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When I went to school, they asked me what I wanted to be when I grew up.  
I wrote down 'happy'.  
 
They told me I didn't understand the assignment  
And I told them they didn't understand life. 
 
 
              - Unattributed 
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Abstract 
 
Lipids comprise a key component of the cellular membrane and are essential to many biological processes. 
In silico investigations provide valuable opportunities to study the dynamics and structure of biological 
molecules, such as lipid membranes and the molecules that interact with them, at near atomic 
resolutions. In the context of this thesis three research projects were undertaken with a focus on lipid 
membrane simulations. 
 
The structure and dynamics of the novel antibacterial battacin analogue peptides and their interactions 
with model membranes of the common pathogenic gram positive and gram negative bacterial species 
Staphylococcus aureus and Escherichia coli were studied. Antibacterial peptides are a key area of research 
due to their potential medicinal applications in overcoming the current antibiotic resistance crisis. 
However, detailed knowledge of their mode of action is often lacking. The peptides were to found to insert 
into the bacterial membranes, facilitated by the insertion of the fatty acid moiety, and showed strong 
affinity for all three types of membranes studied. 
 
Antifreeze protein 1 (AFP1) is critical to cell survival at near freezing temperatures. Structural analysis of 
the behavior of AFP1 is presented, including a study of its possible aggregation. Interactions of AFP1 were 
studied in conjunction with a model of a typical cell membrane. AFP1 units were found to be flexible in 

-helical structures. In certain cases, two AFP1 proteins aggregated 
together and interacted with each other. Furthermore, AFP1 interacted with the unsaturated lipid 
membrane, coming to rest on its surface, providing insight into the freezing damage prevention 
mechanism. 
 
Finally, in order to facilitate simulation of larger biological membrane systems, a novel supra-atomic 
phospholipid model was proposed, and model parameters developed for the common lipid 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). The model is based on and ultimately compatible with 
the GROMOS 54a8 atomic-level force field103 including the GROMOS coarse-grained water model111. It is 
also polarisable, unlike many popular supra-atomic models. The DPPC model was developed following a 
bottom-up approach, and is intended to pave a way for stepwise parameterisation of other lipids, to build 
a library of “plug and play” lipid parameters. 
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Thesis Outline 
 
The scope of the thesis covers a variety of molecular dynamics simulation projects, centred on lipid 
membrane simulations, including novel coarse-graining methodology development, as well as utilising 
current atomistic modelling methods for biochemical investigations. The thesis is split into four chapters, 
each relating to a separate topic. The first chapter gives a brief overview of concepts involved in molecular 
dynamics simulations. The subsequent three chapters cover three separate projects. Each project chapter 
is split into several parts, including a specific literature review, results, methods, discussion and 
conclusion. Chapter 2 describes the investigation of novel anti-bacterial peptides and explores their 
behaviour in the context of lipid membranes. Chapter 3 is about investigation of winter flounder 
Antifreeze Protein 1 structure and aggregation in the context of lipid membranes. Chapter 4 deals with 
creation of novel coarse-grained modelling methodology for the lipid DPPC. A comprehensive list of 
combined and numbered references follows.   
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Abstract 
 
In silico simulations pose an attractive opportunity to glean insight into dynamics of molecular processes 
at near atomic scales. This chapter looks at the basic principles involved in creating in silico simulations: 
representation of particles, interactions, propagation of motion and boundary conditions. 
 
 
 
 
Chapter 1: Introduction to Molecular Dynamics 
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1.1 Molecular dynamics modelling 
 
Biomolecules are the building blocks of all living matter and their study is crucial to understanding of 
biochemical processes. The study of intrinsic structural and energetic properties of biomolecules is a 
daunting prospect, especially at the molecular and atomic levels. Biomolecules comprise a wide class of 
chemical compounds which vary greatly both in function and size from amino acids to protein 
assemblies. Biomolecular systems are flexible and mobile at multiple levels of resolution, resulting in a 
wide array of adopted conformations1. Complicated molecules, such as proteins, often do not exist as 
static rigid structures, but rather adopt a Boltzmann weighted ensemble of conformations.  
 
It is important to be able to study biomolecular dynamics and structures at near atomic level. Knowing 
how biomolecules move and structure themselves in biological environments is critical in understanding 
many biochemical mechanisms and problems. Such studies form the backbone of understanding 
biochemical mechanisms and pathways, and finding out which adopted structures are key to the activity 
of the chemicals in question.  
 
Many experimental techniques exist for determining molecular structure and dynamics at near atomic 
level of detail, such as X-ray and neutron diffraction, as well as nuclear magnetic resonance (NMR) and 
dynamic NMR (dNMR) spectroscopy2-3. Diffraction allows for the investigation of structures adopted by 
molecules in solid (crystal or fibre) form at extremely high (< 0.1 nm) resolution. Information about the 
homogeneity and local mobility (B factors4) of the crystal is also available, giving some indication about 
which regions of the structure are more mobile than others, with the most mobile parts identified by 
absence from the diffraction pattern5. However, the full nature of such dynamics is not explored, and 
the structures accessed are only those present in the solid state, which is not always indicative of the 
native environment of a biological molecule.  
 
NMR spectroscopy provides observables that are time- and ensemble-averages, from which both 
atomic-level structures and information about dynamics, such as the time-scale of the motion, can be 
derived. The limitations of NMR are that the averaging of information over a number of structures must 
be taken into account, and chemicals typically have to be solvated in single component solvent - water, 
heavy water or other non-biological solvents, which again is not bio-mimetic. 
 
In silico simulations pose an attractive opportunity to glean insight into the structures and dynamics of 
molecular processes from sub-atomic to molecular scales. Molecular dynamics (MD) simulations allow 
us to realistically model biomolecules and follow specific molecular processes at near atomic scales 
explicitly6. Since the first simulation by Rahman and Stillinger in 1971, these methods have been 
extensively used as a powerful tool for mechanistic and structural investigation of biomolecules7. 
Computer simulations bridge the gap in knowledge left by the limitations of classical structure 
determination techniques and experimental methods that report on thermodynamics. In silico methods 
allow us to simulate increasingly sophisticated models, aiming to reproduce in vivo conditions as closely 
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as possible. It is possible to follow the dynamics of individual biomolecules and study the structures 
adopted by them, giving close insight into biomolecular mechanisms. 
 

1.2. Simulation concepts 

The key principles of molecular dynamics simulations are outlined below. A set of interrelated decisions 
must be made when designing a molecular simulation. The method of representation of chemical 
particles and their movement in the simulation must be chosen, as well as what degrees of freedom the 
particles will possess. Simulation boundaries also have to be established. 

1.2.1 Representation 
 

 

Figure 1.1: Two modelling approaches for the phospholipid dipalmitoylphosphatidylcholine (DPPC): (a) 
atomic level model, where each particle represents an atom; and (b) CG model, where each particle 

represents a cluster of atoms, such as a functional group. 
 
 

It is possible to model a chemical system at many levels, ranging from sub-atomic to supra-atomic8. The 
level of modelling selected primarily depends on the application and on what physical processes are of 
interest. Typically, the motion of biologically relevant molecules, such as the folding of peptides, 
functional motion of proteins and formation of biomolecular complexes, membranes and micelles, 
depends on weak non-bonded interactions, which are best modelled at near-atomic level9. Chemical 

(a) (b) 
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reactions, in which bonds are broken and/or formed, require a sub-atomic quantum mechanical 
description. At the time of writing, it is computationally unfeasible to perform quantum mechanics 
dynamical calculations to determine sub-atomic electronic behaviour for large systems containing more 
than hundreds of atoms. Instead, the behaviour of atoms can be followed by modelling them as hard 
spheres via the Born-Oppenheimer approximation, which treats atomic nuclei as stationary objects 
relative to their electron density. Such models are known as atomic level (AL) models, where each atom 
is explicitly represented as single particle in the simulation, emulating typical “ball and stick” chemistry 
models. In this thesis, united atom models in which aliphatic hydrogen atoms are subsumed by the 
carbon atom to which they are bonded are considered to be a subset of AL models10-11. United atom 
approaches are typically used to reduce the computational cost of simulations, as aliphatic hydrogen 
behaviour is typically considered to be not mechanistically important and can be accounted for by slight 
alteration of the carbon parameters. Furthermore, a cluster of multiple atoms can also be represented 
by a single simulation object, resulting in a supra-atomic or coarse-grained (CG) model. CG models may 
also be supra-molecular, if the CG representation encompasses multiple molecules. Generally, this 
thesis will deal with three types of modelling – AL, CG and a combination of the two (Figure 1.1). 

 
1.2.2 Interactions 
 
The behaviour of the particles making up the simulated system is governed by a “forcefield”, which 
describes the properties of the particles and the interactions between them. A forcefield consists of a 
parametric potential energy function for all particles in the system, and its specification requires the 
choice of a functional form and of the associated parameter set12. Many different forcefields exist – 
their form and parameterisation, including the resolution level at which the molecules are represented, 
depends heavily on the use intended at the time of generation. Forcefields consist of several component 
functions, which are described below. Forcefields are typically parametrised to match experimental data 
at near room temperatures. 
 
Firstly, there are parameter values that are specific to individual particles and do not possess any 
associated mathematical function, such as the mass of an atom or cluster of atoms. Such parameters are 
only used as constants in the calculation of forces during the main MD simulation. 
 
The second class of parameters are assigned to individual atoms and are used in the calculation of “non-
bonded” interactions between particles that are in different molecules, or are separated by four or more 
bonds. Such parameters include partial charges and Lennard-Jones (L-J) sigma and epsilon values 
(Equation 1.1) The effects of such parameters are twofold – they establish the effective size of the 
particles and, also describe the favourability of the “non-bonded” interactions between particles. 
Typically, inter-particle interactions are only calculated for pairs of particles within a certain distance 
(e.g. 1.0 - 1.4 nm for most AL models) to minimise calculation time. 
 
The effective radius of a simulated particle, dispersion (van der Waals) interactions and short range 
attraction between pairs of particles are described by the Lennard-Jones function (Equation 1.1.1, Figure 
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1.2). LJ interactions are calculated for a pair of particles as a function of the inter-particle distance in a 
pairwise manner, and multi-body terms are not considered. At the LJ radius ʍ, the interactions between 
particles are neutral, if the particles come closer, the interaction becomes strongly repulsive, if they 
move further away – attractive (up to the magnitude negative ɸ), and eventually zero. LJ can be written 
in terms of two coefficients derived from ɸ – C6 and C12, and this form is typically used by 
MD engines for ease of calculation (Equation 1.1.2). A lookup table frequently exists for all combinations 
of interacting particles where these values can be looked up. Such look up tables are sometimes 
generated by multiplying individua
give and approximation of the real C6 and C12 values. The LJ interaction energy and resulting force can 
be truncated at the long-range cut-off distance or, alternatively, the LJ function can be shifted so that 
they approach zero. The LJ function approaches zero at large inter-particle distances and so these 
interactions may be considered negligible. 

 

 
 

Figure 1.2: Lennard-Jones potential, where Ɍ is the potential energy, r is the distance between two 
objects, ʍ is the LJ radius and ɸ is the depth of the potential. Adapted from Tien and Lienhard, Statistical 

Thermodynamics13.

(1.1.1)              ௅ܷ௃(ݎ) = ߝ4 ൤ቀఙ௥ቁଵଶ െ  ቀఙ௥ቁ଺൨ 

 
Where: 
ULJ(r) is the Lennard-Jones potential energy 
r is the inter-particle distance ߝ is the well depth parameter 
ʍ is the Lennard-Jones radius 
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(1.1.2)              ௅ܷ௃(ݎ) =  ஼ଵଶ௥ െ  ஼଺௥  

Where: 
ULJ(r) is the Lennard-Jones potential energy 
r is the inter-particle distance 
C12 is the C12 parameter 
C6 is the C6 parameter 
 
 

Equation 1.1: Two forms of the Lennard-Jones potential energy function.1.1.1: General form. 1.1.2: 
Typical MD format expressed in terms of tabulated constants. 

The other type of non-bonded interaction is the electrostatic interaction between particles, which is 
described by the Coulomb potential (Equation 1.2). Each simulated particle typically has a “partial 
charge” assigned to it. The charge is assigned to the centre of mass of the simulated particle. Partial 
charges approximate the average positions of electrons in the molecule. Several ways of allocating 
charge exist and vary greatly between methods and forcefields. Similarly to the LJ potential, the 
Coulomb potential depends on the inter-particle distance. It is increasingly attractive at short distances 
for a pair of particles of opposite charge, and the repulsive for particles of like charge. Unlike dispersion 
interactions, electrostatic interactions operate over large inter-particle distances, and thus are still 
significant outside the long-range cut-off distance. Long range electrostatic interactions are therefore 
either accounted for using simplified algorithms, such as a continuum representation in the case of 
reaction field electrostatics, or using reciprocal space methods such as particle mesh Ewald. 
 
 
 
(1.2)         ܷ஼(ݎ) =  ௤భ௤మସగఢబ௥ 

 
Where: 
UC(r) is the Coulomb potential energy  
q1 and q2 are the partial charges on particles i and j ߳0 is the dielectric permittivity of free space 
r is the inter-particle distance  
 

Equation 1.2: Coulomb potential energy function for electrostatic interactions14. 
 
 

The final case of parameters contains those responsible for interactions between groups of particles that 
are separated by 1 to 4 bonds: the bond, angle, torsional dihedral and, in some forcefields, improper 
dihedral terms. Such interactions are typically handled by harmonic or quartic potential functions and 
sine/cosine functions with parameters individually and explicitly outlined for most common 
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combinations. Improper dihedral functions exist to help maintain geometry around tetrahedral centres 
where some of the atoms may not be explicitly represented. Examples of bonded potential energy 
functions are given below.  
 
 

(1.3.1)      ܷ஻௢௡ௗ =  ݇௜௝௛ ݎ) െ  ଴)ଶݎ
 
(1.3.2)      ܷ௾ = ݇௜௝௞௛ ߐ) െ  ଴)ଶߐ 
 
(1.3.3)      ܷథ = ݇௜௝௞௟థ (1 + cos(݉߶ െ  ((ߛ 
 
 
Where: 
UBond is the harmonic bond potential energy  ݇௜௝௛  is the bond harmonic force constant 
r is the distance between particles i and j 
r0 is the ideal bond distance 
 ܷ௾  is the harmonic angle potential energy  ݇௜௝௞௛  is the angle harmonic force constant ߐ is the bond angle between particles i, j and k ߐ଴ is the ideal bond angle 
 ܷథis the torsional dihedral potential energy  ݇௜௝௞௟థ  is the dihedral force constant 
m is the multiplicity ߶ is the dihedral angle between particles i, j, k and l ߛ is the phase shift  
 

Equation 1.3: Bond, angle and torsional dihedral potential energy functions. 

1.2.3 Motion 

Methods to generate Boltzmann-weighted ensembles of conformations can broadly be divided into two 
categories: Monte-Carlo (MC) and Molecular Dynamics (MD). For the purposes of this thesis, only MD 
will be considered as all the simulation packages used in the work are MD based. In MD simulations 
numerical integration of Newton’s equations of motion allows determination of particle coordinates and 
velocities at discrete time points (Equation 1.3).  
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௜ܨ      (1.3) = ሷ௜ݎ݉ =  െ డడ௥೔  (ݎ)ܷ

 
Where: 
Fi is the force on particle i ݎሷ௜ is the second derivative of the position variable of particle i with respect to time (acceleration of 
particle i) 
m is the mass of particle i 
U(r) is the total potential energy function 
 

Equation 1.3: MD forces are given by the differential of the potential energy fucntion. 
 
 
Energies of each conformation are evaluated at discrete timesteps. Computing the energy of the current 
conformation allows for the computation of the forces (hence the term - “forcefield”) as the derivative 
of the energy with respect to the coordinates (Equation 1.3). These Newtonian forces give the 
acceleration on each particle and are combined with the current positions and velocities to calculate the 
positions and velocities at the next simulation step. The integration timesteps must be short enough (1 
fs) to approximate the true trajectory without significant accuracy loss. Using bond constraint algorithms 
such as SHAKE15, the time can be increased to 2 fs, as the fastest vibrations from the bonds will be 
removed. Several algorithms for time integration exist such as leap-frog16, Verlet , velocity Verlet and 
others17-18. The quality of the forcefield parameters used in the calculation determines how well the 
simulation matches the generated sets of coordinates to a real Boltzmann weighted ensemble of 
configurations. 
 
MD simulations can be run under different types of thermodynamic ensembles to follow processes and 
calculate system properties under different conditions. The commonly simulated ensembles are:  

NVE, microcanonical ensemble – number of moles (particles), volume and energy are kept 
constant; 
NVT, canonical ensemble – moles, volume and temperature are kept constant; 
NPT, isothermal-isobaric – moles, pressure and temperature are kept constant. 

 
Temperature and pressure can be kept constant via the use of thermostat and barostat algorithms 
respectively. The full details of all the simulations and ensembles used in the following chapters can be 
found in the corresponding Methods sections.  
 
 
1.2.4 Boundaries 
 
Biomolecular simulations typically contain one to a few large biomolecules (e.g. a protein), or multiple 
smaller molecules (e.g. a lipid bilayer) solvated in water. Unfortunately, the availability of current 
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computational resources imposes a practical feasibility limit on the amount of particles and length of the 
simulations. A trade-off exists between the size and length of the simulation against the amount of 
computational resources available to process the information. An MD simulation of a large system 
(more than 100, 000 particles) using a typical timestep of 2 fs might take more than several CPU years to 
run for the length of time needed to obtain statistically good sampling. For this reason, most simulations 
of biomolecules are limited to hundreds of nanoseconds or, more recently, using dedicated computing 
resources, parallel processing and multithreading, micro- to milliseconds1. 
 
To minimise the amount of simulated particles whilst simultaneously negating any possible boundary 
effects, periodic boundary conditions are used to mimic the presence of an infinite bulk of solvent 
molecule19. Periodic boundary conditions translate the environment from one edge of the simulation 
space to the next, giving an approximation of an infinite medium that interacts with itself and is free 
from boundary effects.  
 
Typically, the distance from the outer edge of the molecule (or group of molecules) to the edge of the 
box must be equal to at least half the cut-off distance for long-range interactions in all directions, so that 
the molecule does not interact with itself. The exceptions to the rule are simulations of continuous 
media, such as bilayers which only need satisfy the condition in the direction of the bilayer normal only. 
In practice, this distance that separates the molecule of interest from the edge of the simulation is often 
created to be more than half the cut-off to allow for conformational changes that change the shape and 
size of the molecule, as well as other rotational movement to occur. This condition, therefore imparts a 
minimum size constraint on most simulations. 
 

Figure 1.3: Typical simulation set-up, a 3D box is established with periodic boundary conditions. 
Superimposed periodicity in x direction is shown in greyscale, illustrating importance of situating a box 
with dimensions of at least half the cut off distance from the molecule of interest to each boundary to 

avoid self-interaction. 

r > rcut-off 
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1.3 Summary 
 
AL forcefields for biomolecules are well established, as are the software packages for running MD 
simulations. Such packages typically contain both a full complement of MD engine and analysis software 
components, incorporating all of the concepts discussed above into the code. Many differing software 
exist, to name a few examples: GROMACS, GROMOS, LAMMPS, CHARMM, AMBER and many more. 
Typically, most programs come with an associated forcefield; e.g. the GROMOS simulation software 
package comes with a series of GROMOS forcefields, such as GROMOS 54a7. Many simulation software 
packages, such as GROMACS, can work with a variety of forcefields. It is also possible to edit the 
forcefield files manually to create new types of simulation objects or to change and improve existing 
parameters. Development of novel CG methods has resulted in the introduction of new CG forcefields 
which are growing in popularity. 
 
The following chapters cover simulations of proteins and peptides in the context of lipid membranes 
using existing AL methodologies, as well as development of novel CG models. Chapter 2 concerns the 
investigation of novel antibacterial peptides in the context of bacterial membranes and their mechanism 
of action. In chapter 3, MD investigation of the antifreeze protein AFP1 will be performed to investigate 
the possible low temperature induced dimerisation and dynamics in the presence of a cell membrane. 
Finally, chapter 4 will cover the creation and parametrisation of a novel polarisable CG model of the lipid 
DPPC for use in bilayer simulations. The model will be designed for use with the GROMOS MD engine, 
utilizing and adapting the GROMOS 54a8 forcefield as a basis for the modelling environment. Together, 
the work described in this thesis covers the methodology utilised in creation of novel models, as well as 
using established methods to perform biologically and medically relevant simulation experiments.  
 
The author would like to note that this overview of MD principles is not comprehensive and focuses on 
aspects that have the most relevance in the subsequent chapters. For further comprehensive technical 
information, the reader can consult “Understanding Molecular Simulation” by Frenkel, D. and Smitt, B.19 
or specific MD software manuals for the software used in this thesis11, 20. 
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Abstract 
 
Antibacterial peptides are a key area of research due to their potential medicinal applications. Recently 
novel unnatural analogues of the antibacterial peptide battacin have been synthesised by Dr Sarojini’s 
group at the university of Auckland and have been shown to have broad multi-species antibacterial 
action. Using in silico methods the structure and dynamics of the novel peptides were studied, as well as 
their interaction with bacterial membrane models of common Gram-positive and negative species 
Staphylococcus aureus and Escherichia coli. The peptides were found to insert themselves into the 
bacterial membranes, showing strong hydrogen bonding affinity for all three types of membranes 
studied. Simulations confirmed the interaction mechanism is facilitated by the insertion of the fatty acid 
into the bacterial membranes. 
 
 
 
 

Chapter 2:  Structural characterisation and investigation of the mode 
of action of novel antibacterial peptides 
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2.1 Antibacterial peptides 
 
Research into new antibiotics is critical due the global rise in number of resistant bacteria21-23. Many 
families of antibacterial agents exist and the search continues for natural product derivatives and their 
analogues. One approach is to study short peptides which are often used by the bacteria themselves as 
hostile anti-bacterial agents. Such agents are released in “bacterial wars” when the host bacteria need 
to compete with other bacterial species for space and resources24. Such alternative natural products 
pose attractive opportunities for research into new broad spectrum antibiotics. This chapter focuses on 
the study two small novel antibacterial peptides with proven antibacterial activity, derived from non-
ribosomal lipopeptides battacin and polymyxin B. 
 
Naturally occurring non-ribosomal lipopeptides belong to a diverse class of non-ribosomal antibiotics. 
Typically, lipopeptides have a long chain fatty acid conjugated to the N-terminus25, but the length can 
vary in individual peptides.  Lipopeptides are diverse, consisting of 11 to 13 amino acids, both natural 
and non-proteinogenic and also typically have cyclic systems25. 
 
Broad spectrum lipopeptide antibiotics daptomycin and polymyxin B, which are found in soil bacteria 
are used to treat antibiotic resistant diseases such as MRSA caused by S. aureus26-29. However, such 
treatments frequently pose nephrotoxicity, neurotoxicity issues and other negative side effects, such as 
renal failure30-32. Furthermore, as polymyxin was discovered over 50 years ago, there is also an issue of 
growing bacterial resistance, so these drugs are typically used as a last resort treatment only. Therefore, 
it would be advantageous to explore alternative similar short peptides, such as battacin and its 
analogues, for anti-microbial applications to create a broader range of active anti-bacterial agents. 
 
 
2.1.1 Battacin lipopeptide and analogues 
 
 

 
 

Figure 2.1: Battacin and polymyxin B peptide structures and sequences. FA denotes the fatty acid 
attached to the N-terminus. Taken un-adapted from De Zoysa G.H. et al., 201533 

 

Polymyxin B Battacin 
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Battacin is a novel naturally occurring cyclic lipopeptide, belonging to the octapeptin group of peptide 
antibiotics with strong structural similarities to polymyxin B (Figure 2.1). Octapeptins are typically 
characterised by branched termini and a high percentage of the non-proteinogenic amino acid ɲ,ɶ-
diaminobutyric acid (Dab)26, 34, including both the D- and L- isomers. Both polymyxin B and battacin have 
similarly sized fatty acid chains and contain five Dab residues, along with one Leucine (Leu) and D-
Phenylalanine (D-Phe)26, 35. Antimicrobial activity of both peptides has been linked to the combination of 
hydrophobic regions comprised of Phe, Leu and the fatty acid with the hydrophilic five positively 
charged Dab residues36-37. The positive charge on the Dab residues is critical in forming attractive 
interactions with negatively charged phosphate groups present in the bacterial membranes, especially in 
lipopolysaccharide (LPS) or cardiolipin38. Battacin has been shown to have comparable antimicrobial 
activity to polymyxin B but is far less toxic26. At the time of writing, the synthesis of battacin has not 
been published. However, peptide analogues of battacin are currently being researched and can offer an 
alternative. 

Several mechanisms for the action of polymyxin type antibacterial agents have been proposed39. There 
is strong evidence to suggest that polymyxin type antibiotics have surface interactions with the 
membrane itself40. The initial suggested target of polymyxin in gram-negative bacteria is the LPS present 
in the outer leaflet of the outer membrane. It is suggested that the amphipathic nature of the peptide 
enables the permeation of the agent through the cell membrane41. A computational study of polymyxin 
B also suggests interaction with the LPS part of the bacterial membranes via displacement of cations 
which stabilise the lipopolysaccharide interactions42. The fatty acid tail part is reported to be inserted 
first into the membrane followed by the rest of the molecule, creating disruption in the lipid packing. 
Additional mechanisms suggest that polymyxin B has the ability to form pore like aggregates which 
facilitate its insertion into the cell. In vitro studies suggest that both of the two proposed mechanisms 
could be valid and unrelated to each other43. Other methods of action have also been hypothesised, 
such as inhibiting enzyme function44 or action via creating hydroxyl radicals45, depending on the species 
and type of bacteria present.  
 
Dr. Sarojini’s research group at the University of Auckland created a range of novel battacin analogues 
which have shown broad antibiotic activity33. Their research focused on synthesising smaller peptides 
that would mimic the structure and activity of battacin. Two compounds were of particular interest – 
octapeptide 17 (O17), due to its superior antibacterial activity, and a shorter analogous pentapetide 30 
(P30) (Figure 2.2). Both peptides exhibited rapid broad range antibacterial activity against both Gram-
positive and Gram-negative bacteria of the following six species: E. coli, S. aureus, Pseudomonas 
aeruginosa, Erwinia amylovora 1501, streptomycin resistant Erwinia amylovora and Pseudomonas 
syringe pv. actinidiae 16207.   
 
Linear battacin analogues such as O17 and P30 were found to exhibit greater antimicrobial activity than 
cyclic analogues33. The nature of the fatty acid group was also found to affect activity – the highest 
antimicrobial activity was achieved when the acid carbon chain length numbered between six and 
twelve carbons46. Furthermore, there are inherent advantages in utilising short peptides from the 
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synthetic perspective, as the involved synthesis is typically much simpler and cheaper than that of more 
complex cyclic natural products comprised of more residues. 
 
 
 

 
Octapeptide O17: 5-methoxyhexanoyl-(D)Dab-Dab-Dab-Leu-(D)Phe-Dab-Dab-Leu-NH2 

 
 

Pentapeptide P30: 5-methoxyhexanoyl-(D)Dab-Dab-Leu-(D)Phe-Dab-NH2 

Figure 2.2: (a) Octapeptide 17 and (b) Pentapeptide 30 structures and sequences. 
 
 
The application of these antimicrobial agents has resulted in rapid cell death of Gram-positive and 
Gram-negative bacteria. The peptide was found to permeate both the outer and inner membranes of 

a 

b 
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bacteria, confirming similarities between the novel peptides and polymyxin B, which was found to 
behave similarly47-48. Scanning electron microscopy showed cell deformation and severely perturbed cell 
membranes after treatment with octapeptide O17, often leading to cell lysis. There appeared to be 
different mechanisms of action for the outer and inner membranes. The outer membrane of Gram-
negative bacteria acts as a permeability barrier49-50. Using propidium iodide assays51 Dr Sarojini’s group 
found that O17 had similar activity to Polymyxin B in permeating inner bacterial membranes47. O17 was 
also found to be an effective agent against bacterial films, which are typically resistant to antibacterial 
agents. P30 was originally designed as a smaller active version of O17 and showed similar experimental 
antibacterial activity. 
 
As the exact mechanisms of antibacterial peptide action and the nature of their interaction with the 
bacterial membranes are not fully understood, it is important to simulate antibacterial agents in 
biological context to gain insight. It would be of value to simulate these novel antibacterial peptides, 
especially in the presence of bacterial membranes, to better understand their dynamics and the nature 
of interactions with the bacterial membrane.  
 
 
 
2.1.2 Bacterial Membrane Composition 
 
Bacterial membranes often have complex compositions containing many different types of lipids and 
other chemicals52. Membrane composition varies greatly species to species, but most have a high 
density of negatively charged phospholipids53. Gram-positive bacteria have just one membrane, 
primarily comprised of phospholipids. Gram-negative bacteria have two separate membranes (Figure 
2.3). The inner membrane is comprised of a phospholipid bilayer. The outer, asymmetric membrane 
contains an inner leaflet comprised of phospholipids and an outer leaflet of LPS54-56, which leaves the 
membrane resistant to permeation by polar or hydrophobic large molecules57-59. The two membranes 
are separated by a periplasmic space. For the scope of the research we have selected two types of 
bacterial species to model – one from the Gram-positive bacteria S. aureus and one from the Gram-
negative bacteria E. coli. These two species can be considered good model organisms, well studied in the 
literature, representative of both Gram-positive and Gram-negative bacteria and, therefore provide the 
best research opportunity for investigation due to the possible broadness of anti-microbial applications. 
 
It should be noted that in vivo bacterial membrane composition varies significantly depending on the 
species of bacteria, as well as the current stage of cell cycle60. However, due to the limited size of MD 
simulations and lack of available parameter sets for the multiple molecules involved in the realistic 
membranes, simplified modelling schemes are often used.  Fortunately, existing previously-tested 
models, were available to use for MD studies. Models kindly provided by Drs. Thomas Piggot and Syma 
Khalid61 allow for simulation of both inner and outer membranes of both of the species without the 
need to create and test new types of cell membrane models, which would be out of scope of this PhD’s 
work. These models have also been used in similar studies of Polymyxin B to show novel insights into the 
mechanistic interactions of lipopeptides and bacterial membranes42. Polymyxin B was found to insert 
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into the core of these membranes and to interact with the lipopolysaccharide in the asymmetric outer 
membrane of Gram-negative bacteria and insert into the core of the membranes generally. Therefore, 
with demonstrable results in similar studies, three types of membrane will be used in this project: E. coli 
inner, E. coli outer and S. aureus. The lipid composition of the membranes can be found below in Table 
2.1 and typical lipid structures in Appendix 6.  
 
 

Table 2.1: Bacterial membrane model61 composition by lipid type. Most lipids have one saturated 
palmitoyl tail and one mono-unsaturated oleoyl tail. Percentages are given by lipid number divided over 

total number of lipids in both leaflets of the bilayer. 
 

E. Coli Inner membrane 
Lipid Percentage 
Phosphatidylethanolamine (PE) 75.4% 
Phosphatidylglycerol (PG) 19.7% 
Diphosphatidylglycerol (DPG) 4.9% 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

E. coli outer membrane 
Inner leaflet lipid Percentage 
Phosphatidylethanolamine (PE) 64.3% 
Phosphatidylglycerol (PG) 3.6% 
Diphosphatidylglycerol (DPG) 3.6% 
Outer leaflet lipid 
LPS  28.5% 

S. aureus membrane 
Lipid Percentage 
Phosphatidylglycerol (PG) 56.8% 
Phosphoglycero-lysine (PG-lys) 37.9% 
Diphosphatidylglycerol (DPG) 5.3% 
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Figure 2.3: Schematic representation of (a) Gram-positive and (b) Gram-negative bacterial cell 
membranes. Gram-positive bacteria contain just one membrane comprised of a mixed phospholipid 
bilayer (blue, green and red lipids). Gram-negative bacteria contain two membranes, inner and outer, 
separated by the periplasmic space. The inner membrane is comprised of a mixed phospholipid bilayer 
(blue, green and red lipids) and the outer membrane is an asymmetric bilayer, containing a lower 
phospholipid leaflet (blue) and an outfacing upper leaflet with LPS (pink and yellow). 

Figure 2.4: Structural snapshots of the membrane models, adapted from Piggot, T.J. et al. 201161; (a) the 
typical structure of E. coli inner and S. aureus membranes; (b) the structure of E. coli outer membrane, 

which is asymmetrical and comprised of two leaflets (cardiolipin on top and phospholipid on the bottom). 

(a) (b) 

(a) (b) 

Periplasmic space 
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2.2 Structural investigation of antimicrobial peptides via MD 
 
The first goal of this work was to create models of P30 and O17 battacin peptide analogues and carry 
out MD simulations of each peptide alone, solvated in water to gain structural and dynamics 
information. Simulations were carried out at two different temperatures: 301 K (28 °C) and 310 K 
(37 °C). 301 K was used as it was the experimental temperature reported in the original publication and 
the higher 310 K temperature would approximate the temperature of the human body where bacterial 
infections occur. Differences in structure and dynamics between the two peptides and differences 
across the two different simulation temperatures would be investigated. Simulation data would be 
compared to experimental NMR data, gathered from peptides in solution.  
 
The second goal was to simulate the peptides with accompanying bacterial membranes of E. coli (both 
inner and outer) and S. aureus to investigate their mutual interactions and gain insight into the 
mechanism of anti-microbial action. These simulations were also carried out at 301 and 310 K. The 
bacterial membranes were also simulated separately, without the presence of the peptides, to provide a 
reference. 
 
 
 
2.2.1 System design 
 
The MD simulations and subsequent analysis of O17 and P30 were carried out using the GROMACS 5.1.2 
software. Two simulations were performed for each peptide at 301 K and 310 K. Further technical 
details of how the simulations were conducted are given in Section 2.3: Methods. The complete table of 
simulations performed is found below in Table 2.2. 
 
Parameters for both peptides were constructed manually based on the existing GROMOS 54a7 force 
field parameters, due to their novel nature, according to the sequences presented above in Fig. 2.2. 
Firstly, the parameters for the unnatural Dab amino acid was created by adaptation of Leu parameters 
from the standard GROMOS 54a7 forcefield, due to its structural similarity. The two carbons and their 
associate bonded parameters in the middle of the Leu side chain were removed to create the Dab 
residue. No changes to charge distributions were required as the removed carbons both had zero 
charge. Secondly, to create D-Dab and D- -Carbon was 
reversed to create a mirror image geometry to the L- counterparts.  Full parameter files and starting 
configurations for both peptides can be found in Appendices 1 and 2. 
 
Initial peptide coordinates for both molecules were generated by Gaussview (v. 5.0.9). GROMACS 
compatible input files (parameters and equilibrated coordinates) for the bacterial membrane models 
were kindly provided by Prof. S. Khalid and Dr T. Piggot. The membrane lipid composition can be found 
in Table 2.1.  
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Table 2.2: List of simulations performed arranged by peptide, presence of membranes and temperature. 

 
Peptide Membrane Temperature (K) 
O17 –  301 
O17 – 310 
O17 E. coli inner 301 
O17 E. coli inner 310 
O17 E. coli outer 301 
O17 E. coli outer 310 
O17 S. aureus 301 
O17 S. aureus 310 
P30 –  301 
P30 – 310 
P30 E. coli inner 301 
P30 E. coli inner 310 
P30 E. coli outer 301 
P30 E. coli outer 310 
P30 S. aureus 301 
P30 S. aureus 310 

 
 
 
2.2.2 Internal structure 
 
The internal structure of the O17 and P30 antibacterial peptides during the simulation was assessed 
using a variety of tools. Firstly, the database of secondary structure assignments (DSSP) program was 
used to analyse the types of secondary structures adopted by the peptide residues. Secondly, the root 
mean square deviation (RMSD) from the initial structure after equilibration and the per-residue root 
mean square fluctuation (RMSF) were calculated to assess the internal mobility. 
 
 
2.2.2.1 DSSP secondary structure 
 
DSSP secondary structure analysis was performed for all peptides in all simulations to assess which types 
of secondary structures the peptides exhibited under different simulation conditions (Figures 2.5 and 
2.6). The dihedral angles between members of a chain of residues are computed and based on the 

- -helix, 310- - -turn, turn, bend 
and coil. Coil structure indicates that the secondary structure could not be fitted into any of the 
aforementioned classes. 
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Figure 2.5: DSSP secondary structure analysis by residue of octapeptide O17 during simulations at 301 K 
and 310 K. 

 
 
 

 

           -helix  -helix 310-helix           Bend Turn                 Coil

-bridge              -sheet
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Figure 2.6: DSSP secondary structure analysis by residue of P30 during simulations at 301 K and 310 K. 

           -helix  -helix 310-helix           Bend Turn                 Coil

-bridge              -sheet
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Both peptides were found to adopt little secondary structure elements, predominantly falling into the 
DSSP category “coil”, for nearly all the residues. Coil structure is assigned to a residue if none of the 
other structure classifications could be assigned.  The “turn” type structure was also present in the 
middle of O17 and P30 to a lesser extent. This is unsurprising as the peptides are very short and it would 
be unlikely for them to form regular defined secondary structures, as these are stabilised by hydrogen 
bonding between non- -sheet type structures were found in 
snippets of the simulations, but it is difficult to ascertain whether these can be attributed to sampling 
artefacts, where the local angles between units temporarily align in such a way as to give the detected 
structure result. The forcefield will typically favour the backbone dihedral angles that correspond to 
regular secondary structure elements, but without internal hydrogen bonding, regular secondary 

- -sheets are unlikely to be stable for long periods of time. 
Furthermore, DSSP classification mechanism is computed based on dihedral angles and matching to 
Ramachandran plots. Typically, database matching occurs for all the normal encountered L- amino acid 
angle types, however for D- residues, significantly less matches will be found. 
 
The incidence of different secondary structures was a lot higher for peptides in simulation without the 
membrane, indicating a degree of extra internal structural flexibility. Unfortunately, the last residue 
structure was un-diagnosable using the built in GROMACS DSSP tool, as neighbouring groups are 
required for dihedral angle calculations involved in the program. 
 
 
2.2.2.2 RMSD (internal) 
 
The atom-positional root mean square deviation from the initial structure was computed separately for 
each peptide to give a measure of their flexibility in water, as well as enabling us to determine the 
influence of simulation temperature and membrane presence on peptide flexibility (Table 2.3 and Figure 
2.7). 
 

 
Table 2.3: Whole simulation averages of atom-positional RMSD of all atoms of each peptide unit mapped 

on to itself at 301 K and 310 K in nm with standard deviation for each graph included as ʍ. 
 

Temperature in water  with E. coli inner with E. coli outer with S. aureus ʍ 
Octapeptide 301 K 0.503 0.473 0.487 0.556 0.070 
Octapeptide 310 K 0.484 0.432 0.546 0.490 0.073 
Pentapeptide 301 K 0.386 0.160 0.323 0.468 0.073 
Pentapeptide 310 K 0.415 0.251 0.496 0.475 0.060 
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Figure 2.7: Atom-positional RMSD of all atoms of each peptide unit mapped on to itself at 301 K and 310 
K. 
 
 

O17 simulated with SPC water solvent only had RMSD values between 0.3 and 0.6 nm, generally 
indicating a small degree of internal flexibility. When simulated with the range of bacterial membranes, 
O17 RMSD values remained similar throughout most of the simulations, with water and S. aureus 
simulations having slightly higher values then that of peptides with both of the E. coli membranes. 
Peptide internal mobility was lower in simulations with the E. coli inner membrane, and E. coli outer 
membrane, indicating a reduction in internal flexibility. The differences between the simulations were 
more pronounced in the P30 simulations, which have a much larger spread of RMSD values from 0.1 to 
0.6 nm. P30 RMSD results were affected to a greater extent by the presence of differing membranes, 
than the O17 results. Simulations of E. coli inner membrane with P30 resulted in the lowest RMSD 
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averages exhibited across all experiments. There was little difference between the octapeptides 
simulated at different temperatures. P30 at 310 K exhibited higher RMSD values than P30 at 301 K. 
 
 
2.2.2.3 RMSF 
 
The per-residue root mean square fluctuation (RMSF) has been calculated for all the peptide simulations 
to localise and quantify internal flexibility (Figure 2.8). 
 

 

 

 
 

Figure 2.8: RMSF of peptide simulations at 301 K and 310 K. 
 
 
RMSF values varied across the simulation series depending on the simulation environment of the 
peptides. RMSF values were highest for peptides simulated in solvent only, indicating greater mobility. 
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RMSF values were lowest for the simulations with the E. coli inner membrane, indicating reduced 
mobility, possibly as a result of interactions. The simulations with the other two membrane types were 
found to be in the middle of the previous two results, suggesting that the presence of a membrane in 
general restricted the internal mobility of both peptides, potentially due to peptide-membrane 
interactions. Peptide residues were found have generally similar RMSF values for a given simulation, 
indicating relatively uniform mobility throughout the peptide, matching previous DSSP results indication 
the lack of regular secondary structure. Higher RMSF values were found toward the ends of the 
peptides, indicating a slight increase of mobility towards the end residues. The exception being P30 at 
310 K, where the N-terminal residues have similar RSMF values to the remainder of the peptide. 
Possible explanations include increased interaction at the ends of the peptide, thus restricting 
movement. A narrower range of RMSF values was observed for P30 simulations at 310 than at 301 K, 
indicating similar behaviour irrespective of environments at the higher temperature. Otherwise, no 
significant differences between the different simulation temperatures were observed. 
 
 
2.2.2.4 NMR J-value estimation 
 
Estimations of 3JNH-C H coupling values were performed for the O17 in water and could be directly 
compared to experimental data provided, providing a measure of model quality (Table 2.4). 3JNH-C H-
coupling values are calculated from the ʔ backbone torsional dihedral angle values using the Karplus 
relation and give a direct comparison to NMR experimental data, serving as a useful tool in model 
validation. 
  
Table 2.4: 3JNH-C

ɲ
H-coupling comparison between O17 experimental data (278 K in 70% H2O and 30% TFE, 

or 100% CD3OH) and values calculated from simulations at 301 and 310 K. Error = +/- 0.05 nm 
 

Residue Experimental 
70% H20, 30% 
TFE 278 K 

Experimental 
100% CD3OH 
278 K  

Estimate 
301 K 

Percentile 
difference 
301 K* 

Estimate 
310 K 

Percentile 
difference 
310 K* 

1 D-Dab 6.6 6.1 n/a n/a n/a n/a 
2 Dab 7.0 7.1 5.7 - 18.6% 5.8 - 17.1% 
3 Dab 7.6 7.5 6.0 - 21.1% 5.9 - 22.4% 
4 Leu 7.0 7.0 6.8 - 2.9% 6.8 - 2.9% 
5 D-Phe 7.0 6.9 5.0 - 28.6% 4.8 - 28.6% 
6 Dab 7.6 8.0 6.0 - 21.1% 6.2 - 18.4% 
7 Dab 7.3 7.9 6.2 - 15.1% 6.3 - 13.7% 
8 Dab 7.2 7.4 5.9 - 18.1% 5.8 - 19.4% 

 
 

*Differences between estimated and experimental data are expressed as a percentage of the 70% H2O, 
30% TFE experimental NMR data for convenience. Experimental data sourced from De Zoysa, G. H., et al 

2015 paper and supplementary information33.  
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The estimated 3JNH-C H values for O17 were of similar magnitude compared to experimental values. 
Deviations are typically in the range of 1.5 Hz (or 20% difference), which is reasonable for simulation 
estimates, especially considering the NMR was taken at a different temperature and in a different 
solvent system, containing 30% TFE. Results in CD3OH were also included in the table above for 
comparison and show a greater degree of minor deviation from the simulated values. Best fit values 
were found to be for Leu, which is the only natural amino acid in the sequence. Deviations of Dab 
residues were in the range of 13.7% to 28.6%. The largest deviation from experimental values can be 
observed for the D-Phe residue of 28.6%. This can be explained by the unnatural nature of the Dab acids 
and for the D-Phe case the D- nature of the acid. The program used to compute dihedral angles, sought 
to compute torsional dihedral angles and approximate J-values by the Karplus equation. The nature of 
the D- -Carbon, making it impossible for the program to 
match the expected result to the L-acid angle.  
 
Unfortunately, due to the nature of the program, it was not possible to calculate the J-values for the first 
residue, as the program could not find the initial reference point for calculating the residue one dihedral 
angle, as a result of peptide numbering in the trajectories. 
 
 
2.2.3 Interactions 
 
The relative mobility of the peptides with respect to the membrane was given by the RMSD of the 
peptides fitted to all non-water atoms in the starting configuration of the main simulation run. The 
minimum distance between the peptides and the bacterial membranes was calculated to assess 
whether the peptides came into contact with the bilayer. Hydrogen bonding analysis was also 
performed to assess the nature of any inter-molecular interactions that formed. The interactions of the 
peptides with the bilayer were also visualised. 
 
 
2.2.3.1 RMSD (relative mobility) 

 
Table 2.5: Averages of atom-positional RMSD of all atoms of each peptide unit mapped on to all non-

water atoms in the simulations at 301 K and 310 K in nm with standard deviation for each graph 
included as ʍ. 

 
Temperature with E. coli inner with E. coli outer with S. aureus ʍ 
Octapeptide 301 K 5.521 10.691 7.747 1.20 
Octapeptide 310 K 6.020 0.546 8.932 1.40 
Pentapeptide 301 K 4.103 7.751 8.967 1.29 
Pentapeptide 310 K 5.604 10.829 7.802 1.21 
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Figure 2.9: Atom-positional RMSD of all atoms of each peptide unit mapped on to all non-water atoms in 
the simulations at 301 K and 310 K.  

 
 
Peptides were found to be highly mobile relative to the membrane (Figure 2.9 and Table 2.5). As 
expected, the RMSD values were found to be generally higher at the higher simulation temperature, but 
the differences was not too great. The peptides were found to be less mobile when simulated with E. 
coli inner membrane. The RMSD averages for the other two membranes were of similar magnitudes, 
with the exception of two simulations of peptides with the E. coli outer membrane where the RMSD 
values were over 10 nm. It should be noted that in some cases RMSD values remained consistent, while 
in others they fluctuated a lot, which could be associated with periodicity issues inherent in simulating 
multi-component systems. The spike in that case would be indicative of the peptide molecule crossing a 
periodic simulation boundary. 
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2.2.3.2 Minimum distance 
 
The minimum distance between the peptides and their respective bacterial membranes was calculated 
throughout each simulation to monitor any approach of the peptide to the bilayer surface (Figure 2.10). 
For simulations with the E. coli outer membrane, distances from the peptide were calculated both for 
the LPS and the phospholipid leaflets of the membrane separately to determine which leaflet the 
peptide approached, as both options were possible due to the periodic boundary conditions. 
 

                                          

 
 

Figure 2.10: Graphs of minimum distance between peptides and the respective lipid bilayers in 
simulations at 301 K and 310 K. 

 
 
In all membrane simulations, the peptides were found to approach the membrane and remained in 
close proximity thereafter. The peptides were found to approach the E. coli membranes relatively 
quickly, within 20 ns for all simulations. In contrast, approach to S. aureus membrane was the slowest, 
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as in three out of four simulation the peptide-membrane approach does not occur until after 30, 50 and 
65 ns.  
 
In the simulations with E. coli outer membrane, the peptide-membrane distances for to the two leaflets 
were monitored independently. In three out of the four simulations, the peptides approached the LPS 
part of the membrane and only in the pentapeptide simulation at 310 K did the peptide interact with the 
phospholipid part of the membrane, indicating strong preference of peptides for the LPS leaflet. This 
evidence supports earlier literature claim that LPS is the initial target of the peptide.  
 
 
2.2.3.3 Hydrogen bonding with solvent 
 

          

          

 
 

Figure 2.11: Number of hydrogen bonds formed between the antibacterial peptides and the water 
solvent during simulations at 301 K and 310 K. 
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Table 2.6: Average number of hydrogen bonds formed between the antibacterial peptides and the water 
solvent during simulations at 301 K and 310 K*. 

 
Simulation Average Pre interaction average Post interaction average 
O17 with SPC 301 K 25.36 n/a n/a 
O17 with SPC 310 K 25.22 n/a n/a 
O17 with E coli inner 301 K 13.46 25.23 12.36 
O17 with E coli inner 310 K 7.50 0.00 9.49 
O17 with E coli outer 301 K 19.09 25.65 17.65 
O17 with E coli outer 3101 K 21.09 24.54 20.00 
O17 with S aureus 301 K 18.17 24.13 16.95 
O17 with S aureus 3101 K 22.28 23.60 19.94 
P30 with SPC 301 K 16.93 n/a n/a 
P30 with SPC 310 K 16.67 n/a n/a 
P30 with E coli inner 301 K 7.84 n/a n/a 
P30 with E coli inner 310 K 9.34 17.92 9.03 
P30 with E coli outer 301 K 13.90 16.65 13.80 
P30 with E coli outer 3101 K 11.84 16.85 11.29 
P30 with S aureus 301 K 12.34 14.00 11.68 
P30 with S aureus 3101 K 12.69 1.69 10.87 

 
*Averages are given for the whole simulation length, as well as pre- and post- interaction with the 

bacterial membrane where interaction was based on minimum distance analysis.  
 
 
The number of hydrogen bonds between the peptides and the surrounding solvent was calculated 
throughout each simulation (Figure 2.11). Both peptides formed a large number (7 to 25 on average) of 
hydrogen bonds with surrounding solvent molecules. The maximum number of hydrogen bonds was 
approximately 35 for O17 and 25 for P30, which roughly equated to 4.4 and 5 bonds per residue, 
respectively.  
 
It was observed that after interaction with bacterial membranes (assessed by minimum distance 
analysis), the average number of solvent bonds dropped significantly (Figure 2.10 and Table 2.6). It can 
be inferred that this occurred when the peptides approached the membrane and began to interact with 
the lipid bilayer, switching out hydrogen bonds with the solvent for hydrogen bonds with the bilayer, 
showing preferential hydrogen bonding affinity for the bilayer. 
 
The extent of reduction of solvent hydrogen bonding varied between the different membranes 
simulated. The number of solvent hydrogen bonds was lowest for the E. coli inner membrane 
simulations and approximatly equal for the other two membrane types. A notable exception was found 
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in the case of O17 with E. coli inner membrane at 310 K, where no hydrogen bonds with the solvent 
were observed in the first stages of the simulation, which was anomalous. 
 
 
2.2.3.4 Hydrogen bonding with bilayer 
 
Analysis was also carried out to establish the extent of hydrogen bonding between the peptides and the 
bacterial membranes (Figure 2.12 and Table 2.7). 
 
 

            

            
 
 
 

Figure 2.12: Number of hydrogen bonds formed between the peptides and the bacterial membranes at 
301 K and 310 K. 
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Table 2.7: Averages numbers of hydrogen bonds formed between the antibacterial peptides and the lipid 
membrane during simulations at 301 K and 310 K*. 
 

Simulation Average Pre interaction 
average 

Post interaction 
average 

O17 with E. coli inner 301 K 8.88 0.30 9.68 
O17 with E. coli inner 310 K 7.50 0.02 9.49 
O17 with E. coli outer 301 K 3.88 0.26 4.67 
O17 with E. coli outer 310 K 3.19 0.00 4.20 
O17 with S. aureus 301 K 3.96 0.33 4.71 
O17 with S. aureus 3101 K 1.68 0.00 4.67 
P30 with E. coli inner 301 K 4.97 n/a n/a 
P30 with E. coli inner 310 K 5.96 0.13 6.18 
P30 with E. coli outer 301 K 2.89 0.00 2.99 
P30 with E. coli outer 3101 K 4.08 0.11 4.52 
P30 with S. aureus 301 K 1.80 0.00 2.52 
P30 with S. aureus 3101 K 2.93 0.03 4.09 

 
*Averages are given for the whole simulation length, as well as pre- and post- interaction with the 

bacterial membranes, where interaction was based on minimum distance analysis.  
 
 
Corroborating the peptide-membrane minimum distance results, it was found that peptides formed 
hydrogen bonds with membranes approximately at the time when the peptide-membrane distance was 
reduced. It should be noted that in the simulation of P30 with E. coli outer membrane at 310 K, the 
bonding occured in between P30 and the phospholipid leaflet of the membrane. In all other simulations 
of the E. coli outer membrane, the peptides have preferentially interacted with the LPS leaflet of the 
membrane instead. 
 
The number of peptide-membrane hydrogen bonds was found to be highest for the simulations with the 
E. coli inner membrane, with the maximum number reaching 19 for the O17 and 13 for the P30 
simulations. For the O17 simulations the number of hydrogen bonds to the S. aureus membrane was 
much smaller, reaching a maximum of 10. For the P30 simulation at 301 K for both E. coli membranes 
were similar, but at 310 K the number of peptide-membrane hydrogen bonds formed during the 
simulation with the S. aureus membrane was smaller again. This could be related to the positively 
charged nature of the S. aureus membrane, causing a greater degree of repulsion between the peptides 
and the membrane, compared to the E. coli membranes. The number of hydrogen bonds formed 
between P30 and the phospholipid component of the E. coli outer membrane was found to be similar to 
the number of hydrogen bonds with the S. aureus membrane. All residues were observed to form 
hydrogen bonding pairs with the membrane lipids (see Appendix 3 for Hydrogen bond pairs). 
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These results corroborate the previous analysis of loss of hydrogen bonding with the solvent, indicating 
that the peptides preferentially bind the membrane over the solvent. This interaction was strongest 
with the E. coli inner membrane by number of hydrogen bonds formed. The drops in peptide-solvent 
hydrogen bonds corresponded approximately to the number of new hydrogen bonds formed between 
the solvent and the peptide.  
 
 
2.2.3.5 Visual analysis 
 
A visualisation of peptides at the points of interaction was performed using VMD to assess the 
structures and conformations adopted during the simulation, and in particular once the peptides begun 
interacting with the membranes. 

Octapeptide with E. coli inner membrane 301 K  Octapeptide with E. coli inner membrane 310  

 

Octapeptide with E. coli outer membrane 301 K  Octapeptide with E. coli outer membrane 310 K 
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Octapeptide with S. aureus membrane 301 K  Octapeptide with S. aureus membrane 310 K 
 

Pentapeptide with E. coli inner membrane 301 K  Pentapeptide with E. coli inner membrane 310 K 

Pentapeptide with E. coli outer membrane 301 K  Pentapeptide with E. coli outer membrane 310 K 
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Octapeptide with S. aureus membrane 301 K  Octapeptide with S. aureus membrane 310 K 

Area per lipid 

Figure 2.13: Snapshots of each peptide and the respective bacterial membranes at the end of the 100 ns 
simulations. Peptides are drawn in red, and the lipids are coloured according to atom type (carbon: cyan; 

oxygen: red; nitrogen: blue, phosphorus: orange). Water molecules are omitted for clarity. 
 
 
From the visual analysis of the peptides at the end of the simulation runs, it was observed that all of the 
peptides were resting on the surface or permeating the bacterial membranes (Figure 2.13). The visual 
data confirmed interactions suggested by previous minimum distance and hydrogen bonding analysis. A 
number of interesting cases were found and are outlined below. 
 
In the case of the O17 simulation with the E. coli inner membrane at 301 K, it was found that fatty acid 
carbon chain has partially permeated the bilayer, lending evidence to the insertion mechanism outlined 
in the in Section 2.1.1. P30 in simulation with the E. coli inner membrane at 310 K has become 
completely inserted into the membrane. P30 in simulation with the E. coli outer membrane at 301 K was 
the only peptide to have become inserted into the LPS leaflet of the outer membrane, indicating that a 
process of permeation has begun.  P30 in simulation with the E. coli outer membrane at 310 K was the 
only peptide to approach the membrane from the other side through periodic boundary conditions. 
Peptides interacted with the membranes at both of the simulated temperatures, indicating that the 
peptides would be effective anti-bacterial agents at both of the temperatures. 
 
Further snapshots of the simulation trajectories are outlined below in Figures 2.14, 2.15, 2.16 and 2.17. 
Outlining stepwise insertion of the peptides into the membrane. In the cases of P30 and O17 interaction 
with E. coli inner membrane it can be observed that at first the peptide rests on the surface of the 
membrane and hydrogen bonds between Dab2 along with several other functionalised amino acids and 
the membrane become established. Then the fatty acid carbon chain begun to permeate the lipid 
bilayer, seeking hydrophobic inner region with the lipid tails, eventually leading to the rest of the 
molecule permeating the bilayer. The mechanism for the other two types of membrane appeared to be 
similar in its initial stages, albeit it proceeded at a slower rate and did not reach conclusion. O17 became 
embedded in the LPS leaflet of the E. coli outer membrane but did not permeate as deeply as in the case 
of the inner membrane. The fatty acid tail has worked its way into the lipid tails of the LPS layer, possibly 
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guided by hydrophobic interactions, while the rest of the peptide stayed amidst the glycan units of the 
upper part of the LPS leaflet. With S. aureus, the interaction was even less advanced, as the peptide just 
coiled on the membrane surface, forming hydrogen bonds to the lipids. 

 
         

 
 
 
 
 
 
 
 
 
 

Figure 2.14: Sequential insertion of O17 into the E. coli inner membrane at 301 K. Mechanism starts with 
insertion of hydrophobic fatty acid into the lipid bilayer, followed by the rest of the peptide. 
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Figure 2.15: Sequential insertion of P30 into the E. coli inner membrane at 310 K. Mechanism starts with 
insertion of hydrophobic fatty acid into the lipid bilayer, followed by the rest of the peptide. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.16: Sequential insertion of O17 into the E. coli outer membrane at 301 K. Mechanism starts with 
insertion of hydrophobic fatty acid into the lipid bilayer, followed by the rest of the peptide. 
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Figure 2.17: Sequential interaction of O17 into the S. aureus membrane at 301 K. Mechanism starts with 
insertion of hydrophobic fatty acid into the lipid bilayer, followed by the rest of the peptide. 

 
 
2.2.3.6 Area Per Lipid 
 
Area per lipid can be considered a good indicator of bilayer packing and structure, which in turn affects 
bilayer thickness and reflects the phase of the bilayer (e.g. gel or liquid crystal). Area per lipid was found 
to vary greatly across the membrane models, so for the purposes of the analysis, the bacterial 
membrane area per lipids were only compared to their own reference simulations (Tables 2.8 and 2.9). 
Little difference in the average area per lipid between the reference bilayer simulations and the 
peptide/membrane simulations were found for the E. coli inner and S. aureus membranes, indicating 
little structural rearrangement in the bilayer as a consequence of its interaction with the peptide. A 
reduction of 6.7-7.6% in area per lipid was observed in the E. coli outer membrane simulations 
containing the peptides, compared to the reference. The biggest discrepancy was found between 
reference simulations of E. coli outer membrane and the simulations with the peptides, indicating that 
the bilayer packing became looser as a result of peptide interaction. 

1 2 

3 4 
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Table 2.8: Average areas per lipid in nm2 before and after interaction with anti-bacterial peptides for 
phospholipids for membrane simulations at 301 K and 310 K. Reference simulation values are included. 

 

E. coli inner membrane 
Simulation key Before After 
Reference 301 K 0.611 +/- 0.005  
Octapeptide 301 K 0.620 +/- 0.002 0.629 +/- 0.003 
Pentapeptide 301 K 0.621+/-0.004 n/a* 
Reference 310 K 0.620 +/- 0.003  
Octapeptide 310 K 0.625+/- 0.001 0.623 +/- 0.003 
Pentapeptide 310 K 0.618+/- 0.002 0.627 +/- 0.002 

 
 

E. coli outer membrane 
Simulation key Before After 
Reference 301 K 0.639 +/- 0.003  
Octapeptide 301 K 0.584 +/- 0.000 0.592 +/- 0.002 
Pentapeptide 301 K 0.584 +/- 0.001 0.591 +/- 0.002 
Reference 310 K 0.640 +/- 0.000  
Octapeptide 310 K 0.587 +/- 0.001 0.597 +/- 0.001 
Pentapeptide 310 K 0.588 +/- 0.001 0.598 +/- 0.002 

 
 

S. aureus membrane 
Simulation key Before  After 
Reference 301 K 0.646 +/- 0.001  
Octapeptide 301 K 0.642 +/- 0.001 0.646 +/- 0.001 
Pentapeptide 301 K 0.634 +/- 0.004 0.655 +/- 0.001 
Reference 310 K 0.660 +/- 0.004  
Octapeptide 310 K 0.656 +/- 0.003 0.656 +/- 0.002 
Pentapeptide 310 K 0.655 +/- 0.002 0.649 +/- 0.002 

 
 
2.3 Discussion 
 
Internal structure analysis has demonstrated that both simulated peptides remained generally 
disordered, adopting coil (undefined) and turn secondary structures predominantly throughout the 

- -sheets was found, 
which is unsurprising considering the very short sequence length of the peptides.  
 
The J-coupling value estimation for simulated peptides was found to be in within 10-20% agreement of 
experimental data, which confirmed that the model replicated real-world conditions reasonably well. 
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Some discrepancies were found in the J-coupling values of unnatural amino acids, but this was not 
unexpected as the analysis was seeking to compare dihedral angles of residues with known natural 
examples. 
 
Both peptides were found to be generally highly mobile relative to the membrane. In all the simulations 
of the peptides in the presence of the different bacterial membranes, the peptides approached the 
membrane rapidly and spent most of the simulation time resting on the surface of the membranes after 
initial contact. Such mobility could also suggest that while the peptides are in contact with the 
membrane surface, they retained high degree of internal flexibility. The extent of such mobility varies 
depending on the type of bacterial membrane that the peptides were simulated with. Results were 
lower for simulations with the E. coli inner membrane, indicating the strongest reduction of mobility, 
which was likely caused by peptide insertion confirmed by later analysis.  

All the peptides had approached the bacterial membrane surface, showing high affinity for the 
membrane surface for all simulated bacterial membranes. A high degree of hydrogen bonding affinity 
was observed – bonding to the membranes was found to be preferential than bonding with the solvent. 
Notable cases of interaction included O17 fatty acid chain inserting into the E. coli inner membrane at 
301 K, indicating that the mechanism of peptide action is similar to that of Polymyxin B, as outlined in 
the introductory part of this chapter. Two further cases of P30 inserting itself partially into the 
lipopolysaccharide part of the E. coli outer membrane at 301 K and fully into the E. coli inner membrane 
at 310 K were observed via a similar method of action. The mechanism confirmed the previously 
reported of insertion via fatty acid interaction. The fatty acid component inserted into the membranes 
first for both O17 and P30 and the rest of the peptide followed. The interaction was likely assisted by 
the initial formation of hydrogen bonds between Dab, D-Phe and Leu peptide residues in the 
membrane, which fixed the peptide to the membrane surface. 

It is difficult to compare the affinity and the speed of approach of different peptides to their 
corresponding membranes directly, as the simulations spaces were all of a different size due to differing 
membrane compositions. All of the peptides approached the membranes very quickly, in under 60 ns. 
Evidence of hydrogen bonding between the peptides and membranes was observed for all simulations. 
However, the degree of hydrogen bond interaction with the S. aureus membrane was lesser compared 
to the other membranes. Furthermore, no peptide insertion was observed with the S. aureus 
membrane. 

No structural differences in the membranes were observed as the result of their interaction, indicating 
that peptides did not compromise membrane stability during the simulation time. It is possible that with 
longer simulation times the peptides could work their way into the membranes. However, extending the 
simulation runtime even further is very computationally expensive and currently not feasible within 
sensible timeframes utilising currently available resources. It is also possible that the mechanism of 
action required further factors, such as multiple peptide molecules interacting together or the presence 
of other cofactors. In future research, it would also be of interest to simulate peptides in their native 
ionised states to assess the effect of native ionisation on interaction with negatively charged 
membranes and in the destabilisation via cation replacement in LPS. 
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2.4 Methods 
 
Preparation, running and analysis of the simulations were performed using GROMACS 5.1.117, 62-67 
utilizing the GROMOS 54a7 force field68 with parameters for the unnatural amino acids added as 
described below. 
 
 
2.4.1 Peptide parameter and coordinate generation 
 
Initial coordinates were generated using GaussView version 5.0.9., from literature reported sequences33. 
Topologies were assembled manually from existing and amended amino acid parameters based on the 
GROMOS 54a7 forcefield. Dab residue parameters were created by deleting two carbon atoms, as well 
as the associated bond, angle and dihedral parameters, from the side chain of the existing 54a7 Leu 
residue parameters. The partial charge on the deleted atoms was zero, so there was no need to 
recalculate partial charges. D-Phe and D-Dab topologies were built from the corresponding L- residues 
by reversing the improper dihedral term that maintai -carbon (due 

-hydrogen atom in the GROMOS united-atom force fields). The fatty acid 
chain parameters were constructed manually based on existing lipid and branched-chain aliphatic amino 
acid side chain parameters. Peptides were created in a charge neutral state (non-ionised) according to 
existing building block parameters. Peptides were then solvated in SPC water69-70. A copy of the 
forcefield files and starting configurations can be found in Appendices 1 and 2. 
 
 
2.4.2 Bacterial membrane simulation coordinates and parameters 
 
Bacterial membrane parameters and pre-equilibrated (200 ns) starting coordinates, including 
counterions, were obtained from Drs Thomas Piggot and Syma Khalid61. The starting coordinates for the 
membrane reference simulations were the final coordinate sets from the 200 ns pre-equilibrated E. coli 
inner membrane, E. coli outer membrane and S. aureus membrane simulations. Lipid composition by 
number, including counterion counts, can be found in Table 2.9. 
 
For the simulations of the peptides with the bacterial membranes combined coordinates were 
generated. Coordinates of each peptide were taken from the end of the 100 ns simulations in water. 
Similarly, coordinates of each bilayer were taken from the end of the 100 ns reference simulations. 
Solvent coordinates were deleted from both systems. The simulation box space of the bilayer was 
expanded by 1.1 nm in the z axis using the gmx editconf program and the peptide coordinates were 
added to the simulation space at a minimum distance of 1.4 nm away from the bilayer. The combined 
coordinates were then resolvated with SPC water. 
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Table 2.9: Membrane lipids by numerical composition 
 

Lipid E. coli inner E. coli outer S. aureus 
POPE 92 144  
POPG 24 8 108 
DPG 6 8 10 
PG-Lys   72 
LPS  64  
Na+ 36  56 
Mg2+  332  

 
 
2.4.3 Energy minimisation and equilibration 
 
The simulations were energy minimised over 50000 steps using the steepest descent algorithm with an 
energy minimization step of 0.01 ps. Equilibration under NVT conditions was performed for 100 ps, and 
the systems were heated from 50 K to 301 K during that period to the relevant simulation temperature 
(301 K or 310 K) prior to equilibration under NPT conditions for 1 ns. Further details of the equilibration 
and heating simulations were as described below. 
 
 
2.4.4 MD simulation 
 
Each of the peptides, with and without the bacterial membranes, were simulated for 100 ns at 301 K 
and 310 K. The cut-off for calculating non-bonded Coulomb and van der Waals interactions was 1.4 nm. 
Long-range electrostatic interactions were approximated using the reaction-field20. Bonds were 
constrained using the LINCS71 constraint algorithm with an order parameter of 4, allowing for an 
integration time step of 2 fs. The temperature was maintained using the weak coupling Berendsen 
thermostat72

T = 0.001 ps-1. For the NPT simulations, the pressure was 
P = 

0.5 ps–1 and isothermal compressibility = 4.5 × 10–5 atm-1. For simulations involving the bacterial 
membranes, the pressure coupling was changed to semi-isotropic. Coordinates and energies were 
written out every 50 ps.  
 
 
2.4.5 Analysis 

The GROMACS 5.1.1 software was used to analyse the simulation trajectories. The analyses carried out 
are listed in alphabetical order below. 
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Area per lipid 
Area per lipid was calculated by obtaining the simulation box x and y dimension averages and dividing by 
the number of lipids per leaflet appropriate to the membrane in particular. The average box dimensions 
were calculated with the GROMACS energy program. Errors were also calculated by GROMACS energy 
program and maximum values including the errors for the x and y dimensions were calculated, 
multiplied together and the difference between maximum possible error area and the average area was 
given as the maximum error. 
 
DSSP 
DSSP analysis73-74 was performed using the GROMACS do_dssp program. Outputs were converted by a 
python script into an ASCII format for plotting.  
 
Hydrogen bonds 
Numbers of hydrogen bonds formed was determined using the GROMACS hbond program. Hydrogen 
bond pair analysis for peptide-bilayer interactions can be found in Appendix 3. 
 
J-value  
3JNH-C H coupling values parameters were calculated by the GROMACS chi program. 
 
Minimum distance 
The minimum distances between a peptide and the lipid bilayer were calculated using the GROMACS 
mindist program. 
 
RMSD 
The atom-positional root-mean-square deviations were calculated using the GROMACS rms program. 
 
When used to report on the internal structure, all atoms of one peptide were fitted to its starting 
coordinates (of the production run, i.e. the coordinates from the end of the NPT equilibration), and the 
RMSD was then calculated for all atoms of the peptide only. 
 
When used to report on the general mobility of the peptide, the coordinates of both the peptide and 
the membrane were fitted to their initial coordinates, but the RMSD was again calculated for all atoms 
of the peptide only. 
 
RMSF 
The atom-positional root-mean-square fluctuations were calculated using the GROMACS rmsf program 
and both printed per-atom, and summed over all atoms to give the per-residue values. 
 
Visualisation 
 
VMD software package version 1.9.2. was used to visualise the GROMACS coordinate trajectory files75. 
VMD images were screen captured for use in this thesis.  
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2.5 Conclusion 

The structures and dynamics of two novel anti-bacterial peptides, O17 and P30, were studied and 
analysed. Both peptides were simulated in solution and then simulated with established models of the 
E. coli inner and outer membrane and the S. aureus membrane, whose parameters and equilibrated 
coordinates were kindly provided by Prof. S. Khalid and Dr T. Piggot61. 
 
The investigations described here have revealed that these small linear antimicrobial peptides were very 
mobile and flexible in solution, exhibiting a lack of defined secondary structure for both peptides. Both 
peptides are amphiphilic and have both hydrophobic and hydrophilic residues. Hydrogen bonding 
analysis has showed that both peptides form up to 35 (O17) and 25 (P30) hydrogen bonds with the 
surrounding water solvent. 
 
In all the simulations with the bacterial membranes the peptides were found to approach the bacterial 
membranes rapidly and preferentially hydrogen bond to the respective membranes, forming multiple 
hydrogen bonding interactions with the membranes. Both peptides were found to rest on the 
membrane surface by the end of the simulations, with the exceptions of several that have begun their 
insertion into the membranes themselves. In the cases of O17 with the E. coli inner membrane at 301 K, 
P30 with the E. coli inner membrane at 310 K and with the E. coli outer membrane at 301 K, parts of or 
the entirety of the peptide have permeated the lipid bilayer. Thus, indicating that these novel peptides 
might possess similar antimicrobial mechanisms as that of proposed mechanism of polymyxin B. The 
peptides were found to affix themselves to the membrane surface via hydrogen bonding interactions 
and the fatty acid subsequently inserted itself into the lipid membrane, followed by the peptide. Little 
evidence of membrane destabilisation was found and only E. coli outer membranes were found to 
experience and increase in the average area per lipid as a result of the interaction. However, it is 
possible that 100 ns simulation time was not sufficient to track these processes from start to finish in 
most cases and only the beginning of membrane destabilisation could be observed. Furthermore, it is 
possible that the action of multiple peptide molecules is required to form pores or otherwise destabilise 
the membrane. 
 
In conclusion, the simulations confirm the interaction and high affinity of novel antibacterial peptides 
with both gram-positive and gram-negative bacterial membranes, confirming the hypothetical 
mechanism fatty acid insertion reported in the literature.  
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Abstract 
 
 
Antifreeze proteins are found in a variety of species and serve to protect cells from freezing damage. A 
structural analysis of the behavior of antifreeze protein 1 (AFP1) from winter flounder during molecular 
dynamics (MD) simulations is presented, as well as a study of possible temperature induced aggregation. 
Interactions of AFP1 proteins were studied in conjunction with a model of a typical unsaturated cell 
membrane. AFP1 units were found to show greater flexibility in solution compared to their crystal 
structures -helical structures. In certain cases, two AFP1 proteins aggregated 
together in solution and formed hydrogen bonds between each other. It was also found that AFP1 
proteins interacted with an unsaturated lipid membrane, resting on its surface, providing insight into the 
mechanism of preventing cell damage from freezing conditions. 
 

 
 
 
Chapter 3: Investigation of winter flounder Antifreeze Protein 1 
structure and aggregation in the context of lipid membranes. 
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3.1 Antifreeze protein 1 (AFP1) 

Antifreeze proteins (AFPs) play an essential part in preservation of living cells in cold environments. AFPs 
have a broad range of different functionalities across multiple species and several different structural 
groups exist. The scope of this research aims to investigate antifreeze protein 1 (AFP1). AFP1 is found a 
variety of species including bacteria76-77, psychrophilic yeasts78, lichens79, winter plant species80-81 and 
marine animals82. 
 

 
1    5      

ASP THR ALA SER ASP ALA ALA ALA ALA ALA 
          

11    15      
ALA LEU THR ALA ALA ASN ALA LYS ALA ALA 

          
21    25      

ALA GLU LEU THR ALA ALA ASN ALA ALA ALA 
          

31 35
ALA ALA ALA ALA THR ALA ARG   

 
Figure 3.1: Winter flounder AFP1 amino acid sequence with residue numbers83. C-terminus is capped by 

an amide group. Residues with functionalised, non-aliphatic carbon chains are highlighted in bold. Amino 
acids reported to exhibit ice binding activity are Asp-1/Thr-2/Asp-5, Thr-24/Asn-27, Thr-13/Asn-16 and 

Thr-35/Arg-37 
 
 

 
Figure 3.2: Winter flounder AFP1 crystal structure unit cell, containing two AFP1 proteins. Highlighted in 

red is the second protein unit (B). 
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Although the mechanism of antifreeze action is controversial, AFP1 protects cells from death at near 
freezing temperaures84. The mechanisms of ice damage are multifold and typically involve cell lysis via 
mechanical damage and dehydration85. Winter flounder AFP1 has -helical structure in 
the solid phase and the crystal structure produced at 277 K contained two AFP1 units made up of 37 
amino residues each. Complexed crystallised water molecules were also present at the C- and N- termini 
of the AFP1 units. Experimental studies utilizing X- -helical 
winter flounder AFP1 formed four ice-binding regions per single protein which could bind ice crystals as 
a single flat surface83 (Figure 3.1). A simulation of AFP1’s ice-binding pattern carried out by Cheng and 
Merz in 1997 indicated the position of four regularly spaced ice binding regions, two situated at the ends 
of the molecule (residues Asp-1/Thr-2/Asp-5 and Thr-35/Arg-37) and two middle regions (Thr-13/Asn-16 
and Thr-24/Asn-27)86. Crystallography studies gave further evidence, where threonine residues were 
shown to be critical to the ice binding functionality87. The ice binding regions are separated by roughly 
11 residues along the length of the molecule, the spacing of which corresponds to the periodicity 
exhibited in certain ice lattices, leading to enhanced hydrogen bonding with the ice lattice. NMR studies 
of -helical nature of the protein88.  Simulation studies of the protein by Hong et al 
at different temperatures also suggest that the method of action involves adsorption of the molecule 
onto the surface of the formed ice crystals and further indicating that hydrogen bond formation 
between the amino acids and water Oxygens was important in the interactions89. 
 
More recently it has been reported that a “hyperactive” form of the AFP1 protein exists. This protein 
could be a dimer or higher-order polymer of AFP1 helical protein units90-92. Marshall et al. report a 
hyperactive form of AFP1 from winter flounder which they characterise as a long molecule comprised of 

-helical structures92. This protein has been isolated and found to be twice the mass (34 Da) of two AFP1 
monomer units (17 Da each)90, possibly indicating a dimer precursor structure. It is possible that 
previous studies have failed to detect this dimer or aggregate due to the thermal instability of the 
protein at non-water freezing temperatures. Such oligomerisation or complexation behaviour is 
common in antifreeze proteins in general93. The crystal structure of AFP1 suggested that complexation 
or oligomerization is also possible as the unit cell contains two monomer AFP1 units86. 
 
It was also demonstrated that AFP1 proteins could interact with unsaturated lipid membranes 
experimentally94. Studies have shown that AFP1 addition stopped freezing damage to unsaturated lipid 
membranes through a variety of practical experimentation studies95-98.  Typically, psychrophilic organism 
cell membranes are comprised of unsaturated phospholipids99-101. Further adaptations of such 
membranes include high degree of acyl branching and presence of large lipid head groups. However, 
such alterations are not universal and exact composition varies across species and types of cell102. 
However, the mechanism of AFP1 interaction with assorted unsaturated lipid bilayers was not clear. 
 
In the research of Tomczak, el al. a mixed membrane, containing phosphocholine and digalacto- lipids, 
was used as a model to test AFP1 interactions with lipid membranes94. Digalacotolipid was chosen for its 
high degree of unsaturation, as it has three carbon double bonds in each of the lipid tails. AFP1 presence 
was found to affect the lipid bilayer packing order in experiments with unsaturated lipids, but not in 
those containing purely saturated phospholipids. The presence of unsaturated lipids also affected the 
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temperature dependent folding of AFP -helical structure upon lowering 
the temperature in solution without the membrane present. However, in the presence of the mixed 
saturated/unsaturated liposome the chilling induced-folding of AFP1 protein was inhibited. Contrasting 
studies by Kar et al. show that AFP’s are dynamic and adopt a variety of structures when interacting with 
the membranes, but still suggest a high degree of interaction98. 

Further evidence for interaction of AFPs with unsaturated membranes was found experimentally by 
Hays et al. when AFP presence was found to stop liposomes leaking their contents as they went through 
a phase transition103-105. Therefore, it was suggested that a direct interaction of AFP’s with the bilayer 
could occur, although this was not tested explicitly.  

There are clearly many gaps in the understanding of AFP1 behaviour, both in terms of its potential 
oligomerisation and its interactions with the cell membrane. In this work, pairs of AFP1 protein units 
were simulated together at standard (room) and near-freezing temperatures to investigate dynamics, 
mutual interactions and any possible oligomers precursor formation. Simulations of the protein with a 
lipid bilayer mimicking a typical cell membrane were carried out to characterise whether and how such 
dimer structures might interact with lipid bilayers. 

 
 

3.2 MD investigation of AFP1 
 
The primary goal of this project was to investigate the structural dynamics and possible dimerization 
modes of a pair of AFP1 monomers using MD simulations. Firstly, the structural dynamics of pairs of 
AFP1 proteins were investigated in different relative orientations in water at near freezing and close to 
room temperatures. It was expected that each AFP1 monomer would be more mobile and less rigid at 
300 K than at 277 K. Secondly, the interaction between the two protein units was closely monitored to 
see if they would form a complex in solution at near freezing temperatures, indicating possible further 
dimerization, and how this could be affected by their initial relative orientation with respect to each 
other. The second goal of this chapter was to investigate AFP1 behaviour in the context of a cell 
membrane model, comprised of unsaturated phospholipids. AFP1 simulations with an unsaturated lipid 
membrane are covered in Section 3.3. 
 
 
3.2.1 System design 
 
Five different configurations of pairs of AFP1 were set up to investigate the structural dynamics and 
dimer formation of AFP1. All simulations and subsequent analyses were performed using the GROMACS 
5.1.2 software package. Each system contained two AFP1 units in different relative orientations (Figure 
3.3 and Table 3.1), and was simulated at 277 K and 300 K. By simulating multiple different arrangements 
of pairs of protein units, not only could the effect of initial orientation on subsequent dimer formation 
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be assessed, additionally, should dimerization not occur, better statistical sampling of the range of 
conformations accessible to the monomeric protein would be obtained. 

 
 
 
 
 
 
 

Figure 3.3: Diagram of starting coordinates for all configurations. The arrows represent the direction 
from N-terminal residue 1 to amide-capped C-terminal residue 37. Both peptides lie in the same plane, so 

that their orientations differ only in terms of the angle ߐ. 
 
 
 

The initial coordinates of the AFP1 protein were obtained from the Protein Data Bank106 X-ray crystal 
structure (PDB ID: 1WFA)83, 107 and edited to create the five different orientations. The proteins were 

Configuration 1 Configuration 2 

Configuration 3 Configuration 4 

Configuration 5 Angle ߐ
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solvated in single point charge (SPC) water70 and the complete system energy minimized, heated to the 
required temperature and equilibrated for 1 ns before carrying out a 100 ns MD simulation. Further 
details of how the simulations were conducted are given in section 3.5 Methods. 
 
The PDB crystal coordinates contained a pair of complexed protein subunits with some complexed 
waters that were later replaced during the solvation process. Different configurations of the starting 
relative orientations were created to test whether overall orientation affected the structure and 
interactions of the AFP1 units. The five configurations were created by separating the protein units and 
translating and rotating them with respect to each other to vary the relative angle and overall relative 
orientation. The SPC108 water model with which the GROMOS force fields are compatible was used in all 
of the simulations. 

 
 

Table 3.1: Angle ߐ between the N to C vectors of the AFP1 units A and B in the equilibrated 
configurations from which the simulations at 277 K and 300 K were initiated. The peptides lie in the same 

plane, so that their orientations differ only in terms of ߐ. Note that the ߐ values vary slightly from the 
initial setup during the heating and equilibration procedure. 

 
 Config. 1 Config. 2 Config. 3 Config. 4 Config. 5 
277 K 76.9° 3.0° 103.6° 66.9° 85.5° 
300 K 75.8° 1.9° 103.6° 66.3° 85.9° 

 
 
Overall the five starting configurations were broadly categorised as follows: 

Configurations 1 and 3 were “T” shaped; molecules were perpendicular to each other 
Configuration 2 has the proteins parallel to each other 
Configurations 4 and 5 were “V” shaped; in 4 the ends of the molecules both point outwards 
and in 5 one end points towards the start of the other molecule 

 
3.2.2 Internal structure 

Internal structure of the AFP1 protein units was assessed using a variety of tools. Firstly, a DSSP 
(database of secondary structure assignments) secondary structure analysis was performed. Secondly, 
the root mean square deviation (RMSD) from the initial structure and the per-residue root mean square 
fluctuation (RMSF) were calculated to assess the internal mobility of the individual units. 
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3.2.2.1 DSSP
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Figure 3.4: Secondary structure content of AFP1 protein units A and B during simulations initiated from 
each of the five starting configurations and run at 277 K and 300 K.  

 
 

-helical structure for the middle 
residues, in line with experimental crystallography findings. In most simulations the initial -helical 

-helical one before 10 ns.  The residues close to the N- and C- termini of the 
protein exhibited a number of non-helical secondary structures throughout the entire simulation, 
predominantly coil, bend and turn, indicating higher flexibility and less rigidity at the ends of the rod like 
protein. Coil structure is assigned when no other secondary structure elements could be fit to the 
residue. Other types of structure such as a 310- - -bridges occurred infrequently. It 

-helical structure attributed to AFP1 in the literature is a result of crystal packing or 
solid phase behaviour, -helicity. 
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-helical structure; however, although the 
earlier GROMOS 53a6 forcefield was known to have such a bias, the 54a7 forcefield used here was 
developed specifically to overcome this bias109. 
 

 

 
 

 
 
 
 
 
 
 
 
 

 
 

Figure 3.5: Atom-positional RMSD of all atoms of each individual protein unit mapped on to itself (A on A 
and B on B) at 277 K and 300 K. 
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Configurations 1, 2 and 5 retained more helical character at 277 K, while structures at 300 K generally 
exhibited simpler secondary structures such as turns and coils. This trend followed previous 
experimental results, which found AFP1 proteins to fold int -helical structure at near freezing 
temperatures. However, the temperature trend was reversed in configuration 4, and in configuration 3 
there was little difference between the two temperatures, with the protein exhibiting predominantly 
helical structure in both simulations.  
 
It was hard to assess whether secondary structure variance between the experiments were caused by 
the difference in starting relative positions. Of special interest were configurations 3 and 4 where the 
predicted temperature trend was reversed. From Figure 3.4 and Table 3.1 it can be seen that 
configurations 3 and 4 are T shaped and V shaped coordinates, respectively, with inter-unit angles 
similar to those of configurations 1 and 5 (see Section 3.2.3.3: Angles), so it was difficult to establish a 
definitive correlation between the secondary structure during the simulation and the initial orientations 
or the simulation temperature. 
 
 
3.2.2.2 RMSD (internal structure) 
 
The RMSD from the initial conformation is a good indication for the degree of structural change of each 
unit during a simulation (Figure 3.5). The atom-positional RMSD of all atoms from the initial structure 
was computed separately for each protein unit to remove any contributions from changes in the relative 
orientation of each subunit (see subsequent Section 3.2.3.1). 
 
Generally, all protein units exhibited a good degree of relative internal mobility. RMSD values increased 
in the first 20 – 30 ns of the simulations and subsequently settled to a steady average. In agreement 
with the DSSP results, the RMSD time series indicated that protein subunits were generally more mobile 
in the higher temperature simulations in the cases of configurations 1, 2, and 5. In configuration 3, 
variance in temperature did not affect the RMSD, particularly for subunit A. This again shown some 
agreement with the secondary structure content, which was similar for both subunits at 277 K and 300 K 
(Figure 3.5). In the case of configuration 4, the trend was reversed; unit A demonstrated higher internal 
flexibility at the lower temperature and unit B similar RMSD for both temperatures. Again, there was 
some correspondence between this behaviour and the secondary structure content, which was mostly 
helical at higher temperature (Figure 3.4). 
 
 
 
3.2.3 Interactions of AFP1 units 
 
It was important to analyse the interactions of AFP1 units with each other and with the solvent 
environment to determine whether dimerisation could occurr spontaneously in solution, and whether 
this was affected by the initial relative orientation of the subunits. The RMSD of each individual protein 
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unit was calculated from its initial conformation after fitting to the starting equilibrated coordinates of 
both units to assess the mobility of the units with respect to each other. The minimum distance 
between the two AFP1 units during the simulation was calculated to show any possible aggregation 
(Section 3.2.3.3: Separation), and hydrogen bonding analysis was also performed to assess the nature of 
any inter-molecular interactions that formed (Section 3.2.3.5: Hydrogen Bonding). 
3.2.3.1 RMSD (relative mobility) 
 
To assess the degree of intermolecular mobility of each protein unit, the atom-positional RMSD of all 
atoms of each individual protein unit was calculated after fitting both subunits simultaneously to their 
coordinates at the start of the simulation (Figure 3.6) and averaged over the entire simulation (Table 
3.2). The RMSD values for relative mobility were found to be much higher than the ones indicative of 
internal flexibility (Figure 3.5), spanning the ranges of 2 to 14 nm for configurations 1 and 2; and 2 to 12 
nm for configurations 3, 4 and 5. High values were related to high relative mobility of the protein units 
with respect to each other.  
 
All configurations showed a high variability, as well as a high magnitude, of RMSD values in the initial 
stages of the simulation. In configurations 1 and 4 at 300 K, the RMSD values settled to approximately 4 
nm after 55 and 50 ns, respectively, but at 277 K they continued to fluctuate throughout the simulation. 
For configuration 3, all four simulations settled to values of approximately 4 to 5 nm within the first 20 
ns, but the simulations at 277 K, in particular, exhibit frequent sudden excursions to higher RMSD 
values. Similarly, there appeared to be little correlation between simulation temperatures and the 
RMSD values. Averages of RMSD values from all of the simulations, found in Table 3.2, indicated that 
AFP1 units all configurations had an RMSD of approximately 4 to 6 nm. 
 
The sudden spikes in the RMSD time series, particularly those observed for configuration 3, were caused 
by a single unit jumping across the periodic simulation boundary. It was difficult to obtain trajectories 
where both the protein units would never cross the simulation boundary due to their high mobility. The 
standard approach to accounting for periodicity, which involved centering the protein in the simulation 
box, was not applicable for two highly mobile peptides. 
 
 
Table 3.2: Atom-positional RMSD values (in nm) averaged over the entire simulation at 277 K and 300 K 

for individual AFP1 units A and B after fitting both subunits simultaneously to their coordinates at the 
start of the simulation, standard deviation ʍ is included as a measure of error. 

 
 Config. 1 Config. 2 Config. 3 Config. 4 Config. 5 ʍ 
A 277 K 5.472 9.024 4.993 6.000 6.907 0.925 
A 300 K 5.074 5.833 4.238 4.614 6.533 0.238 
B 277 K 5.510 6.577 4.634 6.232 5.892 0.232 
B 300 K 5.217 6.131 4.704 4.811 6.263 0.274 
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Figure 3.6: Atom-positional RMSD values at 277 K and 300 K for individual AFP1 units A and B after 

fitting both units simultaneously to their coordinates at the start of the simulation. 
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3.2.3.2 RMSF 

 

 

 
 

Figure 3.7: RMSF of each protein unit A and B in the simulations at 277 K and 300 K per residue. 
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The RMSF was calculated for each residue (sum of atoms in that residue) in Figure 3.7. The fluctuation in 
RMSF of individual atoms varied across a wide range of values from 0.25 to 1.5 nm. Baseline RMSF for 
most residues was around 0.3 nm. RMSF of residues situated at the ends of the molecules was greater 
than that of middle ones, indicating higher molecular movement and flexibility of the ends of each 
protein units, agreeing with previous DSSP results. RMSF values were found to be similar for both 
temperature ranges, with 300 K series largely exceeding the 277 K values only in configurations 1, 2 and 
5 and varying little in 2 or 3. Localised maxima were found in the RMSF results, consistent across both 
temperatures, units and most configurations. The peaks typically corresponded to residues with 
functionalised side chains, such as THR, ASN (Figure 1.1), which were linked to ice-binding functionality. 
This is not surprising as the functionalised residues typically contain highly mobile functionalised side 
chain groups. 
 
 
3.2.3.3 Separation 
 

 
 

 

 

 

 

 
 
 
 

Figure 3.8: Minimum distance between AFP1 monomer units A and B for all five starting configurations 
for both 277 K and 300 K simulations. 
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To determine whether the monomers converged positions during the simulation, the minimum distance 
between the two protein units was calculated (Figure 3.8). Seven out of ten simulations have resulted in 
the two AFP1 protein units approaching each other. A minimum distance of less than 0.25 nm was taken 
to indicate association of the monomer units, as it is the closest possible distance A and B due to the 
effective atomic radius generated by the LJ potential. Generally, a distance of up to 0.6 nm was also be 
indicative of possible interactions. 

In configurations 1 and 3 at both temperatures the monomer units aggregated at similar times, whereas 
for configurations 2 and 5 at 300 K the monomers remained separated for the duration of the simulation 
and furthermore, in configuration 4, the monomers remained also separated at 277 K. 

The minimum distance results can be correlated with RMSD results (Figure 3.6). In config. 3 the RMSD 
values remained low and settled quickly, which correlated to the time at which both proteins 
approached each other. The correlation was repeated for configuration 1 at 300 K at approximately 50 
ns and for configuration 4, 300 K at approximately 55 ns. It was harder to see the correlation in 
configurations 2 and 5 due the large range in RMSD values adopted, which did not seem to be affected 
by the A-B unit distance. The process of monomers approaching each other did not correlate with the 
temperature across the spread of the simulations. Two simulations at 300 K resulted in no aggregation 
as did one at 277 K. 
 

3.2.3.4 Relative orientations 

In most of the simulations, the AFP1 protein units were found to change relative directional orientation 
frequently with respect to one another, indicative of a high degree of mobility (Figure 3.9). A few 
exceptions to this general trend were present – in several of the simulations a smaller spread of angle 
values or less frequent fluctuations were observed. In the simulations of configuration 3 at both 277 and 
300 K and config 4 at 300 K the relative angle was consistent in the region of 120-150° after the 40 ns 
mark, as is configuration 2 at 277 K in the latter part of the simulation, with angle values restricted to 
approximately 150°. In contrast, configurations 1 at 300 K and 5 at 277 K settled on angles of 
approximately 50° with more fluctuation. 
 
It was possible to correlate several angle preferences with the minimum distance separation data 
presented above in Figure 4.8. For configuration 3 both AFP1 units aggregated at a very early stage and 
remained together for the rest of the simulation. Their relative angle values fluctuated less rapidly, and 
settled into a stable and limited range of values after approximately 40 ns. Configuration 2 at 277 K 
exhibited a similar correlation. After the 10 ns mark the two units aggregated and, correspondingly, the 
angle between them was restricted to a value of roughly 150°. A similar trend was seen in configuration 
1 at 300 K, which settled to angle values less than 60° after 50 ns, and configuration 4 at 300 K and 
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configuration 5 at 277 K, which settled at angle values around 120° and less than 80°, respectively, 
towards the end of the simulations. 
 

 
 

Figure 3.9: Time series of angles between AFP1 units A and B for all five configurations during 
simulations at both 277 K and 300 K. 
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Figure 3.10: Snapshots of orientations of units A and B at 150° and 50° relative angles. Arrows outlining 
vectors from first to last atoms of the molecule are included for convenience.  

 
 
These correlations may suggest that when two AFP1 units converged positions, their relative orientation 
angles became restricted. Typically, this “locking down” of the angle values occurred at a delayed time 
interval following the convergence, suggesting a delayed effect between initial contact and restriction of 
orientation. However, not all proteins that aggregated obeyed this trend. In configurations 1 at 277 K 
and 5 at 300 K small regions of preference for a particular angle could be found, but overall a wide 
degree of values was exhibited.  
 
Simulation snapshots have revealed that in the majority of cases the proteins wrapped around each 
other and did not retain rod like structures comparable to those found the crystal structure (Figure 
3.10). The angle program calculated angles of two vectors, defined by the first and last atoms of the 
protein subunits. When the rod like structure became folded or bent, the angle between vectors 
becomes dependent on relative positions of the first and last residues and may not have been indicative 
of the overall relative orientation of the entire unit. Therefore, loss of rod like structure and increasing 
flexibility in the molecule explained the high variation of angles in some of the simulations. 

Configuration 2, 277 K, 150° Configuration 1, 300 K, 150° 

Configuration 5, 300 K, 50° Configuration 3, 300 K, 45° 
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3.2.3.5 Hydrogen bonding 
 
To assess the nature of any interactions that form between the two protein units as well as the 
interactions between the proteins and their environment the hydrogen bonding during the simulations 
was analysed (Figure 3.11 and 3.12). 

Figure 3.11: Number of hydrogen bonds formed between the two AFP1 protein units A and B during the 
simulations at 277 K and 300 K plotted as a time series. 

 
 
The timing of hydrogen bond formation between the AFP1 proteins during the simulation was largely 
correlated with the minimum distance between the two protein subunits. In configuration 2 at 300 K 
almost no hydrogen bonds were formed between the units as the monomers did not aggregate. 
Similarly, in the simulations of configuration 4 at 277 K and configuration 5 at 300 K there were no 
hydrogen bonds formed due to lack of contact between the protein units. The number of inter-subunit 
hydrogen bonds varied with differing initial configurations and with simulation temperature 
significantly. Configurations 1, 2, 3 and 5 at 277 K and 4 at 300 K formed a maximum of 5 to 6 bonds. 
Configurations 1 and 3 (T-shaped) at 300 K formed up to 10 to 12 bonds. 
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Figure 3.12: Number of hydrogen bonds between both AFP1 protein units and solvent during the 
simulations at 277 K and 300 K plotted as a time series. 

 
It was found that in all of the simulations, both of the AFP1 protein units together formed 100-160 
hydrogen bonds with the SPC water solvent (Figure 3.12). There was no general correlation between 
temperature and the number of bonds formed. In configuration 1 and 5 the number of bonds formed 
for either temperature was approximately equivalent. In configuration 2 the number of bonds was 
generally higher for the higher temperature simulation and in 3 and 4 the number was lower for the 
higher temperature. 
 
A correlation could be drawn between the number of bonds formed between the proteins and the 
number formed with solvent. In simulations where the AFP1 units have not aggregated (configurations 2 
at 300 K and 4 at 277 K) a higher average number of bonds with the solvent occurred, compared to 
other simulations. The difference was quantified to be approximately 15 bonds. However, for 
configuration 5 at 300 K, where the units did not approach each other, the difference in bonding was 
much less (approx. 5-10). The hydrogen bonds that formed between the protein units in the simulations 
where aggregation did occur could partially account for the difference. The number of inter-protein unit 
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hydrogen bonds is effectively half the number of bonds that could be formed to solvent if both units 
involved hydrogen bonded to solvent instead. The hydrogen bonding ability of several groups would be 
taken up with inter-protein bonding and neighbouring hydrogen bond donor or acceptor groups could 
be unfavourably positioned to bind with the solvent. From this an assumption was made that AFP1 units 
that did not converge positions have the maximum number of hydrogen bonds possible for the AFP1 
protein, all of which were hydrogen bonds between AFP1 and water. 
 
Analysis of hydrogen bonding pairs by residue between units A and B has revealed that typically residues 
in the second half of the molecule (residue number 16 and more) formed the most pairings between 
units A and B (Appendix 4). Prevalent bonding residues were ARG37, THR35 as well as the NH2 terminal 
cap. However, a range of residues, including ALA backbone were also involved in cross unit hydrogen 
bond formation. 
 
 
 
3.3 MD investigation of AFP1 with an unsaturated lipid membrane 
 
The second research goal of the project was to investigate dynamics and interactions of AFP1 proteins 
with an unsaturated phospholipid membrane, representative of a psychrophilic organism cell 
membrane. To investigate the presence and nature of any such interactions, the AFP1 dimer 
(configuration 1) was simulated in the presence of a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) bilayer as an analogue of a cell membrane. This also allowed comparison of the behavior of AFP1 
in the presence and absence of a lipid membrane. 
 
 
3.3.1 System design 

A POPC bilayer was chosen to serve as a basic model of an unsaturated cell membrane. Tomczak et al. 
reported possible AFP1 interaction with a 50/50 mixed DGDG (Digalactosyldiacylglycerol) and DMPC 
(1,2-dimyristoyl-sn-glycero-3-phosphocholine) lipid bilayer96. DGDG unsaturated membranes were of 
particular interest due to their stability at near freezing temperatures. However, while models exist for 
polyunsaturated monogalactolipids110, not many other galactolipid parameters were available at the 
time of writing, especially for the digalactolipid family. Creating and parametrising new types of lipids 
would be outside of the scope of the project. Instead, the research focused on mimicing the unsaturated 
aspects of DGDG membranes, which was one of the main criteria for its original selection94. POPC was 
deemed to be the best analogue for the mixed DGDG/DMPC, as it contained both a saturated carbon tail 
and an unsaturated one, echoing the mixed bilayer properties of the experimental research. The POPC 
head group also matched that of one of the lipid types (DMPC) used in that research. Furthermore, the 
gel phase transition temperature of POPC bilayers is reported to be 271 K, ensuring that the bilayer 
remained in the liquid crystal phase at the necessary temperatures111-112. The chemical structure of 
POPC can be found in Appendix 6, Figure A6.1. 
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The initial protein coordinates used to generate the new membrane simulation were the same as for 
configuration 1, for convenient comparison with the previous simulations in water. The two AFP1 
monomer protein units were added to a simulation box with the pre-equilibrated POPC bilayer113-114. 
The combined coordinates were then solvated with SPC water, and the entire system energy minimized, 
heated and equilibrated prior to a 100 ns simulation. The size of the system was limited by available 
computational resources and due to the periodic boundary conditions, the concentration of AFP1 could 
be considered higher than it might be under physiological conditions. However, this remains a 
reasonable representation of the local environment for a pair of AFP1 units interacting with a small 
portion of the membrane. Reference simulations of POPC lipid bilayer at 277 K and 300 K were also 
carried out. Further details of the simulation procedures are given in Section 3.5: Methods.  
 
3.3.2 Internal structure 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.13: Secondary structure of AFP1 units A and B in the presence and absence of a POPC bilayer 

during simulation at both 277 K and 300 K. 

A
B

A
B B

B
A

A

           -helix  -helix 310-helix           Bend Turn                 Coil

-bridge              -sheet



 
 

67 
 

The internal structure analysis of AFP1 proteins in the simulation with the lipid bilayer was carried out in 
the same manner as in Section 4.2.2. DSSP analysis was used to obtain information about secondary 
structure and the per-subunit atom-positional RMSD was computed to quantify the internal mobility of 
the AFP1 molecules. The results from the membrane simulations were compared with the results from 
the water only simulations. 
 
 
3.3.2.1 DSSP  
 
Clear differences in internal structure were observed via comparison of simulations of AFP1 with and 
without the bilayer (Figure 3.13) -helical character of the crystal structure was preserved 
nearly all the way through the simulation for around half of the residues (residues 1 to 15 for unit A and 
residues 22-38 for unit B, approximately). In contrast, -helical character 
was observed at all in the bilayer simulation. Both proteins exposed to the POPC bilayer were 

-helical, as in the simulations without a bilayer present. The structures of AFP1 units 
with the bilayer present were more ordered then their counterparts without the bilayer, in that they 
exhibited a lower degree of turn, bend and coil structures near the ends of the proteins. 
 
 
3.3.2.2 RMSD (internal) 
 
 
 

 
 
 
 
 
 
 
 

 
 
Figure 3.14: Atom-positional RMSD of all atoms of AFP1 subunits A and B mapped on to itself (A on A and 

B on B) at 277 K and 300 K from the simulations at both 277 K and 300 K (a) without a bilayer 
(configuration 1) and (b) with a POPC bilayer. 

 
 
The RMSD values of monomer units A and B fitted onto themselves were similar to the results shown 
above for the simulations of AFP1 without the bilayer (Figure 3.14). Both monomers appeared to show 
greater internal flexibility at the higher temperatures as expected, however this effect was more 
pronounced for monomer B, especially in the presence of the POPC bilayer -
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helical structure of unit B. RMSD averages for the AFP1 units at 277 K were lower in the simulation with 
the membrane, indicating more restricted internal movement. 
 
 
3.3.3 Interactions 
 
3.3.3.1 RMSD (relative mobility) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15: Comparison of atom-positional RMSD values at 277 K and 300 K for individual AFP1 units A 
and B after fitting both subunits simultaneously to their coordinates at the start of the simulation. (a) 

AFP1 in solution; (b) AFP1 with the POPC bilayer. 
 
 
Table 3.3: Atom-positional RMSD values (in nm) averaged over the entire simulation at 277 K and 300 K 

with and without a POPC bilayer present for individual AFP1 units A and B after fitting both subunits 
simultaneously to their coordinates at the start of the simulation, standard deviation ʍ is included as a 

measure of error. 
 

 
 Config. 1 Config 1 with 

POPC bilayer 
ʍ 

A 277 K 5.472 0.330 0.082 
A 300 K 5.074 3.912 0.086 
B 277 K 5.510 0.335 0.268 
B 300 K 5.217 5.222 0.220 

 
 
Clear differences were observed in the relative mobility of the AFP1 subunits in the presence of a POPC 
bilayer compared to in the reference simulation. The RMSD values did not fluctuate as rapidly in the 
presence of the bilayer. In the simulations at 277 K, the RMSD (after fitting to both subunits 
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simultaneously) was very low (approximately 0.33 nm), which indicated a lack of relative mobility, 
suggesting a stable complexation of the AFP1 subunits with each other or the bilayer. The simulations of 
AFP1 with the POPC membrane at 300 K showed higher RMSD values than the 277 K counterparts, but 
were still lower on average then in the simulation without a bilayer for unit A (Table 3.3). The results 
were strongly suggestive of restricted relative mobility of the AFP1 units with respect to one another in 
the presence of the bilayer.  
 

 
 
 
 
 
 

Figure 3.16: Comparison of the per- residue RMSF of AFP1 units during simulations at 277 K and 300 K 
with and without a POPC bilayer present. 

 
 

Generally, the AFP1 RMSF values were found to be lower for the simulations in the presence of a POPC 
bilayer, further adding to the evidence suggesting that AFP1 proteins become less mobile as result of 
their interaction with the bilayer. The RMSF values were higher for the 300 K simulations, especially for 
unit B, which exhibited high RMSF values in the middle of the molecule regardless of the presence of the 
bilayer.  
 
 
3.3.3.2 Distance between AFP1 subunits  
 
Calculation of the minimum distance between each subunit and the POPC bilayer showed that both 
AFP1 subunits rapidly approached the POPC bilayer, making lasting contact almost immediately at 277 K 
and within 20 ns at 300 K (Figure 3.17). Both AFP1 proteins spent the rest of the simulation time in 
contact with the membrane. Additionally, in contrast with the original simulations without the bilayer 
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(Figure 3.8, Config. 1), the AFP1 subunits approached each other at the very start of the simulation, 
rather than at the 40 to 50 ns mark. 
 

                
Figure 3.17: Minimum distance between AFP1 monomer units A and B and to the bilayer during the 277 
K and 300 K simulations in the presence of the POPC bilayer: (a) A – B, (b) A – bilayer and (c) B – bilayer. 

 
 

 
Figure 3.18: AFP1 protein interaction at 100 ns of simulation time with the POPC lipid membrane at (a) 

277 and (b) 301 K. 
 

(a) (b) 
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The AFP1 units remained together after making contact, as they did in the original simulation, further 
indicating mutual interaction. It appears that both the protein units and the bilayer experience mutual 
attraction and all the objects aggregated together in one space. The close proximity of the AFP1 units to 
each other and to the membrane at the start of the 277 K simulations may be caused by convergence 
during the heating and equilibration stages, despite initial starting distances between the protein units 
being in excess of 1.4 nm (above cut-off distance). 
 
In the bilayer simulations it was found that the N-terminus of unit B was situated next to the bilayer and 
the C-terminus was found at a distance away, indicating that at both temperatures unit A acted as a rod 
situated perpendicular to the bilayer surface (Figure 3.18). Unit B residues were found to uniformly 
closely situated to the bilayer surface, indicating that the rod like structure was aligned with the x y axis 
of the simulation.  The protein unit to unit distance as generally close, indicating interaction. In the case 
of Unit A residues at 300 K the N-terminus was situated further away. And in the case of unit B, the C-
terminus was found at a greater distance away then the rest of the molecule at both temperatures. 
  

 

 
 

Figure 3.19: Minimum distance from each residue of the specified (first) subunit of AFP1 to any atom of 
the other (second) subunit during the 277 K and 300 K simulations in the presence of the POPC bilayer: 

subunit A – subunit B, subunit B – subunit A and subunit A or subunit B – bilayer  
 
 
3.3.3.3 Relative angles 
 
The relative AFP1 inter-unit angle distribution was different in the presence of the lipid bilayer. At 277 K 
AFP1 were locked into a small range of values, at approximately 20°, which indicated a locking of 
orientation and conformation due to possible interactions. The angle value is much smaller than that of 
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any of the non-bilayer experiments (Figure 3.9). At 300 K the effect was less pronounced, but 
nonetheless the angle of AFP1 with the membrane had far less variation than in the reference 
simulations, again demonstrating restriction of orientation as a result of membrane interactions. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 3.20: Relative angles between AFP1 units in simulations with and without the liposome, at 277 K 
and 300 K. 

 
 
3.3.3.4 Hydrogen Bonding 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.21: Time series of number of hydrogen bonds at 277 K and 300 K: (a) AFP1 units A and B to POPC 
bilayer, (b) Monomer A – Monomer B, (c) AFP1 units A and B – solvent. 
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Up to four hydrogen bonds were detected between the two AFP units, increasing up to a maximum of 6 
in the 277 K simulation. This number was much smaller compared to the original simulations of AFP1 in 
water, despite the units converging positions very early in the simulation. The number of bonds 
between the AFP1 units together and the solvent was again lower than in the water simulations. If the 
number of hydrogen bonds that AFP1 units could form in water would be taken as the maximum 
possible amount of hydrogen bonds formed by the molecule (approximately 145, see Figure 3.12, 
configuration. 1), it can be deduced that some of the hydrogen bonding ability of AFP1 proteins was 
being utilised elsewhere. Furthermore, the number of hydrogen bonds between AFP1 and the solvent 
decreased throughout the 100 ns simulation. Protein bilayer bonds started appearing early on in the 
simulations and the number increased up to 5 in the 277 K simulation and 12 in the 300 K simulation. 
This lent more evidence that AFP1 hydrogen bonding groups stopped forming bonds with solvent and 
instead formed bonds with each other and the liposome surface. 
 
Hydrogen bond forming residues in the interaction of units A and B in the presence of the lipid bilayer 
were found to be more varied than in previous simulations, covering the whole range of the molecule 
rather than residues 16 or above and again included both the ALA and the functionalised residues alike. 
Key residues for hydrogen bond formation between the AFP1 units and the POPC membrane found to 
be THR35, ARG37 and the NH2 terminal cap.  
 
 
3.3.4 Bilayer properties 
 
The analysis of lipid membrane behaviour was compared between the reference membrane simulations 
(without AFP1) and the simulations of AFP1 with the membrane. Calculation of the area per lipid gives 
information about any possible changes in the dimensions of the membrane during either simulation, or 
due to the presence of AFP1. Deuterium order parameters for the lipid tails were also calculated to 
assess whether AFP1 presence had any effects on the bilayer structure. 
 
 
3.3.4.1 Area per lipid 
 
Area per lipid (Al) can be considered a good indicator of bilayer packing, which in turn affects bilayer 
thickness and reflects the phase of the bilayer (e.g. gel or liquid crystal). Area per lipid was found to be 
similar throughout all the POPC simulations (Table 3.4). However, Al was found to be marginally higher 
in the higher temperature simulations, as expected. There was also a slight decrease in Area per lipid in 
the presence of AFP1 at 277 K, but not at 300 K. 
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Table 3.4: Area per lipid for the POPC bilayer simulated with and without AFP1 present at 277 K and 300 
K in nm2. 

 
Temperature POPC POPC with AFP1 
277 K 0.597 +/- 0.005 0.585 +/- 0.001 
300 K 0.615 +/- 0.005 

 
0.617 +/- 0,002 
 

 
3.3.4.2 Deuterium order parameter estimation 
 
As an indicator of bilayer lipid ordering and packing order parameters were calculated for the aliphatic 
tails of the POPC lipids in the bilayer (Figure 4.22). Order parameters are highest near the lipid head 
group (atoms with low numbers), and decrease towards the tail, reflecting the expected higher mobility 
of the lipid tails. It was found that order parameters for both temperature ranges were marginally 
higher in the presence of AFP1 proteins, indicating a slight increase in the degree of order for the 
membrane lipid tails. This type of behavior has been observed in other situations where a peptide or 
protein bind to a membrane. Order parameters were higher for the lower temperature simulations, 
indicating greater ordering and more structure at near freezing temperatures as expected. 

 
 

 
Figure 3.22: Order parameters for the aliphatic carbon tails of the POPC bilayer simulated with and 

without AFP1 present at 277 K and 300 K.  
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3.4 Discussion 
 
The primary goal of this project was to investigate the structural dynamics and possible dimerisation 
modes of a pair of AFP1 monomers using MD simulations. It was of particular interest to find out 
whether the AFP1 units converged to form a precursor complex, which could subsequently lead to dimer 
or higher order oligomer formation. AFP1 units were simulated in differing relative orientations to 
investigate the correlation between orientation and their ability to aggregate. The secondary goal was to 
simulate and investigate the interactions of the two AFP1 protein units with a model of a psychrophilic 
cell membrane. All simulations were performed at near freezing and room temperatures to analyse 
whether dynamics were affected by temperature as they were in experimental studies. 
During the simulations of AFP1 the monomer units adopted a variety of structures, rapidly losing their 

-helical nature present in the initial (X-ray crystal) structure, especially towards the ends of the 
molecules. It may be that the helicity of the crystal structure is in part due to crystal packing, and is not 
stable for isolated monomers in solution. The -helices -helices in the middle of 
each unit. A range of bend, turn, and coil structures was observed around either end of the protein 
indicating flexibility in the C- and N- termini regions. Helix fraying is not unusual for isolated -helical 
structures in solution. This behaviour nonetheless indicated that AFP1 proteins could be less rigid in 
solution than previously believed. Surprisingly little correlation between secondary structure and 
simulation temperature has been found, going against the initial hypothesis of predicting temperature 
dependent structural differences between the experiments. 
 
The large-scale changes in secondary structure are matched by relatively high internal atom-positional 
RMSD values. The atom-positional RMSF revealed that the majority of these motions are due to 
flexibility of the amino acid side chains, particularly of the functionalized side chains around the residue 
regions that are linked to the AFP1 ice binding ability. Thus, overall, although the structure of each AFP1 
subunit changes from its helical crystal structure, the structural changes are likely to be related to its 
antifreeze function. 
 
The crystal structure of AFP1 winter flounder at 277 K shows two monomer units situated in proximity 
to each -helical rods (Figure 3.2), supporting the possibility of aggregation and dimer 
formation at low temperatures. The simulations here started from a range of different initial 
orientations, with the proteins units separated, to test the determinants of dimer formation. In the 
majority of the simulations, at least some residues of the two AFP1 units came close together and 
remained close, as evidenced by a low minimum distance. There was no clear link, however, between 
the final configuration, or even the formation of the aggregate, and the initial relative orientations. The 
AFP1 units coiled around each other, rarely resulting in stable relative orientations, party as the relative 
orientation became hard to define as a vector when the secondary structure of the units became 
flexible. 
 
The formation of multiple hydrogen bonds between the units indicated formation of a stable complex. 
Such complexes may be a precursor to dimer formation and perhaps, ultimately, higher-order 
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aggregation, in vivo. The hydrogen bond interactions only occurred after a time delay compared to the 
initial (stable) contact between the subunits, showing that it took a certain amount of time to develop 
complex bonding patterns. Hydrogen bonding evidence suggests that functionalised groups towards the 
C-terminus, such as ARG, THR, NH2 terminal group as well as some ALA amino acids played a greater 
role in AFP1-AFP1 bonding. 
 
The presence of an unsaturated membrane changed the AFP1 behaviour compared to the original 
simulation in water. The two AFP1 protein subunits rapidly approached each other and the membrane 
in both membrane simulations. In the 277 K simulation, the proteins came to rest lying flat on the 

-helical 
rods and became positioned on the membrane surface end on. It is possible therefore, that the 
orientation of the AFP1 relative to the membrane and retention of helicity may be important to the 
mechanism of AFP1 action, as the orientation of the rod-like units may be key in binding developing ice-
lattices and preventing ice crystal formation near the membrane surface. In that respect, at 277 K the 
orientation of the AFP1 relative to the membrane could cover and therefore protect more of the 
membrane surface. 
 
The structures exhibited by the AFP1 protein units in the presence in the lipid bilayer showed reduced 
mobility and a restriction of structure compared to in solution. In some cases, some degree of helical 
structure was retained, which appeared to be more rigid when the protein units interacted with the 
membrane. Higher degrees of hydrogen bonding developed between the AFP1 units and the membrane 
as the simulations progressed, indicating preferential binding affinity between AFP1 units and the 
membrane. The primary residues involved at 277 K were THR35, ARG37 and the NH2 terminal group. At 
300 K, more interactions were seen involving these residues with the addition of a further ASN16 and 
LYS18. These residues were the same ones that were involved in AFP1-AFP1 unit bonding earlier and 
therefore the functionality of these particular residues is switched from inter-unit bonding to unit-
membrane bonding due to preferences in bonding. 
 
The membrane parameters were not greatly affected by the presence of the AFP1 proteins, with the 
deuterium order parameters and area per lipid remaining largely similar between the reference and the 
AFP1 simulations. Membrane order parameters were found to be higher in the presence of AFP1 by a 
small margin. The effect of temperature on order parameters was found to be greater than that of AFP1 
presence.  
 
Temperature, overall, has not been found to correlate greatly with AFP1 behaviour in these simulations, 
which was contrary to literature findings. In the literature AFP1 was found to change structure and lose 
functionality at higher temperatures. However, a potential caveat of in silico simulations could be that 
temperature variation could not be very physical. Altering simulation temperature results in molecules 
moving faster or slower and is dependent heavily on the reliability of thermostat and the forcefield, 
which are both parametrised to work best at near room temperatures, where the forces due to the 
forcefield will be in balance with those due to the kinetic energy. 
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On an additional note, initially five sets of different starting configurations of the AFP1 molecule were 
utilised to give a broader indication of the structures adopted by the proteins as well as investigating 
whether initial positions had any effect on behaviour. While the five different configurations cannot be 
constituted as exact replicas, having multiple simulations did allow access to a greater amount of 
structural sampling, at least prior to aggregation. Simulating five sets of coordinates was 
computationally expensive, however, we can clearly see that the results of each simulation are quite 
different from each other, which can be argued was beneficial in establishing an extended spectrum of 
results. Three of the simulations followed the predicted trends in terms of temperature dependency 
while the other two showed contrary evidence. For similar simulation projects, it could be beneficial to 
consider the use of enhanced sampling methods such as Hamiltonian replica exchange (HREX)115-116 to 
access more available structures at a reduced computational cost. Furthermore, as it was found that as 
the effect of simulation temperature did not correlate greatly with dynamics of AFP1 proteins, it might 
be of benefit to further research to run simulations at higher temperatures to increase conformational 
sampling 117.  
 
In future projects it would be of great interest to extend simulation types and use more membrane 
models involving a wider range of lipids. It would also be beneficial investigate other similar antifreeze 
proteins and some of the reported hyperactive polymer structures to discern any trends in their 
dynamics and interactions. Finally, different forcefields that allow use of alternative water models 
should also be explored, as water models that are flexible or include an extra pseudo-atom to mimic the 
lone pairs on the water oxygen might provide different results, particularly given that the reproduction 
of experimentally-measured properties of water different between models. 
 
 

3.5 Methods 
 
3.5.1 Simulation 
 
Preparation, running and analysis of the simulations were performed using GROMACS 5.1.162 utilising 
the GROMOS 54a7 forcefield68 and the SPC water model69-70.  
 
 
3.5.1.1 Coordinates and parameters 
 
Winter flounder AFP1 X-ray crystal structure coordinates83,107 were obtained from the Protein Data 
Bank106. AFP1 parameters were built from amino acid building blocks from the 54a7 forcefield according 
to the PDB sequence. The ionization state of the amino acid side chains and N- and C-termini of the 
peptides were assigned as per a typical physiological pH of 7.0, giving an overall charge on the peptide 
of –1. The termini were not capped. Coordinates for the initial arrangements of the two monomers 
(configurations 1-5) were built using the GROMACS edit_conf program to translate and rotate one 
monomer with respect to the other (Figure 3.3).  POPC parameters compatible with the 54a7 forcefield 
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and coordinates of a pre-equilibrated (250 ns) POPC bilayer section comprised of 128 lipids were 
obtained from the ATB database6, submitted by David Poger118. The membrane was re-equilibrated 
under NPT conditions for 1 ns and simulation of the membrane was carried out for 100 ns to provide 
reference simulations for membrane analysis. 
 
 
3.5.1.2 Preparation 
 
Each arrangement of two AFP1 units was solvated in a cubic box of SPC water with a 1.4 nm minimum 
distance to simulation box edge. Each system was energy minimised using steepest descent algorithm 
for 50,000 steps, heated under NVT conditions in 6 increments from 60 K to the relevant simulation 
temperature and then equilibrated for 1 ns under NPT conditions (277 K or 300 K; see below for 
simulation details). 
 
The POPC bilayer was energy minimised over 50,000 simulation steps using the steepest descent 
algorithm with an energy minimization step of 0.01. Equilibration under NVT conditions was performed 
for 100 ps, and the system was heated from 50 K to the relevant simulation temperature (277 K or 300 
K) prior to equilibration under NPT conditions for 1 ns. 
 
For the simulations of AFP1 with a POPC bilayer the configuration 1 AFP1 coordinates were added to an 
extended simulation box containing the equilibrated POPC bilayer and the entire system solvated with 
SPC water. The system was energy minimized and re-equilibrated in the same manner as described 
above. 
 
 
3.5.1.3 Production 
 
Each of the five AFP1 configurations, the POPC bilayer alone, and the POPC bilayer with the two AFP1 
subunits in configuration 1 were each simulated for 100 ns at 277 K and 300 K. The cut-off for calculating 
non-bonded Coulomb and van der Waals interactions was 1.4 nm. Long-range electrostatic interactions 
were approximated using the reaction-field20. Bonds were constrained using the LINCS71 constraint 
algorithm with an order parameter of 4, allowing for an integration time step of 2 fs. The temperature 
was maintained using the Berendsen thermostat72

T = 0.001 ps-1. 
Berendsen isotropic pressure coupling was used For the NPT simulations, the pressure was maintained 

P = 0.5 ps–1 
and isothermal compressibility = 4.5 × 10–5 atm-1. In the case of simulations involving the POPC lipid 
bilayer, the pressure coupling was changed to semi-isotropic. Coordinates and energies were written out 
every 50 ps.  
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3.5.2 Analysis  
 
GROMACS 5.1.2 software was used to analysis the trajectories. The alphabetical list of analyses is listed 
below. 
 
Angles 
Angles between AFP1 units A and B were calculated using the GROMACS gangle program, which 
calculated the angle between two vectors. Vectors were defined as running between the first and last 
atom of each unit.  
 
Area per lipid 
Area per lipid was calculated by obtaining the simulation box x and y dimension averages and dividing by 
the number of lipids per leaflet (64). The average box dimensions were calculated with the gmx energy 
program. 
 
DSSP 
DSSP analysis73-74 was performed using the GROMACS do_dssp programs. Outputs were converted by a 
python script into an ASCII format for plotting.  
 
Hydrogen bonds 
Hydrogen bond formation was determined using the GROMACS hbond program. Results were post-
processed using an in-house python script to label the most populated hydrogen bonds with the 
residues and atoms involved. 
 
Minimum distance 
The minimum distance between pairs of AFP1 units or between an AFP1 unit and the lipid bilayer were 
calculated using the GROMACS mindist program. 
Order parameters 
Order parameters were calculated using the GROMACS g_order program. Special index files were 
created containing the atoms at the start and at the end of each lipid tail to be used in conjunction with 
the program. 
 
RMSD 
The atom-positional root-mean-square deviations were calculated using the GROMACS rms program.  
 
When used to report on the internal structure, all atoms of one AFP1 subunit were fitted to the starting 
coordinates (of the production run, i.e. the coordinates from the end of the NPT equilibration) of the 
same unit (atoms 1-275 for unit A, 276-570 for unit B), and the RMSD was then calculated for all atoms 
of that unit only. 
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When used to report on the general mobility of one subunit with respect to the other, the coordinates 
of both of AFP1 units (atoms 1-570) were fitted to their initial coordinates, but the RMSD was again 
calculated for all atoms of each unit individually. 
 
RMSF 
The atom-positional root-mean-square fluctuations were calculated using the GROMACS rmsf program 
and both printed per-atom, and summed over all atoms to give the per-residue values. 
 
Secondary structure 
Secondary structure content was analysed using the DSSP program called using the GROMACS do_dssp 
program. The outputs were converted using an in-house python script into an ASCII format for flexible 
plotting. 
 
Diffusion coefficient 
The diffusion coefficient was also calculated for each AFP1 unit using the GROMACS msd program, 
which carries out a linear regression fit to the mean-squared displacement. However due to the limited 
sampling of conformational space, the uncertainties were of a similar magnitude to the coefficient 
values, therefore the diffusion coefficient data was not considered further. 
 
Visualisation 
VMD software package version 1.9.2. was used to visualise the GROMACS coordinate trajectory files75. 
VMD images were screen captured and edited for use in this thesis. 
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3.6 Conclusion 
 
Antifreeze proteins are integral in preventing ice induced damage to the cells and have long been 
thought to interact with cell membranes at low temperatures. The research focused on MD simulation 
and analysis of AFP1 proteins at near freezing and room temperatures, as well as simulating the AFP1 
proteins in the context of a lipid bilayer, as a model for the cell membrane. 
 

-helical general 
-helical structure in the majority of configurations. It was found that the most 

mobile parts of the structure were the functionalised side chains of residues key to the protein’s ice 
binding activity. This suggested that AFP1 was less rigid in solution than previously thought and that the 
structure differed to that exhibited in the crystal structure. Despite previous literature findings, no 
strong correlation between AFP1 dynamics and temperature was found.  
 
The two AFP1 monomers were found to converge positions in the simulation in the majority of cases, 
forming hydrogen bonds between the units. Initial variance in relative orientation did not correlate to 
whether AFP1 units aggregated. When AFP1 units aggregated, their relative orientations became more 
restricted. Commonly the “second” half of a protein unit would bind to the other, followed by proteins 
coiling around each other. While interaction between the two units certainly occurred, it is still unclear 
whether any of these conformations could lead to a stable complex or a dimerisation precursor. 
 
AFP1 behaviour changed in the presence of the POPC unsaturated phospholipid membrane, but had 
little impact on the physical membrane characteristics. AFP1 monomer units and the membrane very 
quickly aggregated together -helical structure in the higher 
temperature simulation. In both simulations, AFP1 units interacted and formed hydrogen bonds with 
the lipid bilayer. In the lower temperature simulations, the AFP1 units approached the membrane as 
rods and pointed away from the surface. In the higher temperature experiment, only one of the proteins 
exhibited this behaviour, while the other unit coiled on the surface. The orientation and direction -
helical rods might prove physiologically important if they remain in a stable position on the lipid 
membrane and potentially stop ice crystal formation near the membranes. 
 
In conclusion, this study demonstrated that AFP1 proteins exhibited a wide range of secondary structure 
motifs in solution, and were capable of forming varying complex structures together stabilised by 
hydrogen bonds. In the presence of an unsaturated POPC bilayer representative of a psychrophilic 
organism’s cell membrane, the helical secondary structure was stabilised on the membrane surface, and 
the AFP1 monomers appeared more likely to form a stable complex, and also interacted with the 
membrane surface, forming extensive protein-membrane contacts. 
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Abstract 

 
Lipids comprise a key component of the cellular membrane and play an essential part in many biological 
processes. In silico investigations provide valuable opportunities to study dynamics and structure of 
biologically relevant constructs at near atomic resolutions. An attractive opportunity is posed by supra-
atomic approaches to save computational resources when simulating large numbers of identical units, 
such as lipids in a bilayer. We propose a series of novel supra-atomic phospholipid models that are 
based on and are compatible with the GROMOS 54a8 atomic-level forcefield109 including the GROMOS 
CG water model119. These models are intended for use in multi-scale simulations, and are also 
polarisable, unlike many popular supra-atomic models. The lipid headgroup is split into five beads 
mapped by group functionality and geometric properties. This facilitates a “plug and play” approach for 
building models of multiple types of lipids, as different functional group beads are available and 
interchangeable. The polarisability of the lipid headgroup arises from each supra-atomic bead 
comprising two oppositely charged particles utilising a charge-on-a-spring model. The lipid tails are 
modelled by non-polarisable beads that map two to four carbon atoms120. These models are intended to 
be compatible with both AL and CG models in the GROMOS forcefield and used in multiscale simulations 
of lipid bilayers in multicomponent systems. 
 
 
 

Chapter 4:  Novel GROMOS supra-atomic polarisable lipid models 
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As discussed in Chapter 1, it is possible to create coarse-grained (CG) supra-atomic or supra-molecular 
models by representing a group of several atoms or molecules as a single bead. AL simulations are 
limited in terms of the size of the system that can be simulated, and the length of time for which the 
simulation can be run, due to the large amount of calculations required. Timescale of biological process, 
such as protein folding and protein membranes vary greatly, often requiring microseconds to complete. 
Currently available computational resources therefore impose an efficiency/practicality barrier to 
completing simulations of large systems within a reasonable timeframe. While recent advances in 
parallel computing and especially the use of GPUs help to advance the technological barrier, the overall 
problem can be greatly simplified by decreasing the amount of performed calculations and, 
concomitantly, the resolution via the use of CG models. CG simulations lack a high proportion of non-
essential degrees of freedom and so provide a substantial increase in the simulation speed and/or the 
size of the system that can be simulated121. 
 
The use of CG models needs to be tailored to specific applications due to a range of limitations. The loss 
of resolution needs to be carefully considered, as it will be impossible to track fine atomistic 
mechanisms and structural dynamics with CG models. Furthermore, as only clusters of atoms or 
molecules are represented a range of non-bonded interactions, such as hydrogen bonding, cannot be 
directly modelled. Another consequence of this is the loss of entropy in the simulation. This can lead to 
difficulties if CG and AL models are mixed together and also could lead to inaccuracies when dealing 
with intermolecular non-bonded interactions, so special multiscale implementations are required. CG 
methods find common application in solvent modelling, as solvent typically comprises over 90% of the 
simulated atoms/particles in a typical AL simulation and usually does not require the same level of detail 
as the solute. The loss of resolution in this component of the simulation is significantly offset by the 
large gains in computational speed. Nonetheless, CG methodologies can be applied to more complex 
molecules with careful consideration of application. The inherent loss in degrees of freedom and 
simulation resolution needs to be weighed up versus the need to increase the simulation size or 
timescale. There have been multiple applications of CG modelling approaches in literature from solvent 
to multi-protein assembly modelling. Lipids pose a great opportunity for CG modelling due to their 
presence in large numbers in membranes, highly repetitive nature and relative structural simplicity. 
 
 
 

4.1 Existing CG modelling approaches 
 
The contents of a typical simulation can be broadly split into two groups: solvent and solute. Many CG 
models for both solvent and solute exist. Different types of models exist with differing applications and 
functionalities. Models can be polarisable and non-polarisable, differ in degree of coarse-graining 
(number of atoms per CG bead) and the nature of non-bonded interactions, as well as bead shapes (e.g. 
spherical vs ellipses). Methods of parametrisation also differ – force matching, Boltzmann inversion and 
manual methodologies are all common. The most well-known solvent and solute CG models are 
described in the sections below. 
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4.1.1 Solvents   
 
Solvent modelling is perhaps the most widespread area of application for CG methods. Since the initial 
attempts122 in 1971, there have been many approaches to solvent CG, with water playing a focal point in 
the research due to its biological relevance and its consequent prevalence in biomolecular simulations. 
Ingolfsson H. I et al. 2014123, Hadley K. R. and McCabe C 2012124, Darré L., et al. 2012125 and Izvekov S. 
and Voth G. A. 2005126 have previously reviewed the most popular CG water models. Typically, these 
aim to accurately replicate experimental thermodynamic and dielectric screening properties. It should 
also be noted that it is possible to treat the bulk solvent implicitly with no physical solvent present127-128, 
but for the purposes of our applications these models will not be considered, as explicit solvent 
molecules can play an important role in biomolecular processes. 
 
A typical CG model “bead”, representing the equivalent of several AL particles is initially set up as a 
single particle that has a certain volume and LJ or similar parameters that establish the size. Additional 
particles can then be added inside the existing “volume” of this bead to give rise to polarisability. The 
balance of charges between the central and any additional particles will affect the strength and 
directionality of the polarisation and the overall charge. The splitting of the masses between the beads 
will affect the inertia – typically the central bead is the heaviest to replicate the atoms moving as one 
group. Outlined below in Figure 4.1 are the more successful particle based CG models for water. 
 
MARTINI 
One of the most well-known CG forcefields, the MARTINI (Figure 4.1(a)), includes a water model that 
was created by Marrink S. J., et al. in 2007 to facilitate MD simulations of CG lipids. The use of the model 
speed up the simulation by a factor of three compared to AL methods129. The model utilised a 4:1 CG 
bead mapping (four H2O molecules are represented by one CG bead) and a LJ interaction potential for 
VdW non-bonded interactions. The downside of the model was that it did not account for electrostatic 
interactions. A number of variations exist that focus on further refining the interaction parameters, such 
as using different potentials (e.g. Morse) to describe the non-bonded interactions130. The MARTINI water 
model has also been updated to include polarisation by introducing two extra particles that were 
bonded to the central particle and have opposing charges, creating the MARTINIp model131 (Figure 
4.1(b)). 
 
SSD 
Soft sticky dipole (SSD) is a 1:1 CG water model (Figure 4.1(c))132-133. The non-bonded interactions were 
again modelled by a LJ potential and it had a dipole term included to model electrostatic interactions, as 
well as a tetrahedral “sticky” term for hydrogen bond formation modelling. The inclusion of extra 
interaction terms combined with the 1:1 mapping lead to this model being computationally intensive 
compared to coarser alternatives and the simple point charge (SPC) water model108 often used in AL 
simulations. 
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Figure 4.1 CG water models: (a) Regular MARTINI, (b) Polarisable MARTINIp, (c) Soft Sticky Dipole (SSD), 
(d) ELBA, (e) WatFour, (f) GROMOS. Adapted from H. I. Ingolfsson et al. (2014)3. Key: blue areas 

correspond to the LJ radius of the molecules, proportionally across the range of models; black circles 
represent the centre of the particle, red circles represent possible charged or dipole particles; arrows 

indicate directional electrostatic vectors. 

SPC 
While not strictly a CG water model, the SPC water model69, frequently used in GROMOS AL simulations, 
is simplified in that the three water atoms are held in a rigid conformation by use of constraints on the 
bond lengths and bond angle. It is the water model against which the GROMOS forcefields are 
parameterised, and can also be used with other atomic-level forcefields as well as with the GROMOS CG 
alkane120 and solvent119, 134-135.
 
ELBA 
Orsi M. and Essex J. W. 2011 have created the “ELBA” (electrostatics based) CG force-field for 
biomolecular simulations136, with a primary focus on investigating phospholipid bilayers137. Based on the 
Stockmayer potential for polar fluids138 and the SPC water model69, each CG water bead, representing 
one H2O molecule, was modelled as a soft LJ sphere with a point dipole (Figure 4.1(e)). 

a b c

d

e f
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WatFour 
The WatFour model maximises the coarse-graining factor, utilising 1:11 mapping, further reducing the 
number of required solvent computations. In a somewhat different approach to the typical single bead 
design, a cluster of 11 water molecules is modelled as four spheres locked into in a tetrahedral 
formation139 (Figure 4.1(e)). The WatFour model is a great example of CG methodology as it shows that 
non-intuitive methods can replicate experimental parameters well.  
 
GROMOS 
Riniker S. et al. developed a polarisable 5:1 CG water model119 that has since been shown to be 
compatible with the GROMOS AL force fields (Figure 4.1(f)). The CG bead contains two particles, one 
central and one additional “dipole particle” to add polarisability. The central and dipole particles have 
opposing charges and are linked by a bond described by a half-harmonic attractive potential, resulting in 
a changing dipole moment. Fluctuation in the length of this bond, and the rotational motion of the 
dipole particle around the central particle, result in fluctuation of the dipole moment of the CG bead, 
making the CG models polarisable. 
 
While in the original model, only the central particle had LJ parameters, in the updated version, the 
mixing of CG water and AL solvent or other molecules was facilitated by introducing an extra repulsive 
term for the dipole particle. This avoided a “polarisation catastrophe”, which could occur as a result of 
the AL water molecules being able to approach the CG beads too closely. The GROMOS CG water 
accurately reproduced the thermodynamic and electrostatic properties of water. The “movable dipole” 
approach has been adapted for other simple solvent molecules, such as dimethyl sulphoxide, chloroform 
and methanol by Allison J., et al. 2012135. 
 
Multiple models exist for simulating solvents. Generally, for greater computational gains the coarser the 
model is, the faster the simulations will run. Polarisability also offers attractive features over other 
models, in reproducing more realistic behaviour of solvent clusters. The GROMOS MD package will be 
used for the majority of the work in this chapter, so GROMOS compatible models are of most interest 
for the current work. The GROMOS polarisable CG water offers a good balance between the degree of 
coarse graining with 5:1 mapping, residing towards the coarser end of the CG solvent spectrum. 
Furthermore, GROMOS forcefields are cross compatible with a range of other MD software packages 
(e.g GROMACS) and therefore offer potential for a high degree of transferability between different 
programs. 
 
 
4.1.2 CG lipids 
 
Cell membranes are comprised primarily from a lipid bilayer, which an essential part in many biological 
processes41. Phospholipids are the main component of lipid bilayers which make up most living cell 
membranes140. Cell membranes are important to many cellular processes, such as transport of chemicals 
across membranes and many proteins also interact with the membrane surface141-143. Proteins 
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frequently also interact with the membranes, embedding into the bilayers or coming into peripheral 
contact. Many of these proteins help facilitate the transport of many key chemicals from ions and small 
molecules such as glucose to peptides and other proteins. The primary focus of the most popular AL
biomolecular forcefields has traditionally been proteins, but recently the importance of lipids in such in 
membrane interactions has been highlighted144. Lipids play an important part in recognition and 
partitioning of proteins to the particular parts145 of the membrane and in defining the structure and 
dynamics of the membrane itself. Antimicrobial peptides will preferentially target certain, specific 
bacterial cell types over other via selective lipid recognition146-147. Processes of endocytosis, signalling 
and vesicle budding can also depend on selective membrane interaction and recognition148-149. 
 
It is important to get the bulk properties of the lipid bilayer correct, especially as membranes can be 
complex structures with multiple types of lipids and other chemicals present, such as cholesterol. 
Typically, a cell membrane will consist of a lipid bilayer where the lipids are orientated with the polar 
groups facing outwards and the tails facing inwards (Figure 4.2). The nature of the lipids and other 
chemicals present will affect the structural properties of the bilayer. Lipids have simpler structure than 
many proteins (most phospholipids typically consist of a polar headgroup and a pair of hydrophobic 
tails) There has been significant work to create specialised or adapted versions of these existing 
forcefields that include parameters for different types of lipids. These are typically tested by simulating 
pure or occasionally mixed lipid bilayers, with the goal of reproducing experimental data for electron 
density profiles, bilayer thickness, deuterium order parameters and temperature dependent transition 
dynamics 130, 150-151. 
 

 

 
Figure 4.2: Simulation snapshot of a periodic DPPC bilayer simulation comprised of 128 lipids. A single 

DPPC lipid has been highlighted in red for reference. 
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CG approaches to modelling lipids present an attractive opportunity to save computational resources 
because naturally occurring lipid systems, such as bilayers, contain a large number of lipid molecules, 
are highly repetitive, and seldom form the key mechanistic focus. Unlike many water models, in which 
the CG model does not necessarily bear physical resemblance to the underlying collection of water 
molecules, the process for generating CG lipid models typically involves mapping CG beads onto the 
atomic level structure of the lipid molecule according to functional groups or using force matching 
techniques to obtain parameters directly from AL simulations. Each of the functional group CG beads 
can then be parameterised according to the properties of that functional group in the original AL model 
152. CG lipids have been recently used to study bilayer permeability by small molecules, phase behaviour 
in multi-component systems and self-assembly153-155. A selection of common CG lipid models is outlined 
below. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3: Two examples of lipid coarse graining strategies, demonstrating AL lipid model and their 
corresponding CG counterparts. Shown are mapping of CG groups, as well as linking between CG beads 

and some charge information. On the left  - Orsi, M. et al., 2008152. On the right – Izvekov, S. and Voth, G. 
A., 2005129 

 
 

MARTINI models 

MARTINI CG models are very well known and widely used 156. MARTINI lipid CG model was originally 
published in 2004157 and then further improved and extended in 2007129 for other molecules, including 
polymers158, ring systems, sterols and then further to proteins in 2008159. They showed good agreement 
to existing models and offering a five to ten fold increase in simulation speed compared to AL 
methods129. They model was designed for a broad range of applications, including investigations of self-
assembly160 , vesicle fusion161, lamellar phase transformation and simulations of membranes, including 
protein interactions and permeability studies162-166. 
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MARTINI models on average utilise 4:1 mapped CG particles with single interactions sites and are split 
into four categories – polar, non-polar, apolar and charged types. 18 further subtypes are also included 
to further refine polarity and hydrogen bonding characteristics. Non bonded interactions are modelled 
by a 12-6 LJ potential and bonded interactions are modelled using the typical standard forcefield 
function, similar to the recent GROMOS forecfield167 and are used in conjunction with the GROMACS MD 
engine. CG MARTINI models are typically parametrised to match atomistic simulations. 
 
One of the limitations of the MARTINI is the static nature of the mapping system. Lipid bilayer properties 
such as transition temperatures, packing parameters and stability depend on the length of the acyl 
chains in lipid tails. Due to the locked nature of 4:1 mapping, MARTINI model can only approximate the 
length of the actual carbon tails, which are not always divisible by groups of 4. Furthermore, as it is 
based on atomistic models, a precedent can be had for multiplying the inaccuracies inherently present 
in AL models, if they are used as a basis for parametrisation. 
 
Klein models  
Klein et al. pioneered one of the first force fields for CG lipids based on matching structural and 
thermodynamic experimental and atomistic simulation data of 1,2-Dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) lipid154, 168, 46. The model has since been refined and seen applications in 
studying lipoprotein interactions166 and membrane behaviour.  In this CG model, a lipid is comprised of 
13 CG beads, constituting roughly 3.5 atoms per bead on average. Bonded terms were modelled by 
standard harmonic and quartic potentials and 6-12 LJ potential was used to model non-bonded 
interactions. A “soft” LJ 4-12 potential was used to model dispersion forces in water. This force field has 
been used extensively in lipid monolayer and bilayer studies and more specialist studies, such as 
membrane partitioning for fullerenes155, 169.  However, the model is not polarisable. 
 
Voth models 
The Voth group focused on the use of force matching methods to obtain CG model parameters directly 
from AL simulations. They have developed a large number of models for different lipid types and other 
systems. Their lipid models typically comprise 15 CG beads. Other lipids and mapping methods were also 
attempted by the group, for example in the logical extreme of lipid CG, an ultra-CG lipid model, 
comprised of only one bead was also developed126.  
 
Initially, a CG forcefield was developed in 2005 for the simulation of a DMPC bilayer8, 126.  The forcefield 
was parametrised by force matching AL reference simulations. Bonded terms were described with 
harmonic potential for CG bonds. Non-bonded interactions were replicated by force matching AL 
simulations globally for the CG models. However, this approach resulted in combined non-bonded terms 
that gave the total combined potential and therefore did not consider LJ and Coulombic interactions 
individually. This meant that the method had transferability drawbacks as each new molecule must be 
force matched individually. The methodology was then further expanded to other types of lipids170-171 
and the models were then consequently coupled with AL and developed for use in multiscale 
simulations (Section 4.1.3)172.  
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ELBA 
As well as the water model mentioned previously, Orsi, M. et al. have also developed lipid models, in 
keeping with their aim of studying bilayer behaviour, including bilayer permeation studies with small 
molecules137, 152-153. ELBA included parameters for a range of CG Phosphatidylcholine-based lipids, and 
simulations of bilayers accurately replicated both experimental data and the results of simulations using 
AL models. In the initial version of ELBA, both elliptical (via Gay-Berne potential173) and spherical 
geometry beads were used for the lipids. More recent versions used spherical beads, due to the large 
number of parameters and computational costs of defining and calculating the ellipse orientations. Non-
bonded interactions were modelled by standard 6-12 LJ potential. No angle or torsional dihedral bonded 
terms were used in the initial lipid model. ELBA models are currently limited to the LAAMPS software 
due to the use of point dipoles and the need to calculate torques. While this is advantageous, as most 
other MD software does not allow for such calculations, it limits the user to only one specific software. 
 
 
 
4.1.3 Multiscale models 
 
For larger systems that contain complex environments, requiring detailed AL investigation (e.g. a protein 
embedded in a lipid bilayer) – a combinational approach of AL and CG modelling could be applied. While 
it is possible to simulate large biomolecular systems at AL atomistic resolutions, the timescales needed 
to study structural changes exceed what is reasonably feasible using modern computer resources. 
Multiscale simulations combine combinations of scales (e.g. quantum mechanics and MD or AL and CG) 
to allow a detailed representation of the areas of interest, while saving computational resources where 
possible by coarse-graining the remainder of the system. Such approaches to molecular modelling 
present an excellent opportunity to gain new insights into physiological processes by taking advantages 
of the computational speed up offered by CG methods, while maintaining high resolution for the 
molecules of interest126, 174. Multiscaling provides an excellent opportunity to give structural insights into 
heterogeneous bilayers, multi-component systems, protein-membrane interactions and protein 
assemblies175-177. 

Many multiscale simulation methodologies exist, including back mapping178-179, adaptive resolution180, 
positional restraining180 and free mixing181-182. Back mapping methods involve creating a set of CG 
models from an AL system, running a relatively faster CG simulation and then mapping the AL 
coordinates back onto the gathered data, restoring the original atomistic resolution. Positional 
restraining and free mixing approaches comprise running a simulation containing both CG and AL 
particles in the same simulation box. Of the fixed-resolution methods, positional restraining restrains 
the differing types of beads to their respective allocated areas according to their resolution, while free 
mixing lifts that restriction and allows particles to interact freely. Free mixing requires the 
implementation of further parameters to accommodate AL-CG interactions, but results in a more 
adaptable, flexible system.  In such simulations, CG methods will usually be used to model the solvents 
and AL for more complex molecules, such as proteins.  
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Orsi M. et al. (2009) have performed multiscale simulations to investigate permeation of lipid bilayers by 
small particles153. In their system the bulk water solvent and lipids constituting the bilayer were coarse-
grained and the small AL permeating molecules. The CG models were compatible with AL ones and 
therefore a “free mixing” approach could be utilised. The results agreed with those of previous AL 
simulations, as well as with experimental data, but the multiscale method was faster by a factor of two.  
Since then continuous refinement of ELBA water and lipids has been carried out in multiscale 
environments, including direct mixing experiments and testing of GPU parrellisation183-184. 
 
Ayton G.S and Voth G.A (2007) developed mesoscopic level membrane that can couple to atomistic 
models for use in membrane simulations and investigation of AL proteins185-186. Focus was made on 
making AL and CG models directly compatible with each other. A range of Voth models described above 
has been used in direct combination multiscale experiments187, involving lipid bilayers and proteins171, 

188. The models are typically fitted for specific applications and therefore vary highly in the degree of 
coarse-graining as well as application. 
 
Another example of multiscale simulation that illustrates both the position restraining and free mixing 
techniques is the work of Rinker S. et al. (2012)189, who continuously developed multiscale simulations 
of a selection of structurally diverse biomolecules190-192. In one case, a protein was modelled using the 
(AL) 54A7 GROMOS forcefield, and surrounded by a layer of AL SPC water molecules, with the GROMOS 
CG water model used for the bulk solvent. The AL water molecules were only loosely restrained to 
remain close to the protein centre of mass, so that at the AL-CG boundary, the two types of water model 
freely mixed. Analysis of the structural properties of the proteins and comparison of back-calculated 
NMR data with the experimental measurements showed that the protein structure was not distorted by 
the multiscale solvent representation. Simulating a AL protein in only CG water also resulted in stable 
protein structures, but the inclusion of AL water adjacent to the protein allowed correct modelling of 
the water-protein, and therefore also the intra-protein, hydrogen bonding (CG water cannot be used to 
model hydrogen bonds). In the position-restraining simulations, the CG water comprised the bulk of the 
solvent not adjacent to the protein, leading to significant computational speed gains, without the 
reduced accuracy commonly associated with CG simulations. Unlike other positional restraint multiscale 
methods, this technique does not completely fix the different levels of model to different regions of the 
simulation. The model presented in this chapter aims to expand on Riniker and van Gunsteren’s 
methodology and attempts to create a lipid model based on the GROMOS polarisable CG water for 
multiscale simulation uses. 
 
The aim of this project was to create a new series of lipid CG models, as the current methods all have a 
range of drawbacks. The new lipid models would be polarisable and compatible with AL models for 
direct mixing multiscale simulations. The non-bonded interactions would have separate functional 
potentials for Coulombic and LJ interactions. The bonded terms would be described using standard 
quartic potentials. Terms for angle and torsional dihedral terms would also be added. 
 
 



 
 

92 
 

4.2 Design of CG DPPC lipid model 
 
The initial aim of the project was to establish a good CG model for a typical phosphocholine (PC) lipid. 
DPPC made a good candidate for the development of the initial model, as it is well studied both 
experimentally and computationally, resulting in many thermodynamic and structural properties (e.g. 
energy of solvation, area per lipid, bilayer thickness, etc.) being readily available for comparison. 
Furthermore, DPPC has two saturated lipid tails, so that the presence of carbon-carbon double bonds 
does not need to be considered in the first instance.  
The CG polarisable DPPC model would be designed according to a modular approach, splitting the AL 
lipid into several CG beads of varying size by functionality (Figure 2.4). Such an approach is in line with 
an overall goal of creating a set of “plug and play” CG parameters for a variety of different 
interchangeable lipid head groups and tails. All models would be parameterised by matching structural 
and electrostatic parameters to reference AL simulations of the DPPC bilayer manually. Existing atomic 
simulations of DPPC bilayer that match experimental data exist, therefore directly matching CG and AL 
simulations should also create good agreement with experimental data. As it is theoretically challenging 
to get all model parameters (CG or AL) to match the full extent of in vivo experimentally monitored 
properties, it is necessary to prioritise certain model features for primary matching. In this case the 
features of importance and interest were the physical dimensions and bilayer behaviours of the lipids 
and the goal of the new model would be to replicate a full DPPC bilayer, both in terms of its dimensions 
and interactions with other molecules. The eventual project goal would be to create a range of 
parameters for interchangeable lipid functional groups so that whole phospholipid models could be 
assembled from a combination of existing functional group building blocks and simulated without need 
for further individual parameterisation.  
 
 
4.2.1 Mapping 
 
DPPC can be broadly split into two parts – the polar functionalised “headgroup” and the non-polar 
carbon tails. The headgroup part of the lipid contains the following functional groups: choline (C), 
phosphate (P), glycerol (G) backbone and two ester (E1 and E2) groups. Each functional group is 
modelled by a separate CG bead, so that each functional group can serve as a potentially 
interchangeable building block (Figure 4.4).  Each CG bead present in the headgroup is comprised of two 
particles: a central particle, which has a full LJ potential, a partial charge, and a mass, and a dipole 
particle, which has an opposing partial charge and a repulsive-only LJ potential. Repulsive LJ interactions 
were added to all the dipole particles to prevent a charge catastrophe in the presence of AL water and 
other molecules, following the recent reparametrisation of the CG water model189.  
 
The tails would consist of five non-polar carbon beads each. The groups of Emeritus Prof. Wilfred van 
Gunsteren and Assist. Prof. Sereina Riniker at ETH Zurich, who developed the original GROMOS CG 
water model, have concurrently also developed a CG alkane model, which should be directly applicable 
to modelling the lipid tails. Alkanes of any length can be constructed from a set of six different types of 
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beads, comprising 2, 3 or 4 carbon atoms and their associated hydrogen atoms, and representing either 
central ((CH2)n) or end ((CH2)n-CH3) portions of the hydrocarbon chain. Unlike the GROMOS CG water 
model, the carbon beads are not polarisable and are uncharged. 
 
The AL-CG mapping of the headgroup was further rationalised by analysing the distributions of 
distances, angles and torsional dihedrals between the centres of mass of grouped atoms calculated from 
AL simulations. For easy parameterisation of an accurate CG model that is representative of the 
behaviour of the underlying AL model, the distance and angle distributions would ideally be well 
defined, with a single peak, as at a CG level, these properties are controlled using a simple potential 
energy functions.  
Preliminary simulation of an AL DPPC bilayer for 40 ns was carried out to provide AL reference data. The 
results were used to determine how the AL molecule should be split best into CG beads. Three 
approaches for splitting were proposed – layouts 1, 2 and 3 (Table 4.1 and Figure 4.4).  In layout 1 the 
beads were split according to chemically intuitively rational midpoints between the various functional 
groups, with the exception of Choline and phosphate split, where they are split to make beads of 
approximately equal size. The aim was to keep the beads as uniform as possible in size. In layout 2 the 
concept of a larger glycerol bead, containing the joining oxygen atoms was trialled. Layout three 
represented a split by functional groups fully, so that in theory any group could be substituted out for a 
similar one without too much issue (e.g. choline for serine). Layout 3 differs to layout one by including 
carbon 6 with the choline group and leaving phosphate bead carbon free. 
 
 
Table 4.1: Different ways of splitting the AL DPPC into CG beads. Numbers refer to the atomic numbering 
system present in Figure 2.4. Atoms 18-31 and 37-50 would be modelled using the CG alkane parameters 

and so were not considered here. 
 

CG bead Layout 1 Layout 2 Layout 3 
Choline 1-5 1-6 1-6 
Phosphate 6-11 7-11 7-11 
Glycerol 12, 13, 32 12, 13, 14 32, 33 12, 13, 32 
Ester 1 33-36 34-36 33-36 
Ester 2 14-17 15-17 14-17 
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Figure 4.4: Mapping from AL DPPC to CG DPPC, all AL and CG atoms and particles are labelled in grey 
(Layout 3). Red double lines represent boundary points between groups of atoms that are to be assigned 

to different CG beads. 
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Figure 4.5: Distributions of the distance between the centres of mass of pairs of groups of atoms, 
corresponding to CG beads during a 40 ns AL simulation of a DPPC bilayer. The three layouts are defined 

in Table 2.1. 
  

 
All three layouts produced mono-modal distance distributions, and layouts 2 and 3 also produced 
essentially mono-modal angle distributions (Figures 4.5 and 4.6). Layout 3 was chosen as it offered the 
best solution for splitting the DPPC molecule due to the flexibility it would offer when applying the 
methodology to other lipids. Layout 3 provided a cleaner separation between the phosphate and choline 
beads by chemical intuition, as well as a clean separation of the ester groups from the glycerol 
backbone. With this approach CG beads could be cleanly swapped out when going between models. For 
example, the phosphate group only has phosphate atoms associated with the CG bead (i.e. no attached 
carbons, as in the case of layout 1), meaning that a variety of CG phospholipids could make use of the 
same phosphate CG bead parameters in the future. Furthermore, no extra incentives were found for the 
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case of the large Gly bead in layout 2, so it was decided to keep oxygens attached to the polar ester 
groups. 
 

 

 

 
 

Figure 4.6: Distributions of the angle between the centres of mass of three groups of atoms, 
corresponding to CG beads during a 40 ns AL simulation of a DPPC bilayer. The three layouts are defined 

in Table 2.1.  
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4.2.2 New CG force field parameters 
 
A range of new forcefield parameters needed to be introduced to the existing GROMOS 54A8 to 
accurately portray and describe the relationship between the new CG beads. New parameters can be 
split into bonded and non-bonded categories. Non-bonded parameters include CG bead masses, charges 
on both central and dipole particles, and LJ C6 and C12 parameters for the LJ interactions between 
beads (see Figure 1.2 and Equation 1.1.2). Bonded parameters (Figure 4.7) include the force constants 
and equilibrium values for all bonds, angles and torsional dihedral terms between CG particles, and the 
centre-dipole particle bonds. A dipole was established between the centre and dipole beads of the 
particles by ensuring that they were of opposing charges. 
 
 

 
 

Figure 4.7: A schematic of the required bonded interaction parameters for multiple joined CG beads. 
Black circles represent the centre of the particles and the corresponding coloured areas are the effective 

LJ radius; red circles are the dipole particles; black lines correspond to the inter-particle bonds, dotted 
lines are the particle-dipole bonds. The corresponding bond and angle terms are described below. 

 
 
Bonds between the central CG particles were described using the standard GROMOS quartic bond 
stretching potential (Equation 4.1). The central and dipole particles were linked by a special case half-
harmonic bond implemented separately in the code and described in more detail below (Equation 2.2). 
There were no angle terms attached to the dipole particles, so that they would have free unrestricted 
movement within the sphere. While all AL solvent bonds were constrained during AL simulations using 
the SHAKE15 algorithm, to allow for an integration time step of 2 fs by eliminating fast vibrational 
dynamics. The bonds between CG central particles were not constrained.  
 
 
 
(4.1)           ܸ୰ =  ଵସ ݇୰(ݎଶ െ  ଶ)ଶ(଴ݎ)

Where: 
Vr – quartic bond potential energy function 

 r, K 

r‘,K‘ 
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kr – quartic bond stretching constants 
r – bond length 
r0 – ideal bond length 
 

Equation 4.1: Bonded quartic potential energy function. 
 

 
(4.2)        if r > r0   ௛ܸ௛௥ =  ଵଶ ݇୰(ݎ െ  ; ଴)ଶݎ

     else     ௛ܸ௛௥ =  0 
 
Where: ௛ܸ௛௥  – half harmonic bond potential energy function 
kr – quartic bond stretching constants 
r – bond length 
r0 – ideal bond length 
 

Equation 4.2: Half harmonic bonded potential energy function, used to model centre-dipole particle 
bonds. 

 
 
The angles between triplets and dihedrals between quartets of central CG particles were also treated 
using the standard GROMOS interaction functions (Equations 2.3 and 2.4). 
 

– angles between three connected beads are described by the harmonic angle bending 
function below: 
 
(4.3)              ܸ஘ =  ଵଶ ݇஘(ܿݏ݋Ʌ െ cosɅ଴)ଶ    
 
Where: 
V  – angle bending potential energy function 
k  – harmonic angle bending force constant 

 – angle between three connected objects 
0 – ideal angle between three connected objects 

 
Equation 4.3: Angle harmonic potential energy function. 

 
 

Torsional dihedral angles ( ) are described by the periodic torsional dihedral angle rotation function 
below: 
 
(Eq. 4.4)   ܸம =  ݇ம(1 + mமԄ)ݏ݋ܿ െ Ԅᇱ)) ݄ݐ݅ݓ Ԅ א [0, 2Ɏ] 



 
 

99 
 

 
Where: 
VɌ – torsional dihedral rotation potential energy function 
kɌ – dihedral rotation force constant 
mɌ - multiplicity 

Ɍ – dihedral angle between four connected objects 
Ɍ͛ – dihedral phase shift 
 

Equations 4.4: Torsional dihedral rotation potential energy function. 
 

 
Running a CG simulation further necessitated changes both to the GROMOS MD code and inputs. 
Electrostatic parameters (e.g. cut-off distances and dielectric permittivity) were adjusted to account for 
the multi-atom encompassing nature of CG beads, as well their extended size. Furthermore, changes to 
CG bead pressure scaling adjustment had to be included. Initially GROMOS code treated all CG beads as 
a single special class of molecules, irrespective whether the CG beads were supra-atomic or supra-
molecular. New pressure adjustment inputs meant that correct pressure scaling was used for CG beads 
that were not supra-molecular and that simulations could be run without simulation-breaking errors. 
The corresponding input parameter code and structure had to be altered by the programming team at 
ETH Zurich in order to fix the issue after extensive correspondence. See Section 4.5: Methods for 
differences between CG and AL simulation parameters. 
 
Ideal values for the new forcefield parameters were estimated based on the simulations of the AL DPPC 
bilayer. Key structural properties such as the distance, angles and dihedral angles between the centre-
of-mass of each group of AL atoms were used to provide an initial estimate of the equilibrium values of 
the CG bond, angle and dihedral terms. Initial force constant values were based on standard GROMOS 
forcefield AL values, as well as the CG alkane parameters109, 120.  CG bead charges were the sum of the 
partial charges of their constituent atoms. LJ parameters for new CG particles would be estimated on 
structural parameter distributions between clusters of atoms. More details on the derivation of these 
parameters for specific stages of the CG DPPC model are given in subsequent sections. 
 
 
4.2.3 Reference simulations 

Reliable AL forcefield parameters for DPPC were available and have been shown to reproduce the 
experimentally determined properties of DPPC bilayers109, 150. AL simulations were used as a basis for the 
initial CG model and as a point of reference for evaluating the CG parameter sets (Table 4.2). The 
advantage of using AL simulations as a reference was that a greater quantity of quantifiable, calculated 
properties were accessible, such as the structural distributions of atoms in each molecule, dipole 
moments of chemical groups, etc. Simulations of both a DPPC bilayer and a single DPPC molecule in 
water were performed.  
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It was also important to ascertain whether isolated parts of the lipid molecule functional groups could 
be successfully simulated as individual components. A Choline (Cho) and Phosphate (Pho) only 
headgroup (PCm) was created by truncating the DPPC molecule at atom 12 (Figure 4.4) and capping the 
terminal oxygen atom in the phosphate group with a chemically inert methyl group, to mimic the head 
group being connected to a larger lipid structure. Technical details of the simulations can be found in 
Section 4.5: Methods. 
 

Table 4.2: List of AL reference simulations with solute, solvent and total run-time details 
 

Solute Solvent Run-time (ns) 
DPPC bilayer* SPC 100 
DPPC bilayer 
initial* 

SPC 40 

DPPC single SPC 50 
PCm** single SPC 10 

  
* The DPPC bilayer simulations are a continuation of a pre-equilibrated system, previously simulated for 

200 ns6. **PCm is the truncated, methyl capped phosphocholine headgroup. 
 
 
These simulations allowed comparison of the conformations adopted by DPPC in a bilayer, DPPC by itself 
in aqueous solution, and the capped phosphocholine by itself in aqueous solution, and surrounded by 
other head group molecules.  
 
 

4.3 Model Construction 

 
Several CG models, each increasing in complexity, were built during the course of the work covered in 
this thesis. Due to the number of variables and complexity of interactions, simpler “proof of principle” 
models were designed and tested first before moving onto simulations of the full DPPC CG molecule and 
the DPPC CG bilayer as a whole. This section follows the development of these models sequentially. 
 
Firstly, a simple dimer of two CG type beads was established (CG-PC model). Then the functionalised 
headgroup of the lipid (CG-HG model), including choline, phosphate, glycerol and ester beads was 
parameterised separately, before the addition of the carbon tails, which were developed separately. 
Then, with the parameterisation of the tails by our colleagues at ETH Zurich finally reaching completion, 
a single full lipid molecule (CG-DPPC model) was parameterised. After a working, parameterised version 
of CG-DPPC was established, attempts to simulate a CG bilayer system comprised of multiple CG-DPPC 
molecules was attempted. Each of these three models is discussed in a separate section below, with all 
associated parameterisation and code development.  
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4.3.1 Two-bead test system: CG-PC 
 
Initially a simplistic two-bead CG model was created to test feasibility of extending the CGW style 
methodology for biomolecules. The two-bead molecule aimed to create the phosphate (P) and choline 
(C) units linked together, and to test whether it was feasible to have GROMOS solute CG beads linked 
together in a simulation. Both novel bonded and non-bonded parameters for choline and phosphate 
beads were created based on the methodology described above. The primary aim for this particular 
model was to prove the principle that two CG beads containing both centre and dipole particles could be 
bonded together. As soon as a stable CG-PC simulation could be carried out, the next set of subsequent 
models, focusing on the lipid headgroup could be parameterised. 
 
 
4.3.1 Design of CG-PC model and initial parameter estimates 
 
The test model comprised two beads linked by a bond (Figure 4.8). Each bead contained a centre (suffix 
-C) and a dipole (suffix -D) particle inside it. Centre and dipole particles were linked by the centre-dipole 
special case half harmonic bond. In this simplified version of the model, no angle or torsional dihedral 
terms were required. Each bead had an associated mass equivalent to the cumulative masses of the 
atoms comprising the choline and phosphate groups, respectively. The mass was split in a 2:1 ratio 
between the centre and the dipole particles, following the GROMOS CGW example. Such a split was 
meant to ensure that most of the mass of the CG bead was concentrated in the centre of the particle so 
that the dipole particle did not gain too much inertia. This approach worked well in the previous CGW 
model and was left as such due to the large number of other parameters in need of refinement. The 
distribution of weight between the centre and dipole beads could be addressed again at a later point 
after the main CG-DPPC bilayer model has become functional. To imitate the AL simulation models, the 
choline bead needed to have an overall charge of +1 and phosphate of -1. Initial estimates of the LJ ʍ 
parameters, which determined the effective bead sizes, were estimated from the radial distribution 
function (RDF) of the centres of mass calculated for atoms mapped to each CG particle, calculated from 
the AL DPPC bilayer simulation (Figure 4.10).  

The exact nature of the bonding, charge and LJ parameters was determined in the iterative 
parameterisation step outlined below. Initial estimates for parameters were taken from AL simulations 
of a DPPC bilayer (Section 4.2.3: Parameterisation). An initial estimate of the length of the bond 
between the two CG beads comprising the head group was obtained from the distance between virtual 
atoms representing the centres of mass of the two functional groups, Cho and Pho. The equilibrium 
length and force constant of the CP-DP bond were set to be the same as in the GROMOS CG water 
model (0.2 nm and 2x106 kJ.mol-1) in the first instance.  Parameters for the LJ function applied to the 
central particle were estimated from the reference distribution of distances between centre of masses 
of atoms comprising choline and phosphate functional groups. The dipole particles initially had the LJ 
parameters set to zero, so that the particles would be volumeless. 
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Figure 4.8: Two bead CG-PC test system design. The choline bead is coloured blue and the phosphate red. 
Centre particles are represented by black circles and the edge of the coloured circle represent the 

effective LJ radius. Dipole particles are represented by red circles. The bond between centre particles is in 
solid black and the centre-dipole bonds are dashed black lines. 

 
 
The CG-PC model was then simulated in a box of CGW. It would have been advantageous to also 
simulate the model in SPC water, however GROMOS tools for coordinate generation were very limited 
when this work was carried out. SPC water model is the standard AL water model for the GROMOS 
package – it contains all three atoms of the solvent molecule in a locked orientation. For the CG-PC in 
CGW simulation the starting coordinates were generated by taking a box of 2560 CGW molecules and 
manually editing two nearby water molecules to create the two bead CG-PC coordinates. All initial 
attempts to generate two bead CG-PC coordinates in AL SPC water using the available GROMOS tools 
(sim_box, ran_box and build_box) have failed due to constraint algorithm errors in the first few time 
steps, implying physically unrealistic initial sets of coordinates. Further details on simulations and 
coordinate generation can be located in Section 4.5: Methods. 
 
 
4.3.2 Simulation failure and software modifications 
 
First attempts to run MD simulations of the CG-PC model using the parameter estimates generated as 
described above revealed multiple unforeseen problems with the simulation software and resulted in a 
series of simulation failures. Severe problems occurred due to the implementation of CG features in the 
GROMOS MD++ software package being specific to solvents or pure liquids (the CG alkanes were 
parameterised in pure liquid form), many of which were difficult to diagnose.  
 
Initially it was found that CG simulations of CG-PC terminated after a small number of integration steps 
due to failure in the SHAKE algorithm (3000-55000 steps, machine dependent). While this could have 
resulted from almost any problem with initial coordinates or model parameters, it was eventually 
ascertained that there was an issue with the treatment of the central-dipole particle bond. The central-
dipole bond potential was meant to be calculated using a half-harmonic bonding potential function 
(Equation 4.2). 
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It was found that the bonds between the central particles were improperly treated at the initial 
simulations with a half-harmonic potential, due to non-differentiation of bonds between all CG particles. 
After diagnosis and extended correspondence with collaborators at ETH Zurich, CG particle bonds were 
now split into two categories in the topology into normal and “dipole” bonds. Normal category included 
centre-centre particle bonds and is described by the normal GROMOS quartic harmonic potential. Dipole 
bonds are between centre and dipole particles, use the half harmonic bonded potential instead of the 
normal quartic and are exempt from bond constraints. SHAKE constraints on the simulation were still 
necessitated in the presence of SPC water, as the solvent bonds had to be constrained. 
 
Further difficulties arose due to the implementation of facets particular to CG solvent models that were 
not appropriate for CG lipid models, such as the assignation of different pressure scaling factors to 
account for the contribution of supra-molecular CG beads to the system, and the adjusted CG intra-bead 
electrostatic screening. It was found that pressure correction was not necessary for lipid models as they 
were not supra-molecular and therefore could be subjected to pressure scaling like normal AL particles. 
 
An additional problem that was also observed for the GROMOS CG water model was that when one or 
more dipole particles experienced a strong attractive force from the central particle of another CG bead 
they were forced to move too far away from its own central particle, effectively “breaking” the bond 
between these two particles, or conversely superimpose themselves on one another, resulting in 
simulation failure due to extremely high bond and LJ energies, as result of overstretched bonds and 
overlap of LJ spheres.  
 
Identifying and addressing these issues required extensive collaboration with our colleagues at ETH 
Zurich, particularly as the GROMOS molecular dynamics software code was being continuously updated 
as our testing proceeded. This ultimately resulted in several changes to the internal structure of the 
GROMOS MD software, as well as to the user inputs. New options were added to the MD input file to 
facilitate correct pressure scaling and treatment of electrostatic screening for supra-atomic CG models.  
A small repulsive LJ term was also added to the dipole particle, following the recent update of the 
GROMOS CG water model. A repulsive LJ on the dipole CG atoms prevented the over-attraction arising 
between the dipole and a neighbouring central particle.  
 
 
4.3.3 Bonded parameters 
 
After these issues were addressed, optimisation of the CG-PC parameters could occur. During the 
parametrisation process, parameters were fitted sequentially. Firstly, a range of bond parameters were 
scaled to establish a reasonable set for bonding to CG beads together. For this CG water bead non-
bonded parameters were used, as two CG beads were linked in a box of CG water for a simplistic test 
system. After bonded parameters were established, non-bonded LJ and charge parameters were refined 
to match the reference data to the point of making the model functional. 
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For the bonded parameters, the distances between the centres of mass of functional groups 
corresponding to CG beads were calculated from each CG simulation and plotted as a histogram and 
compared to reference AL bilayer data. A range of bond force constant values was tested for the C-P 
bond, ranging from 1.0x105 kJ.mol-1 through the typical 2.00x106 kJ.mol-1 to 8.00x106 kJ.mol-1. An 
extended range of values was tested, as it was found difficult to accurately fit CG results to reference 
data. The lower threshold for the range of values was based on the CG alkane parameters reported in 
A.P Eichenberger’s PhD thesis, staring at 1x103 kJ.mol-1. The upper end was extended a power of ten 
above the common top values found for AL-AL bonds (1x107 kJ.mol-1) The C-P bond distance distribution, 
with a special focus on peak values arising from CG test simulations (energy minimised and equilibrated 
for 1 ns) was compared to those computed for the DPPC bilayer to assess whether the CG-PC 
parameters were suitable.  Simulations had to be kept short, due to the large number of values scanned 
and the relatively slow nature of GROMOS MD code, which wasn’t well parallelised for multiple 
processing systems above 16 CPU cores. Therefore, focus was made on getting approximate initial 
parameter values correct to be refined at a later date with longer simulations. 
 
 

Table 4.3: Final CG-PC bond stretching parameters relating to Equations 4.1 and 4.2 
 

Bond Kb (final) r (final) 
CC-PC 2.00000e+08 4.31e-01 
CC-CD 2.00000e+06 2.00e-01 
PC-PD 2.00000e+06 2.00e-01 

 

 
 
 

Figure 4.9: Bond distance distribution comparison between reference simulations and the CG-PC model. 
After scanning through the proposed bond force constant values, the CG-PC distance distribution that 
most closely matched the average of the AL DPPC bilayer distribution was identified. Increasing the 
bond force constant resulted in a narrower distribution, as expected. Reducing the force constant not 
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only caused the distributions to become flatter, but also resulted in the peak value shifting from that of 
the reference simulation, which was also the equilibrium bond distance in the quartic potential, 
indicating some competition between the bond term and the other forcefield terms. Note that there 
was no reference point for the centre-dipole bond; while this could be parameterised by reference to 
the dipole moment, which, in turn, was influenced by the other charged particles in the simulation and 
their non-bonded parameters. 

 

4.3.4 Non-bonded parameters 
 
The non-bonded parameters were also refined. First, partial charges for the C and P beads had to be 
established. To mimic the functional groups, the C bead was given a +1 overall charge and the P bead an 
overall charge of -1, also following the AL model by summing all the constituent atom charges. To 
original CG water had an approximately +0.5/-0.5 charge split across the central and dipole beads, 
roughly equalling to a total charge difference of magnitude 1. It was decided for the initial model to 
have a similar distribution for the charged CG lipid beads, but arrange it in a way that the total sums 
added up to positive and negative one for Cho and Pho respectively. (Table 4.4). However, it was found 
that the dipoles produced by charges of such magnitude were far too large, compared to original 
distributions. Ultimately, the charge split had to be scaled down by one order of magnitude such that 
the both the dipole moment distribution was of the same magnitude the AL reference data (Figure 4.9). 
The charges were not parametrised further in the “proof-of-concept” model. 
 
 

Table 4.4: CG-PC initial and final particle charges 
 

CG particle Initial Charge Final Charge 
CC + 1.5 + 1.05 
CD -  0.5 -  0.05 
PC -  1.5 -  1.05 
PC + 0.5 + 0.05 
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Figure 4.10: Dipole moment distributions for the two bead CG-PC model. 
 

To parameterise LJ ʍ, the radial distribution function (RDF) analysis of the AL bilayer was performed to 
give better indication of intramolecular distances between mapped beads (Figure 4.11). Unfortunately, 
the software that computes the RDF was not able to do so for the centre of mass of groups of atoms, so 
the nitrogen-nitrogen (from the choline moiety) and phosphorus-phosphorus (from the phosphate 
moiety) pairings were used as a best estimate of the inter-molecular distances between the CC-CC and 
CP-CP particles in a lipid bilayer. The RDF was used rather than the intra-molecular distance to 
parameterise the bond equilibrium value because atoms, or CG beads separated by less than three 
bonds are excluded from LJ interactions.  
 
Furthermore, in GROMOS forcefields, LJ parameters are assigned by multiplying individual atom/particle 
type parameters to get pair interactions between pairs. Therefore, intermolecular distances between 
pairs of like CG beads were required for the fitting. Distances between Nitrogen and Phosphorus pairs in 
the reference bilayer were calculated to provide data for Cho-Cho and Pho-Pho interactions (Figure 
4.10). In principle, because we were interested in the radial distances, the periodicity of lipid molecules 
arranged in the bilayer should have minimised the effect of not using the centre of mass calculations. 
The first peak of the RDF indicated the most common short-range distance between the centre of each 
CG bead of the same type and therefore should approximately equate to the LJ radius ʍ, the inter-bead 
distance at which the LJ energy switches from being favourable (distances > ʍ) to unfavourable 
(distances < ʍ). 
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Figure 4.11: Radial distribution function of Nitrogen-Nitrogen and Phosphorus-Phosphorus atom pairs 

form the initial reference 40 ns DPPC bilayer simulation. 
 
 
The  parameter of the LJ interaction function was estimated to be 1.5 kJ.mol-1, based on the GROMOS 
CGW model. Other GROMOS CG solvents135 also had similar  parameters, ranging from 2.1 to 3.5 
kJ.mol-1. During parameterisation, a range of values were scanned to establish better, more appropriate 
LJ parameters for the two beads. A pass/fail test based on the successful completion of a 1 ns simulation 
was implemented to quickly scan through different combinations of ʍ values for CC and CP. All following 
LJ parameter value combinations resulting from the combination of the initial ʍ value lists were 
attempted: 
 

 
 

 
These ʍ values were then further refined and ultimately increased to be 0.65 nm (CC) and 0.6 nm (PC) to 
more closely match N-N and P-P RDF peak distances (Figure 4.11). The final values can be seen in Table 
4.5. LJ parameters for the dipole particles were kept the same as the GROMOS CG water dipole 
particles. 
 
Finally, the CG-PC model was found to result in stable simulation for at least 1 ns, proving that 
polarisable CG beads could be joined together by a bond and, therefore a more complex model of the 
CG lipid headgroup could be attempted. The development of this model had required substantial 
modification of the GROMOS code (carried out by our collaborators at ETH Zurich). The parameter set 
generated after the parameterisation procedures described above replicated the structural properties 
calculated from the reference simulation applicable to this two-bead system used for parameterisation. 
Further parameterisation at this stage was not carried out, as the parameters were likely to require 
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further refinement once the remainder of the head group was added. Thus, having carried out this proof 
of principle test, the model could be expanded to replicate the entire headgroup of the DPPC molecule.  
 

Table 4.5 CG-PC LJ parameters. 
 

CG particle ʍ (nm) яC6 яC12 
CC 0.65 0.4525 0.0341 
CD 0.15* 0.0000 2.7901x10-5 
PC 0.60 0.2799 0.0131 
PD 0.15* 0.0000 2.7901 x10-5 

 
*As repulsive potential for the dipole particles was refined as pure C12 value, ʍ was back calculated from 

the C12 values, assuming the epsilon is equal to 1.5 kJ.mol-1. 
 
 
 
 

4.2.3 Headgroup model (CG-HG) 

Once the CG-PC “proof of principle” two-bead model had been established to work, the model for the 
entire headgroup could be created. As work was still continuing on the parameterisation of the alkane 
parameters for the carbon tails, the lipid headgroup CG beads could be parameterised at the same time. 
The key points of parameterisation of this model were the introduction of novel CG angle and torsional 
dihedral type terms due to the presence of multiple beads. Several new bonded terms had to be 
introduced and parameterised also. New non-bonded parameters also had to be fitted for all of the new 
bead types. 
 
 
Design of CG-HG model and initial parameter estimates 
 
The CG-HG headgroup molecule consists of five CG beads: C, P, G, E1 and E2 (Figure 4.10), which are 
analogous to the previous model, apart from the non-polar G bead, that only has a central particle. The 
initial charges and parameters for the LJ function and the CP-DP (Equation 4.2) and CP-CP bonds 
(Equation 4.1) were assigned as described for the CG-PC model. In order to describe the behaviour of a 
multi-bead CG molecule, new bonded interaction terms had to be created and parameterised 
(Equations. 4.3 and 4.4). Parameterisation was carried out by simulating a single CG-HG molecule in SPC 
AL water due to the difficulties encountered with CGW solvation and for direct comparison with AL 
simulations (See Section 4.5: Methods). 
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Figure 4.12: CG-HG model. The spheres represent the (blue) choline, (red) phosphate, (purple) glycerol 
and (green) ester portions of the head group of a phosphocholine lipid. The central particles are shown 

as black spheres, the dipole particles as red spheres, bonds between particles as black lines, bonds 
between centre and dipole particles as dashed black lines and the effective LJ radius of each bead is 

represented by the respective coloured areas. 
 

 
 
Bonded term parameterisation 
 
The parameterisation of bonded terms was completed by distribution matching between CG test and AL 
reference simulations. After starting from initial values parameters were iteratively improved through 
several versions of the model. Values for the force constant kx for all bonded functions scanned across 
multiple values typically from 1.0x104 to 1.5x106 kJ.mol-1. In some cases the ideal distance or angle value 
had to be adjusted manually to ensure that the modal value of the CG distribution matched that of the 
AL reference simulation. 
 
 

Table 4.6: Final CG-HG bond stretching potential parameters. 
 

Bond kb (kJ.mol-1) r (nm) 
CC-PC 5.50 x10+04 0.410 
PC-GC 4.50 x10+05 0.347 
GC-E1C 3.50 x10+05 0.336
GC-E2C 2.00 x10+06 0.292 

CC

PC

GC

CD

PD

E2C
E1C

E1D

E1D
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Table 4.7: Final CG-HG half harmonic dipole bond stretching potential parameters. 
 

Bond kb (kJ.mol-1) r (nm) 
CC-CD 2.00 x10+06 0.100 
PC-PD 2.00 x10+06 0.100 
E1C-E1D 2.00 x10+06 0.100 
E2C-E2D 2.00 x10+06 0.100 

 
 

 

 

 
 

Figure 4.13: Distributions of the inter-bead distances calculated from the CG-HG simulation carried out 
with the bonded parameters listed in Tables 4.6 and 4.7 and from the reference AL DPPC bilayer 

simulation.  
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Table 4.8: Final CG-HG angle bending potential parameters. 
 

Angle kߐ (kJ.mol-1) ߐ (degrees) 
CC-PC-GC 4.50 x10+02 86.9 
PC-GC-E1C 1.20 x10+02 128.0 
PC-GC-E2C 2.00 x10+02 123.0 
E1C-GC-E2C 1.70 x10+02 250.0 

 
 

 

 
 

Figure 4.14: Distributions of the angles calculated from the CG-HG simulation carried out with the 
bonded parameters listed in Tables 4.8 and from the reference AL DPPC bilayer simulation. 
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From the final parameterisation results (Figures 4.13 and 4.14) of the distance and angle terms, it was 
observed that most distributions and modal values of structural properties of the CG-HG molecule were 
similar to those calculated for the AL DPPC bilayer.  
 
The exceptions were apparent in the case of P-G-E2 and E1-G-E2 angles where it proved not possible to 
match the exact AL DPPC distributions. A range of ka and 0ߐ values was tried for P-G-E2 and E1-G-E2 but 
it was found that the peak value was not strongly affected by changes in parameter magnitudes. At 
higher ka values the distribution would become too narrow, but the modal value did not shift to match 
the ideal 0ߐ value. At lower ka values, the peak of the distribution would deviate strongly from the ideal 
values. Changing the ideal angle value had little effect on the resultant distribution peak angle. The 
biggest discrepancy was observed in the E1-G-E2 case. One possible explanation is that the behaviour of 
the angles for the single CG-HG molecule in solution might differ from that observed for the AL DPPC 
bilayer due to the absence of lipid tails and general bilayer structure and packing, which provided 
higher-level organisation. It is also possible that there was strong competition between the bonded and 
non-bonded terms in the CG model that prevented the satisfaction of the angle potential term. 
Alternatively, inherent changes in structure and loss of asymmetry in this part of the lipid as a result of 
the CG mapping could also be the cause for this.  
 
Interesting cases were also observed in the G-E1 distance and C-P-G angle distributions, where the 
original AL simulation distribution had shoulders. Non-symmetrical distribution features such as these 
are common and arise from centre of mass averaging of atom clusters in distribution analysis. All CG 
model bonded terms were represented by symmetrical potentials, which do not allow for replication of 
bimodal peaks or shoulders. It was decided, therefore, to fit the CG behaviour to the primary peak of the 
AL distribution, which represented the most probable incidence of values for those particular structural 
properties.  
 
 
Non-bonded term parameterisation 
 
LJ parameters were also refined at this stage. Initial estimates for the LJ radius ʍ were taken from both 
the initial RDF peaks and the distances taken between centres of mass of AL atoms that represented CG 
beads, as it was difficult to assess if RDF data would provide a good basis for Gly, E1 and E2 
parameterisation, as the RDF estimates were perceived as being too high for LJ radii. Distances between 
atomic groups representing the CG beads were the next best starting point for initial LJ ʍ values.  The ߳ 
parameter was estimated to be 1.5 kJ.mol-1 based on CGW GROMOS water, as for CG-PC. A range of 
values of ʍ was tested for each bead in combination with each other (Tables 4.9 and 4.10). Two tests 
were performed – first for the various combinations of CC and PC  values, keeping the GC and EC ʍ 
( C6 and C12) parameters constant, and second for the GC and EC combination, while keeping new CC 
and PC ʍ parameter values constant. In the first instance, the same ‘pass/fail’ test was used as for the 
CG-PC, as before the parameters could be refined so that the simulation results matched the reference 
data, parameter combinations needed to be found for which the simulations did not end prematurely 
due to extremely high energies or SHAKE constraint algorithm failure. It was found that certain 



 
 

113 
 

combinations of ʍ values for the CG beads would result in simulation failure, while other similar values 
caused no issue. No correlation explaining this behaviour could be established. 
 
Final parameters were chosen based on the combination of matching AL DPPC bilayer RDF distributions 
(Figure 4.15), as well as the bonded inter bead distances, to provide a mix of values to parametrise to, as 
the RDF distributions results indicated that LJ ʍ should have been approximately 0.5 nm. However, a lot 
of the trialled values of that magnitude have failed, so smaller ʍ values were chosen (Table 4.11). 

 
 

 
 

Figure 4.15: Radial distribution function of C2-C2 (from glycerol), C11-C11 (from ester 1) and C21-C21 
(ester2) atom pairs form the initial reference 40 ns DPPC bilayer simulation. 

 
 
 

Table 4.9: Results of a simulation pass/fail test for an array of trial CC and PC LJ ʍ values (nm). ʍGC = 
0.425, ʍE1C/E2C = 0.45. “ ” marks denote successful simulations, “X” marks failed simulations. 

ʍ CC/ʍ PC - 0.35 0.40 0.45 0.50 
0.45 X   X 
0.475 X  X  
0.485 X X X X 
0.5 X    
0.55 X X X X 
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Table 4.10: Results of a simulation pass/fail test for an array of trial GC and EC LJ ʍ values (nm). ʍCC = 0.6, 
ʍPC = 0.65. “ ” marks denote successful simulations, “X” marks failed simulations. 

ʍ GC/ʍ EC - 0.35 0.36 0.37 0.38 0.39 0.40 0.425 
0.35 X X X X X X X 
0.36  X  X X  X 
0.37  X X X X X X 
0.38   X X  X  
0.39 X X  X  X  
0.40   X     
0.425        
0.45 X X X X X X X 

 
 

 Table 4.11: CG-HG final LJ parameters.  

CG particle ʍ (nm) яC6 яC12 
CC 0.480 0.2790 9.681 x10-4 
CD 0.150 0.0000 4.797 x10-7 
PC 0.400 0.1555 9.884 x10-3 
PD 0.150 0.0000 4.797 x10-7 
GC 0.400 0.1555 9.884 x10-3 
E1C 0.400 0.1555 0.009884 
E1D 0.150 0.0000 4.797 x10-7 
E2C 0.400 0.1555 9.884 x10-3 
E2C 0.150 0.0000 4.797 x10-7 

 
 
 

Table 4.12: Initial and final charge parameters for the CG-HG model beads. 

CG particle Initial Charge Final Charge 
CC + 1.10 + 1.05 
CD -  0.10 -  0.05 
PC -  1.10 -  1.48 
PD + 0.10 + 0.48 
GC + 1.20 + 1.20 
E1C -  1.00 -  1.02 
E1D + 0.50 + 0.52 
E2C -  1.00 -  1.05 
E2D + 0.30 + 0.35 
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Figure 4.16: Matched dipole moment distributions for the CG-HG model. Reference graph for glycerol is 
included as justification for not having a polarisable CG bead – the distribution is only 1 bin wide, as the 

spread of dipole moments for Gly group was very narrow and small in magnitude. 



 
 

116 
 

The values of the partial charges, including how these are distributed between the centre and dipole 
particles on the PC-HG, were optimised by matching test simulation dipole distributions to those 
calculated from the reference bilayer simulation (Figure 4.16). The centre particle carried the bigger 
charge and its sign set the overall positive/negative nature of the CG bead. It was found that to replicate 
the magnitudes of the AL dipoles, the dipole charge needed to be much smaller than the central charge, 
in a 1:10 - 1:20 ratio (Table 4.12). 
 
The dipole distributions calculated from the reference AL DPPC simulation for the phosphate and ester 
groups were well replicated in the CG-HG model, both in terms of peak alignment and distribution 
width. It was more difficult to parameterise the choline bead because of the small magnitude of the 
dipole involved. The positive nitrogen atom in the AL equivalent is situated in the middle of the three 
negatively charged methyl carbons and one negatively charged CH2 atom, making the top of the 
headgroup almost symmetrical. Instead of removing the dipole, as was done in the case of non-polar G 
bead, it was decided to keep the choline dipole intact, as there is still a certain degree of polarisability 
present in the molecule. Furthermore, if choline was substituted for a different, more polar group (e.g. 
the serine moiety in phosphoserine), the methodology still needed to be generally applicable, making 
the polarisable choline a useful, general test case. 
 
Despite the good reproduction of the individual dipole moment distributions of each CG bead, the 
overall dipole moment of the CG headgroup was not well matched to that calculated from the reference 
AL DPPC simulation. It is possible that this could be fixed in the further iterations of the CG models, for 
instance with attachment of the carbon tails and a simulation of an entire bilayer (rather than of 
individual molecules), which would change the local environment experienced by the lipid. Other 
possible future tactics could include increasing overall magnitude of charges on the opposing ends of 
the headgroup. As the focal point of the CG-HG model was introduction of several new bonded terms, 
and the environmental context would highly likely to affect the overall dipole moment, further fine 
tuning of dipole interactions was left to subsequent models. 
 
In conclusion, a basic model of the DPPC lipid headgroup has been established. Working bonded and 
non-bonded parameters were created for the newly introduced G, E1 and E2 beads and their associated 
interactions. Several features, such as the P-G-E2 and E1-G-E2 angles, as well as torsional dihedrals could 
not be matched well to the reference AL data, despite scanning a wide range of parameter values. It was 
decided to proceed to the full DPPC lipid CG model regardless, adding the hydrocarbon tails, as it would 
be inefficient to over-refine the parameters for a preliminary model, only to have to re-refine them if 
the completion of the molecule and ability to simulate a bilayer had a large effect on the molecular 
properties. 
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4.3.4 Complete DPPC model (CG-DPPC)  
 
Now that a functional headgroup model that reproduced the majority of the mapped AL data had been 
obtained, the next step was to combine it with hydrocarbon lipid tails, based on the recently 
parameterised GROMOS CG alkane models193 to create a complete CG-DPPC model (Figure 4.4). The 
addition of the lipid tails required incorporating all the associated CG alkane and CG-HG parameters into 
a single set of parameter files, as well as establishing several new bonded, angle and torsional dihedral 
interactions related to the addition of the lipid tails. 

Tails would consist of five alkane bead particles each - C3M, C3M, C2M, C3M, C3E (Figure 4.4). The C- 
denotes that the bead is an alkane chain carbon, the number is associated with number of equivalent AL 
carbon atoms and -M and -E denote whether the bead is the end or middle bead for its particular chain. 
All carbon beads contain no dipole particle and are uncharged (just like their AL analogues). All bond, 
angle and torsional dihedral parameters for the CG alkane beads were taken directly from Eichenberger 
et al193. 
 
During the parameterisation of the CG-DPPC molecule, the LJ parameters were taken directly from the 
CG-HG model for the headgroup beads and from A. P. Eichenberger et. al.193 for the alkane tails. CG-
DPPC parameterisation focused on optimisation of the electrostatic parameters and ensuring that the 
existing bonded parameters were still suitable, as well as adding the alkane tail related bonded 
parameters. Optimisation of the LJ parameters was reserved for the next stage of the parameterisation, 
when a CG-DPPC bilayer would be simulated, and so data on lipid-lipid intermolecular interaction could 
be gathered and compared to the reference AL DPPC bilayer simulation.  
 
 
Solvent model use during parameterisation 
 
There were two water models that could be used during the parameterisation of the CG lipid models: 
SPC water (standard GROMOS forcefield AL solvent) and the GROMOS CG water. Using the AL SPC water 
model allowed straightforward comparison with the reference AL DPPC simulations, which were also 
carried out in SPC water. It also guaranteed that the CG lipid models were capable, from the outset, of 
interacting with AL molecules in a multigrain simulation scenario. On the other hand, simulations in CG 
water would run faster, and would avoid the problems with mixing model resolutions that required 
reparameterisation of the CG water model when first used with AL proteins, for instance. 
 
Initially the goal was to use both water models during the later stages of the parameterisation process. 
Unfortunately, however, this was not feasible, despite several different methods for solvating the CG-
HG, CG-DPPC and CG-DPPC bilayers in CG water being tested. Thus the parameterisation of CG-HG, CG-
DPPC and the re-parameterisation of CG-DPPC once in a bilayer all took place only in SPC water. 
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Bonded term parameterisation  
 
New bonded parameters associated with headgroup-tail interactions had to be introduced in this 
version of the model. Bonds between ester and tail carbon beads E1-C3, E2-C3; angles in the same area 
G-E1-C3, G-E2-C3; and torsional dihedrals P-G-E1-C3, P-G-E2-C3, G-E1-C3-C3, G-E2-C3-C3. The starting 
basis for these parameters was taken from the published alkane parameters193, treating G, E1 and E2 
groups as comparable C3 and C4 beads. A series of 20 simulations were performed, iteratively, where 
parameters were changed manually to increase or decrease the charges on the headgroup particles, to 
better fit the reference dipole moment data. Furthermore, centre dipole particle bond lengths were 
shortened in cases where charge differences got minute, as an alternative to minimising the dipole 
moment. The distributions of the structural properties corresponding to the bonded interaction terms 
for the final set of parameters can be found below in Figures 4.17 to 4.19 and the parameters 
themselves in Tables 4.13 to 4.16. 

 

 
 
 

Figure 4.17: Distributions of the inter-bead distances calculated from the CG-DPPC simulation carried out 
with the final set of optimised parameters listed in Tables 4.11-4.12 and from the reference AL DPPC 

bilayer simulations. 
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Figure 4.18: CG-DPPC parameter matching for angle terms with DPPC AL bilayer and CG-HG are included 
for reference. 
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Figure 4.19: CG-DPPC parameter matching for torsional dihedral terms with DPPC AL bilayer and CG-HG 
are included for reference. 

 

Table 4.13: CG-DPPC bond stretching potential parameters. 
 

Bond kb (kJ.mol-1) r (nm) 
CC-PC 4.50 x1002 0.430 
PC-GC 4.50 x1002 0.346 
GC-E1C 3.50 x1003 0.336 
GC-E2C 4.00 x1003 0.292 
E1C-C3M 1.80 x1004 0.338 
E2C-C3M 1.80 x1004 0.338 
C3M-C2M 6.00 x1004 0.303 
C3M-C3E 2.50 x1004 0.358 
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Table 4.14: CG-DPPC dipole bond stretching potential parameters 
 

Bond kb (kJ.mol-1) r (nm) 
CC-CD 2.00 x1008 0.06 
PC-PD 2.20 x1008 0.06 
E1C-E1D 2.00 x1008 0.10 
E2C-E2D 2.00 x1008 0.10 

 
 

Table 4.15: CG-DPPC angle potential parameters 
 

Angle kߐ (kJ.mol-1) ߐ (degrees) 
CPG 4.50 x1002 101.0 
PGE1 4.50 x1002 154.0 
PGE2 3.50 x1003 146.0 
E1GE2 4.00 x1003 112.0 
#GE1C3 2.00 x1002 142.5 
#GE2C3 2.00 x1002 133.0 
E1C3C3 2.00 x1002 174.3 
E2C3C3 2.00 x1002 154.7 
C3C3C2 5.89 x1001 157.1 
C3C2C3 5.33 x1001 147.2 

 
 

Table 4.16: CG-DPPC torsional dihedral angle potential parameters 
 

Angle kɌ (kJ.mol-1) ߶’ (degrees) Multiplicity 
CPGE1 6.000 335 1 
CPGE2 6.000 120 1 
PGE1C3 8.000 300 1 
PGE2C3 8.000 25 1 
CC in tails 0.737 180 1 

 
 
The distance distributions calculated from the CG-DPPC model mostly matched those from the 
reference AL DPPC simulation, and therefore did not require much adjustment to the parameters 
inherited from the previous CG-HG model. The exceptions were the G-E1 and G-E2 distances. In these 
two cases the addition of the hydrocarbon tails shifted the distance distributions such that the CG G-E1 
distance distribution matches the AL G-E2 distribution and vice versa. A possible cause was the loss of 
asymmetry around the glycerol – ester links as result of coarse-graining combined with the steric effects 
of adding the hydrocarbon tails. 
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The agreement of the E1-G-E2 and P-G-E2 angle distributions with their AL reference counterparts 
improved compared to the previous CG-HG model, while retaining agreement of the C-P-G and P-G-E1 
angle distributions. However, it was not possible to obtain a good match to the reference data for the G-
E1-C3 and G-E2-C3 angle distributions, despite testing a range of parameter values. It was decided to 
leave further refinement of these properties until the bilayer simulations. 
 
 
Non-bonded term parameterisation 
 
The charges were fitted by manual iterative improvement through the same set of 20 MD simulations, 
as it was found that changing the charge distributions did not have any effect on the reproduction of the 
structural properties described by the bonded terms, so to save time, these parameterisation 
procedures could be carried out simultaneously. The charges were optimised based on reproduction of 
the dipole moment distributions and average values calculated from the reference AL DPPC simulation. 
Primarily, the magnitude of the partial charge on each particle and the difference between the 
magnitude of the centre and dipole particle changes were altered, without changing the total charge of 
each CG bead. Furthermore, the lengths of the centre- dipole bond were varied and decreased in order 
to decrease the dipole magnitude without further decreasing the difference in magnitude of the charge 
on each particle and still retaining a degree of polarisability for the bead. The centre-dipole bond force 
constant was increased compared to the CG-HG model to ensure that the dipoles particles could not 
move outside the effective LJ radius of the bead due to attraction from a neighbouring opposite charge. 
The final charge distribution for CG-DPPC can be found below in Table 4.17 and the matching graphs in 
Figure 4.20. 
 
 

Table 4.17 CG-DPPC final charges. 
 

CG particle Final Charge 
CC + 1.080 
CD -  0.080 
PC -  1.100 
PD + 0.100 
GC + 1.200 
E1C -  1.085 
E1D + 0.585 
E2C -  1.230 
E2D + 0.530 
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Figure 4.20: Matched dipole moment distributions for the CG-DPPC model.  
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Table 4.18: CG-DPPC LJ parameters.*  

CG particle ʍ (nm) яC6 яC12 
CC 0.600 0.5291 0.1142 
CD 0.150 0.0000 4.7970 x10-7 
PC 0.650 0.6727 0.1847 
PD 0.150 0.0000 4.7970 x10-7 
GC 0.425 0.1880 0.0144 
E1C 0.425 0.1880 0.0144 
E1D 0.150 0.0000 4.7970 x10-7 
E2C 0.425 0.1880 0.0144 
E2D 0.150 0.0000 4.797 x10-7 
C3M 0.488 0.2849 2.7112 x10-2 
C2M 0.420 0.1811 1.5283 x10-2 
C3E 0.507 0.3201 3.2986 x10-2 

 
*߳  for the alkane tails and for the dipole particles was assumed to be 1.5 kJ.mol-1to allow back-

calculation of the corresponding ʍ values. 
 
CG-DPPC model was parameterised and found to produce stable simulations of a single CG molecule in 
AL water solvent. AL reference data was matched well for bonded and dipole terms. The next stage of 
modelling would involve setting up a simulation of a CG-DPPC lipid bilayer to test the model further. 
Further refinement of LJ parameters could occur in the bilayer simulation, as it would be possible to get 
intermolecular lipid-lipid interaction data. 

 
 
 
4.3.5 CG-DPPC bilayer 

 
After establishing a CG-DPPC model that worked in SPC solvent, the next step was to try and recreate a 
DPPC bilayer, containing 128 CG-DPPC molecules, and solvated in SPC water. All simulations were run 
according to the bilayer simulation methods described in Section 4.5: Methods.  
 
Unfortunately, serious problems were encountered with all bilayer simulations of the polarisable CG-
DPPC model. While polarisability itself did not seem to be an issue, a range of related parameter and 
implementation problems persisted. Each attempted simulation of the CG-DPPC bilayer failed after less 
than 0.1 ns due to SHAKE or “not a number” energy related problems linked to the bonded terms. The 
bilayer disintegrated, losing all structure and forming pockets of vacuum before the actual errors were 
reported. While the errors that ultimately cause the simulations to fail were present in the bonded 
terms, it was more likely that the causes initiated elsewhere. For instance, the CG models do not use 
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SHAKE, thus to instigate SHAKE errors in the SPC water, there must be inappropriate non-bonded 
interactions between the CG particles and the water atoms. 
Possible proposed problem sources were inappropriate starting co-ordinates (e.g. particles/atoms 
located too close to each other), or incorrect non-bonded parameters (as interactions between CG 
molecules had not yet been tested), in particular, over-attraction between dipole and centre particles of 
CG beads in different molecules. In support of the latter theory, it was found upon analysis of the few 
simulations that did run for more than a few thousand integration steps that the dipole moments of the 
CG-DPPC beads were far greater than in the single CG-DPPC simulation or the reference simulations by a 
factor of five. Each of these possible problems was investigated in turn, as outlined below. 
 
To test whether inappropriate initial coordinates were at fault, several sets of starting coordinates with 
different inter-molecular separations were tested. The initial coordinates were generated using an in-
house bilayer-building program (Ivan Welsh, Allison Group, Massey University). The program took a 
single configuration of a CG-DPPC molecule, extracted from the previous simulations of CG-DPPC in SPC 
water, and replicated it in the xy plane at a user-specified spacing (ranging from 0.2 to 1.0 nm) to make 
one leaflet, which is then reflected and duplicated in the z-direction to form the complete bilayer. An 
alternative program – VOTCA194-195 was also used to generate CG-DPPC bilayer coordinates by CG-AL 
mapping based on the reference AL DPPC bilayer coordinates. None of the bilayers built using these 
methods resulted in stable simulations. While the use of a single initial structure to build the bilayer, 
selected from a simulation of a single CG-DPPC, might be expected to be highly dependent on the choice 
of structure, and require substantial equilibration, the bilayer mapped directly from the AL DPPC bilayer 
using VOTCA should have provided a reasonable set of initial coordinates. A range of input single lipid 
configurations was also trialled and no built bilayer configurations were found to produce stable results 
Therefore, it was assumed that the issues were not caused by the coordinate generation methods. 
 
To test whether the dipole particle and associated parameters were causing problems within the 
simulation, simulations were carried out without the presence of the dipole particles. The dipole 
particles and associated bonded parameters were removed from the model topology. The entire partial 
charge of each bead was therefore situated on the central particle, while all other parameters remained 
constant. Such an approach did not resolve the problems of the simulations ending prematurely due to 
SHAKE errors or “not a number” bonded energies. 
 
While it remains possible that the LJ parameters were not suitable for representing the inter-molecular 
interactions between CG-DPPC molecules, it was difficult to refine these and diagnose the issues further 
without the ability to run simulations for more than a few integration timesteps.  
 
 
Non-polarisable model of CG-DPPE with new LJ parameters 
 
A new approach to parameterise CG lipid models using the GROMACS simulation software currently 
under development by Dr Thomas Collier (Allison Group, Massey University), who is focusing on DPPE 
(di-palmitoyl-sn-glycero-3-phosphoethanolamine). For these CG-DPPC models, the partial charge on 
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each bead was the sum of the partial charges of its constituent atoms in the AL forcefield, but the 
bonded terms were derived by Boltzmann Inversion using the VOTCA program194-195 from two 500 ns 
reference simulations of AL DPPE. LJ parameters derived in the same way were not reasonable (resulting 
in simulation failure), so initial estimates were based on the ELBA CG lipid model137. A semi-CG water 
model based on a one-bead mapping (also using Boltzmann Inversion) from SPC water was used, as the 
GROMOS CG water model required changes to the GROMACS software and was not fully implemented 
at the time of writing. Using this non-polarisable model, a DPPE bilayer could be simulated for over 500 
ns without dipole particles in GROMACS.  
 
A GROMOS model based on the above principles and LJ parameters remains stable for at least 5 ns. 
Addition of the dipole particles to the lipid headgroup, however, still causes problems and is the subject 
of further development. Therefore, it can be hypothesised that the dipole particles, possibly in 
combination with inappropriate LJ parameters, were causing the problems. Specifically, it is likely to be 
the novel combination of properties pioneered by these polarisable CG lipid models, namely the 
bonding (proven to work for the non-polarisable CG alkanes) between polarisable beads containing 
dipole particles (proven to work for CG solvents), and the subsequent close packing of these molecules 
into a bilayer structure. 

 
 

4.3.6 Further models and future work 
 
In addition to the CG-DPPC models and the reference simulations, a range of other work pertaining to 
similar lipids was carried out. The initial scope of the PhD work anticipated that after the completion of 
the CG-DPPC model, the methodology could be applied to a range of similar phospholipids (see 
Appendix 6 for examples of similar lipid structures). Initial reference simulations of POPE (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine) and POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine) lipids were carried out (up to 10 ns). A truncated methyl capped phospho-ethanolamide was also 
simulated and development of an enthanolamide CG bead was begun. However, due to the difficulties 
encountered in the creation of a functioning CG-DPPC bilayer, the work on other lipids was put on hold. 
Furthermore, anomalous motion of the amide hydrogen atoms during the reference simulations of AL 
POPE required substantial investigative work that ultimately revealed severe problems with the 
implementation of distance cut-offs and time-step algorithms in the GROMACS simulation software196. 
 
Further changes to CG-DPPC model will be required to create a functional bilayer. The current 
hypothesis is that the current LJ parameters were inappropriate for bilayer simulations. The issue was 
further compounded by the fact that even when the LJ parameters were adjusted with a similar DPPE 
model, the presence of dipole particles still caused the simulation to fail. Therefore, the next tests 
should focus on parameterising both LJ values for bilayer simulations along with establishing 
appropriate dipole particle parameters, perhaps re-evaluating centre-dipole bonded interactions and 
reparameterising repulsive LJ parameters on the dipole particles. Once a working CG-DPPC model has 
been developed, these reference simulations should allow for rapid development of analogous CG-POPE 
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and CG-POPS models, ultimately resulting in a library of GROMOS-compatible CG lipid models. The end 
goal would be to create a repository of CG lipids compatible with AL proteins, existing CG solvent and 
other molecules. 
 
One major disadvantage of the GROMOS simulation software was the lack of efficient parallelisation for 
more than 16 processers, resulting in the inability to make best use of the increasingly parallel cluster 
computing resources available and therefore relatively slow simulation speeds. Additionally, in part due 
to their speed (although the technical issues mentioned above should serve as a caveat to maximising 
speed alone), other MD simulation codes such as GROMACS are much more widely used among the 
biomolecular simulation community. Furthermore, GROMACS and GROMOS programs share common 
ancestry and were both written at the University of Groningen at inception. Since then GROMOS has 
been developed at ETH Zurich and GROMACS has development teams all over the world, lead by a 
development team based in Stockholm. As the GROMOS forcefields are compatible with the GROMACS 
software, it would therefore be advantageous to adapt these CG lipid models to GROMACS, which is 
already capable of utilising the GROMOS AL forcefields. While the GROMOS CG water model has been 
used in GROMACS197, at present the pressure correction has not been implemented197 and it requires 
the use of tabulated potentials, which are not trivial to develop or use. This will therefore be a 
substantial undertaking, but would greatly improve the uptake and use of these CG models. 
 
 

4.4 Discussion 
 
Reference simulations of the DPPC bilayer, as well as a single molecule of DPPC in water were 
successfully performed. The internal structural properties of DPPC were found to be conserved between 
the bilayer and single molecule simulations, suggesting that these properties of the CG-DPPC could be 
optimised for a single molecule in solution. Similarly, the distribution of bond lengths was conserved 
when a truncated methyl-capped phosphocholine moiety was simulated alone in solution, legitimising 
the building block approach to parameterising CG-DPPC. 
 
The approach taken to parameterise the CG-DPPC model involved several iterations of CG models, 
starting with a small part of the whole molecule and adding more CG beads with each iteration. An 
initial proof of principle two-bead CG methyl-capped phosphocholine model (CG-PC) was established to 
show that two polarisable CG beads could be bonded together. This then led to the parameterisation of 
the polar CG headgroup part of the lipid (CG-HG), involving the addition of angle and dihedral terms. 
Finally, the entire CG-DPPC model was created by the addition of non-polarisable CG alkane tails. 
 
This piecemeal parameterisation procedure greatly simplified the process of adding and parameterising 
new bonded terms in a multi-variable system. For the most part, the existing bonded terms did not have 
to be changed with addition of further beads. However, the non-bonded terms proved more 
problematic, as these could not be fully optimised until the later editions of the model, due to the 
effects of other molecules, not added until the bilayer stage or beads situated more than 3 bonds away 
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within the same molecule (only one such case present for CG-HG). Here, each addition of new beads 
changed the behaviour of the model slightly, and, at the point of packing the CG-DPPC molecules into a 
bilayer, enormously. Thus, unfortunately, the success of models representing a sub-part of the molecule 
did not necessarily ensure the success of the final model in all environments. 
 
Manual parameter matching as a methodology proved to be a useful, if laborious method for CG 
parameterisation. It is worth noting here that attempts by Dr Collier to use Iterative Boltzmann 
Inversion, implemented in VOTKA194 as an automated alternative, did not provide appropriate estimates 
of the LJ parameters, which are the most difficult to derive manually. Generally, the distributions of 
bonded properties calculated from the CG simulations were always sharper than their AL equivalents, 
and due to the use of a single harmonic function, between two or three beads, to encompass the 
behaviour described by several such functions, (between multiple atoms at AL, the CG bond and angle 
distributions always had a single peak. This is simply a consequence of moving from a more detailed to 
less detailed description. 
 
This non-correspondence derailed attempts to automate the parameterisation of the bonded terms via 
quantitative comparison of the histograms. If the AL reference simulation produced multi-modal 
distributions, or a substantial shoulder on an otherwise unimodal distribution, this would result in poor 
agreement between the CG and reference data and thus driving the parameters away from those 
values, which could be the best available. While human intuition can easily account for these issues, it 
proved difficult to automate. 
 
The project has encountered a set of technical challenges, which became apparent from the very onset, 
but took some time to diagnose due to uninformative error messages and the incomplete CG 
implementation documentation still under development. When this work was initiated, two types of CG 
simulations had been run successfully. Firstly, pure CG solvent systems, where groups of molecules were 
comprised of a single polarisable CG bead, did not have any CG bonded terms other than the centre-
dipole particle bond. Secondly, CG alkanes, which were still under development, involved non-
polarisable CG beads with a full complement of bonded terms, but were only tested as pure solutions or 
in the presence of CG water, meaning that bond constraints (SHAKE) could simply be switched off 
globally and the normal AL bonded terms used. Thus, simulations of polarisable individual CG beads, and 
bonded non-polarisable CG beads using the standard bonded terms were known to work. 
 
After moving beyond the two-bead CG-PC model, problems with the CG water model were undergoing 
diagnosis by our collaborators at ETH Zurich, making it necessary to run the CG-HG simulations in SPC 
water while those were fixed, and later, solvation with CG water also proved problematic. To run the 
simulations in AL SPC water, it is necessary to use bond constraints on the water molecules, meaning 
that a completely new set of CG bonded terms had to be added to the code by our collaborators at ETH 
Zurich. 
 
Furthermore, issues were found with the pressure scaling of CG particles with the GROMOS MD inputs. 
CG solvents are supra-molecular CG models – e.g. one CG water bead represented five AL water 
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molecules. This necessitated an adjustment to the pressure calculation during the simulation, which in 
turn affected the pressure coupling needed to run under NPT conditions. This was initially implemented 
in a way that affected all CG molecules in the system, so changes to the code were required to allow 
partitioning of groups of CG molecules between the adjusted and non-adjusted pressure calculations. 
Again, this had to be carried out by our collaborators at ETH Zurich, who were responsible for the code 
developments. 
 
In general, when scanning ranges of values of different parameters in parallel, there was no clear 
correspondence between combinations that resulted in stable simulations (of at least 1 ns) and those 
that did not. This made further refinement of these parameters, which included the LJ parameters, very 
difficult to systemise or automate. While this may simply be the result of working with a complex system 
in which all parameter values are interdependent, very recently, a potential issue associated specifically 
with the LJ parameters has become apparent. In the first instance, a LJ ߳ value of 1.5 kJ.mol-1 was used, 
the same value as in the GROMOS CG water models. The intention was to refine this value in the later 
stages of the parameterisation procedure. However, other published CG lipid models, including the 
polarisable ELBA CG lipids137, use significantly higher values (2 to 6 kJ.mol-1, in the case of ELBA). While 
CG models are not directly comparable due to the different design principles (for instance, ELBA uses 
point dipoles, and other CG lipid models are not polarisable) and parameterisation procedures, the 
preliminary work on a GROMOS CG-DPPE model showed that larger LJ ߳ look promising, thus in the 
future it would be useful to further test the GROMOS CG-DPPC model with a wider range of increased LJ ߳ values. 
 
 

4.5 Methods 
 
4.5.1 AL simulations of reference systems 
 
The AL simulations used the 54A8 atomistic GROMOS forcefield109 and the SPC water model69. All 
simulations were performed using the GROMOS MD++ program67,68 and prepared and analysed using 
the GROMOS++ suite of programs198.  

Initial coordinates for the pre-equilibrated (190 ns) DPPC bilayer were obtained from the ATB6 online 
resource. Coordinates for the single DPPC and PCm molecules were extracted from the DPPC bilayer, 
and the system comprising multiple PCm molecules was built using the GROMOS++ build_box program 
to distribute exact copies of the input molecule uniformly in a box of size 5.56 × 5.56 × 5.56 nm3. 
 
The DPPC bilayer and single DPPC and PCm solute molecules were solvated in cubic boxes with a 
minimum distance to the wall of 1.4 nm. This resulted in the DPPC bilayer becoming surrounded by 5841 
water molecules (6.40 × 6.33 × 8.38 nm3), the single DPPC molecule by 3767 water molecules (4.89 × 
4.89 × 4.89 nm3) and the single PCm molecule by 1361 water molecules (3.48 × 3.48 × 3.48 nm3 box). 
The solvent molecules were energy-minimized while the solute molecule structures were positionally 
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restrained to their starting structure via a harmonic potential energy term with a force constant kb of 2.5 
× 104 Nm-1. Initial velocities were randomly generated from a Maxwell-Boltzmann distribution at 60 K. 
The temperature was then increased stepwise from 60 to 300 K in 2 ps steps of 60 K under NVT 
conditions. During this heating phase, the solute position restraints were simultaneously relaxed by 
lowering the harmonic restraint force constant by a factor of 10 at each step. Finally, each system was 
equilibrated at 298 K under NPT conditions for 0.12 ns. The final coordinates resulting from the energy 
minimisation, heating and equilibration were the starting point for the MD simulations from which the 
reference data were calculated. 
 
Simulations were energy minimised for 10,000 steps using steepest descent algorithm. In the NVT and 
NPT simulations, the temperature was maintained at an approximate temperature of 298 K by weak 
coupling to a temperature bath with a relaxation time of 0.1 ps69. Analogously, for the NPT simulations, 
the pressure was maintained close to 1.013 bar (1 atm) by weak coupling to a pressure bath with a 

T of 4.575 × 10-4 kJmol-1nm-3. The leap-frog 
scheme70 was used to integrate Newton's equations of motion with a time step of 2 fs. Solute and 
solvent bond lengths were constrained by the SHAKE algorithm to their ideal lengths12. During MD, a 
twin-range cut-off method was used for the non-bonded interactions, with a short-range cut-off radius 
of 0.8 nm and an intermediate-range cut-off radius of 1.4 nm. The non-bonded interactions were 
calculated and updated every 5 integration steps. Solvation effects outside the cut-off sphere were 
approximated with a reaction field force71, which was applied using the experimental relative dielectric 

rf of 78.5199. The dielectric permittivity within the cut- CS was 1.0 for AL-
AL interactions, and was initially estimated to be for 1.5 for CG-CG interactions.   
 
 
4.5.2 CG simulations 

Coordinate generation 
 
An equilibrated box of 2560 CG water beads (equivalent to 12,800 water molecules) was provided by 
Assist. Prof. S. Riniker. The system was equilibrated at 298 K under NPT conditions for 1 ns.  The initial 
CG bead configuration (coordinates) for CG-PC was obtained by taking the last frame of a simulation of 
2560 CG water beads (7.29 × 7.29 × 7.29 nm3 box) and transforming two adjacent CG water beads into 
the two CG PCm head group beads.  
 
Initial coordinates for the CG headgroup and single CG DPPC molecule were obtained by taking a 
randomly selected DPPC molecule from the equilibrated DPPC AL bilayer coordinates and computing the 
centre of geometry of the group of atoms corresponding to each CG bead. Initial coordinates for the 
dipole particle were generated by manually adding a dipole particle 0.2 nm away from the central 
molecule in the y axis manually. CG-DPPC and CG-HG were solvated in SPC water using GROMOS 
sim_box program. 
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CG DPPC bilayer coordinates were generated using an in-house bilayer building tool built by Ivan Welsh. 
The tool took the coordinates of the aforementioned DPPC CG molecule and translated them at regular 
specified intervals in the xy plane to produce the top leaflet of the bilayer. The leaflet was then mirror in 
the z direction to produce the complete bilayer, which was then solvated with SPC water.  
 
 
Molecular dynamics 

The CG simulations used the 54A8 atomistic GROMOS forcefield18 that was edited to include the 
experimental parameters relating to CG beads. The multiscale simulations used the SPC water model35, 
and the pure CG simulations used the GROMOS CG water model37. 
 
Simulations were energy minimised for 10000 steps using steepest descent algorithm. In the NVT and 
NPT simulations, the temperature was maintained at an approximate temperature of 298 K by weak 
coupling to a temperature bath with a relaxation time of 0.1 ps69. Analogously, for the NPT simulations, 
the pressure was maintained close to 1.013 bar (1 atm) by weak coupling to a pressure bath with a 

-4 kJmol-1nm-3. The leap-
frog scheme70 was used to integrate Newton's equations of motion with a time step of 2 fs. Solvent 
bond lengths were constrained by the SHAKE algorithm to their ideal lengths12. During MD, a twin-
range cut-off method was used for the non-bonded interactions, with an increased (compared to AL) 
short-range cut-off radius of 1.4 nm and an intermediate-range cut-off radius of 2.0 nm. Extra pressure 
scaling parameters had to be introduced into the system to compensate for the supra-molecular nature 
of the CG water beads. Unlike in the case of the CG water model, calculation of the virial and therefore 
the pressure is unaffected by the inclusion of CG molecules in the simulation (i.e. the scaling factor of 5 
for water, 1 for lipids), therefore no need for CG pressure correction was required for the CG lipids 
themselves. 
 
Initial velocities were randomly generated from a Maxwell-Boltzmann distribution at 60 K. The 
temperature was then increased stepwise from 60 to 300 K in 2 ps steps of 60 K under NVT conditions. 
During this heating phase, the solute position restraints were simultaneously relaxed by lowering the 
harmonic restraint force constant by a factor of 10 at each step. Finally, each system was equilibrated at 
298 K under NPT conditions for 0.12 ns. The final coordinates resulting from the energy minimisation, 
heating and equilibration were the starting point for the MD simulations from which key properties 
were calculated for comparison to the AL reference simulations and, ultimately to experimental data. 

 
 
 
 
 
 
4.5.3 Analysis tools 
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Distance, angle and torsional dihedral distributions 
 
The GROMOS tser program was used to generate time series of special property values extracted from 
the molecular dynamics trajectories. The time series data values were then processed into histograms, 
and the mean values calculated. 
 
 
Dipole moments 
 
The dipole moments of a group of atoms at each step in the simulation was computed using the 
GROMOS dipole program and plotted as histograms. The dipole moment can be worked out relative to 
the origin using the following general equation: 
݌  =  ෍ ௜௡ݎ௜ݍ

௜  

Where: 
p is the dipole moment, 
n is the number of particles, 
qi is the charge of particle i, 
ri is the distance to the origin in a vector format. 
 
To avoid overall molecular motion being incorporated into the calculated dipole moment, each frame of 
the trajectory was first superimposed onto the initial coordinates. 
 
 
Radial distribution function 
 
The radial distribution function between groups of atoms corresponding to CG beads, or the CG beads 
themselves, was calculated by the GROMOS program rdf according to the following function: 
(ݎ)݃  =  ௜ܰ(݇)4ݎߨଶ݀ߩݎ௜ 
 
Where: 
r is the distance between the particles or groups of particles 
Ni(k) is the number of particles or groups of particles of type i found at a distance between r(k) – 0.5dr 
and r(k) + 0.5dr 
Pj is the number density of particles or groups of particles i 
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4.6 Conclusion 
 
A large extent of parameterisation groundwork was laid down for the CG-DPPC lipid modelling project 
over the 3 years of this PhD.  A working version of CG-DPPC lipid was created for a simulation of a single 
CG lipid molecule in AL water. The joining of multiple polarisable CG beads containing dipole particles 
worked for isolated CG molecules in solution, but not for multiple CG molecules packed into a bilayer. 
The parameterisation of the bonded terms can be considered largely complete, as these were fitted 
against structural data for the reference bilayer simulation throughout and largely unaffected by each 
expansion of the model. However, the non-bonded terms required further work. This pertained to both 
the interactions between CG lipid molecules in the bilayer, and between the CG lipids and CG water. The 
success of simulations without dipole particles suggested that these are the main cause of the problems, 
yet dipole particles wer essential to the polarisability of the model, a key point of difference along with 
the model’s compatibility with the GROMOS AL forcefield. The large degree of similarity between DPPC 
and other common phospholipids meant that once these remaining problems have been solved, 
generation of other lipid CG models, such as DPPE/POPE and DPPS/POPS should be straightforward, 
utilising the plug-and-play philosophy that underlies the design of the CG-DPPC model developed here. 
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Appendix 1: Octapeptide O17 – GROMOS 54a7 forcefield parameters and 
starting configuration 

2.1 GROMOS 54a7 forcefield parameters 

[moleculetype ]

; Name   nrexcl

octopep    3

[ atoms ]

;  nr  type  resnr  resid  atom  cgnr  charge   mass         total_charge  

    1   CH3    1    DDAB     C6    1    0.00000  15.0350                 

    2   CH3    1    DDAB     C7    1    0.00000  15.0350                 

    3   CH1    1    DDAB     C5    1    0.00000  14.0270                 

    4   CH2    1   DDAB     C4    1    0.00000  14.0270                 

    5   CH2    1    DDAB     C3    1    0.00000  14.0270                 

    6   CH2    1    DDAB     C2    1    0.00000  14.0270     ;  0.00000   

    7     C    1    DDAB     C1    2    0.45000  12.0110                 

    8    OM    1    DDAB     O1    2   -0.45000  15.9994     ;  0.00000   

    9    NL    1    DDAB      N    3   -0.31000  14.0067                 

   10     H    1    DDAB     H3    3    0.31000   1.0080                 

   11   CH1    1    DDAB     CA    3    0.00000  13.0190     ;  0.00000   

   12   CH2    1    DDAB     CB    4    0.00000  14.0270     ;  0.00000   

   13   CH2    1    DDAB     CE    5   -0.24000  14.0270                 

   14    NT    1    DDAB     NZ    5   -0.64000  14.0067                 

   15     H    1    DDAB    HZ1    5    0.44000   1.0080                 

   16     H    1    DDAB    HZ2    5    0.44000   1.0080     ;  0.00000   

   17     C    1    DDAB      C    6    0.45000  12.0110                 

  18     O    1    DDAB      O    6   -0.45000  15.9994     ;  0.00000   

   19     N    2     DAB      N    7   -0.31000  14.0067                 

   20     H    2     DAB      H    7    0.31000   1.0080     ;  0.00000   

   21   CH1    2     DAB     CA    8    0.00000  13.0190                 

   22   CH2    2     DAB     CB    8    0.00000  14.0270     ;  0.00000   

   23   CH2    2     DAB     CE    9   -0.24000  14.0270                 

   24    NT    2     DAB     NZ    9   -0.64000  14.0067                 
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   25     H    2     DAB    HZ1    9    0.44000   1.0080                 

   26     H    2     DAB    HZ2    9    0.44000   1.0080     ;  0.00000   

   27     C    2     DAB      C   10    0.45000  12.0110                 

   28     O    2     DAB      O   10   -0.45000  15.9994     ;  0.00000   

   29     N    3     DAB      N   11   -0.31000  14.0067                 

   30     H    3     DAB      H   11    0.31000   1.0080     ;  0.00000   

   31   CH1    3     DAB     CA   12    0.00000  13.0190                 

   32   CH2    3     DAB     CB   12    0.00000  14.0270     ;  0.00000   

   33   CH2    3     DAB     CE   13   -0.24000  14.0270                 

   34    NT    3     DAB     NZ   13   -0.64000  14.0067                 

   35     H    3     DAB    HZ1   13    0.44000   1.0080                 

   36     H    3     DAB    HZ2   13    0.44000   1.0080     ;  0.00000   

   37     C    3     DAB      C   14    0.45000  12.0110                 

   38     O    3     DAB      O   14   -0.45000  15.9994     ;  0.00000   

   39     N    4     LEU      N   15   -0.31000  14.0067                 

   40     H    4     LEU      H   15    0.31000   1.0080     ;  0.00000   

   41   CH1    4     LEU     CA   16    0.00000 13.0190                 

   42   CH2    4     LEU     CB   16    0.00000  14.0270     ;  0.00000   

   43   CH1    4     LEU     CG   17    0.00000  13.0190                 

   44   CH3    4     LEU    CD1   17    0.00000  15.0350                 

   45  CH3    4     LEU    CD2   17    0.00000  15.0350     ;  0.00000   

   46     C    4     LEU      C   18    0.45000  12.0110                 

   47     O    4     LEU      O   18   -0.45000  15.9994     ;  0.00000   

   48     N    5    DPHE      N   19   -0.31000  14.0067                 

   49     H    5    DPHE      H   19    0.31000   1.0080     ;  0.00000   

   50   CH1    5    DPHE     CA   20    0.00000  13.0190                 

   51   CH2    5    DPHE     CB   20    0.00000  14.0270                 

   52     C    5    DPHE     CG   20    0.00000  12.0110     ;  0.00000   

   53     C    5    DPHE    CD1   21   -0.14000  12.0110                 

   54    HC    5    DPHE    HD1   21    0.14000   1.0080     ;  0.00000   

   55     C   5    DPHE    CD2   22   -0.14000  12.0110                 

   56    HC    5    DPHE    HD2   22    0.14000   1.0080     ;  0.00000   
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   57     C    5    DPHE    CE1   23   -0.14000  12.0110                 

   58    HC    5    DPHE    HE1   23    0.14000   1.0080     ;  0.00000   

   59     C    5    DPHE    CE2   24   -0.14000  12.0110                 

   60    HC    5    DPHE    HE2   24    0.14000   1.0080     ;  0.00000   

   61     C    5    DPHE     CZ   25   -0.14000  12.0110                 

   62    HC    5    DPHE     HZ   25    0.14000   1.0080     ;  0.00000   

   63     C    5    DPHE      C   26    0.45000  12.0110                 

   64     O    5    DPHE      O   26   -0.45000  15.9994     ;  0.00000   

   65     N    6     DAB      N   27   -0.31000  14.0067                 

   66     H    6     DAB      H   27    0.31000   1.0080     ;  0.00000   

   67   CH1    6     DAB     CA   28    0.00000  13.0190                 

   68   CH2    6     DAB     CB   28    0.00000  14.0270     ;  0.00000   

   69   CH2    6     DAB     CE   29   -0.24000  14.0270                 

   70    NT    6     DAB     NZ   29   -0.64000  14.0067                 

   71     H    6     DAB    HZ1   29    0.44000   1.0080                 

   72     H    6     DAB    HZ2   29    0.44000   1.0080     ;  0.00000   

   73     C    6     DAB      C   30    0.45000  12.0110                 

   74     O    6     DAB      O   30   -0.45000  15.9994     ;  0.00000   

   75     N    7     DAB      N   31   -0.31000  14.0067                 

   76     H    7     DAB      H   31    0.31000   1.0080     ;  0.00000   

   77   CH1    7     DAB     CA   32    0.00000  13.0190                 

   78   CH2    7     DAB     CB   32    0.00000  14.0270     ;  0.00000   

   79   CH2    7     DAB     CE   33   -0.24000  14.0270                 

   80    NT    7     DAB     NZ   33   -0.64000  14.0067                 

   81     H    7     DAB    HZ1   33    0.44000   1.0080                 

   82     H    7     DAB    HZ2   33    0.44000   1.0080     ;  0.00000   

   83     C    7     DAB      C   34    0.45000  12.0110                 

   84     O    7     DAB      O   34   -0.45000  15.9994     ;  0.00000   

   85     N    8     LEU      N   35   -0.31000  14.0067                 

   86     H    8     LEU      H   35    0.31000   1.0080     ;  0.00000   

   87   CH1    8     LEU     CA   36    0.00000  13.0190                 

   88   CH2    8     LEU     CB   36    0.00000  14.0270     ;  0.00000   
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   89   CH1    8     LEU     CG   37    0.00000  13.0190                 

   90   CH3    8     LEU    CD1   37    0.00000  15.0350                 

   91   CH3    8     LEU    CD2   37    0.00000  15.0350     ;  0.00000   

   92     C    8     LEU      C   38    0.29000  12.0110                 

   93     O    8     LEU     O1   38   -0.45000  15.9994                 

   94    NT    8     LEU      N   38   -0.72000  14.0067                 

   95     H    8     LEU     H1   38    0.44000   1.0080                 

   96     H    8     LEU     H2   38    0.44000   1.0080     ;  0.00000   

; total charge of the molecule:   0.00000

[ bonds ]

;  ai   aj  funct   c0         c1

    9   10    2   0.1000     1.8700e+07

   14   15    2   0.1000     1.8700e+07

   14   16    2   0.1000     1.8700e+07

   19   20    2   0.1000     1.8700e+07

   24   25    2   0.1000     1.8700e+07

   24   26    2   0.1000     1.8700e+07

   29   30    2   0.1000     1.8700e+07

   34   35    2   0.1000     1.8700e+07

   34   36    2   0.1000     1.8700e+07

   39   40    2   0.1000     1.8700e+07

   48   49    2   0.1000     1.8700e+07

   53   54    2   0.1090     1.2300e+07

   55   56    2   0.1090     1.2300e+07

   57   58    2   0.1090     1.2300e+07

   59   60    2   0.1090     1.2300e+07

   61   62    2   0.1090     1.2300e+07

   65   66    2   0.1000     1.8700e+07

   70   71    2   0.1000     1.8700e+07

   70   72    2   0.1000     1.8700e+07

   75   76    2   0.1000     1.8700e+07

   80   81    2   0.1000     1.8700e+07
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   80   82    2   0.1000     1.8700e+07

   85   86    2   0.1000     1.8700e+07

   94   95    2   0.1000     1.8700e+07

   94   96    2   0.1000     1.8700e+07

    1    3    2   0.1530     7.1500e+06

    2    3    2   0.1530     7.1500e+06

    3    4    2   0.1530     7.1500e+06

    4   5    2   0.1530     7.1500e+06

    5    6    2   0.1530     7.1500e+06

    6    7    2   0.1530     7.1500e+06

    7    8    2   0.1230     1.6600e+07

    7    9    2   0.1330     1.1800e+07

    9   11    2   0.1470     8.7100e+06

   11   12    2   0.1530     7.1500e+06

   11   17    2   0.1530     7.1500e+06

   12   13    2   0.1530     7.1500e+06

   13   14    2   0.1470     8.7100e+06

   17   18    2   0.1230     1.6600e+07

   17   19    2   0.1330     1.1800e+07

   19   21    2   0.1470     8.7100e+06

   21   22    2   0.1530     7.1500e+06

   21   27    2   0.1530     7.1500e+06

   22   23    2   0.1530     7.1500e+06

   23   24    2   0.1470     8.7100e+06

   27   28    2   0.1230     1.6600e+07

   27   29    2   0.1330     1.1800e+07

   29   31    2   0.1470     8.7100e+06

   31   32    2   0.1530     7.1500e+06

   31   37    2   0.1530     7.1500e+06

   32   33    2   0.1530     7.1500e+06

   33   34    2   0.1470     8.7100e+06

   37   38    2   0.1230     1.6600e+07
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   37   39    2   0.1330     1.1800e+07

   39   41    2   0.1470     8.7100e+06

   41   42    2   0.1530     7.1500e+06

   41   46    2   0.1530     7.1500e+06

   42   43    2   0.1530     7.1500e+06

   43   44    2   0.1530     7.1500e+06

   43   45    2   0.1530     7.1500e+06

   46   47    2   0.1230     1.6600e+07

   46   48    2   0.1330     1.1800e+07

   48   50    2   0.1470     8.7100e+06

   50   51    2   0.1530     7.1500e+06

   50   63    2   0.1530     7.1500e+06

   51   52    2   0.1530     7.1500e+06

   52   53    2   0.1390     1.0800e+07

   52   55    2   0.1390     1.0800e+07

   53   57    2   0.1390     1.0800e+07

   55   59    2   0.1390     1.0800e+07

   57   61    2   0.1390     1.0800e+07

   59   61    2   0.1390     1.0800e+07

   63   64    2   0.1230     1.6600e+07

   63   65    2   0.1330     1.1800e+07

   65   67    2   0.1470     8.7100e+06

   67   68    2   0.1530     7.1500e+06

   67   73    2   0.1530     7.1500e+06

   68   69    2   0.1530     7.1500e+06

   69   70    2   0.1470     8.7100e+06

   73   74    2   0.1230     1.6600e+07

   73   75    2   0.1330     1.1800e+07

   75   77    2   0.1470     8.7100e+06

   77   78    2   0.1530     7.1500e+06

   77   83    2   0.1530     7.1500e+06

   78   79    2   0.1530     7.1500e+06
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   79   80    2   0.1470     8.7100e+06

   83   84    2   0.1230     1.6600e+07

   83   85    2   0.1330     1.1800e+07

   85   87    2   0.1470     8.7100e+06

   87   88    2   0.1530     7.1500e+06

   87   92    2   0.1530     7.1500e+06

   88   89    2   0.1530     7.1500e+06

   89   90    2   0.1530     7.1500e+06

   89   91    2   0.1530     7.1500e+06

   92   93    2   0.1230     1.6600e+07

   92   94    2   0.1330     1.0600e+07

[ pairs ]

;  ai   aj  funct  ;  all 1-4 pairs but the ones excluded in GROMOS itp

    1    5    1    

    2    5    1

    3    6    1

    4    7    1

    5    8    1

    5    9    1   

    6   10    1

    6   11    1

    7   12    1

    7   17    1

    9   13    1

    9   18    1

    9   19    1

   10   12    1

   10   17    1

   11   14    1

   11   20    1

   11   21    1

   12   15    1
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   12   16    1

   12   18    1

   12   19    1

   13   17    1

   17   22    1

   17   27    1

   18   20    1

   18   21    1

   19   23    1

   19   28    1

   19   29    1

   20   22    1

   20   27    1

   21   24    1

   21   30    1

   21   31    1

   22   25    1

   22   26    1

   22   28    1

   22   29    1

   23   27    1

   27   32    1

   27   37    1

   28   30    1

   28   31    1

   29   33    1

   29   38    1

   29   39    1

   30   32    1

   30   37    1

   31   34    1

   31   40    1
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   31   41    1

   32   35    1

   32   36    1

   32   38    1

   32   39    1

   33   37    1

   37   42    1

   37   46    1

   38   40    1

   38   41    1

   39   43    1

   39   47    1

   39   48    1

   40   42    1

   40   46    1

   41   44    1

   41   45    1

   41   49    1

   41   50    1

   42   47    1

   42   48    1

   43   46    1

   46   51    1

   46   63    1

   47   49    1

   47   50    1

   48   52    1

   48   64    1

   48   65    1

   49   51    1

   49   63    1

   50   53    1
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   50   55    1

   50   66    1

   50   67    1

   51   64    1

   51   65    1

   52   63    1

   63   68    1

   63   73    1

   64   66    1

   64   67    1

   65   69    1

   65   74    1

   65   75    1

   66   68    1

   66   73    1

   67   70    1

   67   76    1

   67   77    1

   68   71    1

   68   72    1

   68   74    1

   68   75    1

   69   73    1

   73   78    1

   73   83    1

   74   76    1

   74   77    1

   75   79    1

   75   84    1

   75   85    1

   76   78    1

   76   83    1
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   77   80    1

   77   86    1

   77   87    1

   78   81    1

   78   82    1

   78   84    1

   78   85    1

   79   83    1

   83   88    1

   83   92    1

   84   86    1

   84   87    1

   85   89    1

   85   93    1

   85   94    1

   86   88    1

   86   92    1

   87   90    1

   87   91    1

   87   95    1

   87   96    1

   88   93    1

   88   94    1

   89   92    1

[ angles ]

;  ai   aj   ak  funct   angle     fc

    7    9   10    2    123.00    415.00

   10    9   11    2    123.00    415.00

   13   14   15    2    109.50    425.00

   13   14   16    2    109.50    425.00

   15   14   16    2    109.50    380.00

   17   19   20    2    123.00    415.00
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   20   19   21    2    115.00    460.00

   23   24   25    2    109.50    425.00

   23   24   26    2    109.50    425.00

   25   24   26    2    109.50    380.00

   27   29   30    2    123.00    415.00

   30   29   31    2    115.00    460.00

   33   34   35    2    109.50    425.00

   33   34   36    2    109.50    425.00

   35   34   36    2    109.50    380.00

   37   39   40    2    123.00    415.00

   40   39   41    2    115.00    460.00

   46   48   49    2    123.00    415.00

   49   48   50    2    115.00    460.00

   52   53   54    2    120.00    505.00

   54   53   57    2    120.00    505.00

   52   55   56    2    120.00    505.00

   56   55   59    2    120.00    505.00

   53   57   58    2    120.00    505.00

   58   57   61    2    120.00    505.00

   55   59   60    2    120.00    505.00

   60   59   61    2    120.00    505.00

   57   61   62    2    120.00    505.00

   59   61   62    2    120.00    505.00

   63   65   66    2    123.00    415.00

   66   65   67    2    115.00    460.00

   69   70   71    2    109.50    425.00

   69   70   72    2    109.50    425.00

   71   70   72    2    109.50    380.00

   73   75   76    2    123.00    415.00

   76   75   77    2    115.00    460.00

   79   80   81    2    109.50    425.00

   79   80   82    2    109.50    425.00
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   81   80   82    2    109.50    380.00

   83   85   86    2    123.00    415.00

   86   85   87    2    115.00    460.00

   92   94   95    2    109.50    425.00

   92   94   96    2    109.50    425.00

   95   94   96    2    109.50    380.00

    1    3    4    2    111.00    530.00

    2    3    4    2    111.00    530.00

    1    3    2    2    111.00    530.00

    3    4    5    2    111.00    530.00

    4    5    6    2    111.00    530.00

    5    6    7    2    111.00    530.00

    6    7    8    2    121.00    685.00

    6    7    9    2    115.00    610.00

    9   11   12    2    109.50    520.00

    9   11   17    2    109.50    520.00

   12   11   17    2    109.50    520.00

   11   12   13    2    111.00    530.00

   12   13   14    2    111.00    530.00

   11   17   18    2    121.00    685.00

   11   17   19    2    115.00    610.00

   18   17   19    2    124.00    730.00

   17   19   21    2    122.00    700.00

   19   21   22    2    109.50    520.00

   19   21   27    2    109.50    520.00

   22   21   27    2    109.50    520.00

   21   22   23    2    111.00    530.00

   22   23   24    2    111.00    530.00

   21   27   28    2    121.00    685.00

   21   27   29    2    115.00    610.00

   28   27   29    2    124.00    730.00

   27   29   31    2    122.00    700.00
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   29   31   32    2    109.50    520.00

   29   31   37    2    109.50    520.00

   32   31   37    2    109.50    520.00

   31   32   33    2    111.00    530.00

   32   33   34    2    111.00    530.00

   31   37   38    2    121.00    685.00

   31   37   39    2    115.00    610.00

   38   37   39    2    124.00    730.00

   37   39   41    2    122.00    700.00

   39   41   42    2    109.50    520.00

   39   41   46    2    109.50    520.00

   42   41   46    2    109.50    520.00

   41   42   43    2    111.00    530.00

   42   43   44    2    111.00    530.00

   42   43   45    2    111.00    530.00

   44   43   45    2    111.00    530.00

   41   46   47    2    121.00    685.00

   41   46   48    2    115.00    610.00

   47   46   48    2    124.00    730.00

   46   48   50    2    122.00    700.00

   48   50   51    2    109.50    520.00

   48   50   63    2    109.50    520.00

   51   50   63    2    109.50    520.00

   50   51   52    2    111.00    530.00

   51   52   53    2    120.00    560.00

   51   52   55    2    120.00    560.00

   53   52   55    2    120.00    560.00

   52   53   57    2    120.00    560.00

   52   55   59    2    120.00    560.00

   53   57   61    2    120.00    560.00

   55   59   61    2    120.00    560.00

   57   61   59    2    120.00    560.00
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   50   63   64    2    121.00    685.00

   50   63   65    2    115.00    610.00

   64   63   65    2    124.00    730.00

   63   65   67    2    122.00    700.00

   65   67   68    2    109.50    520.00

   65   67   73    2    109.50    520.00

   68   67   73    2    109.50    520.00

   67   68   69    2    111.00    530.00

   68   69   70    2    111.00    530.00

   67   73   74    2    121.00    685.00

   67   73   75    2    115.00    610.00

   74   73   75    2    124.00    730.00

   73   75   77    2    122.00    700.00

   75   77   78    2    109.50    520.00

   75   77   83    2    109.50    520.00

   78   77   83    2    109.50    520.00

   77   78   79    2    111.00    530.00

   78   79   80    2    111.00    530.00

   77   83   84    2    121.00    685.00

   77   83   85    2    115.00    610.00

   84   83   85    2    124.00    730.00

   83   85   87    2    122.00    700.00

   85   87   88    2    109.50    520.00

   85   87   92    2    109.50    520.00

   88   87   92    2    109.50    520.00

   87   88   89    2    111.00    530.00

   88   89   90    2    111.00    530.00

   88   89   91    2    111.00    530.00

   90   89   91    2    111.00    530.00

   87   92   93    2    121.00    685.00

   87   92   94    2    115.00    610.00

   93   92   94    2    124.00    730.00
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[ dihedrals ]

; GROMOS improper dihedrals

;  ai   aj   ak   al  funct   angle     fc

   19   17   21   20    2      0.00    167.42

   29   27   31   30    2      0.00    167.42

   39   37   41   40    2      0.00    167.42

   48   46   50   49    2      0.00    167.42

   53   52   57   54    2      0.00    167.42

   55   52   59   56    2      0.00    167.42

   58   53   61   57    2      0.00    167.42

   60   55   61   59    2      0.00    167.42

   61   57   59   62    2      0.00    167.42

   65   63   67   66    2      0.00    167.42

   75   73   77   76    2      0.00    167.42

   85   83   87   86    2      0.00    167.42

   11    9   17   12    2    -35.26    334.85

   17   11   19   18    2      0.00    167.42

   21   19   27   22    2     35.26    334.85

   27   21   29   28    2      0.00    167.42

   31   29   37   32    2     35.26    334.85

   37   31   39   38    2      0.00    167.42

   41   39   46   42    2     35.26    334.85

   42   44   45   43    2     35.26    334.85

   46   41   48   47    2      0.00    167.42

   50   48   63   51    2    -35.26    334.85

   52   53   55   51    2      0.00    167.42

   52   53   57   61    2      0.00    167.42

   52   55   59   61    2      0.00    167.42

   53   52   55   59    2      0.00    167.42

   53   57   61   59    2      0.00    167.42

   55   52   53   57    2      0.00    167.42

   55   59   61   57    2      0.00    167.42
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   63   50   65   64    2      0.00    167.42

   67   65   73   68    2     35.26    334.85

   73   67   75   74    2      0.00    167.42

   77   75   83   78    2     35.26    334.85

   83   77   85   84    2      0.00    167.42

   87   85   92   88    2     35.26    334.85

   88   90   91   89    2     35.26    334.85

   92   87   94   93    2      0.00    167.42

[ dihedrals ]

;  ai   aj   ak   al  funct    ph0      cp     mult

   12   13  14   15    1      0.00      3.77    3

   22   23   24   25    1      0.00      3.77    3

   32   33   34   35    1      0.00      3.77    3

   68   69   70   71    1      0.00      3.77    3

   78   79   80   81    1      0.00      3.77    3

   87   92   94   95    1    180.00     33.50    2

    1    3    4    5    1      0.00      5.92    3

    3    4    5    6    1      0.00      5.92    3

    4    5    6    7    1      0.00      5.92    3

    5    6    7    9    1    180.00      3.50    2

    6    7    9   11    1    180.00     33.50    2

    7    9   11   17    1      0.00      3.77    3

    9   11   12   13    1      0.00      5.92    3

    9   11   17   19    1    180.00      3.50    2

   11   12   13   14    1      0.00      5.92    3

  11   17   19   21    1    180.00     33.50    2

   17   19   21   27    1      0.00      2.80    3

   19   21   22   23    1      0.00      5.92    3

   19   21   27   29    1    180.00      3.50    2

   21   22   23   24    1      0.00      5.92    3

  21   27   29   31    1    180.00     33.50    2

   27   29   31   37    1      0.00      2.80    3
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   29   31   32   33    1      0.00      5.92    3

   29   31   37   39    1    180.00      3.50    2

   31   32   33   34    1      0.00      5.92    3

   31   37   39   41    1    180.00     33.50    2

   37   39   41   46    1      0.00      2.80    3

   39   41   42   43    1      0.00      5.92    3

   39   41   46   48    1    180.00      3.50    2

   41   42   43   44    1      0.00      5.92    3

   41   46   48   50    1    180.00     33.50    2

   46   48   50   63    1      0.00      2.80    3

   48   50   51   52    1      0.00      5.92    3

   48   50   63   65    1    180.00      3.50    2

   50   51   52   53    1      0.00      1.00    6

   50   63   65   67    1    180.00     33.50    2

   63   65   67   73    1      0.00      2.80    3

   65   67   68   69    1      0.00      5.92    3

   65   67   73   75    1    180.00      3.50    2

   67   68   69   70    1      0.00      5.92    3

   67   73   75   77    1    180.00     33.50    2

   73   75   77   83    1      0.00      2.80    3

   75   77   78   79    1      0.00      5.92    3

   75   77   83   85    1    180.00      3.50    2

   77   78   79   80    1      0.00      5.92    3

  77   83   85   87    1    180.00     33.50    2

   83   85   87   92    1      0.00      2.80    3

   85   87   88   89    1      0.00      5.92    3

   85   87   92   94    1    180.00      3.50    2

   87   88   89   90    1      0.00      5.92    3

[ exclusions ]

;  ai   aj  funct  ;  GROMOS 1-4 exclusions

    1    5

    2    5
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    3    6

    4    7

    5    8

    5    9

    6   10

    6   11

    8   10

    8   11

   51   54

   51   56

   51   57

   51   59

   52   58

   52   60

   52   61

   53   56

   53   59

   53   62

   54   55

   54   58

   54   61

   55   57

   55   62

   56   60

   56   61

   57   60

   58   59

   58   62

   60   62

   93   95

   93   96



164 
 

1.2 Starting coordinates (pdb format) 

TITLE     octapep_o17

CRYST1   30.000   36.203   30.000  90.00  90.00  90.00 P 1           1

MODEL        1

ATOM      1  C6  DDAB    1       0.760  32.520   0.870  1.00  0.00            

ATOM      2  C7  DDAB    1      -0.510  31.190  -1.360  1.00  0.00            

ATOM      3  C5  DDAB    1      -0.230  32.200  -0.250  1.00  0.00            

ATOM      4  C4  DDAB    1      -1.210  33.360  -0.300  1.00  0.00            

ATOM      5  C3  DDAB    1      -0.330  34.590  -0.370  1.00  0.00            

ATOM      6  C2  DDAB    1      -1.140  35.870  -0.480  1.00  0.00            

ATOM      7  C1  DDAB    1      -0.100  36.980  -0.610  1.00  0.00            

ATOM      8  O1  DDAB    1       1.000  36.750  -1.110  1.00  0.00            

ATOM      9  N   DDAB    1      -0.550  38.140  -0.170  1.00  0.00            

ATOM     10  H3  DDAB    1      -1.540  38.240  -0.010  1.00  0.00            

ATOM     11  CA  DDAB    1       0.230  39.390  -0.070  1.00  0.00            

ATOM     12  CB  DDAB    1       1.230  39.220   1.080  1.00  0.00            

ATOM     13  CE  DDAB    1       2.610  39.810   0.830  1.00  0.00            

ATOM     14  NZ  DDAB    1       3.350  40.110   2.060  1.00  0.00            

ATOM     15  HZ1 DDAB    1       4.000  40.870   1.900  1.00  0.00            

ATOM     16  HZ2 DDAB    1       3.950  39.350   2.370  1.00  0.00            

ATOM     17  C   DDAB    1      -0.780  40.500   0.250  1.00  0.00            

ATOM     18  O   DDAB    1      -1.980  40.220   0.180  1.00  0.00            

ATOM     19  N   DAB     2      -0.330  41.740   0.280  1.00  0.00            

ATOM     20  H   DAB     2       0.620  41.960   0.040  1.00  0.00            

ATOM     21  CA  DAB     2      -1.140  42.940   0.610  1.00  0.00            

ATOM     22  CB  DAB     2      -1.480  42.880   2.110  1.00  0.00            

ATOM     23  CE  DAB     2      -2.320  44.000   2.730  1.00  0.00            

ATOM     24  NZ  DAB     2      -2.730  43.620   4.080  1.00  0.00            

ATOM     25  HZ1 DAB     2      -3.140  42.710   4.030  1.00  0.00            

ATOM     26  HZ2 DAB     2      -3.480  44.220   4.390  1.00  0.00            

ATOM     27  C   DAB     2      -0.330  44.190   0.200  1.00  0.00            

ATOM     28  O   DAB     2       0.680  44.070  -0.490  1.00  0.00            



165 
 

ATOM    29  N   DAB     3      -0.930  45.360   0.400  1.00  0.00            

ATOM     30  H   DAB     3      -1.810  45.380   0.880  1.00  0.00            

ATOM     31  CA  DAB     3      -0.300  46.670   0.210  1.00  0.00            

ATOM     32  CB  DAB     3      -0.250  47.060  -1.280  1.00  0.00            

ATOM     33  CE  DAB     3       0.820  48.120  -1.560  1.00  0.00            

ATOM     34  NZ  DAB     3       0.680  48.650  -2.920  1.00  0.00            

ATOM     35  HZ1 DAB     3       0.660  47.910  -3.610  1.00  0.00            

ATOM     36  HZ2 DAB     3       1.410  49.310  -3.140  1.00  0.00            

ATOM     37  C   DAB     3      -1.110  47.720   0.990  1.00  0.00            

ATOM     38  O   DAB     3      -2.280  47.510   1.330  1.00  0.00            

ATOM     39  N   LEU     4      -0.480  48.860   1.200  1.00  0.00            

ATOM     40  H   LEU     4       0.370  49.050   0.710  1.00  0.00            

ATOM     41  CA  LEU     4      -1.000  49.960   2.020  1.00  0.00            

ATOM     42  CB  LEU     4      -0.780  49.590   3.480  1.00  0.00            

ATOM     43  CG  LEU     4      -1.910  50.130   4.340  1.00  0.00            

ATOM     44  CD1 LEU     4      -3.230  49.390   4.140  1.00  0.00            

ATOM     45 CD2 LEU     4      -1.470  50.150   5.790  1.00  0.00            

ATOM     46  C   LEU     4      -0.290  51.270   1.660  1.00  0.00            

ATOM     47  O   LEU     4       0.930  51.300   1.740  1.00  0.00            

ATOM     48  N   DPHE    5     -1.120  52.270   1.340  1.00  0.00            

ATOM     49  H   DPHE    5      -2.080  52.180   1.630  1.00  0.00            

ATOM     50  CA  DPHE    5      -0.850  53.580   0.690  1.00  0.00            

ATOM     51  CB  DPHE    5       0.590  53.810   0.190  1.00  0.00            

ATOM     52  CG  DPHE    5       1.010  52.910  -0.970  1.00  0.00            

ATOM     53  CD1 DPHE    5       0.210  52.740  -2.100  1.00  0.00            

ATOM     54  HD1 DPHE    5      -0.840  53.030  -2.100  1.00  0.00            

ATOM     55  CD2 DPHE    5       2.300  52.410  -0.950  1.00  0.00            

ATOM     56  HD2 DPHE    5       2.920  52.550  -0.060  1.00  0.00            

ATOM     57  CE1 DPHE    5       0.740  52.110  -3.220  1.00  0.00            

ATOM     58  HE1 DPHE    5       0.130  52.000  -4.120  1.00  0.00            

ATOM     59  CE2 DPHE    5       2.820  51.770  -2.060  1.00  0.00            

ATOM     60  HE2 DPHE    5       3.840  51.390  -2.060  1.00  0.00            
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ATOM     61  CZ  DPHE    5       2.050  51.650  -3.210  1.00  0.00            

ATOM     62  HZ  DPHE    5       2.560  51.440  -4.140  1.00  0.00            

ATOM     63  C   DPHE    5      -1.410  54.810   1.460  1.00  0.00            

ATOM     64  O   DPHE    5      -2.600  54.820   1.770  1.00  0.00            

ATOM     65  N   DAB     6      -0.710  55.940   1.390  1.00  0.00            

ATOM     66  H   DAB     6       0.050  56.060   0.750  1.00  0.00            

ATOM     67  CA  DAB     6      -1.030  57.140   2.180  1.00  0.00            

ATOM     68  CB  DAB     6      -0.290  57.020   3.520  1.00  0.00            

ATOM     69  CE  DAB     6      -0.850  58.010   4.550  1.00  0.00            

ATOM     70  NZ  DAB     6      -0.220  57.920   5.880  1.00  0.00            

ATOM     71  HZ1 DAB     6      -0.260  56.970   6.220  1.00  0.00            

ATOM     72  HZ2 DAB     6      -0.770  58.460   6.520  1.00  0.00            

ATOM     73  C   DAB     6      -0.570  58.390   1.420  1.00  0.00            

ATOM     74 O   DAB     6       0.370  58.320   0.630  1.00  0.00            

ATOM     75  N   DAB     7      -1.280  59.500   1.630  1.00  0.00            

ATOM     76  H   DAB     7      -2.160  59.470   2.100  1.00  0.00            

ATOM     77  CA  DAB     7     -0.910  60.820   1.090  1.00  0.00            

ATOM     78  CB  DAB     7      -1.540  61.020  -0.290  1.00  0.00            

ATOM     79  CE  DAB     7      -1.120  62.280  -1.050  1.00  0.00            

ATOM     80  NZ  DAB     7      -1.870  62.400  -2.300  1.00  0.00            

ATOM     81  HZ1 DAB     7      -2.800  62.740  -2.140  1.00  0.00            

ATOM     82  HZ2 DAB     7      -1.370  62.980  -2.940  1.00  0.00            

ATOM     83  C   DAB     7      -1.340  61.920   2.070  1.00  0.00            

ATOM     84  O   DAB     7      -2.130  61.700   2.990  1.00  0.00            

ATOM     85  N   LEU     8      -0.660  63.050   1.930  1.00  0.00            

ATOM     86  H   LEU     8      -0.010  63.170   1.180  1.00  0.00            

ATOM     87  CA  LEU     8      -0.830  64.220   2.800  1.00  0.00            

ATOM     88  CB  LEU     8       0.090  64.010   4.000  1.00  0.00            

ATOM     89  CG  LEU     8      -0.220  64.980   5.150  1.00  0.00            

ATOM     90  CD1 LEU     8      -1.630  64.760   5.680  1.00  0.00            

ATOM     91  CD2 LEU     8       0.780  64.720   6.260  1.00  0.00            

ATOM     92  C   LEU     8      -0.440  65.490   2.050  1.00  0.00            
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ATOM     93  O1  LEU     8       0.520  65.510   1.270  1.00  0.00            

ATOM     94  N   LEU     8      -1.350  66.450   2.150  1.00  0.00            

ATOM     95  H1  LEU     8      -1.060  67.310   1.740  1.00  0.00            

ATOM     96  H2  LEU     8      -1.650  66.590   3.090  1.00  0.00                     

TER

ENDMDL



168 
 

Appendix 2: Pentapeptide P30 – GROMOS 54a7 forcefield parameters and 
starting configuration 
 
2.1 GROMOS 54a7 forcefield parameters 

[ moleculetype ]

; Name   nrexcl

pentapep 3

[ atoms ]

;  nr  type  resnr  resid  atom  cgnr  charge    mass    total_charge   
added_charge

    1   CH3    1    DDAB     C6    1    0.00000  15.0350                 

    2   CH3    1    DDAB     C7    1    0.00000  15.0350                 

    3   CH1    1    DDAB     C5    1    0.00000  14.0270                 

    4   CH2    1    DDAB     C4    1    0.00000  14.0270                 

    5   CH2    1    DDAB     C3    1    0.00000  14.0270                 

    6   CH2    1    DDAB     C2    1    0.00000  14.0270     ;  0.00000    

    7     C    1    DDAB     C1    2    0.45000  12.0110                 

    8    OM    1    DDAB     O1    2   -0.45000  15.9994     ;  0.00000   

    9    NL    1    DDAB      N    3   -0.31000  14.0067                 

   10     H    1    DDAB     H3    3    0.31000   1.0080                 

   11   CH1    1    DDAB     CA    3    0.00000  13.0190     ;  0.00000   

   12   CH2    1    DDAB     CB    4    0.00000  14.0270     ;  0.00000   

   13   CH2    1    DDAB     CE    5   -0.24000  14.0270                 

   14    NT    1    DDAB     NZ    5   -0.64000  14.0067                 

   15     H    1    DDAB    HZ1    5    0.44000   1.0080                 

   16     H    1    DDAB    HZ2    5    0.44000   1.0080     ;  0.00000   

   17     C    1    DDAB      C    6    0.45000  12.0110                 

   18     O    1    DDAB      O    6   -0.45000  15.9994     ;  0.00000   

   19     N    2     DAB      N    7   -0.31000  14.0067                 

   20     H    2     DAB      H    7    0.31000   1.0080     ;  0.00000   

   21   CH1    2     DAB     CA    8    0.00000  13.0190                 

   22   CH2    2     DAB     CB    8    0.00000  14.0270     ;  0.00000   

   23   CH2    2     DAB     CE    9   -0.24000  14.0270                 
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   24    NT    2     DAB     NZ    9   -0.64000  14.0067                 

   25     H    2     DAB    HZ1    9    0.44000   1.0080                 

   26     H    2     DAB    HZ2    9    0.44000   1.0080     ;  0.00000   

   27     C    2     DAB      C   10    0.45000 12.0110                 

   28     O    2     DAB      O   10   -0.45000  15.9994     ;  0.00000   

   29     N    3     LEU      N   11   -0.31000  14.0067                 

   30     H    3     LEU      H   11    0.31000   1.0080     ;  0.00000   

   31   CH1    3     LEU     CA   12    0.00000  13.0190                 

   32   CH2    3     LEU     CB   12    0.00000  14.0270     ;  0.00000   

   33   CH1    3     LEU     CG   13    0.00000  13.0190                 

   34   CH3    3     LEU    CD1   13    0.00000  15.0350                 

   35   CH3    3     LEU    CD2   13    0.00000  15.0350     ;  0.00000   

   36     C    3     LEU      C   14    0.45000  12.0110                 

   37     O    3     LEU      O  14   -0.45000  15.9994     ;  0.00000   

   38     N    4    DPHE      N   15   -0.31000  14.0067                 

   39     H    4    DPHE      H   15    0.31000   1.0080     ;  0.00000   

   40   CH1    4    DPHE     CA   16    0.00000  13.0190                 

   41   CH2    4    DPHE     CB   16    0.00000  14.0270                 

   42     C    4    DPHE     CG   16    0.00000  12.0110     ;  0.00000   

   43     C    4    DPHE    CD1   17   -0.14000  12.0110                 

   44    HC    4    DPHE    HD1   17    0.14000   1.0080     ;  0.00000   

   45     C    4    DPHE    CD2   18   -0.14000  12.0110                 

   46    HC    4    DPHE    HD2   18    0.14000   1.0080     ;  0.00000   

   47     C    4    DPHE    CE1   19   -0.14000  12.0110                 

   48    HC    4    DPHE    HE1   19    0.14000   1.0080     ;  0.00000   

   49     C    4    DPHE    CE2   20   -0.14000  12.0110                 

   50    HC    4    DPHE    HE2   20    0.14000   1.0080     ;  0.00000   

   51     C   4    DPHE     CZ   21   -0.14000  12.0110                 

   52    HC    4    DPHE     HZ   21    0.14000   1.0080     ;  0.00000   

   53     C    4    DPHE      C   22    0.45000  12.0110                 

   54     O    4    DPHE      O   22   -0.45000  15.9994     ;  0.00000   

   55     N    5     DAB      N   23   -0.31000  14.0067                 
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   56     H    5     DAB      H   23    0.31000   1.0080     ;  0.00000   

   57   CH1    5     DAB     CA   24    0.00000  13.0190                 

   58   CH2    5     DAB     CB   24    0.00000  14.0270     ;  0.00000   

   59   CH2    5     DAB     CE   25   -0.24000  14.0270                 

   60    NT    5     DAB     NZ   25   -0.64000  14.0067                 

   61     H    5     DAB    HZ1   25    0.44000   1.0080                 

   62     H    5     DAB    HZ2   25    0.44000   1.0080     ;  0.00000   

   63     C    5     DAB      C   26    0.29000  12.0110                 

   64     O    5     DAB     O1   26   -0.45000  15.9994                 

   65    NT    5     DAB      N   26   -0.72000  14.0067                 

   66     H    5     DAB     H1   26    0.44000   1.0080                 

   67     H    5     DAB     H2   26    0.44000   1.0080     ;  0.00000   

; total charge of the molecule:   0.00000

[ bonds ]

;  ai   aj  funct   c0         c1

    9   10    2   0.1000     1.8700e+07

   14   15    2   0.1000     1.8700e+07

   14   16    2   0.1000     1.8700e+07

   19   20    2   0.1000     1.8700e+07

   24   25    2   0.1000     1.8700e+07

   24   26    2   0.1000     1.8700e+07

   29   30    2   0.1000     1.8700e+07

   38   39    2   0.1000     1.8700e+07

   43   44    2   0.1090     1.2300e+07

   45   46    2   0.1090     1.2300e+07

   47   48    2   0.1090     1.2300e+07

  49   50    2   0.1090     1.2300e+07

   51   52    2   0.1090     1.2300e+07

   55   56    2   0.1000     1.8700e+07

   60   61    2   0.1000     1.8700e+07

   60   62    2   0.1000     1.8700e+07

   65   66    2   0.1000     1.8700e+07
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   65   67    2  0.1000     1.8700e+07

    1    3    2   0.1530     7.1500e+06

    2    3    2   0.1530     7.1500e+06

    3    4    2   0.1530     7.1500e+06

    4    5    2   0.1530     7.1500e+06

    5    6    2   0.1530     7.1500e+06

    6    7    2   0.1530     7.1500e+06

    7    8    2   0.1230     1.6600e+07

    7    9    2   0.1330     1.1800e+07

    9   11    2   0.1470     8.7100e+06

   11   12    2   0.1530     7.1500e+06

   11   17    2   0.1530     7.1500e+06

   12   13    2   0.1530     7.1500e+06

   13   14    2   0.1470     8.7100e+06

   17   18    2   0.1230     1.6600e+07

   17   19    2   0.1330     1.1800e+07

   19   21    2   0.1470     8.7100e+06

   21   22    2   0.1530     7.1500e+06

   21   27    2   0.1530     7.1500e+06

   22   23    2   0.1530     7.1500e+06

   23   24    2   0.1470     8.7100e+06

   27   28    2   0.1230     1.6600e+07

   27   29    2   0.1330     1.1800e+07

   29   31    2   0.1470     8.7100e+06

   31   32    2   0.1530     7.1500e+06

   31   36    2   0.1530     7.1500e+06

   32   33    2   0.1530     7.1500e+06

   33   34    2   0.1530     7.1500e+06

   33   35    2   0.1530     7.1500e+06

   36   37    2   0.1230     1.6600e+07

   36   38    2   0.1330     1.1800e+07

   38   40    2   0.1470     8.7100e+06
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   40   41    2   0.1530     7.1500e+06

   40   53    2   0.1530     7.1500e+06

   41   42    2   0.1530     7.1500e+06

   42   43    2   0.1390     1.0800e+07

   42   45    2   0.1390     1.0800e+07

   43   47    2   0.1390     1.0800e+07

   45   49    2   0.1390     1.0800e+07

   47   51    2   0.1390     1.0800e+07

   49   51    2   0.1390     1.0800e+07

   53   54    2   0.1230     1.6600e+07

   53   55    2   0.1330     1.1800e+07

   55   57    2   0.1470     8.7100e+06

   57   58    2   0.1530     7.1500e+06

   57   63    2   0.1530     7.1500e+06

   58   59    2   0.1530     7.1500e+06

   59   60    2   0.1470     8.7100e+06

   63   64    2   0.1230     1.6600e+07

   63   65    2   0.1330     1.0600e+07

[ pairs ]

;  ai   aj  funct  ;  all 1-4 pairs but the ones excluded in GROMOS itp

    1    5    1    

    2    5    1

    3    6    1

    4    7    1

    5    8    1

    5    9    1   

    6   10    1

    6   11    1

    7   12    1

    7   17    1

    9   13    1

    9   18    1
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    9   19    1

   10   12    1

   10   17    1

   11   14    1

   11   20    1

   11   21    1

   12   15    1

   12   16    1

   12   18    1

   12   19    1

   13   17    1

   17   22    1

   17   27    1

   18   20    1

   18   21    1

   19   23    1

   19   28    1

   19   29    1

   20   22    1

   20   27    1

   21   24    1

   21   30    1

   21   31    1

   22   25    1

   22   26    1

   22   28    1

   22   29    1

   23   27    1

   27   32    1

   27   36    1

   28   30    1

   28   31    1
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   29   33    1

   29   37    1

   29   38    1

   30   32    1

   30   36    1

   31   34    1

   31   35    1

   31   39    1

   31   40    1

   32   37    1

   32   38    1

   33   36    1

   36   41    1

   36   53    1

   37   39    1

   37   40    1

   38   42    1

   38   54    1

   38   55    1

   39   41    1

   39   53    1

   40   43    1

   40   45    1

   40   56    1

   40   57    1

   41   54    1

   41   55    1

   42   53    1

   53   58    1

   53   63    1

   54   56    1

   54   57    1
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   55   59    1

   55   64    1

   55   65    1

   56   58    1

   56   63    1

   57   60    1

   57   66    1

   57   67    1

   58   61    1

   58   62    1

   58   64    1

   58   65    1

   59   63    1

[ angles ]

;  ai   aj   ak  funct   angle     fc

    7    9   10    2    123.00    415.00

   10    9   11    2    123.00    415.00

   13   14   15    2    109.50    425.00

   13   14   16    2    109.50    425.00

   15   14   16    2    109.50    380.00

   17   19   20    2    123.00    415.00

   20   19   21    2    115.00    460.00

   23   24   25    2    109.50    425.00

   23   24   26    2    109.50    425.00

   25   24   26    2    109.50    380.00

   27   29   30    2    123.00    415.00

   30   29   31    2    115.00    460.00

   36   38   39    2    123.00    415.00

   39   38   40    2    115.00    460.00

   42   43   44    2    120.00    505.00

   44   43   47    2    120.00    505.00

   42   45   46    2    120.00    505.00
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   46   45   49    2    120.00    505.00

   43   47   48    2    120.00    505.00

   48   47   51    2    120.00    505.00

   45   49   50    2    120.00    505.00

   50   49   51    2    120.00    505.00

   47   51   52    2    120.00    505.00

   49   51   52    2    120.00    505.00

   53   55   56    2    123.00    415.00

   56   55   57    2    115.00    460.00

   59   60   61    2    109.50    425.00

   59   60   62    2    109.50    425.00

   61   60   62    2    109.50    380.00

   63   65   66    2    109.50    425.00

   63   65   67    2    109.50    425.00

    1    3    2    2    111.00    530.00    

    1    3    4    2    111.00    530.00

    2    3    4    2    111.00    530.00

    3    4    5    2    111.00    530.00

    4    5    6    2    111.00    530.00

    5    6    7    2    111.00    530.00

    6    7    8    2    121.00    685.00

    6    7    9    2    115.00    610.00

    9   11   12    2    109.50    520.00

    9   11   17    2    109.50    520.00

   12   11   17    2    109.50    520.00

   11   12   13    2    111.00    530.00

   12   13   14    2    111.00    530.00

   11   17   18    2    121.00    685.00

   11   17   19    2    115.00    610.00

   18   17   19    2    124.00    730.00

   17   19   21    2    122.00    700.00

   19   21   22    2    109.50    520.00
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   19   21   27    2    109.50    520.00

   22   21   27    2    109.50    520.00

   21   22   23    2    111.00    530.00

   22   23   24    2    111.00    530.00

   21   27   28    2    121.00    685.00

   21   27   29    2    115.00    610.00

   28   27   29    2    124.00    730.00

   27   29   31    2    122.00    700.00

   29   31   32    2    109.50    520.00

   29   31   36    2    109.50    520.00

   32   31   36    2    109.50    520.00

   31   32   33    2    111.00    530.00

   32   33   34    2    111.00    530.00

   32   33   35    2    111.00    530.00

   34   33   35    2    111.00    530.00

   31   36   37    2    121.00    685.00

   31   36   38    2    115.00    610.00

   37   36   38    2    124.00    730.00

   36   38   40    2    122.00    700.00

   38   40   41    2    109.50    520.00

   38   40   53    2    109.50    520.00

   41   40   53    2    109.50    520.00

   40   41   42    2    111.00    530.00

   41   42   43    2    120.00    560.00

   41   42   45    2    120.00    560.00

   43   42   45    2    120.00    560.00

   42   43   47    2    120.00    560.00

   42   45   49    2    120.00    560.00

   43   47   51    2    120.00    560.00

   45   49   51    2    120.00    560.00

   47   51   49    2    120.00    560.00

   40   53   54    2    121.00    685.00
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   40   53   55    2    115.00    610.00

   54   53   55    2    124.00    730.00

   53   55   57    2    122.00    700.00

   55   57   58    2    109.50    520.00

   55   57   63    2    109.50    520.00

   58   57   63    2    109.50    520.00

   57   58   59    2    111.00    530.00

   58   59   60    2    111.00    530.00

   57   63   64    2    121.00    685.00

   57   63   65    2    115.00    610.00

   64   63   65    2    124.00    730.00

[ dihedrals ]

; GROMOS improper dihedrals

;  ai   aj   ak   al  funct   angle     fc

   19   17   21   20    2      0.00    167.42

   29   27   31   30    2      0.00    167.42

   38   36   40   39    2      0.00    167.42

   43   42   47   44    2      0.00    167.42

   45   42   49   46    2      0.00    167.42

   48   43   51   47    2      0.00    167.42

   50   45   51   49    2      0.00    167.42

   51   47   49   52    2      0.00    167.42

   55   53   57   56    2      0.00    167.42

   11    9   17   12    2    -35.26    334.85

   17   11   19   18    2      0.00    167.42

   21   19   27   22    2     35.26    334.85

   27   21   29   28    2      0.00    167.42

   31   29   36   32    2     35.26    334.85

   32   34   35   33    2     35.26    334.85

  36   31   38   37    2      0.00    167.42

   40   38   53   41    2    -35.26    334.85

   42   43   45   41    2      0.00    167.42
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   42   43   47   51    2      0.00    167.42

   42   45   49   51    2      0.00    167.42

   43   42   45   49    2      0.00    167.42

   43   47   51   49    2      0.00    167.42

   45   42   43   47    2      0.00    167.42

   45   49   51   47    2      0.00    167.42

   53   40   55   54    2      0.00    167.42

   57   55   63   58    2     35.26    334.85

   63   57   65   64    2      0.00    167.42

[ dihedrals ]

;  ai   aj   ak   al  funct    ph0      cp     mult

   12   13   14   15    1      0.00      3.77    3

   22   23   24   25    1      0.00      3.77    3

   58   59   60   61    1      0.00      3.77    3

   57   63   65   66    1    180.00     33.50    2

    1    3    4    5    1      0.00      5.92    3

    3    4    5    6    1      0.00      5.92    3

    4    5    6    7    1      0.00      5.92    3

    5    6    7    9   1    180.00      3.50    2

    6    7    9   11    1    180.00     33.50    2

    7    9   11   17    1      0.00      3.77    3

    9   11   12   13    1      0.00      5.92    3

    9   11   17   19    1    180.00      3.50    2

   11   12   13   14    1      0.00      5.92    3

   11   17   19   21    1    180.00     33.50    2

   17   19   21   27    1      0.00      2.80    3

   19   21   22   23    1      0.00      5.92    3

   19   21   27   29    1    180.00      3.50    2

   21   22   23   24    1      0.00      5.92    3

   21   27   29   31    1    180.00     33.50    2

   27   29   31   36    1      0.00      2.80    3

   29   31   32   33    1      0.00      5.92    3
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   29   31   36   38    1    180.00      3.50    2

  31   32   33   34    1      0.00      5.92    3

   31   36   38   40    1    180.00     33.50    2

   36   38   40   53    1      0.00      2.80    3

   38   40   41   42    1      0.00      5.92    3

   38   40   53   55    1    180.00      3.50    2

  40   41   42   43    1      0.00      1.00    6

   40   53   55   57    1    180.00     33.50    2

   53   55   57   63    1      0.00      2.80    3

   55   57   58   59    1      0.00      5.92    3

   55   57   63   65    1    180.00      3.50    2

   57   58   59   60    1      0.00      5.92    3

[ exclusions ]

;  ai   aj  funct  ;  GROMOS 1-4 exclusions

    1    5

    2    5

    3    6

    4    7

    5    8

    5    9

    6   10

    6   11

    8   10

    8   11

   41   44

   41   46

   41   47

   41   49

   42   48

   42   50

   42   51

   43   46
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   43   49

   43   52

   44   45

   44   48

   44   51

   45   47

   45   52

   46   50

   46   51

   47   50

   48   49

   48   52

   50   52

   64   66

   64   67

2.2 Starting coordinates (pdb format) 

TITLE     pentapep_p30

CRYST1   30.000   30.000   30.000  90.00  90.00  90.00 P 1           1

MODEL        1

ATOM      1  C6  DDAB    1       0.440  24.680  27.790  1.00  0.00            

ATOM      2  C7  DDAB    1      -1.400  25.190  28.970  1.00  0.00            

ATOM      3  C5  DDAB    1       0.060  25.550  28.970  1.00  0.00            

ATOM      4  C4  DDAB    1       0.140  27.050  28.650  1.00  0.00            

ATOM      5  C3  DDAB    1       0.810  27.990  29.650  1.00  0.00            

ATOM      6  C2  DDAB    1       0.690  29.380  29.030  1.00  0.00            

ATOM      7  C1  DDAB    1       1.280  30.450  29.930  1.00  0.00            

ATOM      8  O1  DDAB    1       2.500  30.680  29.890  1.00  0.00            

ATOM      9  N   DDAB    1       0.520  31.540  29.920  1.00  0.00            

ATOM     10  H3  DDAB    1      -0.310  31.560  29.350  1.00  0.00            

ATOM     11  CA  DDAB    1       0.840  32.770  30.660  1.00  0.00            

ATOM     12  CB  DDAB    1       0.720  32.500  32.160  1.00  0.00            
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ATOM     13  CE  DDAB    1       1.410  33.580  32.980  1.00  0.00            

ATOM     14  NZ  DDAB    1       1.330  33.210  34.390  1.00  0.00            

ATOM     15  HZ1 DDAB    1       1.690  33.970  34.950  1.00  0.00            

ATOM     16  HZ2 DDAB    1       1.890  32.400  34.560  1.00  0.00            

ATOM     17  C   DDAB    1      -0.100  33.900  30.200  1.00  0.00            

ATOM     18  O   DDAB    1      -1.050  33.620  29.450  1.00  0.00            

ATOM     19  N   DAB     2       0.420  35.110  30.290  1.00  0.00            

ATOM     20  H   DAB     2       1.390  35.260  30.470  1.00  0.00            

ATOM     21  CA  DAB     2      -0.380  36.350  30.170  1.00  0.00            

ATOM     22  CB  DAB     2      -1.240  36.420  31.440  1.00  0.00            

ATOM     23  CE  DAB     2      -2.270  37.540  31.540  1.00  0.00            

ATOM     24  NZ  DAB     2      -2.940  37.470  32.850  1.00  0.00            

ATOM     25  HZ1 DAB     2      -3.810  36.950  32.770  1.00  0.00            

ATOM     26  HZ2 DAB     2      -3.160  38.390  33.170  1.00  0.00            

ATOM     27  C   DAB     2       0.490  37.610  30.020  1.00  0.00            

ATOM     28  O   DAB     2       1.650  37.660  30.420  1.00  0.00            

ATOM     29  N   LEU     3      -0.200  38.650  29.560  1.00  0.00            

ATOM     30  H   LEU     3      -1.200  38.600  29.620  1.00  0.00            

ATOM     31  CA  LEU     3       0.290  40.040  29.380  1.00  0.00            

ATOM     32  CB  LEU     3       0.360  40.370  27.890  1.00  0.00            

ATOM     33  CG  LEU     3       1.670  39.940  27.240  1.00  0.00            

ATOM     34  CD1 LEU     3       1.490  39.540  25.780  1.00  0.00            

ATOM     35  CD2 LEU     3       2.740  41.040  27.380  1.00  0.00            

ATOM     36  C   LEU     3      -0.660  41.010  30.100  1.00  0.00            

ATOM     37  O   LEU     3      -1.830  40.640  30.250  1.00  0.00            

ATOM     38  N   DPHE    4      -0.280  42.290  30.080  1.00  0.00            

ATOM     39  H   DPHE    4       0.270  42.590  29.300  1.00  0.00            

ATOM     40  CA  DPHE    4      -0.680  43.410  30.970  1.00  0.00            

ATOM     41  CB  DPHE    4      -2.150  43.390  31.470  1.00  0.00            

ATOM     42  CG  DPHE    4      -2.450  42.440  32.640  1.00  0.00            

ATOM     43  CD1 DPHE    4      -3.710  41.850  32.690  1.00  0.00            

ATOM     44  HD1 DPHE    4      -4.430  42.080  31.910  1.00  0.00            
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ATOM     45  CD2 DPHE    4      -1.570  42.190  33.680  1.00  0.00            

ATOM     46  HD2 DPHE    4      -0.600  42.690  33.720  1.00  0.00            

ATOM     47  CE1 DPHE    4      -4.070  41.030  33.760  1.00  0.00            

ATOM     48  HE1 DPHE    4      -5.110  40.710  33.880  1.00  0.00            

ATOM     49  CE2 DPHE    4      -1.910  41.360  34.740  1.00  0.00            

ATOM     50  HE2 DPHE    4      -1.190  41.160  35.530  1.00  0.00            

ATOM     51  CZ  DPHE    4      -3.170  40.770  34.780  1.00  0.00            

ATOM     52  HZ  DPHE    4      -3.450  40.170  35.650  1.00  0.00            

ATOM     53  C   DPHE    4      -0.340  44.820  30.440  1.00  0.00            

ATOM     54  O   DPHE    4       0.330  44.930  29.400  1.00  0.00            

ATOM     55  N   DAB     5      -0.530  45.820  31.280  1.00  0.00            

ATOM     56  H   DAB     5      -0.760  45.630  32.250  1.00  0.00            

ATOM     57  CA  DAB     5      -0.360  47.270  31.010  1.00  0.00            

ATOM     58  CB  DAB     5      -1.620  47.840  30.350  1.00  0.00            

ATOM     59  CE  DAB     5      -1.520  49.300  29.890  1.00  0.00            

ATOM     60  NZ  DAB     5      -2.490  49.600  28.820  1.00  0.00            

ATOM     61  HZ1 DAB     5      -3.450  49.490  29.070  1.00  0.00            

ATOM     62  HZ2 DAB     5      -2.330  50.420  28.250  1.00  0.00            

ATOM     63  C   DAB     5      -0.100  48.030  32.320  1.00  0.00            

ATOM     64  O1  DAB     5      -0.500  47.590  33.400  1.00  0.00            

ATOM     65  N   DAB     5       0.620  49.150  32.210  1.00  0.00            

ATOM     66  H1  DAB     5       0.720  49.630  33.070  1.00  0.00            

ATOM     67  H2  DAB     5       0.480  49.580  31.300  1.00  0.00                    

TER

ENDMDL
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Appendix 3: Antibacterial peptide-membrane lipid hydrogen bonds 
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Figure A3.2: Hydrogen bonds between O17 and bacterial membrane lipids for simulations at 301 and 

310 K. 
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Figure A3.2: Hydrogen bonds between P30 and bacterial membrane lipids for simulations at 301 and 

310 K.   
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Appendix 4: AFP1 protein inter-subunit hydrogen bonds 
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Figure A4.1: Hydrogen bonds between subunits A and B of AFP1 by residue as a time series for 
simulations at 277 K and 300 K. Graphs for configuration 4, 277 K and configurations 2 and 5 at 300 K 

have been omitted as no hydrogen bond formation occurred. 
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Figure A4.2: Hydrogen bonds between subunits A and B of AFP1 by residue as a time series for 

simulations with POPC bilayer at 277 K and 300 K.  
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Figure A4.3: Hydrogen bonds between AFP1 and POPC bilayer by residue as a time series for simulations

with POPC bilayer at 277 K and 300 K.  
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Appendix 5: CG-DPPC GROMOS parameters 

GROMOS 54a8 building block for CG-DPPC. All CG-DPPC forcefield parameters can be found in Chapter 4. 

 

MTBUILDBLCGSOLUTE

# building block (residue, nucleotide, etc.)

# RNME (CG-DPPC)

DPCG

# number of atoms, number of preceding exclusions

# NMAT NLIN

19    0

# preceding exclusions

#ATOM                               MAE MSAE

# atoms

#ATOM ANM  IACM MASS        CGMICGM MAE MSAE

1 CC      57   49    1.0800   0   4     2 3 4 5  

2 CD      58   25   -0.0800   1   3     3 4 5

3 PC      59   82   -1.1000 0   6     4 5 6 7 8 9

4 PD      60   41    0.1000 1   5     5 6 7 8 9   

5 GC      61   83    1.2000   0   6     6 7 8 9 10 15 

6 E1C     63  85 -1.0850   0   5     7 8 9 10 11  

7 E1D     64   86    0.5850   0   4     8 9 10 11

8 E2C     65 87 -1.2300   0   3     9 15 16

9 E2D     66   88    0.5300   1   2    15 16

10 C3M     71   103   0.0000   0   2    11 12       #tail1

11 C3M     71   103   0.0000   0   2    12 13      

12 C2M     69   101   0.0000   0   2    13 14

13 C3M     71   103   0.0000   0   1    14

14 C3E     72   104   0.0000   1   0

15 C3M     71   103   0.0000   0   2    16 17        #tail2

16 C3M     71   103   0.0000   0   2    17 18     
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17 C2M     69   101   0.0000   0   2    18 19 

18 C3M     71   103   0.0000   0   1    19

19 C3E     72   104   0.0000   1   0

# CG regions

# NCG

1

# start end massscale

1    19    1

# bonds

#  NB

14

#  IB   JB  MCB

1 3   54

3    5   57

5    6   61

5    8   59

6    10  71  #e1 -t1 c4-c3?

8    15  71 #e2 -t2

10   11  68 

11   12  70

12   13  70

13   14  68

15   16  68

16   17  70

17   18  70

18   19  68

# cg-dp bonds?

#  NCGB

4

#  IB  JB   MCB

1   2    55
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3   4    56

6   7    60

8   9    62

# bond angles

# NBA

12

#  IB   JB   KB  MCB

1   3    5   55 #CPG

3   5    6  56 #PGE1

3   5    8 57 #PGE2

6   5    8  58 #E1GE2

5   6    10   69 #GE1C3

5   8    15   70 #GE2C3

6  10    11   71  #E1C3C3

8  15    16   72 #E2C3C3

10  11    12   62 #tail 1

11  12    13   64

12  13    14   62

15  16    17   62  #tail2

16  17    18   64

17  18    19   62

# improper dihedrals

# NIDA

0

#  IB   JB   KB   LB  MCB

# dihedrals

# NDA

13

1    3   5   6   46

1    3   5   6   48 #cpge1 

1    3   5   8   47
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3    5   6   10  54 #PGE1C3

3    5   8   15  55 #PGE2C3

5    6   10  11  56  #GE1C3C3

5    8   15  16  57  #GE2C3C3

6    10  11  12  49 #E1C3C3C2

8    15  16  17  49 #E2C3C3C2

10    11  12  13  49  #t1

11    12  13  14  49 #t1

15    16  17  18  49  #t2

16    17  18  19  49  #t2

#  IB   JB   KB   LB  MCB

# LJ exceptions

# NEX

0

END
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Appendix 6: Common lipid structures 
 
Biological cell membranes typically comprise phospholipid bilayers. Phosphatidylcholine (e.g. 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), Fig. A6.1, and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), Fig. A6.2) and phosphatidylethanolamine (e.g. 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine (POPE), Fig. A6.3) lipids typically form the main component of the model 
membranes used in this thesis. Note the difference in lipid tails of POPC and DPPC – despite both lipids 
having the same headgroup, DPPC has two saturated carbon tails, while POPC contains one mono-
unsaturated tail and one saturated tail. Other structures of biologically relevant lipids included in the E. 
coli and S. aureaus membranes are provided: the phosphatidylglycerol 1,2-dipalmitoyl-sn-glycero-3-
phosphoglycerol (DPPG, Fig. A6.4), lysyl-DPPG (Fig. A6.5), the phosphatidylserine 1,2-dipalmitoyl-sn-
glycero-3-phosphoserine (DPPS, Fig. A6.6), and lipopolysaccharide (LPS, Fig. A6.7). Images are adapted 
from the Avanti Lipids Catalogue108. 
 
 

 
 

Figure A6.1: Unsaturated phosphatidylcholine POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine). 
 
 

Figure A6.2: Saturated phosphatidylcholine DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine). 
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Figure A6.3: Unsaturated phosphatidylethanolamine POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine). 

 
 

 
 

Figure A6.4: Unsaturated phosphatidylglycerol POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) sodium salt). 

 
 

 
 

Figure A6.5: Saturated phosphatidylglycero-lysine DPPG-Lys (1,2-dipalmitoyl-sn-glycero-3-[phospho-rac-
(3-lysyl(1-glycerol))] chloride salt). 

 
 

 
 

Figure A6.6: Saturated phosphatidylserine DPPS 1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine (sodium 
salt). 
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Figure A6.7: Example structure of Lipid A LPS. Structure is one of the many possible arrangements of a 
typical lipopolysaccharide in the bacterial outer membrane. 




