molecular dynamics trajectories, by 

making available at each saved time step the atomic co-ordinates, velocities and 

energetics of the system. These may then be used to calculate the instantaneous and 

time average values of a property.
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CHAPTER 3

Simulation Details

3.0 Introduction

It is of great importance in molecular dynamics simulations that the starting 

conformation should not adversely influence the direction in which the simulation 

proceeds. A simulation must be allowed to develop under the control of the potential 

energy force field and any constraints placed upon the system.

Thus it is very important to be extremely careful when constructing the initial 

system and to carefully investigate results from early calculations for instabilities or 

artificially introduced phenomena.

3.1 Lipid Conformation

The head group conformation and stereochemistry were obtained from a 

crystal structure of a brain glucoceramide[l,2] obtained from the Cambridge 

Crystallographic Database[3]. Individual structures of ceramide 4 and 5 were then 

constructed using the Insight[4] molecular modelling package and minimised using 

the VFF[5] to produce minimised initial geometries. These structures were used as 

the starting lipid conformation for the generation of the ceramide bilayers.

3.2 Cholesterol Conformations

The crystal structure for cholesterol [6] was obtained from the Cambridge 

Crystallographic Database[3] and a single cholesterol moiety extracted from the unit 

cell using the Insight[4] molecular modelling package and minimised using the 

VFF[5] to produce the initial geometry. The 3-a  isomer was constructed by a simple 

inter-change of the hydroxyl and hydrogen substituents of the 3-carbon and then 

further minimised using the VFF[5],
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3.3 Generation of Bilayer Conformations

The bilayer conformations used in the following simulations were all 

constructed using similar methodology. The constituent lipid in the bilayer was built 

using the Insight[4] Molecular Modelling suite and any relevant crystallographic 

information. This lipid was then minimised until the total average absolute derivative 

was less than 10-4 kcal mol'1 A"1. This conformation was duplicated and the two 

lipids positioned so as to represent one molecule from each monolayer of the bilayer, 

fig 3.3.1.

Fig 3.3.1 Representation of the two lipid bilayer construct

This two molecule bilayer was aligned using the ALIGN[7] program such that 

the longest length ( the bilayer normal direction ) was parallel to a specific cartesian 

axis, after which the structure was replicated in the two other cartesian axis directions 

to produce the desired bilayer size and head group density, using the GENBIL[7] 

program.

3.3.1 Minimisation of Initial Conformations

After the initial conformation has been produced by the above procedure, then 

any unfavourable interactions within the bilayer are removed by performing a steepest 

descents minimisation of a few hundred steps upon the isolated bilayer unit. 

Following this the minimisation is repeated using periodic boundary conditions, so as 

to include the interaction of the outer lipids with their periodic images of the bilayer.
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This process is continued until the total average absolute derivative of the 

system is less than 0.5 kcal m ol1 A'1. Once this has been achieved then the bilayer is 

used as the starting conformation for molecular dynamics simulations.

3.4 Initial Molecular Dynamics Simulations

Several initial simulations were performed upon the various bilayer 

conformations so as to investigate the stability of each. Whilst a system may appear 

to be stable upon energy minimisation, it may posses energy that will adversely affect 

the simulation. If this occurs then that starting conformation has to re-assessed and 

modified.
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3.5 Starting Structures Presented in this Report

The simulation titles and the unit cell dimensions are shown in table 3.5.1. In 

all simulations the unit cell angles, oc,p and y  are all 90°.

Table 3.5.1 Simulation unit cell dimensions and titles

Simulation Simulation

Title

Unit cell 

vector 

A

A

Unit cell 

vector 

B

A

Unit cell 

vector 

C

A

Unit cell 

volume

A 3

Argon 1 arg 37.44 37.44 37.44 52491

BPTI BPTI 1, 2, 

3

45.5 41.0 46.5 86746

Ceramide

5

C5_l 21.5 43.0 24.0 22185

Ceramide 

5 with p- 

cholesterol

C5_2 21.0 43.0 21.0 18963

Ceramide 

5 with a- 

cholesterol

C5_3 24.5 45.5 24.5 27311

Ceramide

4

C4_l 24.5 59.0 25.0 36138

Ceramide 

4 with p- 

cholesterol

C4_2 24.5 59.0 25.0 36138
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3.6 Molecular Dynamics Simulation Details

3.6.1 Argon Simulations

A face centred cubic lattice of 864 argon atoms was constructed for test 

simulations to validate the Velocity Verlet molecular dynamics routine. The time step 

of 10 fs and a straight truncated non-bond cutoff of 11.236 A  were employed. The 

simulation total simulation averages were calculated at the end of each simulation.

3.6.2 BPTI Simulations

The crystal structure for BPTI[8] was obtained from the Brookhaven Protein 

Data Bank[9] and solvated using the Insight[4] molecular modelling suite. This 

structure was minimised to remove any clashes introduced by the solvation 

procedure, after which the structure was used as a test case to investigate the new 

temperature bath methodology used in conjunction with the Velocity Verlet 

molecular dynamics algorithm.

A time step of 1 fs and a straight truncation non-bonded cutoff of 13 A  with a 

15 A  limit used for the generation of the neighbour list were employed. The 

simulation details, e.g. atomic co-ordinates, velocities, forces and energies together 

with molecular properties, were written to a history file every 10 molecular dynamics 

steps, i.e. every 10 fs.

3.6.3 Lipid Simulations

All the molecular dynamics simulations performed used a time step of 1 fs 

with the simulation details, e.g. atomic co-ordinates, velocities, forces and energies 

with molecular properties unit cell vectors and energies, recorded every 4 fs.

A straight truncation non-bonded cutoff of 13 A  was used to limit the 

Lennard-Jones and electrostatic interactions, with a 15 A  limit used for the generation 

of the neighbour list. The initial velocities were sampled from a Maxwell-Boltzmann 

distribution.
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The ceramide 5 systems were sampled from a constant temperature and 

pressure ensemble with a target temperature and pressure of 320 K and 1 bar 

respectively. The time constants were 150 and 200 fs for the temperature and 

pressure baths respectively.

The ceramide 4 systems were sampled from a constant temperature ensemble 

with a target temperature of 320 K and a temperature bath time constant of 150 fs.
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3.7 Definition of Acyl Chain Torsion Angles

The torsion angles defined for the acyl chains of Ceramides 4 and 5 are shown 

below in fig 3.7.1.
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Ceramide 4 Acyl chain torsion angles

All initial torsion angles were set to 180 °
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OH

OHHO
N

Ceramide 5 Acyl Chain Torsion Ang!

All initial torsion angles were set to 180 ° 

Fig 3.7.1 Acyl chain torsion angles.
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CHAPTER 4

Initial Testing of new Methodology

4.0 Introduction

The work presented in this thesis has involved the implementation of new 

methodologies in the VFF[1] program, in order to perform molecular dynamics 

simulations under a variety of different conditions. Before proceeding with the work 

the new routines must be tested in order to check the validity of their use.

The implementation of the Velocity Verlet[2] integration algorithm may be 

tested by referring back to the original work of Verlet[3], in which he was 

investigating the Lennard-Jones fluid argon. After verification of the integration 

algorithm then the implementations of the constant temperature and pressure baths 

must also be validated.

Previous work[4] has indicated that there are considerable problems 

associated with the use of non-bond cutoffs in molecular dynamics simulations. This 

is observed even when performed under constant temperature bath conditions[4]. 

This has been investigated using a solvent and protein system; Bovine Pancreatic 

Trypsin Inhibitor, BPTI, in a large box of waters.
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4.1 Argon Simulations

In his 1967 paper Verlet[3] was testing ‘approximate theories’ that attempted 

to reproduce experimental data by using newly developed computational techniques. 

As previously stated any Verlet derived molecular dynamics algorithm will give 

identical co-ordinate trajectories, thus this implementation of the Velocity Verlet 

should be able to reproduce the original work of Verlet.

The argon system under investigation is a face centred cubic lattice of argon 

atoms, with all the unit cell lengths equal at 31.792 A , see table 3.1

The Lennard-Jones 6-12 representation of the Van der Waals energy may 

more formally be written as:

V ( r )  = 4 e [ ( 0 / r ) 12 -  ( o / r ) 6 ] (eq n 4 .1 )

where 8 is the energy of the function at its minimum, with a separation of a.

For this simulation a unit cell of 864 argon molecules in a face centred cubic 

packing arrangement was produced, with a density of 1.461 kg m'3, with a £ value of 

0.238 kcal mol'1 and a a  value of 3.405 A. A time step of 10 fs was used with a cut

off of 11.236 A  ( 3.3 a ), with an initial starting temperature of 420.0 K.

The results are shown below in table 4.1.1.

Table 4.1.1 Comparison of Verlet derived algorithms with original results

Simulation Potential 

energy kcal mol'1

Pressure

bar

Temperature

K

Verlet1 -777.3 1490.2 306.3

Verlet11 -776.8 1494.7 306.2

Leapfrog11 -  775.4 1497.5 307.2

Velocity Verletu -776 .9 1499.5 306.1

I Original Verlet results[3]

II Verlet derived algorithms in the VFF[1]
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These results indicate that the implementations of the three Verlet derived 

algorithms in the VFF[1] are able to reproduce the original work of Verlet. The 

minor differences seen in the results are due to the initialisation of the Maxwell- 

Boltzmann[5] velocity distribution with a random number. The starting position in 

phase space dictates where the simulation will proceed to, thus different random 

numbers will result in slightly different results. However these results show that we 

are able to reproduce the original Verlet method.

Temperature and pressure bath scaling routines have been implemented using 

the Velocity Verlet[3] as the integration algorithm. These baths are in the spirit of 

those proposed by Berendsen et al[6]. The combination of these two baths results in 

a system that samples under constant temperature and pressure conditions.

4.2 Investigation of Temperature Effects due to a Spherical Cutoff

In previous work into hydrated phospholipid bilayers[4] a temperature 

disparity between the sub-components of the system was observed, even though 

constant temperature bath conditions were applied and the average temperature of the 

system was that of the target temperature. The velocities of the sub-components 

were different, with the water velocities much larger than those of the lipids. This 

results in the lipids being considerably colder than the surrounding solvent.

This problem occurs when performing simulations upon heterogeneous 

systems. It is a direct result of the cutoff used to truncate the pairwise non-bond 

interactions. The nature of a direct cutoff results in instabilities in the derivatives of 

those atoms at the edge of the cutoff.

4.2.1 Molecular Dynamics Simulations of Bovine Pancreatic Trypsin Inhibitor

Bovine Pancreatic Trypsin Inhibitor, BPTI, is a relatively small protein, 58 

residues and 892 atoms, including all hydrogens. This, along with a great deal of 

knowledge regarding its tertiary structure from very accurate X-ray diffraction and 

neutron diffraction derived structures, has lead to BPTI becoming one of the most 

common test cases for molecular dynamics simulations.
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The structure for BPTI[7] was obtained from the Brookhaven Protein 

Database[8], this was a combined X-ray diffraction and neutron diffraction study with 

an overall resolution of less than 1.5 A  and an r factor of 0.162.

This structure was solvated using the soak facility in the Insight[9] molecular 

modelling suite. This resulted in a system containing 5674 atoms, 892 protein and 

4782 water atoms. The system dimensions are shown in table 4.2.1.

Table 4,2.1 BPTI unit cell dimensions

A B C Angles Volume

A A A a = p = y ° A 3

45.5 41.0 46.5 90 86746

4.2.2 Molecular Dynamics Simulation of BPTI

The solvated BPTI system was investigated using the constant temperature 

methodology of Berendsen et al[6] with the Velocity Verlet[3] integration algorithm 

for 150 ps.

A 13 A  truncation non-bonded cutoff was employed with a 15 A  limit used 

for the generation of the neighbour list. A time step of 1 fs was employed with the 

thermodynamic, molecular and atomic data saved every 10 steps of the simulation. 

The temperature bath was used from the start of the simulation with a target 

temperature of 300 K and a temperature bath time constant of 150 fs.

The potential energy and the total average temperature and the average 

temperatures of the waters and protein were followed through the simulation. The 

results are seen in fig 4.2.1.
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Fig 4.2.1 Potential Energy and Temperature Profiles for Uniform Temperature Bath.

From the plots of the energies it can be seen that the simulation appears to be 

quite stable and continuing successfully after coming to ‘equilibrium’ after 15 ps. The 

averages for the whole simulation are shown in table 4.2.2 below.
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Table 4.2.2 BPTI 1 energy averages

Parameter Average 

0-150 ps

Standard

Deviation

Total energy 

kcal mol'1

-8161.2 212.3

Potential energy 

kcal mol'1

-  13273.3 212.6

Kinetic energy 

kcal mol'1

5112.1 46.0

Temperature

K

302.3 2.7

These results indicated that the system is quite stable and that the temperature 

bath is working effectively with the average temperature 2 K above the target 

temperature.

However examination of the average temperature profiles for the individual 

sub-systems, water and protein, fig 4.2.2, reveals that the protein and water soon 

diverge in their temperatures with the protein rapidly lowering its temperature for the 

first 20-25 ps of the simulation before plateauing out, whilst the water temperature 

initially rises and then remains essentially constant from 2-5 ps onwards.
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Uniform Temperature Bath

f) 50 100 1'9

Time

Fig 4.2.2 Temperature Profiles for Protein ( red ) and Water ( green ) sub-systems.

The exact nature of this is seen in the statistics for the individual sub-systems, 

shown in table 4.2.3.

Table 4.2.3 BPTI 1 sub-component average temperatures

Temperature Average Standard

sub-system 0-150 ps Deviation

K

Waters 307.7 4.4

Protein 270.4 9.3

These results show that the system does not have a balanced temperature 

distribution. Whilst the average temperature for the whole system was correct the
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temperatures of the sub-components are not, the water temperature is 5 K higher in 

temperature than the system average and the protein is 32 K lower!

In this investigation the rational for employing the temperature bath was to 

ensure that the sub-system of interest, the protein, was simulated at the target 

temperature. These results show that this has not occurred, the protein is actually 

below 0° C and nearly 40 K cooler than the solvent it is in. Thus any results obtained 

from this simulation regarding the motion of the protein are for a protein at 270 K 

rather than one at 300 K.

4.3 Solutions using Temperature Bath Methodologies

Two solutions to this problem have been implemented in the VFF[1].

The two methods are:

• Reassignment of velocities from a Maxwell-Boltzmann distribution

• Multiple temperature baths

4.3.1 Reassignment of Velocities

The temperature of the system, or any sub-component of it, is dependent upon 

the kinetic energy of the individual atoms and hence their velocities. Thus whilst the 

velocities of the protein and water sections of the simulation were very different, their 

overall value is appropriate for the temperature.

We may attempt to remove the differences in sub-component temperatures by 

occasionally reassigning all the velocities of the whole system. The velocities are 

sampled from a Maxwell-Boltzmann distribution, at the temperature of the whole 

system at the previous step. This follows the methodology proposed by Swope et 

al[3], who were investigating water clusters.

A requirement of a molecular dynamics trajectory is that over a short time 

span it is back integrable, although for practical reasons ( finite precision ) and 

theoretical reasons ( the trajectory is chaotic ) it is not possible to back integrate the 

whole trajectory. However if there has been an irreversible change in any of the
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variables seen in the integration equation, i.e. co-ordinates, velocities or accelerations, 

then it is impossible to back integrate even over a short time span.

Thus by reassigning the velocities to random new values it becomes 

impossible to back integrate over the reassignment and this effects what properties 

may be validly calculated from that simulation.

Time independent properties, e.g. temperature, potential energy and kinetic 

energy may be calculated for the whole simulation and their ensemble averages are 

statistically valid. However time dependent values should not be calculated over 

these reassignments, but may be calculated between them when the trajectory is back 

integrable. Thus co-ordinate properties such as diffusion or autocorrelation functions 

should not be calculated for the whole simulation.

4.3.2 Multiple Temperature Baths

In a similar manner to a single temperature bath it is also possible to use more 

than one, with a bath applied to a specific sub-set of atoms. This results in each sub

set of atoms being scaled to the correct temperature. This also affords the 

opportunity to specifically scale sub-systems to different temperatures and thus impart 

energy to a specific part of the system.

However, when scaling different sub-sections of a system with different 

scaling factors then angular momentum artefacts will be introduced. In order to 

overcome this the angular momentum of the system is calculated before any scaling is 

performed and any changes introduced by the scaling are corrected. This method 

should ensure that the protein and water sub-systems will be at the correct 

temperatures without any angular momentum artefacts being introduced into the 

system.

4 .4  Application of Multiple Temperature Baths and Velocity 

Reassignment

These two methods have been implemented in the VFF[1] program, by the 

author. These methods were tested using the solvated BPTI system described above.
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• A single temperature bath was applied to the whole system with the same target 

temperature and time values as above, but the velocities of the systems were 

reassigned once every picosecond.

• One temperature bath was applied to the waters and another applied to the protein, 

both had the target temperature and time constant values used in the original single 

temperature bath simulation.

Each system was sampled for 150 ps with a time step of 1 fs. The temperature baths 

had a time constant of 150 fs.

4.4,1 Reassignment of Velocities

The potential energy and the temperature for the system are shown in fig 

4.4.1, again these show that the system has stabilised, with ‘equilibration’ occurring 

after 30 ps.

P otential energy Uniform Bath with Reassignment
1̂    ̂ ^

T  i i |  i i i j— i-------- 1------- 1 | i i i— |  i 1--------1-------1 i— i------ 1 j i i i | i r

0.0 20.0 40.0 60.0 »0.0 100.0 120.0 140.0

tim e

Temperature Uniform Bath with Reassignment

3

s>

3

0.0 20.0 60.0 800 100.0 120.0 140.0

Fig 4.4.1 Potential Energy and Temperature Profiles for the Reassignment of 

Velocities with a Uniform Temperature Bath.



73

Their averages are shown below in table 4.4.1.

Table 4.4.1 BPTI 2 energy averages

Parameter Average 

0-150 ps

Standard

Deviation

Total energy 

kcal mol'1

-8338.1 234.0

Potential energy 

kcal mol'1

-  13439.8 233.0

Kinetic energy 

kcal mol'1

5101.6 42.9

Temperature

K

301.7 2.5
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As in the original simulation these values appear to indicate that the simulation 

has proceeded as required. This average temperature values for the waters and 

protein are shown below in table 4.4.2.

Table 4.4.2 BPTI 2 sub-system average temperatures

Temperature Average Standard

sub-system 0-150 ps Deviation

K

Waters 302.6 4.0

Protein 296.2 8.7

This indicates that the implementation of the reassignment of velocities has 

resulted in the protein temperature approaching very closely the target temperature, 

and the water temperature only just exceeding it. This is seen clearly in fig 4.4.2 

where the protein and water temperatures are very close.
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Fig 4.4.2 Temperature Profiles for the Protein ( red ) and Water ( green ) sub

systems.
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4.4.2 Multiple Temperature Baths

The potential energy and the temperature for the system are shown in fig

4.4.3.

P oten tia l energy Dual Bath

1 ' T * | ' 
60.0 6 0 0  

time
100.0 120.0

Tem perature D ual Bath

n i i | i i i | i i— i— j— i— i— !— ]— :— i— i— |— i— i— i— |— :— i— i— j— i— r
0.0 20.0 40.0 60.0 80.0 100.0 120.0 1*0.0

lime

Fig 4.4.3 Potential Energy and Temperature Profiles for the Multiple Temperature 

Baths.
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Again these show that the system has stabilised and reached ‘equilibrium’ after 

20 ps. The averages are shown below in table 4.4.3.

Table 4.4.3 BPTI 3 energy averages

Parameter Average 

0-150 ps

Standard

Deviation

Total energy 

kcal mol'1

-  8238.9 221.1

Potential energy 

kcal mol'1

-  13343.5 222.2

Kinetic energy 

kcal mol'1

5104.6 45.1

Temperature

K

301.8 2.7

Again these values indicate that the simulation has proceeded as expected, the 

average values for the temperature of the waters and protein are shown below in table

4.4.4.

Table 4.4.4 BPTI 3 sub-system average temperatures

Temperature Average Standard

sub-system 0-150 ps Deviation

K

Waters 302.1 3.9

Protein 299.8 7.9
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These results together with fig 4.4.4, show that in this simulation the protein 

and waters are now essentially both at the target temperature. Thus in this simulation 

the protein can be fully analysed and investigated at the target temperature rather than 

being more than 30 K below it.

Dual Temperature Baths

 ! j 1 r r 1------ 1----- i------r----- }----- r  i ! *1 j
so m  150

Time

Fig 4.4.4 Temperature Profiles for the Protein ( red ) and Water ( green ) sub

systems.
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4.5 Conclusions

These results have shown that the single temperature bath methodology does 

not work for heterogeneous systems, when employing a cutoff to the non-bond 

functions. Thus further methodology needs to be employed in order to prevent the 

disparity in temperatures seen in different sub-sections of the system. The twjo 

methods presented here have both achieved the objective of simulating the protein 

and its solvent at the target temperature whilst each offers its own advantages and 

disadvantages.

The method involving the reassignment of velocities essentially performs a 

single Monte-Carlo step[2] this results in more of phase space being sampled. This is 

seen by examining the potential energy profiles for each method and their standard 

deviations, table 4.5.1.

Table 4.5.1 Average Potential Energy and Standard Deviations

Potential Energy Average Standard Deviation

kcal mol'1 100-350 ps

Reassignment of -13429.8 233.0

Velocities

Multiple Temperature -13343.5 222.2

Baths

The standard deviation for the reassignment of velocities method is larger than that 

for the multiple temperature baths. This indicates that more of phase space is being 

sampled by this method, obviously both of these methods sample more of phase space 

than the original simulation where the protein was at a much lower temperature

It may be useful to combine these two methodologies, using the reassignment 

of velocities in an initial equilibration stage and once equilibration is reached then 

using the multiple temperature baths. Thus allowing more phase space to be sampled 

initially and after equilibration all time dependent properties may be calculated. Also 

the reassignment of velocities method may be used as a tool to search conformational 

space.
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CHAPTER 5

Ceramide 5 Bilayer Simulations

5.0 Introduction
This chapter will be concerned with the simulation of ceramide 5 bilayers.

Three simulations are presented:

1. a pure ceramide 5 bilayer containing 18 lipids, C5_l,

2. a bilayer as in 1 where one central lipid from one monolayer has been replaced by 

one cholesterol, 5 cholesten-3|3-ol, C5_2,

3. a bilayer as in 1 where one central lipid from one monolayer has been replaced by 

one 5 cholesten-3a-ol, C5_3.

Each simulation will be analysed to investigate its thermodynamic and 

structural behaviour. In addition the effect of the two dopant molecules will be 

assessed in terms of their effect upon the structural and thermodynamic properties of 

their respective bilayers, as well as the differences caused by the isomeric forms of 

cholesterol.
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5.1 Pure Ceramide 5 Bilayer, C_1
The bilayer model C5_l, consisting of 18 ceramide 5 lipids in two 3x3

monolayers, was constructed using the methodology described in Chapter 3. Two 

ceramide 5 molecules were built and placed directly over each other in the ‘bilayer’ 

conformation, using the Insight molecular modelling suite. This construct was then 

aligned along the y-axis, now defined as the bilayer normal, the bilayer was then built 

by replication in the head group axes x and z.

Lattice points are separated by 7 A  in the x plane and 8 A  in the z plane. The 

resulting co-ordinates were minimised until the total rms. derivative was below 0.5 

kcal mol'1 A '1. These minimised co-ordinates were used as the starting conformation 

for the molecular dynamics simulation.

5.1.1 Simulation Conditions

The molecular dynamics trajectory was initially sampled in the constant NVE 

ensemble for 50 ps, after which the constant pressure bath was applied with a target 

pressure of 1 bar. After a further period of 15 ps the constant temperature bath was 

applied with a target temperature of 320 K. The bilayer simulation was sampled 

under these constant temperature and pressure conditions for a further 290 ps.
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5.1.2 Thermodynamics

The thermodynamic data is stored on a trajectory history file every 4 steps of 

the simulation, this information can be extracted and manipulated using the 

FOCUS[l] program.

The extracted thermodynamic information is shown in fig 5.1.1. The 

application of the constant pressure and temperature conditions can be clearly seen at 

50 and 65 ps respectively.
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Fig 5.1.1a Potential, Kinetic and Total Energies for C5_l
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The unit cell volume drops to approximately 90 % of its starting value as a 

consequence of the pressure bath scaling. This reduction was non-isotropic with the 

bilayer normal ( unit cell vector B, ucv B ) increasing by 4.2 % whilst the head group 

vectors ( ucv A and C ) drop by 10.9 % and 3.6 % respectively, table 5.1.1.

Table 5.1.1 Unit cell dimension for C5 1

Unit cell Initial

value

Average 

100-350 ps

%

Change

Vector A

A

21.5 19.2 -1 0 .9

Vector B

A

43.0 44.8 4.2

Vector C

A

24.0 23.1 - 3 .6

Volume

A 3

22185 19851 -  10.5

The molecular pressure appears to have reached equilibrium in terms of the 

pressure scaling algorithm after 50 ps of pressure scaling ( 100 ps ), with an average 

molecular pressure of 96.5 bar, whilst the atomic pressure is 1.2 bar. However the 

standard deviation of these values are so large as to make any interpretation of these 

values difficult, table 5.1.2.

Table 5.1.2 Molecular and atomic pressures for C5_l

Pressure Average Standard

bar 100-350 ps Deviation

Molecular 96.5 1416

Atomic 1.2 1943

Unit cell vectors A and C are seen to oscillate about an average of 19.2 A  and 

23.1 A , whilst the bilayer normal has an average of 44.8 A.
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The temperature of the system was scaled to 320 K, the average temperature 

of the system during the constant NVE stage of the simulation, before the constant 

pressure scaling was started. This resulted in an average temperature of 324.9 K.

The relative stability’s of the temperature and pressure scaling baths as shown by their 

standard deviations, table 5.1.3, is an indication of the correlation time for those baths 

and hence for the processes involved.

Table 5.1.3 Molecular Pressure and Temperatures for C5_l

Average 

100-350 ps

Standard

Deviation

Molecular Pressure 96.5 1416

bar

Temperature 324.9 5.4

K

The temperature obviously has a small correlation time whilst the pressure 

scaling has a very much larger time, probably in the order of tens to hundreds of ps.

5.1.3 Analysis of 100 - 350 ps

For this period of the simulation the system appears to be fairly stable with 

only small oscillations seen in the unit cell vectors and volume about their average 

values, table 5.1.4.
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Table 5.1.4 Unit cell dimensions for C5_l 100-350 ps

Unit cell Average Standard

100-350 ps Deviation

Vector A 19.2 0.3
✓

A

Vector B 44.8 1.0

A

Vector C 23.1 0.6

A

Volume 19851 443.7

A 3 ■

The kinetic energy is obviously very stable over this period due to the effect of 

the temperature bath. Thus the total energy fluctuations mirror the potential energy, 

however as can be seen from the standard deviations of the potential energy these 

fluctuations are relatively small, 47.7 kcal mol'1, only a 2.7 % change. The stability of 

the scaled kinetic energy results in the temperature having a very small standard 

deviation of 5.4 K, 1.7 %, table 5.1.5.

The electrostatic and Lennard-Jones energies show a greater degree of 

fluctuation with larger standard deviations, 17.0 kcal m ol1 ( 12.0 % ) and 35.1 kcal 

mol'1 ( 16.9 % ) respectively. Some of this fluctuation can be accounted for by the 

pressure bath scaling, the effect of which can cause large changes in the Lennard- 

Jones energy when the co-ordinates are rescaled.
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Table 5.1.5 Energy components for C5_l, 100-350 ps

Energy 

kcal mol'1

Average 

100-350 ps

Standard

Deviation

Total energy 3644.8 45.8

Potential energy 1797.2 47.7

Kinetic energy 1847.6 30.7

Electrostatic 142.4 17.0

Lennard-Jones -208.5 35.1

Temperature K 324.9 5.4

The form of the potential energy plot of the system matches that of the 

Lennard-Jones energy. This may be a consequence of the pressure scaling, with the 

repositioning of the co-ordinates of each molecule causing direct changes in the 

intermolecular energies and hence affecting the overall potential energy of the system. 

This has been investigated by the use of Fourier transform techniques.

5.1.4 Fourier Transformations of Thermodynamic Data

The thermodynamic data for this section of the simulation, 100-350 ps, has 

been Fourier transformed to reveal any correlations within the data. The data is 

transformed from the time domain into the frequency domain. Any events that occur 

over a regular time span will appear at the frequency of that time period.

Digital signal processing techniques can be applied to the Fourier transformed 

data to remove frequencies that are not of interest, usually high frequency modes such 

as bond stretches and angles bends. This results in the removal of ‘noise’ from the 

property, this resultant property can then be back transformed into the time domain to 

give the low frequency ‘noiseless’ property. This enables the investigation of these 

low frequency motions, which are often conformational changes.

The Fourier transformed potential, kinetic, total, electrostatic and Lennard- 

Jones energies and the molecular pressure are shown in fig 5.1.2.
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Fig 5.1.2a Fourier transformed Potential, Kinetic and Total Energies
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Fourier Transformed Molecular Pressure
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Fig 5.1.2b Fourier Transformed Electrostatic and Lennard-Jones Energies and 

Molecular Pressure



All of these plots have a dominant frequency around 160 cm'1, this corresponds to a 

time period of -220 fs. This is also the time constant for the constant pressure bath 

scaling, tp.

The presence of this peak in the kinetic energy indicates that there is a high 

degree of coupling between the temperature and pressure. The peak at 160 cm'1, 

seen in the molecular pressure, is also observed in the Fourier transform of the unit 

cell vector B and the component of the pressure tensor on the y-axis, fig 5.1.3, but is 

not as highly coupled with any other unit cell vector or component of the pressure 

tensor. This indicates that it is fluctuations in unit cell vector B, the bilayer normal, 

which dominate the pressure bath scaling, and hence the pressure of the whole 

system.

Fourier Transformed Component of Molecular Pressure in Y axis

o
1000500o

frequency  

Fourier Transformed Unit Cell Volume

o
10005000

frequency

Fig 5.1.3 Fourier transformed Unit Cell Vector B and Molecular Pressure Tensor 

Component along the Y axis
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5.1.5 Filtering of Thermodynamic Data

The relationship between the potential and Lennard-Jones energies has been 

investigated further using filtering. The thermodynamic trajectory of this simulation 

has been Fourier transformed and high frequency modes have been removed using 

digital signal processing techniques to leave only low frequency motions. This is 

known as filtering[2], The trajectory has been filtered to remove all frequencies 

above 20 c m 1, thus retaining only the lowest frequencies of the system and then back 

transformed to the original time domain.

A graphical representation of the relationship between the potential and 

Lennard-Jones energies in this filtered trajectory is shown in fig 5.1.4, it can be seen 

that the form of the Lennard-Jones energy closely follows that of the potential energy.

F il te r e d  P o te n tia l  a n d  L en n a rd -J o n es  E n e rg ie s
o

200 300too

time

Fig 5.1.4 Filtered Potential ( black ) and Lennard-Jones ( red ) Energies

This indicates that the fluctuations in the potential energy are dominated by 

changes in the Lennard-Jones energy. There is also a degree of correlation between 

the Lennard-Jones energy and the unit cell volume, thus changes in the unit cell 

volume, due to the pressure scaling, directly effect the Lennard-Jones energy and thus 

the potential energy. As there is no correlation between the internal energies and the 

potential energy, then the fluctuations in the Lennard-Jones energy are due to 

intermolecular interactions.
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5.1.6 Analysis of Structural Data

Along with the thermodynamic data, the co-ordinates of all atoms within the 

unit cell are stored every 4 steps of the simulation. From these co-ordinates it is 

possible to calculate various structural properties including torsion angles and 

segmental order parameters.

Acyl Chain Average Torsion Angles

The average values for the torsion angles defined in chapter 3 for the acyl 

chains are shown below in table 5.1.6.

Table 5.1.6 Acyl chain average torsion angles

Average 

100-350 ps

Standard

Deviation

Average 

100-350 ps

Standard

Deviation

<t>. 452.5 249.8 $ 1 3 202.3 55.0

$2 202.9 42.5 $ 1 4 176.5 33.8

$ 3 207.5 56.4 $ 1 5 218.9 50.0

(J>4 180.8 27.8 $ 1 6 180.2 41.1

$ 5 177.4 47.1 $ 1 7 175.6 35.1

<{>6 179.1 24.8 $ 1 8 178.5 27.0

<(>7 182.1 31.6 $ 1 9 197.0 41.4

$ 8 176.6 33.4 $20 175.1 36.3

<J)9 177.8 37.3 $21 224.6 57.7

$ 1 0 181.6 39.2 $22 212.4 59.0

$11 254.7 69.1 $ 2 3 226.2 67.0

$ 1 2 225.6 83.1

These values are a measure of the fluidity of the two acyl chains. For example 

the first torsion, <|)i, has a very large standard deviation indicating that it is freely 

rotating. This in understood in terms of the change in volume effected by the rotation
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of this torsion angle, the torsion is subtended from a double bond thus there will be 

little change in volume of the chain by rotating around this torsion, hence allowing 

free rotation. The end torsions of both chains, ((>11-12 and <(>21-23 show high degrees of 

rotational freedom compared with the rest of the chain. Their average torsion angles 

are more greatly diverged from the initial 180° starting conformation and in addition 

have larger standard deviations. This indicates that these torsion angles have a larger 

rotational movement compared to the rest of the chain, rather than the torsion has left 

the 180° minimum and moved to another local minimum with a small standard 

deviation. This is due to there being an increase in the free volume available to the 

lower torsions, due to a slight separation between the two monolayers.

In both chains the central torsions, <{>4, <(>6 and (J>i8 have considerably lower 

standard deviations than the rest of the chain and their average values have not 

deviated from the initial conformation. This indicates that there is some degree of 

rigidity within the acyl chain units and their interactions with the rest of the system. 

This prevents free rotation of these torsions and hence greatly reduces the actual free 

volume that the chain may occupy.
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Segmental O rder Parameters

The segmental order parameters for the two chains of the ceramide lipids have 

been calculated and are shown in fig 5.1.5.

<D
<D
E
2
c5
CL
(5
■O
o

0.2
0.18
0.16
0.14
0.12

chainl
chain2

0.08
0.06
0.04
0.02

8 10 12 146420
Carbon Number

Fig 5.1.5 Segmental Order Parameters for Chains 1 and 2 in C5_l

The segmental order parameters do not show the characteristic features 

normally associated with order profiles[3], both the profile for chain 1 and 2 are 

essentially flat until carbon 10 when they begin to decrease. This decrease in order 

parameter is expected, and confirmed by the increase in rotational freedom observed 

for the lower torsions, this decrease is also observed experimentally.

The torsion data indicated that ((>4 and Of, in chain 1 and in chain 2 were 

less rotationally free than the other torsion angles, this is seen in the order parameters 

by the increase in value at carbon numbers 3 and 5 in chain 1 and 6 to 8 in chain 2.

The torsion data and the order parameter values indicate that the core of the 

bilayer does have some rotational freedom. The actually values for the order 

parameters indicates that the bilayer is quite fluid.
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5.2.0 Ceramide 5 Bilayer with 1 Cholesterol, C5_2
The bilayer model C5_2, consisting of 17 ceramide 5 lipids and a single

cholesterol molecule, was constructed using the bilayer constructed for simulation 

C5_l as an initial template. The central ceramide molecule in the upper monolayer 

was removed and replaced by a cholesterol molecule using the Insight molecular 

modelling suite. The y-axis is still the bilayer normal, the x and z axes describing the 

head group plane.

Lattice points are separated by 7 A  in the x plane and 7 A  in the z plane. The 

resulting co-ordinates were minimised, until the total rms. derivative was below 0.5 

kcal mol"1 A '1. These minimised co-ordinates were used as the starting conformation 

for the molecular dynamics simulation.

5.2.1 Simulation Conditions

The molecular dynamics trajectory was sampled initially in the constant NVE 

ensemble for 60 ps, after which both the constant pressure and temperature baths 

were applied with the same target pressure and temperatures applied in the C5 

simulation, i.e. 1 bar and 320 K. target pressure of 1 bar. The bilayer simulation was 

sampled under these constant temperature and pressure conditions for a further 290 

ps.
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5.2.2 Thermodynamics

The extracted thermodynamic information is shown in fig 5.2.1. The addition 

of constant pressure and temperature conditions can be clearly seen at 60 ps.
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Fig 5.2.1a Potential, Kinetic and Total Energies for C5_2
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C5 2
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The unit cell volume increases by approximately 3 % from its starting value as 

a consequence of the pressure bath scaling. This increase was non-isotropic with the 

bilayer normal ( unit cell vector B, ucv B ) increasing by 3 % and ucv C increasing by 

9.6 % whilst the other head group vector ( ucv A ) decreased by 9 %, table 5.2.1.

Table 5.2.1 Unit cell dimensions

Unit cell Initial

value

Average 

100-350 ps

%

Change

Vector A

A

21.0 23.0 9.6

Vector B

A

43.0 44.4 3.1

Vector C

A

21.0 19.1 -9 .0

Volume

A 3

18963 19523 2.9

The molecular pressure appears to have reached equilibrium in terms of the 

pressure scaling algorithm after 40 ps of pressure scaling ( 100 ps ), with an average 

molecular pressure of 97.1 bar, whilst the atomic pressure is 0.3 bar. However the 

standard deviation of these values are so large as to make any interpretation of these 

values difficult, table 5.2.2.

Table 5.2.2 Molecular and Atomic Pressure

Pressure Average Standard

bar 100-350 ps Deviation

Molecular 97.1 1409

Atomic 0.3 1900

Unit cell vectors A and C are seen to oscillate about an average of 23.0 A  and

19.1 A , whilst the bilayer normal has an average of 44.4 A.
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The temperature of the system was scaled to 320 K, which resulted in an average 

temperature of 324.5 k.

The relative stability of the temperature and pressure scaling baths, as shown 

by their standard deviations, table 5.2.3, is an indication of the correlation time for 

those baths and hence for the processes involved. The temperature obviously has a 

small correlation time whilst the pressure scaling has a very much larger time, 

probably in the order of tens to hundreds of ps.

Table 5.2.3 Molecular pressure and Temperature

Parameter Average Standard

100-350 ps Deviation

Temperature 324.5 5.3

K

Molecular pressure 97.1 1409

bar
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5.2.3 Analysis of 100 - 350 ps

For this period of the simulation the system appears to be fairly stable with 

only small oscillations about their average values seen in the unit cell vectors and 

volume.

Table 5.2.4 Unit cell dimensions

Unit cell Average Standard

100-350 ps Deviation

Vector A 23.0 0.2

A

Vector B 44.4 1.0

A

Vector C 19.1 0.5

A

Volume 19523 464.1

A 3

The kinetic energy is obviously very stable over this period due to the effect of 

the temperature bath. Thus the total energy mirrors the potential energy in its 

fluctuations and whilst the standard deviation is small 2.8 % there are some significant 

fluctuations seen, with a decrease in the overall potential energy of the system from 

100 to 150 ps.

The electrostatic and Lennard-Jones energies show the same changes through 

the course of the simulation, essentially mirroring the potential energy. This 

fluctuation can be accounted for by the pressure bath scaling, the effect of which 

causes large changes in the Lennard-Jones energy when rescaling the co-ordinates.
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Table 5.2.5 Energy components

Energy 

kcal mol'1

Average 

100-350 ps

Standard

Deviation

Total energy 3578.7 45.4

Potential energy 1764.6 49.3

Kinetic energy 1814.2 29.6

Electrostatic 71.7 17.2

Lennard-Jones -169.8 35.4

Temperature K 324.5 5.3

The change in potential energy and the corresponding changes in the Lennard- 

Jones and electrostatic energies stem from changes in the unit cell volume which 

decreases slightly during the period from 100 to 150 ps. This is seen by the decrease 

in the head group ucv C from ~ 20 A to 19 A, and a smaller increase in the bilayer 

normal distance, ucv B.

The other head group vector, ucv A, remains essentially constant from 120 ps 

onwards with only minor deviations from its average, shown by a small standard 

deviation.
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5.2.4 Fourier Transformation of Thermodynamic data

The thermodynamic trajectory for this section of the simulation, 100-350 ps, 

has been Fourier transformed in order to reveal any frequency correlations between 

the data. The plots for the total, potential and kinetic energies, those for the Lennard- 

Jones, electrostatic energies and the molecular pressure and the unit cell volume are 

shown in fig 5.2.2.
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Fig 5.2.2a Fourier Transformed Potential, Kinetic and Total Energies.
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It can be seen from these graphs that there is a dominant frequency in the 

kinetic energy and molecular pressure around 160 cm'1, this peak is also seen in the 

Lennard-Jones, electrostatic energies and in the bilayer normal vector, ucv B.

This frequency corresponds to a motion on the time scale of ~ 220 ps, which 

is also the time constant of the pressure bath, tp. This peak in both the kinetic energy 

and the molecular pressure indicates that there is a high degree of coupling between 

the temperature and pressure.

The presence of this peak in the Fourier transform of the bilayer normal, unit 

cell vector B, indicates a correlation between this property and the pressure. The 

absence of this peak in the other unit cell vectors indicates that it is this vector that is 

most influenced by the changes in the pressure, caused by the scaling algorithm. This 

relationship is further examined using the filtering techniques.

5.2.5 Filtering of Thermodynamic Data

The relationship between the potential and I>ennard-Jones energies has been 

investigated using the filtering methodology[2].

A graphical representation of the relationship between the potential and 

Lennard-Jones energies in this filtered trajectory is shown in fig 5.2.3, it can be seen 

that the form of the Lennard-Jones energy closely follows that of the potential energy 

over the simulation.
ih e r e d  P o te n tia l  a n d  L e n n a rd -J o n e s  E n e rg ie s

100 200 300

time

Fig 5.2.3 Filter Potential ( black ) and Lennard-Jones ( red ) Energies
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A correlation is also seen between the Lennard-Jones energy and the unit cell 

volume. The Fourier transform spectra also indicates that the Lennard-Jones energy 

and the unit cell volume were correlated to the pressure.

This filtering technique has been applied to all of the thermodynamic 

quantities stored on the trajectory to investigate any other relationships, which has 

revealed that the molecular pressure is directly correlated with the pressure in the y- 

axis, the bilayer normal, whilst not obviously with the other pressure axes. This 

correlation is also indicated by the coupling seen between the pressure and unit cell 

vector B from the Fourier transformed data. This indicates that pressure changes are 

caused by fluctuations in the bilayer normal and that these dominate the pressure, this 

may be an artefact of the constant pressure algorithm or it may be an indication of the 

least stable vector in the simulation.
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5.2.6 Analysis of Structural Data 

Acyl Chain Average Torsion Angles

The average values for the torsion angles defined in chapter 3 for the acyl chains are 

shown below in table 5.2.6.

Table 5.2.6 Acyl chain average torsion angles

Average 

100-350 ps

Standard

Deviation

Average 

100-350 ps

Standard

Deviation

210.1 136.4 $ 13 177.5 39.7

$ 2 178.6 51.4 $ 1 4 180.9 28.8

$ 3 172.2 39.3 $ 1 5 173.3 40.0

$ 4 177.1 32.9 $ 1 6 182.0 24.4

$ 5 186.5 41.7 $ 1 7 171.6 37.7

$ 6 178.4 26.0 $ 1 8 180.8 26.4

(j>7 195.7 35.1 $ 1 9 180.5 30.2

$ 8 182.7 30.7 $ 2 0 181.0 28.0

(J)9 201.3 45.7 $21 174.1 41.2

<t>10 170.4 39.3 $ 2 2 177.1 62.3

$11 173.8 48.2 $ 2 3 195.2 59.3

$12 212.9 67.8

The degree of fluidity within the bilayer is indicated by the average torsion 

angles and their standard deviations. The first torsion, <{>i, in chain 1 has a large 

amount of rotational freedom and a standard deviation of greater than 50 %, this 

torsion is the first torsion of the chain after the double bond ( see chapter 3 ) and this 

structural arrangement allows it to rotate with greater freedom than the rest of the 

chain.

The terminal torsions in both chains, <{>12, $22  and <{>23, also have high degrees 

of rotational freedom, with all of them having larger standard deviations than previous
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torsions. This indicates that these torsions have a greater degree of conformational 

freedom compared to the rest of the bilayer. This conclusion agrees with the idea of 

the chain ends being slightly separated from each other, thus allowing them free 

volume in which to rotate.

There are several torsion angles which show a lower propensity to rotate than 

their surrounding torsions, <J>6, 4>ie, <|>i8 and <j>2o. This indicates that there is some 

rigidity within the system due to intermolecular interactions which prevents all the 

torsion angles from rotating with the same degree of freedom, thus reducing the 

potential volume that the bilayer can occupy.
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Segmental Order Parameters

The segmental order parameters for the two chains of the ceramide lipids have 

been calculated and are shown in fig 5.2.4

0.25

chainl
'chain2

0.2

0.15

0.1uV
Uo

0.05

12 148 10640 2
Carbon Number 

Fig 5.2.4 Segmental Order Parameters for Chains 1 and 2 in C5_2

The segmental order profiles for the acyl chains shows the general 

characteristics followed by experimental order profiles[4], there being a characteristic 

plateau up to carbon atom number 8. However after carbon 8 the order parameters 

should decrease along the tails of the hydrophobic chains, this is observed in the order 

parameters for chain 1 but not for chain 2.

The values for chain 2 from carbon 3 downwards are essentially constant, 

indicating that the plateau of chain 2 continues out past carbon 8. Also chain 1 shows 

a slight dip at carbon 3 in agreement with experimental results, whereas chain 2 

actually shows an increase. The torsion data indicates that <j>6 in chain 1 and (J)i6, <|>i8 

and <j>2o in chain 2 have less rotational freedom than the rest of their respective chains. 

This is observed in the order parameters by increases in parameter values at carbon 

positions 3 to 4, 6 to 8 in chain 2. The actual values for the order parameters are 

within the error of those obtained experimentally.



112

5.3.0 Ceramide 5 Bilaver with a 3a-Cholesterol, C5_3
The bilayer model C5_3, consisting of 17 ceramide 5 lipids and a single 3a-

cholesterol molecule, was constructed using the bilayer constructed for simulation 

C5_l as an initial template. The central ceramide molecule in the upper monolayer 

was removed and replaced by a 3-a-cholesterol molecule using the Insight molecular 

modelling suite. The y-axis is still the bilayer normal and the x and z axes describing 

the head group plane.

Lattice points are separated by 8.2  A  in the x  plane and 8 .2  A  in the z plane. 

The resulting co-ordinates were minimised until the total rms. derivative was below 

0.5 kcal mol'1 A '1. These minimised co-ordinates were used as the starting 

conformation for the molecular dynamics simulation.

5.3.1 Simulation Conditions

The molecular dynamics trajectory was sampled initially in the constant NVE 

ensemble for 15 ps, after which a constant pressure bath was applied with a target 

pressure of 1 bar. After 30 ps a temperature bath of 306 K was applied due to the 

system beginning to increase in temperature in simulations that were continued past 

this stage without the bath applied. At 95 ps once the constant pressure appeared to 

have stabilised then the target temperature was raised to 320 K to be in agreement 

with the previous two simulations. The bilayer simulation was sampled under these 

constant temperature and pressure conditions for a further 250 ps.
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5.3.2 Thermodynamics

The extracted thermodynamic information is shown in fig 5.3.1. The addition 

of constant pressure conditions can be clearly seen at 15 ps, the addition of a 

constant temperature bath at 30 ps and the change of target temperature at 95 ps.
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The unit cell volume decreases by approximately 27 % from its starting value 

as a consequence of the pressure bath scaling. This increase was non-isotropic but all 

the unit cell vectors decreased, the bilayer normal, ucv B, by 4 % and the two head 

group vectors, ucv A and C, by 5 and 20 % respectively, table 5.3.1.

Table 5.3.1 Unit cell dimensions

Unit cell Initial

value

Average 

100-350 ps

%

Change

Vector A

A

24.5 23.3 - 5 .0

Vector B

A

45.5 43.5 -4 .3

Vector C

A

24.5 19.6 -19.9

Volume

A 3

27311 19893 -2 7 .2

The molecular pressure appears to have reached equilibrium in terms of the 

pressure scaling algorithm after 85 ps of pressure scaling ( 100 ps ), with an average 

molecular pressure of 95.8 bar, whilst the atomic pressure is 1.5 bar, again the 

standard deviation of these values are so large as to make any interpretation of these 

values difficult, table 5.3.2.

Table 5.3.2 Molecular and atomic pressure

Pressure Average Standard

bar 100-350 ps Deviation

Molecular 95.8 1289

Atomic 1.5 1734

Unit cell vectors A and C are seen to oscillate about an average of 23.3 A  and

19.6 A, whilst the bilayer normal has an average of 43.5 A .
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The temperature of the system was scaled to 320 K, which resulted in an average 

temperature of 323.6 K.

The relative stability of the temperature and pressure variables, as shown by 

their standard deviations, table 5.3.3, is an indication of the correlation time for those 

properties and hence for the processes involved. The temperature obviously has a 

small correlation time whilst the pressure scaling has a much larger time, probably of 

the order of tens to hundreds of ps.

Table 5.3.3 Average molecular pressure and temperature

Parameter Average Standard

100-350 ps Deviation

Temperature 323.6 5.0

K

Molecular pressure 95.8 1289

bar
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5.3.3 Analysis of 100 - 350 ps

For this period of the simulation the system appears to be fairly stable with 

only small oscillations seen in the unit cell vectors and volume about their average 

values, table 5.3.4.

Table 5.3.4 Unit cell dimensions

Unit cell Average Standard

100-350 ps Deviation

Vector A 23.3 0.3

A

Vector B 43.5 1.0

A

Vector C 19.6 0.3

A

Volume 19893 452.5

A 3

The kinetic energy is obviously very stable over this period due to the effect of 

the temperature bath. Thus the total energy mirrors the potential energy in its 

fluctuations. Whilst the standard deviation is small, 2.5 %, there are some significant 

fluctuations seen, with a decrease in the kinetic energy from 150 to 165 ps and a 

rising back up again over the next 15 ps.

The electrostatic and Lennard-Jones energies show the same changes 

throughout the course of the simulation, mirroring the potential energy. Some of 

these fluctuations can be accounted for by the pressure bath scaling, the effect of 

which can cause large changes in the Lennard-Jones, table 5.3.5.
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Table 5.3.5 Energy components

Energy 

kcal mol'1

Average 

100-350 ps

Standard

Deviation

Total energy 3652.6 41.9

Potential energy 1816.2 45.5

Kinetic energy 1809.3 28.0

Electrostatic 69.6 18.5

Lennard-Jones -142.1 33.4

Temperature K 323.6 5.0

The change in potential energy and the corresponding changes in the Lennard- 

Jones and electrostatic energies stem from a marked reduction in the bilayer normal 

unit cell vector, ucv B, over the time period 150 to 160 ps. This vector slowly rises 

again but appears to be involved in a long time scale motion.

The head group vectors, ucv A and C, oscillate about their average values for 

the whole time period, but these are small fluctuations, shown by their small standard 

deviations, fig 5.3.2.
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Fig 5.3.2 Unit Cell Vectors A, B, C
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5.3.4 Fourier Transformation of the Thermodynamic Data

The thermodynamic data for this part of the simulation, 100-350 ps, has been 

Fourier transformed to reveal any correlations within the data. The Fourier 

transformed potential, kinetic, total and Lennard-Jones energies and the molecular 

pressure are shown in fig 5.3.3.

Fourier Transformed Kinetic Energy
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Fig 5.3.3a Fourier Transformed Potential, Kinetic and Total Energies



122

Fourier Transformed Molecular Pressure

500

frequency

1000

Fourier Transformed Lennard-Jones Energy

500

frequency

I I  I I

Fig 5.3.3b Fourier Transformed Lennard-Jones Energy and Molecular Pressure

The kinetic and Lennard-Jones energies and the molecular pressure all have a 

large dominant frequency around 160 cm*1, which is also observed in the potential 

energy to a lesser extent. This corresponds to a time period for the frequency of 

-220 fs, the time constant for the pressure bath scaling, tp. The presence of this peak 

in the kinetic energy indicates that there is a high degree of coupling between the 

constant temperature and pressure baths.

This peak at 160 cm'1 seen in the molecular pressure is also observed in the 

Fourier transform of the unit cell vector B, the component of the molecular pressure 

along the y-axis, fig 5.3.4, but not appreciably in any other unit cell vector or 

pressure.



123

Fourier Transformed Unit Cell Vector B

500
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Fourier Transformed Component o f Molecular Pressure in Y axis
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10005000
frequency

Fig 5.3.4 Fourier Transformed Unit Cell Vector B and Component of the Molecular 

Pressure along the Y axis.

This indicates that it is fluctuations in the unit cell vector B, the bilayer 

normal, which are most highly correlated with the pressure scaling. This is observed 

as a characteristic breathing motion of the bilayer due to rearrangements along the 

bilayer normal.
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5,2.5 Filtering of Thermodynamic data

The thermodynamic data has been filtered to remove all frequencies above 20 

cm'1, in order to investigate the correlation between the potential and Lennard-Jones 

energies.

The filtered potential and Lennard-Jones energies are shown on fig 5.3.5, this 

plot showing the high degree of correlation between these two energies.

F ilte r e d  P o te n tia l  a n d  L en n a rd -J o n es  E n e rg ie s

I

100 300

time

Fig 5.3.5 Filtered Potential ( black ) and Lennard-Jones ( red ) Energies

This indicates that the potential energy is dominated by the Lennard-Jones 

energy. There is also a close correlation between the Ixnnard-Jones energy and the 

unit cell volume, indicating that the changes in unit cell volume, due to the pressure 

scaling, cause a corresponding change in the Lennard-Jones energy. This correlation 

is not seen between the internal energies and the potential energy showing that it is 

the inter-molecular non-bonded interactions, due to the changes in the unit cell 

volume, that dominate the potential energy.



125

5.3.6 Analysis of Structural Data

Acyl Chain Average Torsion Angles

The average values for the torsion angles defined in chapter 3 for the acyl 

chains are shown below in table 5.3.7.

Table 5.3.7 Average Acyl Chain Torsion Angles and Standard Deviations

Average 

100-350 ps

Standard

Deviation

Average 

100-350 ps

Standard

Deviation

$1 130.4 178.4 <|>13 195.9 50.9

(J)2 188.8 35.6 <1>14 179.6 29.6

$ 3 185.7 50.3 $ 1 5 185.9 41.8

(J)4 177.7 27.4 $ 1 6 181.4 29.8

$ 5 168.5 48.4 $ 1 7 181.8 33.9

$6 177.0 27.2 $ 1 8 188.9 44.7

<j)7 171.5 44.3 $ 1 9 171.1 39.1

$8 177.1 31.4 $20 192.4 48.4

<t>9 180.1 49.1 $21 181.6 42.2

$10 164.3 52.5 $22 192.5 57.3

<t»n 184.7 49.6 $ 2 3 190.4 53.9

$12 154.3 58.6

The fluidity of the acyl chains is indicated by the average torsions angles and 

their standard deviations. The first torsion, (f>i, in chain 1 has free rotation about it 

average value, with a standard deviation of 180°. This is the first torsion after the 

double bond ( see chapter 3 ) indicating that the structural constraints of this unit 

allow the torsion to freely rotate.
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The terminal torsions of both chains, <{>12, § 2 2  and <(>23, also have a high degree 

of rotational freedom with large standard deviations and average values considerably 

different from the initial 180° starting conformation.

Within the acyl chains there are several torsions, (j>4, $ 6, <|>i4 and <j>i6, that have 

significantly smaller standard deviations and all these torsions oscillate around the 

initial starting conformation. This indicates that the intermolecular interactions within 

the bilayer prevent certain torsions from rotating as freely as the others and hence 

reducing the potential volume that the bilayer can occupy.
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Segmental Order Parameters

The segmental order parameters for the two chains of the ceramide lipids have 

been calculated and are shown in fig 5.3.6.

0.35
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'chain20.3
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Carbon Number 

Fig 5.3.6 Segmental Order Parameters for Chains 1 and 2 of C5_3.

The segmental order profiles for the two acyl chains for this simulation show 

the characteristic plateau of values until carbon number 8 and then the order 

parameters decrease along the tails of the hydrophobic chains.

Both chain profiles show a dip in value around the carbon 3 position in 

agreement with experimental results. This agrees with the torsion results, which 

show a lower standard deviation for <j)4 and <j>6 in chain 1 and <j)i4 and <{>i6 in chain 2 

indicating that there is a loss of rotation around these carbon atoms.

The drop in order parameter values from carbon 8 downwards is in agreement 

with experimental results. This indicates that the bilayer becomes more fluid at the 

middle. This is explained in terms of a decrease in density at the middle of the bilayer 

which thus allows the terminal carbons more free volume in which to rotate.
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5.4 Conclusions
These are the first bilayer simulations that have been performed upon skin 

lipids. The three lipid simulations presented differ from each other by the nature of 

the central molecule in one monolayer of the bilayer. Thus the first simulation 

investigated a pure ceramide 5 bilayer, but also acts as a ‘control’ for the two 

substitution experiments. In these the central lipid in one monolayer is replaced by 

one cholesterol moiety either 3-(3-cholesterol, the native form, or 3-a-cholesterol, the 

hydroxyl isomer. These experiments probe the interaction of the these substituents 

with the bilayer and the affect they have upon the bilayer properties.

All three simulations are found to be stable over the sampled period, during 

which the system was under constant temperature and pressure bath conditions. 

Their potential energy profiles show only small standard deviations away from the 

average values. The kinetic energies are also very stable due to the presence of the 

temperature bath scaling, which in all three simulations had a target temperature of 

320 K. The molecular and atomic pressures, however, in all three simulations had 

very large standard deviations, over an order of magnitude greater than their average 

molecular pressure. This is explained in terms of the long correlation time of the 

pressure in these systems, this correlation time appears to be in the order of 10’s to 

100’s of picoseconds. Thus the scaling algorithm used with only a relatively short 

pressure time constant, tp, has very large fluctuations.
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5.4.1 Structural Aspects of Molecular Substitution

The effect of removing a central lipid and substituting it with different 

cholesterol moieties has a small effect upon the dimensions of the bilayer, table 5.4.1.

Table 5.4.1 Unit cell dimensions for the ceramide 5 simulations

Unit Cell C5_l C5_2 C5_3

Vector A

A

19.2 23.0 23.3

Vector B

A

44.8 44.4 43.5

Vector C

A

23.1 19.1 19.6

Volume

A 3

19851 19523 19893

The use of the constant pressure bath has been to produce three very similar average 

unit cell dimensions. Indicating that cholesterol may be included into the bilayer 

without causing too great a disruption to the general packing arrangement of the lipid 

head groups.

The unit cell volumes have very small differences from each other and hence 

the average head group area per lipid for each simulation, table 5.4.2, these values are 

in good agreement with experimental results.

Table 5.4.2 Volume change and Area per lipid for ceramide 5 simulations

C5_l C5_2 C5_3

% change in 0 -1 .7 0.2

volume

Head group area 49.2 48.9 50.7

per lipid, A 2
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The torsion angles and the segmental order parameters for the acyl chains 

have been examined and these values are within the bounds of experimental results. 

The pure bilayer system reproduces the order parameter values for a fluid bilayer 

system but the actual shape of the profile is too flat. The lack of a significant drop in 

order parameter values from carbon number 8 downwards indicates that there is not 

an increase in rotational freedom near the centre of the bilayer. This increase in 

freedom is seen in experimental systems by the drop in order parameters. It is 

explained by the increased volume, that the terminal carbons have available to them in 

which to rotate. There is a drop in density at the centre of this bilayer and whilst the 

terminal carbons are more rotationally free than carbons further up the chain. The 

segmental order parameters themselves are compared against experimentally derived 

results, there is a significant difference in the time scales involved in these two 

experiments [5]. The profiles derived from NMR experiments are averaged over long 

time periods whilst the profiles presented here are from very shorter time periods and 

a much smaller system. Therefore it is not surprising that the results do not 

completely match those from experiment.

The influence of cholesterol upon the bilayer is to increase the order within 

the bilayer, the torsion angles have a decreased standard deviation compared to the 

pure bilayer system, indicating less rotational freedom. The order parameters also 

increase showing a loss of fluidity in the chains, i.e. a more ordered system. This is in 

agreement with experimental results where cholesterol is seen to reduce the fluidity of 

model membrane systems.

The affect of 3-a-cholesterol is in general similar to that of the native 3-p- 

cholesterol, however the system is marginally less stable. This system best 

reproduces the form of the segmental order parameters, with the drop in values from 

carbon 8 downwards. The a-steroids are natural membrane anaesthetics postulated 

to disrupt the membrane structure, this large scale behaviour is not seen in this 

simulation but this may be due to the short time scale of the simulation and the low 

concentration of the dopant molecule.
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5.4.2 Thermodynamic Results

All three simulations show a direct correlation between the potential energy 

and Lennard-Jones energy. This is explained in terms of the pressure bath scaling 

algorithm, which scales the unit cell volume at every step, in order to keep the 

average pressure to the target pressure. This is achieved by scaling the co-ordinates 

and unit cell vectors either up or down to increase or decrease the volume 

correspondingly. The molecules within the unit cell are scaled by their centres of 

mass.

This does not affect the internal and intramolecular energies of molecules in 

the system but intermolecular energies will be affected and hence the potential energy. 

This was investigated by filtering the thermodynamic trajectories. Using digital signal 

processing techniques all frequencies above 20 cm'1 were removed, leaving only the 

lowest frequency motions in the system. The removal of all high frequencies allows 

the investigation of conformational motion and energetics from the overall myriad of 

motions in the simulation.

This filtering revealed a correlation between the Lennard-Jones energy and the 

Unit cell volume, indicating that the changes in unit cell volume due to the pressure 

scaling cause changes in the Lennard-Jones energy.

The thermodynamic data has been Fourier transformed and in all three 

simulations a large dominant peak, around 160 cm'1, has been found in the molecular 

pressure spectrum. This corresponds to a time of -220 fs which is the time constant, 

tp, for the pressure bath. The peak is also observed in the kinetic energy profile, 

indicating that there is a high degree of correlation between the pressure and the 

kinetic energy, this is explained by the definition of the pressure;

PV = NKbT + <co> ( eq n 5 .1 )

PV = Nl/3 < £  ps2 / mj > + < (o > ( eqn 5.2 )

The ideal contribution to the pressure is derived from the kinetic energy and the virial 

term, co, is derived the gradient of the potential energy of the system, eqn 2.30. 

Hence in an NVE ensemble a increase in the pressure via a volume reduction will
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result in the system gaining kinetic energy and the temperature rising, the effect of a 

piston compressing a gas.

In a constant temperature and pressure simulation both the pressure, P, and 

the kinetic energy, Z p2 / m , are constrained to oscillate around target values. 

However as stated earlier the time scales for their respective correlations to the 

system are very different. The temperature has a small correlation time, 10-100 fs, 

and can adjust more quickly to instantaneous perturbations to the system, whilst the 

pressure reacts over a much longer time scale. Thus instantaneous volume changes 

which over the course of the simulation will be adjusted to by all the variables are 

more quickly responded to by changes in the kinetic energy to compensate for the 

slow response time of the pressure. This results in the high degree of coupling seen 

between the pressure and temperature variables from the Fourier transform spectra. 

This high degree of correlation between the pressure and the temperature may be 

causing some instability in the system, which affects the constant temperature bath. 

This results in all three average temperatures being slightly higher than the target 

temperature of 320 K, but within one standard deviation of that target.

The instability is suspected to arise from the method of incorporating 

temperature and pressure baths simultaneously. The velocities and co-ordinates are 

both scaled simultaneously but independently, no account is taken of the other 

parameter when the scaling occurs. This appears to result in numerical instabilities. 

Any numerical instabilities in molecular dynamics algorithms tend to be seen as 

temperature increases, which of course a temperature bath will effectively hide. An 

increased instability could be reflected by the slightly higher average temperature of 

the system than the bath temperature. Such a difference is not seen in constant 

temperature simulations alone.
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CHAPTER 6

CERAMIDE 4 SIMULATIONS

6.0 Introduction

The two simulations presented in this chapter are concerned with a ceramide 

possessing asymmetric chain lengths. Thus, unlike the simulations reported in chapter 

5, the lipids have to initially partially interdigitate in order to form the bilayer without 

creating areas of vacuum with no lipid. The two simulations that have been 

performed are

1. a pure ceramide 4 bilayer containing 18 lipids, C4_l,

2. a bilayer as in 1 where one central lipid from one monolayer has been replaced by 

one 3-p-cholesterol, C4_2.

The simulations have been investigated for their thermodynamic and structural 

properties over the period of the simulations. As in the previous investigations the 

central lipid in the top bilayer has been replaced with a cholesterol moiety and a 

simulation performed to investigate the influence of cholesterol upon the bilayer.
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6.1 Pure Ceramide 4 Bilaver, Simulation , C4 1

A pure ceramide 4 bilayer, model C4_l, was constructed using the 

methodology described in chapter 3. Two ceramide 4 molecules were built and 

placed directly over each other in the bilayer conformation, using the Insight 

molecular modelling suite. This construct was aligned along the y - axis, now defined 

as the bilayer normal, using the ALIGN program. The bilayer was then built by 

replication in the head group axes, x and z. This resulted in an 18 lipid bilayer, 

consisting of two 3x3 monolayers.

The resulting co-ordinates were minimised, under periodic boundary 

conditions, until the total maximum derivative was less than 0.5 kcal mol'1 A '1. The 

resulting unit cell had the following dimensions:

Table 6.01 Unit cell Dimensions

Unit cell 

vector A

Unit cell 

vector B

Unit cell 

vector C

Unit cell 

angles 

<x= P  = y

Unit cell 

Volume

A A A O A 3

24.5 59.0 25.0 90 36138

This unit cell was used as the initial starting conformation for the molecular dynamics 

simulation.

6.1.1 Simulation Conditions

The molecular dynamics simulation was initially sampled in the constant NVE 

ensemble for 50 ps after which a constant temperature bath was applied, with a target 

average temperature of 320 K and a temperature bath time constant of 150 fs. The 

system was sampled under these constant temperature conditions for a further 300 ps.
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6.1.2 Analysis of Thermodynamic Data

The thermodynamic data is stored on a trajectory history file every 4 

steps of the simulation, this information was be extracted and manipulated using the 

FOCUS[l] program.

The extracted thermodynamic information for the whole simulation is shown 

in fig 6.1.1, the application of the temperature bath can clearly be seen at 50 ps. 

After this the potential appears to remain stable for the rest of the simulation.
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Fig 6.1.1a Potential, Kinetic and Total Energies for C4_l
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C4_l
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Fig 6.1.1c Atomic and Molecular Pressure for C4_l

The Lennard-Jones energy, fig 6.1.1, rises after the introduction of the 

temperature bath but levels out quickly, the electrostatic energy is less stable with 

larger fluctuations seen. The molecular and atomic pressures are relatively stable for
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the simulation, there is a slight increase in the molecular pressure over the first 20 ps 

of the simulation after which it levels out.

6.1.3 Analysis of Thermodynamic Data 100 - 350 ps

Small oscillations are seen in the total energy plot, fig 6.1.2, for this time

period.
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Fig 6.1.2 Potential, Kinetic and Total Energies for C4_l, 100-350 ps

The standard deviations for this, the kinetic and potential energies are very 

small all less than 2 % of the total energy indicating that the system is very stable with 

regard to these energies, table 6.1.2.
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Table 6.1.2 Energy averages of C4_l

Energy 

kcal mol'1

Average 

100-350 ps

Standard

Deviation

%

Total 4508.9 16.3 0.4

Kinetic 2335.2 27.1 1.2

Potential 2173.7 32.1 1.5

These results show that the system is very stable for the period of the 

simulation with only small deviations away from the average. Larger deviations are 

seen in the Lennard-Jones and electrostatic energies, as expected there is only a small 

deviation in the temperature, table 6.1.3 and shown in fig 6.1.3.

Table 6.1.3

Parameter Average 

100-350 ps

Standard

Deviation

%

Lennard-Jones 

energy 

kcal mol'1

-  278.7 20.3 7.3

Electrostatic 

energy 

kcal mol'1

76.2 12.8 16.8

Temperature

K

320.1 3.7 1.2



kc
al 

/m
ol

 
kc

al 
/m

ol

141

E le c tro s ta tic  E n erg y

8

3002 00100

time

L en n a rd -J o n es  E n erg y
§

300200100

time

T em p era tu re

©

100 200 300

lime

Fig 6.1.3 Electrostatic and Lennard-Jones Energies and Temperature for period 100- 

350 ps.
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There is no pressure scaling on this simulation, so the pressure is allowed to 

vary with the simulation conditions.
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Fig 6.1.4 Atomic and Molecular Pressure for lime period 100-350 ps

As can be seen in fig 6.1.4 the molecular and atomic pressures appear to be 

very stable over the simulation, again however there is a very large standard deviation 

associated with both indicating the very long correlation times associated with this, 

table 6.1.4.
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Table 6.1.4 Atomic and molecular pressure

Pressure Average Standard

bar 100-350 ps Deviation

Atomic 117.6 892.9

Molecular 191.7 435.2

The molecular and atomic pressure tensors along the axes are shown in table

6.1.5.

Table 6.1.5 Unit cell pressure averages

Component of Atomic 

pressure tensor along 

(bar )

Average 

100-350 ps

Standard

Deviation

X axis -  100.0 1278.8

Y axis 268.1 1509.9

Zaxis 185.2 1312.9

Component of Molecular 

pressure tensor along 

(bar )

X axis -13.0 330.9

Y axis 304.3 1055.8

Zaxis 284.0 533.8

The standard deviations seen in all the pressure variables are again very large, 

making a detailed analysis of them statistically meaningless. The negative values seen 

in the atomic and molecular pressure tensor components in the X axis indicate that 

the total area of the head group is too large and should be reduced.

There appears to be no direct correlation between any of the parameters 

obtain from the analysis of the trajectory data. There does however appear to be a 

general correlation between the potential energy and the Lennard-Jones energy, with 

the Lennard-Jones energy following the general form of the potential, fig 6.1.5.
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Fig 6.1.5 Potential ( black ) and Lennard-Jones ( red ) energies for time period 100- 

350 ps

As in the previous chapter, it is presumably intermolecular interactions that 

form this correlation as there appear to be no correlations between the potential and 

internal energies. There does appear to be a degree of correlation between the 

Lennard-Jones energy and the pressure tensor along unit cell vector B, i.e. the bilayer 

normal, further indicating that any correlation between the Lennard-Jones and 

potential energies is due to intermolecular interactions.

6.1.4 Fourier Transformation of Trajectory Data

The thermodynamic data for this section of the simulation, 100-350 ps, has 

been fourier transformed to reveal any correlations within the data. The data is 

transformed from the time domain into the frequency domain. Any events that occur 

over a regular time span will appear at the frequency of that time period.
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Digital signal processing techniques can be applied to the fourier transformed 

data to remove frequencies that are not of interest, usually high frequency modes such 

as bond stretches and angles bends. This results in the removal of ‘noise’ from the 

property, this resultant property can then be back transformed into the time domain to 

give the low frequency ‘noiseless’ property. This enables the investigation of these 

low frequency motions, which are often conformational changes[2].

As expected there is no peak at 160 cm'1 seen in any of the transformed 

spectra, due to there being no pressure bath scaling applied to the system. There are 

no other obvious peaks that occur in the majority of spectra.

The fourier transformed spectra for the potential, kinetic and total energies are 

shown in fig 6.1.6.
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Fig 6.1.6 Fourier transformed Potential, Kinetic and Total Energies
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The peaks seen in the kinetic energy between 2500 and 3500 cm"1 are 

presumably due to the affect the temperature bath scaling has upon the bond 

stretching. The velocity of the atoms being scaled thus effecting the speed of the 

oscillation. Presumably these affects would also be found in the kinetic energy 

spectra from the C5 simulations except that their intensity is very small compared to 

that of the peak at 160 cm"1.

6.1.5 Filtering of Trajectory Data

The relationship between the potential energy and the Lennard-Jones energy 

has been investigated using fourier transform techniques.

The thermodynamic data has been filtered to remove any frequencies above 20 

cm'1. A degree of correlation is observed between the Lennard-Jones energy and 

potential energy with the Lennard-Jones energy following the form of the potential 

energy, fig 6.1.7, this is not as directly correlated as in the Ceramide 5 simulations, 

see chapter 5.
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300200

time

Fig 6.1.7 Filtered Potential ( black ) and Lennard-Jones ( red ) Energies
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There is a degree of correlation between the Lennard-Jones energy and the 

component of the molecular pressure tensor along the bilayer normal, unit cell vector 

B, fig 6.1.8. These properties appear to be better correlated in the later half of the 

simulation, 200-350 ps, rather than in the initial 100 ps this is also seen in a slight 

correlation between the Lennard-Jones energy and the molecular pressure which is 

better expressed in the later half of the simulation rather than the first 100-200 ps 

stage.

P o te n t ia l  (b la c k )  P re ssu re  T en so r  in Y  a x is  (r e d )

o
8
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Fig 6.1.8 Filtered Lennard-Jones Energy and Component of the Molecular Pressure 

Tensor along the Y axis

The correlation between the Lennard-Jones energy and the pressure tensor 

along the bilayer normal is explained in terms of the breathing motion of the bilayer 

seen in the examination of the co-ordinate trajectories. Where the two monolayers of 

the bilayer move apart from each other slightly and then move back together.
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6.1.6 Analysis of Structural Data

Chain Torsion Angles

The torsion angles, as described in chapter 3, for the two acyl chains are 

shown in table 6.1.6, below.

Table 6.1.6 Acyl chain torsion angles for C4_l simulation

Average 

100-350 p s

Standard

Deviation

Average 

100-350 p s

Standard

Deviation

♦l 180.3 10.6 $ 1 7 179.8 9.4

<{>2 179.7 9.7 $ 1 8 178.8 9.5

$ 3 177.7 13.2 $ 1 9 179.4 10.9

<1>4 180.0 9.6 $20 178.8 9.6

$5 181.1 11.3 $21 180.4 10.8

$6 180.0 9.7 $22 178.5 10.4

$6 181.0 11.2 $ 2 3 179.9 9.9

$8 179.3 11.1 $ 2 4 177.2 12.1

$9 180.9 13.3 $ 2 5 179.9 10.4

$10 180.9 15.4 $ 2 6 179.9 11.9

$ n 176.8 11.5 $ 2 7 179.8 11.7

$12 179.1 11.6 $ 2 8 179.9 11.4

$ 1 3 181.1 10.1 $ 2 9 182.3 13.7

$ 1 4 179.5 10.4 $ 3 0 181.9 19.6

$15 180.0 9.5 $31 180.1 19.9

$ 1 6 178.6 10.1

The fluidity of the acyl chains is shown by their average torsion angles and 

standard deviations. As can be seen from the table above there is very little rotational
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motion seen in any of the acyl chains, they all oscillate with very small standard 

deviations around the initial starting conformation of 180°.

This is a very curious result, as it would be expected that having a 

considerably longer chain 2 would allow for a much greater torsional freedom, 

especially in that second chain, due to the increased volume. The initial co-ordinates 

of the system may have prevented early torsional motion, due to the slight 

interdigitation. However, after the initial few picoseconds the monolayers had moved 

apart from each other eliminating the interdigitation. The longer chain would be 

expected to reduce the freedom of the early torsion angles, seen in experimental order 

parameters, but the torsions towards the end of the chain would then be expected to - 

have more rotational freedom. Obviously the system conditions have prevented this 

from occurring, resulting in a very inflexible and static system.

Segmental O rder Parameters

The segmental order parameters for the two acyl chains have been calculated, 

these are displayed below in fig 6.1.9.
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Fig 6.1.9 Segmental Order Parameters for C4_l
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The segmental order parameters further confirm the lack of rotational freedom 

observed from the torsion data. The order parameters are essentially flat for the 

majority of the acyl chains only decreasing as the end of the chain is approached. 

This in agreement with the slight increase in standard deviation seen in torsion angles 

lower down the acyl chain. The high values for the order parameters also indicates 

the lack of freedom in these chains, with a lack of fluidity in the centre of the bilayer, 

although these values are larger than the experimental values.

The shorter chain, chain 1, has a characteristic fall off in the order parameter 

values from carbon number 8 downwards. Also in the longer chain, chain 2, there is a 

falling off in the parameter values from carbon number 15 downwards. However as 

already stated, there is so little spread in these values that all the carbons in both 

chains lack rotational freedom. The actual values of these order parameters agree 

with those obtained experimentally[3,4].
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6.2.0 Ceramide 4 Bilayer with a Central Cholesterol Substituted

The bilayer model C4_2, consisting of 17 Ceramide 4 lipids and a single 

cholesterol molecule was constructed using the starting conformation for bilayer 

model C4_l as a template. The central lipid in the top monolayer was replaced by a 

cholesterol molecule using the Insight[5] molecular modelling suite. The y axis was 

still the bilayer normal, with the x and z axes describing the head group.

The resulting co-ordinates were then minimised, under periodic boundary 

conditions, until the total maximum derivative was less than 0.5 kcal mol'1 A '1. These 

minimised co-ordinates were used as the starting conformation for the molecular 

dynamics simulation.

The initial unit cell dimensions were identical to those of the C4_l model as 

seen in table 6.2.1.

Table 6.2.1 Unit cell Dimensions

Unit cell 

vector A

Unit cell 

vector B

Unit cell 

vector C

Unit cell 

angles 

a = p  =  y

Unit cell 

Volume

A A A o A 3

24.5 59.0 25.0 90 36138

6.2.1 Simulation Conditions

The bilayer model was initially sampled with a constant temperature bath 

applied, a target temperature of 300 K to stabilise the system, after 15 ps the target 

temperature was altered to 310 K for 30 ps and finally at 45 ps the target temperature 

was raised again to 320 K with a temperature bath time constant of 150 fs. The 

model was sampled for a further 170 ps under these conditions, i.e. a constant 

temperature simulation. After 228 ps of the simulation a bond catastrophe occurred



152

and the simulation was stopped, for these purposes the simulation will only be 

analysed from 100-220 ps. The factors causing the bond catastrophe will be 

discussed further.

6.2.2 Analysis of Thermodynamic Data

The extracted thermodynamic data is shown in fig 6.2.1.
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Fig 6.2.1a Potential, Kinetic and Total Energies for C4_2
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Fig 6.2.1b Electrostatic and Lcnnard-Joncs Energies and Temperature Profiles for 

C4 2
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Fig 6.2.1c Atomic and Molecular Pressures for C4_2

The effect of the temperature bath and the initial changes can clearly be seen 

on the potential, kinetic and total energy plots. The Lennard-Jones and electrostatic 

energies appear to be relatively stable over the simulation as do the molecular and 

atomic pressures. As expected all the internal energies are stable over the simulation.
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6.2.3 Analysis of 100 - 220 ps

The plots of the kinetic, potential and total energies are shown in fig 6.2.2, the 

average values and their standard deviations are shown in table 6.2.2, from these it 

can be seen that the simulation is relatively stable up until 220 ps, with only very small 

standard deviations.
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Fig 6.2.2 Potential, Kinetic and Total Energies for Time Period 100-220 ps
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Table 6.2.2 Average Energies

Energy 

kcal mol'1

Average 

100-220 ps

Standard

Deviation

%

Potential 2142.2 30.6 1.4

Kinetic 2276.1 26.8 1.2

Total 4418.2 20.8 0.5

The temperature is very stable around the target temperature, whilst the 

pressure is negative for both the atomic and molecular calculations, indicating that the 

unit cell dimensions are too large, table 6.2.3

Table 6.2.3 Temperature and Pressure Averages.

Average 

100-220 ps

Standard

Deviation

Temperature 320.1 3.8

K

Molecular pressure -  242.0 389.7

bar

Atomic pressure -315.1 865.0

bar

Analysis of the components of atomic and molecular pressure tensors in the 

unit cell axes indicates that it is the pressure along the bilayer normal that has the 

largest negative value, table 6.2.4. This shows that this vector is too large and should 

be reduced. However the standard deviations for all of these values are so large as to 

make a detailed an analysis of this data statistically meaningless.
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Table 6.2.4 Atomic and Molecular Pressure Tensors

Component of Atomic 

pressure tensor along

( bar )

Average 

100-220 ps

Standard

Deviation

X axis -  103.3 1255.6

Y axis -770 .3 1475.3

Zaxis -7 1 .7 1254.4

Component of Molecular 

pressure tensor along

(bar )

X axis -2 2 .1 321.4

Y-axis -  702.3 957.9

Z-axis 16.5 467.1

There appears to be a degree of correlation between the potential energy and 

the Lennard-Jones energy, fig 6.2.3.
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Fig 6.2.3 Potential ( black ) and Lennard-Jones (red ) Energies for 100-220 ps

This may be a consequence of the pressure being dominated by one axis. This 

correlation and any others has been investigated by using digital signal processing 

techniques.

6.2.4 Fourier Transformation of Thermodynamic Data

The thermodynamic data has been fourier transformed, from the time domain 

into the frequency domain, in order to investigate any correlations within the data.

As in the previous simulation there are no dominant peaks around 160 cm'1 

seen in any of the spectra. There are no high intensity peaks which are common to 

the majority of the spectra.

The fourier transformed spectra of the potential, kinetic and total energies are 

shown in fig 6.2.4. Again the kinetic energy spectra shows significant peaks in the 

range from 2500-3000 cm'1. This is presumably due to the altering of atomic 

velocities, due to temperature scaling, effecting the bond vibrations.
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Fig 6.2.4 Fourier transformed Potential, Kinetic and Total Energies.
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6.2.5 Filtering of Trajectory Data

The thermodynamic data has been filtered to remove any frequencies above 20 

cm'1. This filtering has been used to investigated the degree of correlation between 

the potential energy and the Lennard-Jones energy. There is a degree of correlation 

between these two, with the form of the Lennard-Jones energy following the general 

form of the potential energy, fig 6.2.5, but this is not a direct correlation.

100 ISO 2 00

time

Fig 6.2.5 Filtered Potential ( black ) and Lennard-Jones ( red ) Energies.

This correlation is closer during the initial period under investigation, as the 

time approaches the end of the simulation the correlation lessens. There is also some 

correlation between the Lennard-Jones energy and the component of the molecular 

pressure tensor in the Y axis, the bilayer normal, fig 6.2.6. This indicates that the 

pressure component in the bilayer normal direction is significantly affecting the 

Lennard-Jones energy. It is this pressure component that has the largest negative 

value, table 6.2.4, indicating that this axis and hence unit cell vector is too large. 

There are no other correlated variables seen from this filtering.
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Fig 6.2.6 Filtered Lennard-Jones Energy and Component of Molecular Pressure in 

the Y axis
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6.2.6 Analysis of Structural Data

Chain Torsion Angles

The torsion angles, as described in chapter 3, for the two acyl chains are 

shown in table 6.2.5, below.

Table 6.2.5 Acyl chain torsion angles

Average 

100-220 ps

Standard

Deviation

Average 

100-220 ps

Standard

Deviation

4>i 180.6 12.6 $17 180.1 9.4

$2 179.6 10.8 $18 178.6 11.2

$ 3 179.9 9.9 $1 9 179.8 9.5

<t>4 179.9 9.6 $20 180.3 11.0

$ 5 179.9 9.7 $21 179.5 10.5

$6 179.9 9.9 $22 179.7 10.6

<J)7 179.2 11.9 $23 180.1 10.2

$8 179.4 11.1 $ 24 180.1 11.7

$ 9 179.4 15.0 $25 180.2 10.8

<J>10 180.6 12.5 $ 2 6 180.6 11.9

<(>11 176.4 11.9 $27 180.7 12.1

<(>12 176.2 12.7 $28 177.1 14.1

$1 3 180.4 11.0 $2 9 178.8 14.8

$ 1 4 177.0 12.8 $ 3 0 179.9 19.9

$ 1 5 180.1 9.5 $31 178.3 20.9

$ 1 6 178.7 10.5

The average torsion angles and their standard deviations give an indication of 

the fluidity of the system and its flexibility. The data in table 6.2.5 shows that this
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bilayer system is very static and inflexible, with all the torsion angles oscillating 

around their initial starting values, 180°, with very small standard deviations, < 20°.

This is a surprising result as there is a considerable difference in length 

between the two acyl chains, chain 2 is 10 carbons longer, and thus it would be 

expected for there to be a higher degree of flexibility in this chain, as there is more 

volume available for it to rotate in, unless the terminal carbons have become 

‘anchored’ in the opposite bilayer and are thus prevented from rotating. However 

this is not indicated by either any noticeably large values in the Lennard-Jones energy, 

nor by any significant decrease in the standard deviations for those torsions, indeed 

the terminal torsions for chain 2 are the only ones in which there is any significant 

standard deviation, >15°. Thus indicating that the system conditions are causing this 

lack of rotational freedom. There is more rotational freedom in the initial torsions of 

each chain, <{>1.2 and <}> but this is soon reduced as the middle of each chain is 

approached, the chains becoming more rotationally restricted until the last torsions of 

each chain..
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Segmental O rder Parameters

The segmental order parameters for the two acyl chains have been calculated, 

these are displayed below in fig 6.2.7.
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Fig 6.2.7 Segmental Order Parameters for chains 1 and 2 of C4_2

The torsion data for this simulation indicated that the torsions have very little 

rotational freedom, all being essentially fixed around their initial 180° starting 

conformation. This is further seen in the analysis of the segmental order parameters. 

These all have very high values indicating a lack of freedom. The characteristic 

plateau of values up to carbon number 8 is observed in the shorter chain and up to 

carbon 15 in the longer chain, but these ‘plateaux’ are continued much further down 

both chains, only at the very ends of the acyl chains is any decrease in the order 

parameters observed. Again this mirrors the torsion data, where only the final few 

torsions in the acyl chains had standard deviations > 15°. Both the torsion data and 

the order parameters indicate that the system lacks fluidity, being quite rigid in the 

hydrophobic centre of the bilayer.
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6.3.0 Investigation of Bond Catastrophe

As stated previously the C4_2 model underwent a bond catastrophe 228 ps 

into the simulation. The reasons for this have been investigated by analysing the 

thermodynamic and structural data for the preceding few picoseconds.

There was a build up in the bond energy around the fused atoms of the A and 

B rings of the cholesterol, see fig 6.3.1.

Fig 6.3.1 A and B rings of steroids

The bond energy built up from non-bonded interactions between the 

cholesterol and its surrounding lipids. Between 228 and 229 ps this build up reached 

a maximum and it had sufficient energy to force the bond between atoms 9 and 10, 

see fig 6.3.2 to blow apart.

11

2 10 8 

A | B
3 \ 4 / 5 ^ 6 / 7

Fig 6.3.2 Atoms numbers for bond catastrophe
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The build up in energy in the bonds of the ring is due to the strained ring 

system. Non-bonded interactions are calculated for all pairs of atoms separated by 2 

or more bonds, the first non-bonded interactions to be taken into account are those 

between atoms separated by two atoms, fig 6.3.3, these are known as 1,4 

interactions.

Fig 6.3.3 1-4 Non-bonded interactions

This interaction is also described by the torsion parameter for those 4 atoms. The 

VFF[6] potential is parameterised to take this into account, i.e. the experimental 

torsion barrier is given by the sum of the 1,4 non-bond interaction and the torsion 

potential. For sp2 systems in aromatic ring systems the favoured torsion angles can be 

0°. At this angle the 1,4 atoms are spatially close to each other so the non-bond 

interaction will attempt to force them to move further away, in competition with the 

torsion potential. Particular problems occur with six membered rings, where 1,4 

interactions at low torsion angles occur across the ring between every set of atoms 

opposite each other, fig 6.3.4.

Fig 6.3.4 1,4 Interactions in 6 Membered Rings

In steroid ring systems the problem is further increased by the presence of 

fused six membered rings. This results in those atoms of the fused system being 

involved in 1,4 interactions in both ring systems. In the specific case of cholesterol 

the situation is further exacerbated by the two atoms fusing rings A and B, being

2
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strained quaternary carbons, fig 6.3.2. Carbon 5 is part of the double bond system 

causing strain to both ring A and B.

In the present simulation intra and intermolecular clashes have resulted in a 

build up of energy around the ring fusion atoms. This results in a build up of energy 

in the bond between atoms 9 and 10 and eventually this energy reaches such a level 

that it is sufficient to cause the bond to blow apart. This bond breakage alleviates the

1,4 interactions by reducing the strain in the ring system. Other potentials also have 

problems with these interactions and have suggested scaling to reduce them[7].
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6.4.0 Conclusions

These simulations were conducted using the constant temperature bath 

methodology. Both the simulations have very stable energetic profiles for the 

duration of the sampling period, with no standard deviation being greater than 1.5 % 

in any of the kinetic, potential or total energies. The data sampled for the C4_2 

simulation does not include the few picoseconds before the bond catastrophe.

6.4.1 Constant Temperature Bath

The constant temperature bath conditions have resulted in the two average 

temperatures for the simulations being virtually identical to each and to the target 

temperature of 320 K, see table 6.4.1

Table 6.4.1 Average temperatures for the C4 simulations

Temperature for Average over Standard

simulation K sampled period Deviation

C4_l 320.1 3.7

C4_2 320.1 3.8

The similarities in the average temperatures and their standard deviations 

shows the short time correlation between this variable and the system, considering the 

differences in the time periods considered in each.

6.4.2 Effect of Molecular Substitution

The effect of the cholesterol molecule in this simulation appears to have been 

to reduce both the molecular and atomic pressures. These simulations have been 

performed under constant volume conditions and so obviously the unit cell can not 

change its volume. However the C4_2 simulation results in both a negative molecular 

and atomic pressure. This indicates that the unit cell for this simulation is too large 

and that if the volume were allowed to fluctuate then the volume would reduce to 

account for this anomalous condition. Thus the substitution of a ceramide for



169

cholesterol appears to have caused this change. There are several plausible reason for 

this,

• Cholesterol has a lower overall volume than a Ceramide 4.

• Cholesterol is thinner than the ceramide it is replacing.

• Cholesterol interacts more favourably because the repulsive interactions between 

ceramide-ceramide and ceramide-cholesterol are lowered.

6.4.3 Thermodynamic Results

The fourier transform results show that there is no coupling between the 

pressure and the kinetic energy in either of the simulations. The peaks seen at 160 

cm'1 in the C5 simulations are not present as direct consequence of not performing 

any pressure scaling.

The filtered trajectories show relationships between the potential energy and 

the Lennard-Jones energy in both simulations. There are no relationships seen 

between the potential energy and any of the internal energies indicating that these 

relationships are due to intermolecular changes in the system.

This is further confirmed, in both simulations, by the relationship seen 

between the Lennard-Jones energy and the component of the molecular pressure 

tensor in the Y axis, the bilayer normal. The filtered trajectory of this component is 

also seen to follow the molecular pressure, indicating that it is the most dominant 

component in the pressure. This is explained in terms of the breathing motion of the 

bilayer. The two monolayers of the bilayer are seen to move away from and toward 

each other during the course of the simulation. Thus there will be accompanying 

changes in the Lennard-Jones energy as the monolayers come closer together and 

move further apart, thus causing changes in the potential energy. This breathing 

motion occurs within a unit cell that is not allowed to change its volume, no pressure. 

This motion may be a direct consequence of the lack of pressure scaling and thus the 

enforced inability of the system to adjust to the pressures fluctuations.
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Chapter 7

CONCLUSION

7.0 Conclusion

The first simulations of skin lipid bilayer systems have been performed. These 

systems have been analysed in order to examine their thermodynamic and structural 

behaviour. The bilayer systems included lipids with symmetric and asymmetric acyl 

chain lengths and the inclusion of dopant molecules, cholesterol. In order to 

investigate the dynamic behaviour of the bilayers new methodology has been 

developed and tested.

7.1 Development of Methodology

The Velocity Verletfl] integration algorithm has been incorporated into the 

VFF[2] in order to facilitate the use of some new constant temperature bath routines. 

There is an error associated with the use of a truncated cutoff applied to the non- 

bonded potential interactions when investigating heterogeneous systems with partial 

charges. This results in a difference in the average velocities of sub-components of 

the system, thus the average temperatures of these sub-components is also very 

different. To investigate this problem simulations of a protein in water have been 

performed at constant temperature. A 40 K difference in the average temperature 

between the protein and the water resulted, whilst the average temperature of the 

whole system was at the target temperature.

Two methodologies, based upon the use of temperature baths, have been 

implemented in this study in order to circumvent this problem.

• The first of these samples a new set of velocities from a Maxwell-Boltzmann 

distribution about the temperature of the last step. This methodology has been 

applied to the trial protein and water system and resulted in the protein being
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simulated at the target temperature. Thus this method provides a solution to the 

cutoff problem. However due to the reassignment of velocities from a random 

distribution the time dependency of the simulation is lost across these 

reassignments as it impossible to back integrate. Essentially this is a Monte-Carlo 

step taken during a dynamics simulation. Thus time dependent properties should 

not be calculated over these. If the velocity reassignment is removed from the 

simulation then eventually the velocity disparity will re-establish itself.

• The second solution involves the use of multiple temperature baths rather than a 

single one. In an analogous fashion this methodology has been applied to the 

protein and water system, this again resulted in the protein being simulated at the 

target temperature. A consequence of scaling two or more bodies in a system with 

different scaling factors is the inclusion of angular momentum artefacts into the 

simulation. To prevent this from happening the angular momentum before and 

after scaling is calculated for each sub-component and any difference is removed.

Both the methods proposed have resulted in simulations where the protein and 

the surrounding waters have been simulated at the target temperature. There are 

other methodologies that might be considered. The application of a switching 

function to the cutoff will remove the sudden discontinuity in energy and derivatives, 

seen with truncated cutoffs, that cause the temperature effects. However an 

investigation of a large protein, Streptomyces-Griseus Protease-A, by Kitson et al[3] 

has shown that the use of a truncated cutoff rather than one using switching functions 

results in a simulation in which the protein structure is closer to experiment. This is 

due to the nature of the derivatives of the function, while the function smoothly tapers 

off the potential to zero at cutoff, it introduces large forces in the switching 

region[4]. These forces retards the movement of molecules outward and inward from 

the cutoff creating structural artefacts.
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Another method for calculating the long range forces is the Ewald sum[5]. 

This is a technique for efficiently summing the interaction between an ion an its 

periodic images. The function may be written as

Vzz = 1/2 £  \ X E  Zi Zj I rij + n I"1 } ( eqn 7.1 )

where Zi, Zj are the charges and the function is summed over n, the simple cubic lattice 

points.

This method would not have any of the problems associated with a truncated 

cutoff and hence there would not be inconsistencies with the derivatives. However, 

this potential implies that periodic images will be effected by each other, i.e. a 

crystallinity is being imparted to the system. This is not the case with biological 

systems. While plasma membranes do appear to have a degree of liquid crystal 

behaviour there is no evidence to suggest that there is any long range order in skin 

lipid bilayer systems. In simulations employing periodic boundary conditions, the 

crystallinity is an artefact used to reduce the edge effects. In these cases system sizes 

and cutoff distances are carefully chosen to exclude periodic interactions.

7.2 Simulations of Skin Lipid Bilavers

Two types of skin lipids have been studied, one with equal chain lengths, 

ceramide 5, and one with differing lengths, ceramide 4. Both of these lipid types are 

found to be constituents of skin bilayers. They have been modelled as pure bilayer 

systems and with a single dopant molecule cholesterol included.

The ceramide 5 simulations have shown that a stable bilayer can be produced 

and simulated. All three simulations were performed under similar conditions of 

constant temperature and pressure. The inclusion of dopant molecules, 5-cholesten- 

3p-ol and 5-cholesten-3a-ol, has not greatly effected the physical dimensions of the 

system, with all three showing similar average unit cell dimensions, see table 5.4.1. 

The dopants have altered the fluidity of the acyl chains in the bilayer core, this is 

observed in the segmental order parameter profiles. The bilayers have become more 

ordered as a consequence of the presence of cholesterol. The models fail to correctly
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reproduce the form of the experimentally derived segmental order parameters 

however, the values for the order parameters are within the bounds of those derived 

from experiment.

The ceramide 4 simulations were performed under different conditions with 

only a temperature bath being applied. The simulation when cholesterol was included 

into the bilayer under went a bond catastrophe after 228 ps and could not be 

restarted, but before this occurred both simulations were stable. The build up o f bond 

energy that resulted in the bond catastrophe began a few picoseconds before, due to 

intermolecular interactions between cholesterol and the surrounding lipids.

The torsion data and segmental order profiles obtained from these simulations 

show that the system has less freedom in the acyl chain region, i.e. higher order 

parameters. There is considerably less rotational freedom in the methylene units close 

to the head groups and whilst there is more freedom at the end of the chains this is 

still considerably less than seen with the ceramide 5 systems. This may be explained 

by the longer chains having less freedom due to the extended length, however the 

shorter chains also show less freedom indicating that it is the system itself rather than 

any sub-component that lacks freedom. This may be a consequence of the lack of 

pressure scaling in these simulations and hence an inability of the bilayers to respond 

to internal changes by a corresponding change in volume and pressure.

The segmental order parameter profiles in both Ceramide 4 and 5 simulations 

reproduce the general values found from experiment, however, the form of the 

profiles for both lipid systems are too flat. The direct comparison of long time scale 

NMR experiments with short term molecular dynamics simulations is not satisfactory 

and may account for some of the problems observed[6],

7.3 Problems associated with bilaver simulation

There are several problems associated with conducting bilayer simulations. 

These may be summarised

• Approximations of the model

• Degree of doping

• Size of the system employed
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As already discussed the models used to describe the system have some 

inherent difficulties associated with them due to nature of the assumptions used. The 

concentration of dopant used in these simulations is much lower than that found 

naturally in the skin. However these systems are an attempt to probe the nature of 

the general interaction of the dopant with the system, so the effect of including a 

single cholesterol molecule is examined. These simulations have been performed 

upon small systems which have enabled the methodology developed to be tested and 

investigated. Some of the general properties associated with lipid bilayers, such as 

ripple phases, cannot be investigated with such small systems.

7.4 Further Work

A number of aspects of both the simulation and the analysis require further 

examination and development.

1. Due to the limitation of computer time only a very small bilayer unit has been 

examined. Once these techniques have been shown to adequately simulate these 

systems then the size of the unit cell must be increased so that much larger systems 

can be examined. This can be achieved by the advancement in super computer 

technology and software improvements which is beginning to allow these larger 

systems to be effectively examined.

2. The concentration of dopant molecules needs to be increased to allow the 

simulation of a system which is closer in chemical composition to that found 

experimentally in the skin.

3. No account has been taken of the role of fatty acids in the skin bilayers. These 

consistent an important chemical class and offer further areas of interaction in the 

head group region not investigated in these simulations.

4. The simulation of bilayers containing different types of skin lipids would allow for 

the investigation of the interaction between lipids of differing chain lengths and 

substitution patterns.

5. A detailed investigation of the nature of the inter-head group interactions needs to 

be made. The hydrogen bonding patterns of amide head groups has been
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postulated elsewhere[7] and the disruption of this is thought to be involved in the 

absorption of substances through the skin.

6. Only a single bilayer unit has been simulated. Whilst this is the constituent unit of 

the intercellular lamellae it would be of benefit to examine double or even triple 

bilayer units. This would allow the examination of the interaction between bilayer 

units, an interaction that has yet to be investigated.

7. The pressure scaling algorithm gives rise to artefacts due to its direct scaling of the 

pressure. An investigation of the other pressure scaling algorithms available needs 

to be made, and a less harsh algorithm employed. There are several algorithms 

suggested by Allen and Tildesley[8] for conducting pressure scaling, where the 

rate of change of the pressure is scaled rather than the pressure itself. Some of 

these may be of benefit to biological simulations.

7.5 Concluding Remarks

This study has attempted to simulate the lipid bilayer units found in the upper 

most layer of the human skin, the stratum comeum, in order to allow for the

dynamical and structural behaviour of these systems to be examined. Clearly

considerable further work needs to be done, before a satisfactory understanding of the 

complex processes involved in the skin’s behaviour can be achieved.

A number of problems have been highlighted and some solutions have been 

elucidated and a continuing effort is being made to address these in the future. This 

study may therefore be used to pin point some of the pit falls of such simulations and 

allow others to improve on the results obtained.

A number of tools have been recently developed[9] for the analysis of lipid

bilayer simulations and these have been further added to in this work. These allow 

for the effective comparison of physical properties obtained from the trajectories with 

results from both other theoretical studies and experimental results.
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APPENDIX

The potential library used during the course of the is the published version of 

VFF[1].

Atomic Charges and Potential Types

Ceramides

OH

(CH2)12

OH

All hydrogens attached to carbons have a charge of 0.1. The charges on the other 

atoms of the head group and the methylene segments of the acyl chain are given below.

Table A1

Atom Potential Charge Atom Potential Charge

Cl c2 -0.17 N6 n3 -0.5

C2 cl -0.12 HN hn 0.28

C3 cl -0.07 C7 c’ 0.38

C4 c= -0.1 08 o’ -0.38

C5 c= -0.1 C9 c2 -0.07
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Table A2 Hydroxyl Group, Methyl and Methylene Potentials and Charges

Atom Potentials Charge Atom Potential Charge

Hydroxyl Methyl

OH oh -0.38 C c3 -0.3

HO ho 0.35 H h 0.1

Methylene H h 0.1

C c2 -0.2 H h 0.1

H h 0.1

H h 0.1
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Cholesterol

25\  / 19\  / - 21\  / 2? 
18 20  22

24

.12 |  17

11 13 16

26

23

10 8
15

^ 3 \  x 1
HO 4 6

All hydrogens attached to carbons have a charge of 0.1. The charges on the 

carbon and oxygen atoms are listed below.

Table A3 Cholesterol Atomic Potentials and Atom Types

Atom Potential Charge Atom Potential Charge

OH oh -0.38 C13 cl -0.1

HO ho 0.35 C14 cl -0.1

Cl c2 -0.2 C15 c2 -0.2

C2 c2 -0.2 C16 c2 -0.2

C3 cl -0.07 C17 cl -0.1

C4 c2 -0.2 C18 cl -0.1

C5 c= 0.0 C19 c2 -0.2

C6 c= -0.1 C20 c2 -0.2

C7 c2 -0.2 C21 c2 -0.2

C8 cl -0.1 C22 cl -0.1

C9 cl -0.1 C23 c3 -0.3

CIO c 0.0 C24 c3 -0.3

C ll c2 -0.2 C25 c3 -0.3

C12 c2 -0.2 C26 c3 -0.3
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