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Abstract 

An important problem in membrane protein structure and function concerns the process 

of transmembrane helix association in the membrane, and the factors that both stabilize 

and specify the interactions between these helices in folded proteins. Simulations and 

modelling were used to examine some of these factors in the context of single 

transmembrane helical peptides that function as models for larger membrane proteins. 

The effects of single amino acid mutations on dimers of a simple polyleucine helix were 

investigated. Coiled-coil structures were proposed for the polyleucine sequences, and the 

introduced amino acids had observable effects on the stability and motion of these dimers 

in simulated membranes. Next, the role of backbone electrostatics in stabilizing a leucine 

and alanine containing peptide (WALP23) were investigated. The backbone was found 

to have an observable impact on the structure of the associated dimer, with antiparallel 

dipole interactions resulting in tighter association of helices. Finally, a rigorous 

thermodynamic study was conducted on both WALP23 and polyleucine, with two 

different molecular models (coarse grained and atomistic). Absolute free energies of 

association and the thermodynamic breakdown into entropie and enthalpic effects were 

calculated in good agreement with experimental data from fluorescence spectroscopy. 

Transmembrane helices began interacting at approximately 2.0 nm separation, with lipids 

mediating contact between helices before they physically contact. Lipids in the vicinity 

of protein are ordered and perturbed by the association process. A pathway for 

association that eliminated kinetic barriers was found by the helices. Finally, the 

computational and design requirements for similar simulations were outlined. 
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Preface 

We must never forget that science is an exercise in fallibility; its strength lies in its 

flexibility. What is known today can become unknown tomorrow. Science is not a set of 

facts and rules, but a philosophy concerning the nature of knowledge, and a method for 

revising our understanding. Even more importantly, it's driven by a curiosity about the 

patterns in the natural world around us. While engaging in our specialized research 

problems we must never lose sight of the greater world around us. 

Contributions to published research 

Chapter one, specifically section 1.6, is based on my contributions to (Ash et al., 2004b). 

Chapter two, section 2.1.2.2 is based on my contribution to (Tieleman et al., 2006). 

Chapter three is based largely on a review paper co-authored with Dr. Christian Kandt 

(Kandt et al., 2007). My work on it (and consequently this chapter) was significant; I 

either authored or significantly edited the portions presented. I was responsible for much 

of the methodological development, with Dr. Kandt principally contributing the 

realization that we could apply it to a pre-formed bilayer rather than a grid of proteins. 

During initial implementation, I developed the algorithms (except for the area per lipid 

calculation), and later re-wrote an entire new implementation of the method, with a 

number of additions not included in the original manuscript, for the purpose of my own 
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application to the free energy profile calculations in Chapter 6. Figures 3.1, 3.2 and 3.4 

were prepared by Dr. Kandt. 

Chapter four is almost entirely a reproduction of material published in (Ash et al., 2004a). 

All of the work here was my own, with co-authorship granted on the basis of various 

helpful discussions during the project's completion. 

Chapter five is based on a paper published in collaboration with Dr. Emma Sparr and Dr. 

P. Nazarov (Sparr et al., 2005a). Fluorescence work was conducted by Dr. Sparr working 

in the laboratory of Dr. J. Antoinette Killian in Utrecht, NL. All computational 

modelling work was done by me, except for a theoretical description of FRET behaviour 

for the purposes of experimental interpretation that was done by Dr. Nazarov (Section 

5.2.4). 

Chapter six is entirely my own work, unpublished at the time of this thesis. 

v 



Acknowledgements 

First and foremost, thanks to my supervisor, Dr. D. Peter Tieleman, whose enthusiasm for 

research has always been inspirational. 

Thanks to present and former lab members for the excellent academic and social 

environment, and support and collaborations over the years. 

Specific thanks are due to: Thomas for his sage advice on the proper ways to make 

"Italian" coffee, and for many interesting discussions of transmembrane helices. Justin, 

for his aggressive zest for research and life, and the interesting photography discussions. 

Luca for knowing a lot about pretty much everything. Megan for her keen scientific 

skills (not to mention her spirit and good nature!). Marian for helping me plug through 

the thesis, and giving valuable post-doc advice. Kindal for the fun-loving nature he added 

to the coffee table. Eliud for proving that there is life beyond the academic world! 

Zhitao for the best barbecued pork I've ever had. The Biological Science Department's 

Russians for being so Russian. Jacob Sonne for appreciating the value of Velvia film. 

And other visitors and friends too numerous to mention, for making the department an 

exciting place to work. Finally, thanks to all the people at the biochemistry retreats who 

made those experiences so memorable, even those who helped Justin liberate the money 

from my wallet during the poker sessions! 

vi 



I want to thank my extended photography community throughout the world, and a few 

local people, who have kept me sane outside of my graduate student life. Eric for 

organizing the Calgary large format photography users group and his cheerful passion for 

all things photographic. Wayne Galbraith (RIP), with his trusty Cambo 4x5 and favourite 

camera, the Mamiya RB67, taught me how to operate in the traditional black and white 

darkroom and was a source of great outside encouragement during some of the 

challenging periods of my Ph.D. experience. 

Special thanks to the Alberta Heritage Foundation for Medical Research (AHFMR) and 

the National Science and Engineering Research Council of Canada for support, and the 

Department of Biological Sciences for teaching assistantships, scholarships, and 

conference travel. 

vii 



Dedication 

To Justine 

viii 



Table of Contents 

Approval Page ii 

Abstract i i i 
Preface iv 

Acknowledgements vi 

Dedication viii 

Table of Contents ix 

List of Tables xiii 

List of Figures and Illustrations xiv 

List of Symbols, Abbreviations and Nomenclature xvi 

Epigraph xvii 

CHAPTER ONE: INTRODUCTION 1 

1.1 Summary 1 

1.2 Structural study of membrane proteins 3 

1.3 Helix-Helix interaction motifs and model proteins 4 

1.3.1 The GxxxG motif 6 

1.3.2 GxxxG variants: GAS motifs 8 

1.3.3 Hydrophobic-zippers 9 

1.3.4 Polar amino acids and Tryptophan 10 

1.3.5 Alanine coil 12 

1.3.6 Serine / Threonine zippers 12 

1.3.7 Structural motifs 13 

1.4 MD simulations of membrane proteins 13 

1.5 Large simulations of membrane proteins: strengths and limitations 16 

1.6 Simulations of small peptides and helix-helix interactions 17 

1.6.1.1 Single transmembrane helix studies 18 

1.6.1.2 Helix-helix interactions 18 

1.7 Free energy simulations of transmembrane helices 22 

1.8 Summary 23 

CHAPTER TWO: METHODS 24 

2.1 Moleculardynamics 24 
2.1.1 Classical mechanical approximation: forces, velocities, positions, and 

integration algorithms 24 

2.1.2 Topologies and force fields 28 

2.1.2.1 MDforcefields 28 

2.1.2.2 Lipid - protein force fields 31 

2.1.2.3 Coarse grained force field: MARTINI for membranes and proteins 34 

2.1.3 Treatment of non-bonded interactions and electrostatics: truncation and 

long-range forces 35 

2.1.4 Boundary conditions 37 

2.1.5 Temperature and pressure coupling 38 

2.2 Simulated annealing 39 

2.3 Free energy techniques 40 

2.3.1 Umbrella sampling 41 

ix 



CHAPTER THREE: SETTING UP MOLECULAR DYNAMICS SIMULATIONS 45 

3.1 Summary 45 

3.2 Choosing a method, lipid model, and force field 45 

3.3 Orienting the protein 48 

3.4 Adding lipids - a short review of methods 50 

3.4.1 Protein superposition and overlapping lipid deletion 51 

3.4.2 Mdrunhole and the cylinder aproach 55 

3.4.2.1 Cylindermethod 55 

3.4.2.2 Mdrunhole method 56 

3.4.3 Building the bilayer around the protein 57 

3.5 The expand-shrink insertion method 58 

3.6 Implementation details: the insert.py python script 66 

3.6.1 Inflation 67 

3.6.2 Shrinking 70 

3.7 System solvation 72 
3.7.1 Deleting redundant waters based on a distance cut-off 73 

3.7.2 Delete redundant waters based on their Z-position 74 

3.7.3 Avoid incorrect water placement 74 

CHAPTER FOUR: MOLECULAR MODELLING OF POLYLEUCINE COILED 

COILS 77 

4.1 Introduction 77 

4.2 Goals and Approach 80 

4.3 Methods 82 
4.3.1 Simulated Annealing and Molecular Dynamics (SAMD) 82 

4.3.2 Simulations in a bilayer 83 

4.3.3 Analysis 85 

4.4 Results 86 
4.4.1 Simulated Annealing 86 

4.4.2 Simulations in a DOPC bilayer 88 

4.5 Discussion 100 

4.5.1 Preferred Geometry of Polyleucine Dimers 100 

4.5.2 Dynamics Properties and Structural Flexibility 103 

4.5.3 Hydrogen Bonding involving Asparagine and Threonine 105 

4.5.4 Coordinated Helix Rotations 107 

4.6 Conclusions 108 

CHAPTER FIVE: STRUCTURAL CHARACTERISTICS OF A LEUCINE-

ALANINE REPEAT PEPTIDE (WALP23) AND HELIX MACRODIPOLE 

CONSIDERATIONS 110 

5.1 Introduction 111 

5.2 Methods 113 

5.2.1 Materials (laboratory work - collaborators) 113 

5.2.2 Sample preparation 114 

5.2.3 Fluorescence Experiments 114 

5.2.4 Theoretical Fluorescence Resonance Energy Transfer 115 

5.2.5 Computer Modeling and Structure Prediction 117 

x 



5.3 Results 120 

5.3.1 Helix-Helix Association as Analyzed by Pyrene Excimer Fluorescence 120 

5.3.2 Helix-Helix Association as Analyzed by Fluorescence Resonance Energy 

Transfer 123 

5.3.3 Computer Modeling and Structure Prediction 128 

5.4 Discussion 132 

5.4.1 Interaction between antiparallel peptides 132 

5.4.2 Hydrophobic Mismatch Promotes Helix-Helix Association 135 

5.5 Conclusions 136 

CHAPTER SIX: THE ENERGETICS OF A-HELIX ASSOCIATION IN A LIPID 

BILAYER 137 

6.1 Introduction 138 

6.1.1 Helix-Helix interactions 138 
6.1.2 Biochemical and biophysical assays on helix-helix interaction energies 138 

6.1.3 Using simulations to probe interactions 140 

6.1.4 The WALP23 system 143 

6.1.5 Free energy simulations 144 

6.1.6 Sampling and Convergence 145 

6.2 Methods 145 

6.2.1 Starting structure generation 145 

6.2.2 Force field - coarse grained simulations with charged termini 148 

6.2.3 Umbrella Sampling 148 

6.2.4 Enthalpy vs entropy calculations 151 

6.2.5 Sampling analysis 151 

6.2.6 Tilt and crossing angle analysis 152 

6.2.7 Helix rotational analysis 152 

6.2.8 Lipid density and bilayer deformations 154 

6.3 Results 155 
6.3.1 PMFs and energetics for coarse-grained WALP23 and atomistic 

polyleucine 155 

6.3.2 Helix tilts, crossing angles and rotations 159 

6.3.3 Sampling times 164 

6.3.4 Lipid density and bilayer deformations 164 

6.4 Discussion 170 

6.4.1 Comparison to experiments and other PMF studies 170 

6.4.2 Mechanism of association 174 

6.4.3 Time scales and sampling requirements 177 

6.5 Conclusions 179 

CHAPTER SEVEN: PHILOSOPHY AND OUTLOOKS 187 

7.1 Conclusions 187 

7.2 Deficiencies 188 

7.2.1 Semi-empirical / knowledge-based approaches 190 

7.3 Backwards science; define problem, run simulation, develop hypothesis and 

conclusions 191 

7.4 The experimental connection 194 

xi 



7.5 Personal reflections on the nature of research 195 

7.6 Future outlooks: membrane protein simulations 197 

REFERENCES 199 

xii 



List ofTables 

Table 4-1. Structural properties of simulated dimers 93 

Table 4-2. Hydrogen bonding in simulations 95 

Table 4-3. Correlated rotations of helices 100 

Table 5-1. Total number of interhelical contacts (d < 0.4 nm) by residue type 129 

Table 6-1. Overview of simulations 147 

Table 6-2. Helix-helix association energetics 171 

xiii 



List of Figures and Illustrations 

Figure 1 -1. A typical membrane protein simulation box 14 

Figure 1-2. The use of simple transmembrane peptides as models 20 

Figure 2-1. Example molecular topology components, as used by GROMACS 27 

Figure 2-2. The most common terms in typical force fields 29 

Figure 2-3. The relationship between the probability of a state and free energy 42 

Figure 2-4. Umbrella sampling schematic 43 

Figure 3-1. The distribution of residue types on membrane proteins 49 

Figure 3-2. Overview of insertion process 52 

Figure 3-3. Overview of the procedure 60 

Figure 3-4. Determining the area per lipid 65 

Figure 3-5. Command line arguments for the inflation script (part A, inflation) 68 

Figure 3-6. Command line arguments for the inflation script (part B, compression) 68 

Figure 3-7. Solvation of the system with water 75 

Figure 4-1. Coiled coil notation 79 

Figure 4-2. Properties of model ensembles 87 

Figure 4-3. The simulated system 89 

Figure 4-4. Structural fluctuations in bilayers 90 

Figure 4-5. Graphical view of structural deviations 92 

Figure 4-6. Helix crossing angles 96 

Figure 4-7. Coiled-coil radii 96 

Figure 4-8. Hydrogen bonding during the simulations 98 

Figure 4-9. Helix rotations during the simulation 99 

Figure 5-1. Pyrene fluorescence spectra 119 

Figure 5-2. Fluorescence data for differently labelled peptides 122 

xiv 



Figure 5-3. Pyrene excimer fluorescence 124 

Figure 5-4. The effect of cholesterol on association 125 

Figure 5-5. Trp to pyrene FRET 127 

Figure 5-6. Molecular model ensemble properties for WALP23 129 

Figure 5-7. Structure predictions for dimers of WALP23 131 

Figure 6-1. Coarse-grained PMFs for association of WALP23 156 

Figure 6-2. PMF for parallel helices with harmonic restraints on backbone atoms 157 

Figure 6-3. PMFs for the association of atomistic polyleucine in DOPC 158 

Figure 6-4. Helix tilts and crossing angles during association (CG) 161 

Figure 6-5. Helix tilts and crossing angles during association (atomistic) 162 

Figure 6-6. Schematic of CG WALP23 structures in bilayers 163 

Figure 6-7. The time evolution of tilt angles 166 

Figure 6-8. Helix tilt autocorrelations as a function of separation (CG) 167 

Figure 6-9. Helix rotational motion 168 

Figure 6-10. PMF convergence and sampling issues 169 

Figure 6-11. Lipid density as a function of bilayer depth 180 

Figure 6-12. Lipid behaviour during the close-association milieu 181 

Figure 6-13. Lipid behaviour at larger interhelical separations 182 

Figure 6-14. Lipid density as a function of antiparallel peptide separation 183 

Figure 6-15. Lipid densities in atomistic simulations 184 

Figure 6-16. Lipid densities in response to helix association 185 

Figure 6-17. Average bilayer structure showing membrane curvature 186 

XV 



List of Symbols, Abbreviations and Nomenclature 

Symbol Definition 

BB Backbone 

CG Coarse grained (force field, method) 

COM Center of mass 

DOPC 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine 

FRET Fluorescence Resonance Energy Transfer 

GpA Glycophorin A 

GROMACS Groningen Machine for Chemical Simulations 

MARTINI MARrink Toolkit INItiative, a coarse grained 

forcefield for molecular dynamics simulation 

MD Molecular Dynamics 

OPLS-AA Optimized Parameters for Lipid Simulations 

(All-Atom), a common molecular dynamics 

forcefield 

PMF Potential of Mean Force 

RMSD Root-mean squared deviation 

SAMD Simulated Annealing and Molecular 

Dynamics 

SC Sidechain 

WALP23 Synthetic peptide: GWW(LA)8 LWWA 

WHAM Weighted Histogram Analysis Method 

AA Antiparallel structure, antiparallel dipole 

AP Antiparallel structure, parallel dipole 

PA Parallel structure, antiparallel dipole 

PP Parallel structure, parallel dipole 

xvi 



Epigraph 

"The universe is a haunted house." - Coil 

"As it stands, Plan B is to just keep givin'r." - FUBAR 

xvii 



1 

Chapter One: INTRODUCTION 

1.1 Summary 

The relationships between sequence, structure, and function of proteins are of 

wide interest in many fields of medicine, biology, biochemistry, and physical chemistry. 

Ever since Anfinsen demonstrated that proteins could be refolded in vitro (Anfinsen, 

1973), an enormous variety of experiments and computational approaches have been 

applied to try to probe these relationships and derive some general principles of protein 

folding (Baker, 2000; Das and Baker, 2008). Membrane proteins have remained 

somewhat more difficult than soluble proteins to study, due to the experimental 

difficulties in working with hydrophobic proteins that exist in the heterogeneous 

environment of a cellular membrane. Nevertheless, over recent years there has been a 

flurry of experiments and theoretical analyses, which have led to many insights into the 

folding and characteristics of a-helical membrane proteins (Booth and Curnow, 2009; 

Bowie, 2005; Curran and Engelman, 2003; Fleishman and Ben-Tal, 2006; Killian and 

Nyholm, 2006; Lee, 2003; Lee, 2004; MacKenzie, 2006; MacKenzie and Fleming, 2008; 

Nyholm et al., 2007; Walters and DeGrado, 2006). Simulations and computational 

methods have seen an increasing role in structure prediction (Barth et al., 2009), 

functional properties (Ash et al., 2004b; Khalili-Araghi et al., 2009; Lindahl and Sansom, 

2008), and basic thermodynamic principles (Dell'Orco, 2009; MacKenzie and Fleming, 

2008). 

In reviewing the existing literature on membrane proteins, it appears that a 

dichotomy can be drawn between two very different approaches to understanding 
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membrane protein structure and function. There are those studies which seek to 

understand the behaviour of very specific, large proteins or protein complexes - this can 

be considered a "top down" approach. On the other hand, there are a number of efforts to 

illuminate basic principles of structure and function, from a bottom-up perspective, using 

simple models such as simple hydrophobic peptides (Killian and Nyholm, 2006; Rath et 

al., 2009). While my Ph.D. work has been broadly concerned with the problem of 

membrane protein structure and function, the primary focus of my thesis research over 

the past few years has been to try to understand the simplest features of membrane 

protein systems, through the use of simple computational models using classical 

mechanical descriptions of atoms and their motions. It is the explicit goal of these studies 

to try to provide guidance to researchers considering biochemical problems of specific 

membrane proteins, for example by identifying stabilizing features or important forces 

that shape the structure and function of proteins in biological membranes. 

In this first chapter, an introduction to membrane proteins and simulations thereof 

is presented in an effort to provide a conceptual background and justification for the use 

of these simple models. In chapter two, an overview of the methods and force field 

models used in this thesis are presented. Chapter three discusses a methodological 

advance in the setup of membrane protein simulations. Chapters four and five discuss the 

application of molecular modelling to problems in understanding simple transmembrane 

helix systems. Chapter six outlines the most complete energetic description of the 

association of transmembrane helices in bilayers to date, using two levels of theory 

(atomic detail and a coarse grained approach). 
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1.2 Structural study of membrane proteins 

The first membrane protein structure, the photosynthetic reaction center of 

Rhodospeudomonas viridis, was published in 1985 (Deisenhofer et al., 1985). Currently, 

370 membrane protein structures have been determined, of which 150 represent unique 

proteins (see the Membrane Proteins of Known Structure resource at the Steve White lab, 

http://blanco.biomol.uci.edu/Membrane Proteins_xtal.html). A small fraction of these 

represent eukaryotic structures, with the majority from the bacterial kingdom. The pace 

of crystallographic structure determination of membrane proteins has lagged by about 25 

years behind that of soluble proteins, due to a number of technical challenges (Carpenter 

et al., 2008). 

Recombinant expression in common systems can be difficult. Different 

translocation and targetting pathways, lipid composition, codon usage, and post-

translational modification such as glycosylation, lipidation, phosphorylation, disulfide 

bond formation, and proteolytic cleavage, all remain challenges in eukaryotic protein 

expression (Cereghino and Cregg, 2000; Junge et al., 2008; Sahdev et al., 2008). The use 

of eukaryotic expression systems (yeast, insect, or mammalian cells) instead of bacteria 

can mitigate the post-translational issues, but these systems are generally more difficult to 

work with than bacteria (they grow more slowly, are more costly and time-intensive, and 

require more optimization generally speaking). Challenges unique to membrane proteins 

are significant; the translocational machinery is a significant bottleneck which can be 

over-saturated, and overexpression of a membrane protein into a living cellular 

membrane is often toxic, but strategies to overcome these problems are emerging (Junge 

et al., 2008). Stable extraction and solubilization of expressed proteins can involve testing 

http://blanco.biomol.uci.edu/Membrane
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many detergent and lipid combinations and buffer conditions, and commercial 

crystallization screens and established protocols developed for soluble proteins are 

generally not effective for membrane proteins. Crystals are small and fragile and often 

highly anisotropic due to the high solvent content needed to bind the hydrophobic 

surfaces of the proteins. 

As these challenges are overcome, membrane protein crystallization and structure 

solution has advanced (Carpenter et al., 2008; Junge et al., 2008). In recent years, such 

advances as micro-crystallization protocols which use nanoliter quantities of protein 

solution, very narrow high energy, focusable X-ray beamlines, and dataset recovery from 

multiple crystals, have allowed protein structures to be solved from very small and/or 

poorly diffracting crystals (Carpenter et al., 2008). The steadily increasing numbers of 

structures in the literature, and increased knowledge of the principles of biological 

membrane organization and function, have enabled computer simulations and modelling 

to become standard techniques to study membrane proteins in atomic detail. 

Additionally, while advances have given computational techniques a reference point to 

work with, membrane proteins still represent a considerable investment of time and 

effort, and only account for some 0.2% of proteins in the Protein Database, so de novo 

modelling and simulation techniques are under intense exploration as alternative routes to 

useful information about the structure and function of unknown membrane proteins. 

1.3 Helix-Helix interaction motifs and model proteins 

A very useful simplification to the membrane protein folding problem arose from 

the observation that individual helices were fairly well predicted by hydrophobicity 

analysis, suggesting they form independently of tertiary interactions, and that they could 
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associate to form functional proteins from fragments (Engelman et al., 2003). This led to 

the two-stage model of folding that holds that the problem can be broken down into two 

distinct conceptual stages: the membrane insertion and stabilization of individual 

transmembrane helices, and the lateral association and reorganization of these helices 

within the membrane (Engelman et al., 2003; Popot and Engelman, 1990). The model is 

necessarily a simplification of the more complicated equilibria describing the process 

(White and Wimley, 1999), but the primary interpretation that helices from polytopic 

membrane proteins are independently stable subdomains appears to be correct for a 

variety of cases (MacKenzie, 2006; MacKenzie and Fleming, 2008). 

A further simplification arises from the identification of motifs of residues on the 

surfaces of helices that stabilize and specify their interactions. While Leu, Ile, Val, Phe, 

Ala, and Gly make up two thirds of the amino acids in transmembrane helices, specific 

sequence motifs are enriched as well (MacKenzie, 2006; Moore et al, 2008; Schneider et 

al, 2007; Senes et al, 2000; Walters and DeGrado, 2006). The GxxxG motif first 

identified in Glycophorin A (Russ and Engelman, 2000), polar residues such as 

asparagine that are capable of hydrogen bonding (Chôma et al., 2000; Zhou et al., 2000), 

hydrophobic zipper motifs similar to the leucine zipper motif (Gurezka and Langosch, 

2001), serine/threonine zippers (Dawson et al., 2002), and motifs of small residues and 

glycine (Walters and DeGrado, 2006) have all been identified as stabilizing features. 

None of these factors alone are sufficient to guarantee association, as the overall 

sequence context is very important (Doura et al., 2004; Ruan et al., 2004), but they are a 

step towards understanding how membrane protein fold is determined, and function as 

predictors of transmembrane helix faces involved in protein-protein interactions. 



6 

1.3.1 TheGxxxGmotif 

The very simple single-helix (bitopic) glycoprotein from human erythrocytes, 

Glycophorin A (GpA), has been described as the hydrogen atom of membrane proteins 

(Mottamal et al., 2006). This reflects the fact that it was the first integral membrane 

protein sequenced and has been studied as a model system for over thirty years 

(MacKenzie, 2006). Ironically, while it is the most abundant membrane protein in 

erythrocytes, its natural function has not been well known, though evidence has emerged 

that it acts as a chaperone for Band 3, another membrane protein that mediates gas 

exchange and erythrocyte cytoskeletal structure (Williamson and Toye, 2008). The 

architecture of GpA is that of a single transmembrane helix with an extracellular N-

terminal domain and an intracellular C-terminal tail. The transmembrane sequence forms 

stable dimers in a variety of detergents and membranes, and in the early 1990s, Lemmon 

and co-workers used saturation mutagenesis of a chimeric protein containing the GpA 

TM sequence, with SDS-PAGE analysis, to map destabilizing mutations (Lemmon et al., 

1992). These mutations indicated a motif of residues that are critical for dimerization 

(LIxxGVxxGVxxT). An engineered sequence containing leucines at the "x" positions 

dimerized very well, showing the motif alone is enough to establish association. There 

are some mutations to these key residues that do not disrupt dimerization, some of them 

quite surprising (a valine to phenylalanine mutation shows wildtype dimerization, but 

alanine and cysteine mutations in the same position are mildly disruptive). 

A computer modelling analysis of a series of mutants, previously characterized by 

sedimentation equilibrium analytical ultracentrifugation, suggested that favourable van 

der Waals interactions were the primary force that characterized the stability of the 
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wildtype GpA sequence relative to the destabilizing mutants (Doura et al., 2004). The 

calculated cost of removing favourable van der Waals interactions in the structure was 39 

cal / mol Â, determined by comparing changes in "favourable occluded surface area" 

measurements in the models to experimentally determined free energy consequences for 

the set of mutations. On the basis of ab initio calculations on model compounds, the Ca-

H--O hydrogen bond was proposed to be important (Senes et al., 2001). An experimental 

measurement indicated it was weaker than initially suspected, but nevertheless stabilizing 

(Arbely and Arkin, 2004). A set of mutations of the GxxxG motifs of GpA and the M13 

phage major coat protein (MCP, which also contains a GxxxG motif) were tested with 

respect to their dimerization affinity and the lipid accessible surface area was estimated 

from molecular models, for the set of Gly, Ala, and Ser variants at the motif glycine 

positions (Johnson et al., 2006). An inverse correlation between the accessible surface 

area and the dimerization affinity suggested that one force that contributes to the 

association of this motif is the poor solvation of the cavity by lipids in the core of the 

bilayer; association replaces this interaction with a more favorable protein-protein 

interaction. 

One interesting implication of several lines of study is that this motif, while 

perhaps not particularly stabilizing on its own, provides a necessary scaffold for an 

interaction involving a larger helix-helix crossing angle. The NMR structures and 

molecular models of GpA and the Ml3 MCP show a relatively steep crossing angle of 

40° (Melnyk et al., 2004). The possibility that it is more favourable for helices to interact 

in an anti-parallel fashion based on their net dipole moments has been discussed (Sparr et 

al., 2005a; Yano and Matsuzaki, 2006). An extension of this would be the assumption 
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that when helices are parallel they would prefer to interact with a larger crossing angle to 

minimize unfavourable dipole-dipole interactions, suggested by structrual analysis 

(Walters and DeGrado, 2006). Networks of potential Ca hydrogen bonds and GxxxG 

motifs were more common in parallel helix pairs (Senes et al., 2001), which does lend 

some support to this hypothesis. 

The geometry of the GxxxG motif may simply facilitate generic right handed 

interactions, which are rendered specific by other sequence features. This was noted by 

Kim and coworkers, who studied the importance of what they termed the glycine zipper 

motif (GXXXGXXXG) in mediating right-handed packing against other helices in polytopic 

membrane proteins (Kim et al., 2005). This motif may be particularly promiscuous 

relative to the GxxxG motif, in that it may encode for a more generic association against 

the faces of neighboring helices. While a structural study of the complex of glycophorin 

A with its partner protein in erythrocytes has not been done (Williamson and Toye, 

2008), such an examination may lead futher support to the idea that GxxxGxxxG 

represents a promiscuous motif that can facilitate interactions with a variety of partners, 

depending on sequence context. 

1.3.2 GxxxG variants: GAS motifs 

GxxxG is merely one example of a whole subset of motifs involving the small 

residues Glycine, Serine, and Alanine (Moore et al., 2008; Rath et al., 2009). The glycine 

zippers which appear to specify a right handed packing interface against various irregular 

helical surfaces in ion channels (Kim et al., 2005) and receptor tyrosine kinases 

(Fleishman et al., 2002; Gottschalk, 2005), which account for a number of the statistically 

identified GxxxG motifs in database searches (Senes et al., 2000). Motifs of 
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(G/A/S)xxx(G/A/S) and (G/A/S)xx(G/A/S)xxx(G/A/S) encode the most common types of 

packing seen in the current subset of membrane proteins that have atomic coordinates in 

the protein databank (Walters and DeGrado, 2006), with the former encoding right-

handed antiparallel and parallel packing, and the latter tight antiparallel left-handed 

packing. These motifs are often involved in heterologous association between helices in 

polytopic membrane proteins, wherein the complementary helices have large residues at 

the same repeat spacing to fit into the voids left by the small glycine residues. 

1.3.3 Hydrophobic-zippers 

In some cases, a leucine zipper-like motif may encode preferential interactions 

between transmembrane helices. Phospholamban, a sarcoplasmic reticulum protein 

which modulates the function of the Ca++ ATPase SERCA (Hughes et al., 2009), shows 

a pattern of leucine/isoleucine residues which are highly sensitive to mutation and likely 

mediate transmembrane helix interactions (Adams et al., 1998). In a combinatorial 

library screening procedure a set of hydrophobic leucine-zipper like motifs were 

discovered that could associate in a ToxR assay, although the strength of these 

interactions relative to other high affinity sequences like the GpA signature motif was not 

assessed in this assay (Gurezka and Langosch, 2001). Other work has shown that a 

simple polyleucine sequence dimerizes approximately 4-fold less strongly than 

Glycophorin A (Zhou et al., 2000; Zhou et al., 2001). The receptor tyrosine kinase 

DDRl which is activated by collagen binding and is implicated in cell migration and 

adhesion appears to contain both a leucine zipper motif and a GxxxA motif in its 

transmembrane domain (Noordeen et al., 2006). Other receptor tyrosine kinases contain 

two GxxxG motifs, and it has been proposed that switching between them is part of the 
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mechanism of signal transduction (Fleishman et al., 2002). In the case of DDRl, the 

leucine zipper motif may function in a similar role by supporting a conformational 

rearrangement from one dimerization motif to another. 

1.3.4 Polar amino acids and Tryptophan 

Polar amino acids were thrust into the spotlight by pioneering work on model 

peptides by two different groups at the start of the new millenium (Chôma et al., 2000; 

Zhou et al., 2000). These two studies, both based on membrane-solubilized analogues of 

a leucine zipper transcription factor (GCN4), showed that association of these simple 

hydrophobic peptides is strongly promoted by the incorporation of an asparagine residue, 

in both E. coli membranes and micelles of various detergents. Elaborations of this work 

showed that a variety of polar and ionic hydrogen bonding residues could strongly 

promote dimerization of the sequences (Gratkowski et al., 2001; Zhou et al., 2001), but 

interestingly the hydroxyl residues (serine, threonine, and tyrosine) did not significantly 

strengthen interactions. This harkens back to the observation that sequence context is 

critical for the association of the GxxxG motif in GpA; threonine is critical for 

association of the GpA sequence, but much like the GxxxG motif, the effect of this (and 

presumably the other hydroxyl residues) must act in a coordinated fashion with other 

sequence features to be effective. This suggestion is reinforced with a TOXCAT study 

on helix association of a number of natural protein sequences and mutants incorporating 

asp, asn, glu, and gin (Dawson et al., 2003), and mutagenesis studies on 

bacteriorhodopsin which showed polar residues contributed on average only 0.6 kcal/mol 

to the protein's stability (Joh et al., 2008). Although these substitutions had very large 

effects on the simpler hydrophobic helices, in the context of more complex sequences the 
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effects varied from strong association to very little change depending on the position of 

the polar residue. 

Another factor besides sequence context that affects the tendency of polar amino 

acids to induce association is the transverse position of the residue in the bilayer. 

Mutations that introduce an asparagine into the predicted membrane-interfacial region of 

a helix do not strongly induce dimerization, whereas those deep in the hydrophobic core 

do (Lear et al., 2003; Ruan et al., 2004). This makes intuitive sense. The low dielectric of 

the interior of the bilayer could promote much stronger electrostatic interactions than 

would be found in the higher dielectric interface populated with water and charged or 

zwitterionic headgroups. These strong interactions have been implicated in a number of 

diseases (Partridge et al., 2002) by inducing misfolding or inappropriate aggregation or 

activation of proteins (Bargmann et al., 1986). 

In addition to these polar amino acids, tryptophan has been found through a recent 

combinatorial library screen to promote helix interactions (Ridder et al., 2005). 

Tryptophan has already been recognized as a special amino acid in membrane proteins by 

its propensity to be found at the ends of helices (i.e., in the interface between membrane 

and water), and has been proposed to function as an anchor by interacting with cationic 

membrane lipids (de Planque et al., 1999; Yau et al., 1998). It is interesting that in a 

database analysis of predicted TMHs, tryptophan and tyrosine were both found 

preferentially in the interfacial regions of the helices, and this was more pronounced in 

bitopic proteins compared to polytopic ones (Arkin and Brunger, 1998). Its possible role 

in mediating interactions between helices has barely been explored however. 
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1.3.5 Alanine coil 

The alanine-coil interaction is very uncommon in soluble proteins, but was 

represented as the most populated cluster (130 members) in an analysis of 445 helical 

pairs from the protein databank (Walters and DeGrado, 2006). In this case, an 

antiparallel arrangement of helices with a very small (nearly parallel) crossing angle 

forms an interaction with structurally equivalent alanines repeating every 7 residues. 

This provides an extremely tight association of helices, and may represent the type of 

packing that allows optimal interactions between antiparallel helix dipoles (Sparr et al., 

2005a; Yano and Matsuzaki, 2006). The importance of this macrodipole effect in a 

bilayer has been disputed (Ben-Tal and Honig, 1996), but the recent work of Yano and 

Matsuzaki showed that the enthalpic contribution to the free energy of association in lipid 

bilayers of different thicknesses is well explained by a model of macrodipole interactions 

between antiparallel helices (Yano and Matsuzaki, 2006). 

1.3.6 Serine / Threonine zippers 

While individual serine and threonine residues are not sufficient to promote 

interaction of hydrophobic sequences (Gratkowski et al., 2001; Zhou et al., 2001), 

multiples of them may form zippers that are sufficient to induce strong dimerization 

(Dawson et al., 2002). In a library screening procedure from which glycine was 

excluded, motifs of serine and threonine were highly represented as motifs of the form 

XSxxSSxxT and SXxxSSxxT. Mutating any of these serines or threonines almost 

completely abolished dimerization indicating that the coordinated effect of all are 

required. Motifs involving serine and threonine may help stabilize interactions in real 

membrane proteins by contributing hydrogen bonds (Adamian and Liang, 2002), 
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although they are also thought to hydrogen bond to the backbone in an intramolecular 

interaction which could indicate a more subtle role for these residues (Ash et al., 2004a), 

for example an entropie role similar to that proposed for the p-branched residues (of 

which threonine is one). 

1.3.7 Structural motifs 

Structural analysis of transmembrane protein helix interactions identified a 

number of common motifs, including the previously described GASiefi and GASr[ght 

sequence/structure motifs (Walters and DeGrado, 2006). Most pairs of interacting 

helices examined fell within a number of well-defined structural classes; when clustered 

into similar structural families, 80% of interacting helix pairs were represented by the top 

8 clusters; the most populous cluster, a left-handed antiparallel motif, accounted for 29% 

of all helical pairs. The clustering cutoff used was an RMSD of 1.5 Â from the cluster's 

average reference structure, such that the cluster members have fairly high similarity. 

These known features of membrane protein helix packing may lead to improved 

algorithms for structure prediction (Barth et al., 2009; Hurwitz et al., 2006). 

1.4 MD simulations of membrane proteins 

Molecular dynamics simulations have developed over the last decades from a 

method to study the dynamics of liquids of solid spheres and Lennard-Jones particles to a 

versatile method to study a broad range of systems at atomic resolution. The basic 

method includes describing the interactions of all atoms in a given system by a relatively 

simple empirical potential function, from which the forces on all atoms can be calculated 

and integrated in time, using time steps of the order of IO"15 seconds. The primary result 

is a trajectory, which contains the motion of all atoms in time, over millions of time steps. 
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Figure 1-1. A typical membrane protein simulation box 

The box is only one cell in an infinite crystal due to the use of periodic boundary 

conditions to limit edge artefacts. Shown here is the E. coli outer membrane porin 

OmpF in its native trimeric state. Monomers are denoted with different scales of grey, 

and the bilayer (composed of a single phospholipid species) is shown in atomic detail as a 

stick representation. The bilayer is hydrated with water molecules and sodium chloride 

(not shown). Figure from (Ash et al., 2004b). 



Analysis of these motions gives insight into the system that is being studied (Leach, 

2001). 

In principle, such simulations give complete details of the motions of lipids and 

other molecules in the system, and through those and statistical mechanics, access to 

thermodynamic properties. An example of a typical simulation system containing water, 

ions, phospholipids and a membrane protein is shown in Figure 1-1. There are, however, 

major limitations. An important consideration for the use of simulation and to judge the 

reliability of simulations is the time and length scale on which the processes of interest 

occur (Grossfield et al., 2007). There also are technical limitations related to the accuracy 

of the empirical potential function, the relatively small size of the systems that can be 

simulated, and difficulties with accurately incorporating important variables such as pH, 

transmembrane potential differences, and low concentrations of ions. The starting 

configuration of a simulation may also bias the results in undesirable ways (Kandt et al., 

2007). 

Several recent advances have contributed to a surge in the number of simulation 

studies appearing in the literature. Software is becoming more user-friendly, useful 

calculations can now be done on cheap and readily available computer hardware, and 

there are a rapidly growing number of high-resolution structures of membrane proteins 

that can be used for simulations and modelling. Methodological progress in force fields 

(Ponder and Case, 2003), parallel computing and techniques to improve conformational 

sampling (Christen and Van Gunsteren, 2008; Liwo et al., 2008; Rhee and Pande, 2003; 

Tajkhorshid et al., 2003), coarse grained and muniscale approaches (Monticelli et al., 

2008; Periole et al., 2007; Psachoulia et al., 2008; Sherwood et al., 2008; Thogersen et 
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al., 2008), and the ability to simulate accurately beyond the microsecond is becoming 

increasingly attainable (Klepeis et al., 2009). More progress in these areas can be 

expected, as free energy methods, parallelization, and sampling methods become more 

efficient and applied to problems involving membranes and membrane proteins. 

1.5 Large simulations of membrane proteins: strengths and limitations 

Large simulations of complete membrane proteins have been conducted for many 

years now (Ash et al., 2004b; Bond and Sansom, 2004; Grossfield et al., 2007; Lindahl 

and Sansom, 2008). In the early days of membrane protein simulations, the focus was 

restricted to properties that could be argued were not particularly sensitive to the details 

of the lipid environment, such as the properties of ions and water in channels (Roux and 

Karplus, 1994; Roux et al., 1995; Tieleman and Berendsen, 1998). In other cases, in 

vacuo methods have been used to try to probe properties deemed sensitive enough to 

calculate in the accessible time scale (Nonella et al., 1991; Watanabe et al., 1997). Now, 

techniques and resources allow more rigorous investigation of specific problems such as 

the gating of channels and mechanisms of transporters (Bjelkmar et al., 2009; Khalili-

Araghi et al., 2009; Moussatova et al., 2008; Stockner et al., 2009), but in most cases 

detailed thermodynamic properties of these large and complex proteins is beyond the 

reach of contemporary simulations (Lindahl and Sansom, 2008). Thermodynamic 

properties of even the simplest model peptides are barely within reach, requiring 

microseconds of simulation time on detailed systems (see Chapter 6), but the simpler 

models can provide access to processes which are currently very challenging for large 

proteins. 
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1.6 Simulations of small peptides and helix-helix interactions 

The folding of moderately sized membrane proteins may occur on a timescale of 

microseconds, seconds, or even minutes, and simulations are just starting to reach into the 

microsecond regime. The use of membrane mimetics such as slabs of hydrophobic 

molecules (Roux et al., 1995; Zhong et al, 1998) and implicit solvent models (Grossfield 

et al., 2000; Im et al., 2003; Kessel et al., 2003; Lazaridis, 2003; Sengupta et al., 2008; 

Tanizaki and Feig, 2005; West et al., 2009) allow effectively longer simulations and can 

give useful results, though at the expense of a detailed view of the atomic interactions 

between proteins and lipids. Also, as the specific membrane environment is thought to 

affect the behaviour of some membrane proteins (de Planque and Killian, 2003; Feller et 

al., 2003; Lee and Im, 2008; Nyholm et al., 2007; Petrache et al., 2000; Valiyaveetil et 

al., 2002), fully detailed simulations are the most desirable in many cases. Most 

atomically detailed simulations have used pure, one-component phospholipid bilayers, 

although simulations of proteins in mixed lipid bilayers have also been done (Baudry et 

al., 2001; Chiù et al., 2009; Knecht and Grubmuller, 2003; Lu and Voth, 2009; Pandit 

and Scott, 2009). 

A number of small proteins with biological and therapeutic significance, such as 

membrane-lytic antimicrobial peptides, small multimene ion channels , interface-binding 

peptides and monotopic proteins, and membrane-modulating peptides such as the 

SNARE fusion proteins have been investigated (Ash et al., 2004b; Balali-Mood et al., 

2009; Chan et al., 2006; Jena, 2008; Khandelia et al., 2008; Knecht and Grubmuller, 

2003; Nina et al., 2000), but these are not further considered in this thesis. 



18 

1.6.1.1 Single transmembrane helix studies 

Membrane spanning helices can be considered the smallest autonomous 

membrane protein domains (Engelman et al., 2003; White and Wimley, 1999). Many 

simulations have been conducted on transmembrane helices; progress in this area has 

been reviewed (Ash et al., 2004b; Biggin and Sansom, 1999; Lindahl and Sansom, 2008). 

These simulations can be done in order to study properties of fundamental interest, such 

as the dynamics of isolated helices (Bright and Sansom, 2003; Duong et al., 1999), 

protein-lipid interactions (Johansson and Lindahl, 2009; divella et al., 2002; Petrache et 

al., 2002; Sapay and Tieleman, 2008), and helix association (Beevers and Kukol, 2006; 

Bond et al., 2007; Cuthbertson et al., 2006; de Meyer et al., 2008; Henin et al., 2005; Lee 

and Im, 2008; Psachoulia et al., 2008; Rath et al., 2009; Stockner et al., 2004; Zhang and 

Lazaridis, 2006). MD simulations have also looked at the effects of hydrophobic 

mismatch on peptide and bilayer dynamics, for example on changes in peptide tilt, 

protein association, and adaptation of the bilayer (de Meyer et al., 2008; de Planque and 

Killian, 2003; Petrache et al., 2002; Schmidt et al., 2008; West et al., 2009). 

1.6.1.2 Helix-helix interactions 

As the interaction between a-helices is thought to be one of the most important 

determinants of membrane protein structure and function (DeGrado et al., 2003; 

Engelman et al., 2003), simple single-transmembrane a-helices (and single helix 

fragments of larger proteins) can be employed as models for understanding these 

interactions (Figure 1-2). Older, relatively cheap approaches included modelling 

interactions between pairs of helices with techniques such as simulated annealing and 

global searching molecular dynamics (Adams et al., 1996; Chôma et al., 2001; Fleishman 
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and Ben-Tal, 2002; Gottschalk et al., 2002; Kim et al., 2003; Kochva et al., 2003; Torres 

et al., 2002a; Torres et al., 2002b), with either all-atom force fields or simplified potential 

functions (coarse grained methods and knowledge-based potentials). More recently, 

knowledge-based folding or docking efforts (Barth et al., 2009; Dell'Orco et al., 2007; 

Yarov-Yarovoy et al., 2006) and detailed thermodynamic calculations (Henin et al., 

2005; Lee and Im, 2008; Zhang and Lazaridis, 2006) have been used to investigate these 

important interactions, with the former concerned ultimately with structure prediction and 

the latter often with more general physicochemical principles of helix-helix and helix-

lipid interactions. Efforts have been made to understand the nature of sequence-

independent driving forces for helix-interactions as well (Ben-Tal and Honig, 1996; 

Bohinc et al., 2003; Marsh, 2008; Zemel et al., 2003), to probe the fundamentals of lipid-

protein interactions. 

Because it is well characterized experimentally (Popot and Engelman, 2000), 

glycophorin A has also been extensively studied computationally (Dell'Orco et al., 2007; 

Henin et al., 2005; Petrache et al., 2000), partly because it can be used to validate novel 

algorithms for prediction of helix-helix interactions, and partly because new insights from 

the system can be validated through comparison to experimental observables (such as the 

energetic consequences of disruptive mutations). Some of the earliest membrane protein 

structure prediction efforts accurately predicted the structure of the dimer (Adams et al., 

1996; Pappu et al., 1999), so it has served as a common test case for structure prediction. 

For example, a recent study (Bu et al., 2007) assessed the use of replica exchange 

molecular dynamics as a conformational search algorithm, with a generalized born 

implicit membrane model (Bu et al., 2007) to predict structures of Glycophorin A (and 
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Figure 1-2. The use of simple transmembrane peptides as models. 

Simple, model transmembrane peptides can be used to probe fundamental interactions 

between transmembrane helices in membrane proteins. In principle, such systems allow 

simple properties to be examined with greater rigor than would be possible with full sized 

membrane proteins. Left is a small simulated system of a dimer of polyleucine 

embedded in a small DOPC membrane. Right shows the molecular details of hydrogen-

bonding-like interactions between polar residues in a dimer of asparagine-containing 

helices. Figure from (Ash et al., 2004a). 
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two other simple proteins, the M2 proton channel and phospholamban, a tetramer and 

pentamer, respectively). Structures for dimers and bundles of these proteins were 

predicted using various oligomerization states as constraints, and while structure 

prediction was good when the correct state was enforced, the protocol was generally 

unable to discriminate between correct and incorrect states due to an overestimation of 

the importance of potential energy arising from van der Waals interactions between 

helices in high order oligomers. 

In a careful examination of several implicit membrane models, Mottamal and 

colleagues also investigated the issue of whether the absolute potential energy minimum 

corresponded to the native state of the GpA dimer (Mottamal et al., 2006). For certain 

implicit membrane models, the native state was the lowest energy cluster sampled by the 

search algorithm, but several subtle factors such as the inclusion of a few residues 

flanking the transmembrane sequence, or the use of different solvation models, resulted 

in the prediction of an antiparallel topology (the native state is parallel). Nevertheless, 

some insights into the interactions driving assembly of this simple protein were made. 

The GxxxG motif appears to stabilize the dimer significantly, but flanking residues 

provide twice the total stability of this motif. 

These studies illustrate a common failing of simpler prediction methods, which is 

that they can miss important but subtle effects (such as entropie effects of protein-lipid 

and protein-protein interactions), and can be sensitive to the nature of the approximations 

used (for example in treating electrostatics or solvent effects). As such, prediction 

methods are typically more useful when a number of experimental constraints can be 

imposed, for example on the overall topology/architecture and oligomeric state of the 



protein. In the absence of constraints, more rigorous simulations using explicit solvent, 

and free energy techniques, are gradually becoming accessible. 

1.7 Free energy simulations of transmembrane helices 

While not free energy calculations, strictly speaking, the laboratory of Mark 

Sansom has used recently-developed coarse grain models (Marrink et al., 2007) to 

exhaustively assess the insertion and assembly process of several proteins (Bond and 

Sansom, 2006; Scott et al., 2008). Bond and Sansom assessed bilayer self-assembly, 

followed by insertion and dimeric association of glycophorin A helices (Bond and 

Sansom, 2006). Using this method, it was possible to observe insertion and folding of 

GpA, which proceeded by a mechanism of transient interfacial binding followed by 

insertion of one helix, which appeared to catalyze the insertion of the next, suggesting a 

role for membrane inclusions in reducing the barrier for subsequent helices to 

spontaneously insert. While the NMR structures of the GpA dimer were represented by 

the folding simulation, an equilibrium of association-dissociation was observed with their 

model. Because GpA is predicted to strongly dimerize, this may reflect an idiosyncrasy 

of the particular coarse grained model used. 

Free energy analyses have been done on GpA in reduced bilayers: a hydrocarbon 

mimetic (Henin et al., 2005) and an implicit model (Zhang and Lazaridis, 2006). 

Another, more recent, free energy analysis for the association of helices considered a 

simple leucine-zipper protein (pVNVV) in an explicit DMPC membrane (Lee and Im, 

2008). Chapter 6 describes my own efforts to calculate the energetics of helix-helix 

interactions in atomistic and coarse grained bilayers. While these represent useful and 

important steps towards the holy grail of computational structure biology - the complete 



thermodynamic description of any membrane protein system - they all suffer from 

limitations. The implicit models give rigorous statistics at the expense of accurate details 

(particularly of protein-lipid interactions which can be very important), whereas the 

detailed systems can suffer from signficant sampling problems. The best compromise at 

the moment appears to be the use of coarse grained simulations, but these necessarily 

sacrifice many potentially important interactions, such as the specific details of hydrogen 

bonding geometries, backbone deviations from ideal secondary structure, entropy, and 

the structure of water which is in reality very complex (Holt, 2008). 

1.8 Summary 

In short, there is no comprehensive computational method that can solve every 

problem in membrane protein structural biology. Some of the current major problems 

involve the physical fundamentals of membrane protein insertion, translocon function 

and protein transport(Gumbart and Schulten, 2008; Johansson and Lindahl, 2009; Khalili-

Araghi et al., 2009; Lee et al., 2006); structure and mechanisms of G-protein coupled 

receptors (Rosenbaum et al., 2009); ligand and voltage-gated ion channels (Khalili-

Araghi et al., 2009; Wells, 2008); receptor tyrosine kinases (Baselga and Swain, 2009) 

and integrins (Avraamides et al., 2008); and the nature of of bilayer and membrane 

protein self-assembly (Moore et al., 2008; Scott et al., 2008). Even studies on simple 

peptide systems involve compromises between accuracy (with quantum mechanics at one 

extreme, and mesoscopic methods at the other) and rigor (atomistic simulations using 

Newtonian classical mechanics can now just barely reach into the microsecond regime, 

but as we show in Chapter 6 much longer times may be necessary to rigorously describe 

even the simplest membrane protein systems). 
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Chapter Two: Methods 

2.1 Molecular dynamics 

At this point in scientific history, molecular dynamics simulation programs have 

become such well-established tools that it barely seems necessary to outline the method. 

It has been at least 50 years since the first molecular simulations employing hard sphere 

models of fluids and solids (Alder and Wainwright, 1959). Furthermore, many common 

biochemical problems can seemingly be approached without much more than a 

superficial involvement with the technical details of the methods, with methodological 

development and verification instead relegated to the computational chemists and 

physicists who specialize in their development. Nevertheless, it seems appropriate to 

outline exactly what is meant by molecular dynamics simulations in the context of much 

of this work, the molecular topology definitions used, and the atomic interaction potential 

energy functions (force fields) used. Additionally, a force field development, used for 

several of the simulations discussed in this thesis, is presented. 

2.1.1 Classical mechanical approximation: forces, velocities, positions, and integration 

algorithms 

While molecular simulation can refer to the gamut of techniques ranging from 

quantum mechanical simulations through to physical investigations of bulk properties 

represented by elasticity formalisms, all of the work outlined in this thesis refers to 

classical molecular dynamics simulations in which atoms are represented as spheres, 

bonds as either harmonic springs or fixed distances between those spheres, and intra- and 

intermolecular forces by empirical potentials that can be evaluated with classical 

mechanics. While other methods, such as hybrid quantum mechanical I molecular 
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mechanics methods exist, they are not used in this thesis. Monte Carlo methods, while 

often using the same force fields as molecular dynamics but with a different 

conformational sampling mechanism, are likewise omitted from discussion as they are 

not used for this thesis work. 

No discussion of molecular dynamics would be complete without reference to 

Newton's second law: 

F = ma (2.1) 

... nor without reference to the differential equations that are implied, such as the 

relationship between the second derivative of position (acceleration), force, and mass (in 

one dimension, x,): 

dlXi Fx (2.2) 

dt2 mi 

... nor without a mention of the fact that for a complicated system of hundreds or 

thousands of atoms, interacting with pairwise potentials that are continuous functions of 

position (ie, a bare minimum of NA2 interaction potentials), that an analytical solution to 

the large set of differential equations describing Newtonian motion of the system is 

essentially impossible. Thus numerical solutions employing finite time steps have been 

developed. GROMACS (Lindahl et al., 2001), the simulation package used for much of 

this thesis work, uses what is known as the leapfrog (or Verlet) algorithm. The essence 

of this approximation, and other finite difference methods, is that the time is broken into 

discrete steps, At, and the potential energies of particles (and therefore forces) 

approximated to be constant for the duration of each step. Thus at each time step, the 

sum of forces acting on a particular particle is computed, the change in velocity of the 
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particle is calculated, and its new position at tn+i = tn + At is calculated, despite the fact 

that in reality the forces on the particles change continuously as their positions are 

updated from xn to xn+i. The equations used to update velocities (v) and positions (r) are 

defined as follows (van der Spoel et al., 2002): 

Through repeated application of these equations to the positions and velocities of atoms, 

a trajectory of the movement of atoms (and molecules) in time is generated. 

However, a number of complications arise. Non-bonded, and particularly 

electrostatic interactions, can be significant over relatively long ranges, and their 

calculation can add considerable computational expense without the use of various tricks 

to simplify the problem. A typical simulation box is orders of magnitude smaller than the 

beaker, test-tube, or well of a traditional laboratory experiment, so the outermost 

boundary of a simulation (whether solid "walls", a gas or vacuum phase, or another 

substance) can have a very significant effect on the simulation outcome. Many 

experiments are conducted under conditions of constant temperature and pressure, and 

while in theory energy is completely conserved when using Newtonian equations of 

motion, both the numerical integration approximation and rounding errors can cause the 

energy of a system to drift. And finally, because classical mechanical approximations are 

applied to molecular systems that are in reality subject to quantum mechanical effects, the 

choice of potential energy functions and simplifications can have non-trivial 

(2.3) 

r{t + At) = r(t) + v(t + — ) A / (2.4) 
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[ atoms ] 

; n atype resnr résidu atom cgnr charge mass ;code 

1 LC3 1 DOPC CH3 O 0.4000 15.0350 ; 126 

2 LNL 1 DOPC N 0 -0.5000 14.0067 ; 155 

[bonds] 

; i j function ,bonds code 

1 2 1 0.14700E+00 0.37450E+06 ;LC3 LNL 19530 

[ angles ] 

; i j k function ; angles code 

1 2 3 1 0.10950E+03 0.33470E+03 ;LC3LNLLC3 116031 

[dihedrals] 

; i j k I funct phiO cp mult ,-dihedral angles code 

1 2 5 6 1 0.0 3.76 3 ;LC3 LNL LC2 LC2 11922250 

2 5 6 7 1 0.0 5.85 3 ;LNL LC2 LC2 LOS 11561835 

5 6 7 8 1 0.0 3.76 3 ;LC2LC2LOSLP 11977752 

Figure 2-1. Example molecular topology components, as used by GROMACS. 

The sections define atom types and names ([atoms]), bonded atoms and functional 

parameters ([bonds]), 3-atom angle function definitions ([angles]), and dihedral functions 

([dihedral]). Some force fields specify functional parameters directly in the topology 

definition, as shown above; others use more generic parameters that are generated based 

on the atom types involved in the [bonds], [angles] and [dihedrals] sections. 
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consequences on the outcome of certain simulations; such things as the torsional rotation 

of bonds, hydrogen bonding and ionization of functional groups, and atomic 

polarizability are all necessarily approximated, with varying consequences. 

2.1.2 Topologies and force fields 

Before discussing the aforementioned complications, the nature of molecular 

topologies and potential energy functions must be considered. Most simulation packages 

have their own unique topology definition files, which define the connectivity of atoms, 

the properties of those atoms (such as mass and charge), the force field functions used for 

their bonded and non-bonded interactions, and the specific empirical potentials 

describing those interactions for each type of atom, bond, or group of connected atoms. 

Most topology definitions include a list of the atom types, masses and identifiers (names, 

numbers, amino acid residue identity, etc), plus a list of bonds, bond angles, and bond 

dihedral angles (Figure 2-1). 

2.1.2.1 MDforcefields 

A molecular dynamics force field is a set of energy functions and empirically-

determined parameters describing non-bonded and bonded interactions between atoms 

(Figure 2-2). The exact form of these functions depends on the force field and simulation 

package used, but most commonly used force fields use a similar overall architecture 

(Leach, 2001). Non-bonded contributions are typically broken into van der Waals and 

electrostatic interactions; bonded interactions by bond, angle, and dihedral terms. Bonds 

between two atoms, and angles between three directly connected atoms, incur an 

energetic penalty the further they deviate from a reference equilibrium value. Rotations 
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Dihedral rotation 

Figure 2-2. The most common terms in typical force fields. 

Typical MD force fields are expressed by a sum of functions describing non-bonded 

interactions, bond stretching, angle bending, and dihedral rotation terms. Figure based on 
Fig. 4.1 in (Leach, 2001). 
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around bonds, indicated by dihedral angles involving four connected atoms, are 

represented by a function describing the preferred rotational positions. In the OPLS force 

field (Kaminski et al., 2001) as implemented in GROMACS, the total potential energy 

function, a sum of contributions from bonds, angles, dihedrals, and non-bonded terms, is 

as follows: 

HrN)= ZyC- -/,0)2 + X kMei-e„f + £ ic.(««(r))" 
h/in/A ̂  angles ̂  dihedrals /7=0 

N N 
4*, 

qi/ 
+ (2.5) 

Bonds and angles are harmonic functions which penalize the square of deviations from 

equilibrium values (/,,« and 6,,0) by the force constants k,l 2. Non-bonded interactions use 

the Lennard Jones and Coulomb potentials to represent dispersive/repulsive and 

electrostatic interactions, respectively (final summation in equation 2.5). An alternative 

form of the Lennard-Jones function, whereby the sigma and epsilon parameters in 

equation 2.5 are combined to yield new parameters (C6 and C12), is used in some force 

fields: 

Cl 2., C6„ 
(2.6) 

Note that the sum over dihedrals takes a form called the Ryckaert-Bellemans function 

here, whereas in the original OPLS force field a Fourier series is used (Jorgensen and 

Tirado-Rives, 1988). In this formulation, i|/=0 is the trans conformation with respect to 

the first and last atoms in the set of four atoms considered. A harmonic function can also 

be used to enforce certain higher order geometries, such as a planar arrangement of atoms 
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in an aromatic system, in which case by convention an additonal set of dihedral functions 

called "improper dihedrals" are employed. 

The empirical parameters for force fields are typically parameterized through a 

combination of quantum mechanical calculations on simple, representative fragments, 

followed by iterative rounds of testing and refinement on experimentally well 

characterized systems. Some force fields include more complex terms, for example 

polarizability models to account for solvent and solute polarizability in response to 

changing micro environments (Illingworth and Domene, 2009; Patel and Brooks, 2006; 

Warren and Patel, 2008; Warshel et al., 2007), and other algorithms for calculating long-

range electrostatic forces (Aguado and Madden, 2003; Karttunen et al., 2008). 

2.1.2.2 Lipid - protein force fields 

The most common force fields for atomically-detailed molecular simulations of 

proteins are CHARMM, GROMOS, OPLS, and AMBER (Tieleman et al., 2006). These 

have undergone continuous refinement, having started out as united-atom force fields in 

which only certain polar hydrogens are included explicitely (with the rest implicit), but 

all except GROMOS now exist in all-atom form. Lipid force fields are generally less 

refined, but perform adequately based on available experimental properties. The two 

most commonly used force fields are CHARMM lipids (included with the distribution), 

and a set based on parameters developed by Berger in 1997 (Berger et al., 1997). The 

CHARMM lipids are compatible with the CHARMM force field (and therefore protein 

model), and are all-atom, whereas the Berger lipids are derived from OPLS and AMBER 

united atom force fields and are functionally compatible with GROMOS protein 

parameters. 
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While CHARMM lipids are directly compatible with CHARMM proteins, the 

combination of GROMOS, GROMACS, or other protein force fields with Berger lipids is 

also commonly reported. Thus far a comprehensive and rigorous examination of these 

force field combinations has not been done, but some thermodynamic tests on the 

solvation of side chains has been conducted (MacCallum et al., 2008; Tieleman et al., 

2006; Xu et al., 2007). For the purposes of much of the simulation work in this thesis, 

the combination of OPLS all-atom protein (a relatively accurate protein force field) with 

the computationally inexpensive Berger united-atom lipids was made. This combination 

was tested, and while transfer free energies for amino acid sidechains from water to 

hydrocarbon showed slightly larger errors than for the pure OPLS force field, these 

differences are not particularly large compared to the existing errors in the force fields, 

and so the slight loss of accuracy may be justified in situations where the significant 

speed improvement given by united atom lipids is required. 

Combining all atom protein with united-atom lipids - a novel methodological 

development 

We were interested in combining all-atom OPLS protein with united-atom Berger 

lipids, motivated by the belief that the united-atom approximation for the lipids would 

speed calculations without a significant effect on the accuracy of our calculations. The 

force fields are mathematically compatible (they use the same functional form for the 

potential function), but OPLS scales electrostatic and Lennard-Jones interactions between 

atoms connected by three bonds interactions) by a factor of 0.5. With the 

implementation we use, GROMACS, a 1^1 interaction scaling factor must be universally 

applied to the force field, precluding a simple addition of the Berger lipids to OPLS. 
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While a separate set of Lennard-Jones parameters can be used in GROMACS for I^t 

interactions, it is not possible in the current implementation to use a separate set of 

charges. Thus we decided to replace the 1-4 interactions in the lipids (both the 

electrostatic and the Lennard-Jones components) with dihedral potentials. The resulting 

lipids differ only slightly from true Berger lipids, in that the replacement for the missing 

1-4 interaction assumes ideal bond lengths and angles. On the other hand, because no 1-

4 interactions are present in the modified lipids, the new parameters can be used in 

combination with any force field sharing the same functional form, independantly of the 

scaling factor used for the 1-4 interaction, including the different versions of GROMOS, 

OPLS-AA and AMBER force fields for proteins. 

Electrostatic and Lennard-Jones energy functions were calculated for each pair of 

atoms for which a 1-4 interaction is described in the Berger lipid force field, with bonds 

and angles fixed corresponding to ideal geometries. The interatomic distance (and 

therefore the Coulomb and Lennard-Jones potential energy) was calculated as a function 

of the dihedral angle, with constant parameters specifying the two bond angles and three 

bond lengths, the charges on the terminal atoms and the pair Lennard-Jones parameters, 

for each unique set of four bonded atoms. We fit to this calculated potential a Ryckaert-

Bellemans dihedral function in XMGRACE using nonlinear curve fitting (tolerance: 0.01, 

iterations: 50). The fits between the Ryckaert-Bellemans dihedral functions and the 

calculated 1-4 interaction energies were virtually perfect in all cases, with a correlation 

coefficient higher than 0.9999. 

To test that the two approaches give the same lipid properties, three simulations of 

DOPC bilayers were carried out; in the first case, the original Berger parameters were 
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used, with nonscaled 1-4 interactions, according to the rules for all GROMOS force 

fields; in the second case, the new parameters were used, with 1—4 interactions replaced 

by Ryckaert-Bellemans dihedral potentials; the third case was identical to the second, 

except that C6/C12 Lennard-Jones parameters were converted into sigma end epsilon 

(see Equation 2.5 and 2.6), for consistency with the OPLS-AA and AMBER force fields. 

Results for the second and third combination were virtually identical within statistical 

error margins. The combination was not demonstrably worse than the common 

combination of the GROMACS force field with Berger lipids, and lipids gave reasonable 

properties under these conditions, so that the use of this combination was considered 

justified. 

2.1.2.3 Coarse grained force field: MARTINI for membranes and proteins 

In addition to the above mentioned atomistic force fields, coarse grained models 

such as the MARTINI and MARTINI-protein force fields have recently been developed 

(Marrink et al., 2007; Monticelli et al., 2008). The MARTINI force field uses a 

simplified representation whereby atoms are mapped by approximately four heavy (non-

hydrogen) atoms to one coarse grained particle. Four principle types of coarse grained 

particles are used: P (polar), N (non-polar), C (apolar) and Q (charged), and a variety of 

sub-types of these exist to deal with whether or not the group is a hydrogen bond donor 

(d), acceptor (a), both (da), or not (0), as well as the polarity of the group on a scale of 1 

to 5. Non-bonded forces are represented principally by the Lennard-Jones function, with 

a few charged groups interacting with the Coulomb potential. All particles have an 

effective radius of 0.47 nm, except when apolar and polar particles are interacting in 

which case the distance is extended to 0.62 nm. There are ten levels of interaction 



strength, and these are used to parameterize most of the important forces in molecular 

systems, including attractive forces between highly polar entities and their hydration 

shells, and the hydrophobic / hydrophilic balance. Bonded forces are relatively weak, 

allowing significant flexibility to mimic flexible collective motions of the atoms 

represented by the coarse-grained particles, although a number of special particles were 

designed to represent particular protein secondary structures. The parameterized amino 

acid particles match the experimental free energies of transfer from polar to apolar media 

reasonably well (Monticelli et al., 2008). 

2.1.3 Treatment of non-bonded interactions and electrostatics: truncation and long-

range forces 

Non-bonded interactions represent an enormous computational cost, since in 

principle the total number of interactions in a system increases as the square of the 

number of particles, N2 (Leach, 2001). The simplest solution is to truncate the 

interaction, but simple truncation results in discontinuities in the forces and energies at 

the cutoff distance. This is often mitigated with the use of a shift or switch function to 

smoothly adjust the potential to zero. An additional complication is that distances 

between all atoms must still be considered to determine whether or not they fall within 

the cut-off range, so the use of a neighbour-list algorithm that periodically calculates 

inter-atomic distances to decide which atoms may be within interaction range in the 

following period is used in conjunction with truncation functions to partially eliminate 

these costly calculations. 

The attractive component of the Lennard-Jones function decays quite rapidly (r"6) 

and can be effectively truncated or shifted without the introduction of too many artifacts, 
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but the Coulomb potential is important over much longer ranges. Interactions between 

polar but neutral groups such as individual water molecules can be very unstable when 

interacting near the cut-off boundary, due to the movement of individual partial charges 

in the otherwise neutral group across the boundary. The use of "charge groups" can 

mitigate this problem by treating neutral but polar groups as complete units for which all 

electrostatic interactions are conducted when any one atom falls within the truncation 

distance of another charged moiety, so that, for example, each water molecule which has 

any single atom within the cut-off of another water molecule will have its complete 

electrostatic effect on the other molecule calculated, rather than considering just a single 

atom. The concept of a group has little physical justification, so some complications arise 

when defining charge groups for complex macromolecules or large ligands. 

The omission of long range electrostatic forces can have important consequences 

as well, so a variety of long range corrections have been developed (Karttunen et al., 

2008). The most commonly used correction is the Particle-Mesh Ewald (PME) 

correction, in conjunction with periodic boundary conditions. In PME, the total 

electrostatic energy of a system is broken down into short range components that are 

calculated in real space (ie, the truncated Coulomb potential), and a long range part that is 

calculated in Fourier space, which is a significantly quicker calculation than calculating 

the total energy in real space due to the periodicity of the system. It should be noted that 

PME can introduce artifacts, for example with highly charged molecules (Hunenberger 

and McCammon, 1999; Venable et al., 2009). 
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2.1.4 Boundary conditions 

Because the usual simulation system is relatively small compared to the area of its 

boundaries, the effects of these boundaries on the system are often non-trivial. The 

easiest imaginable boundary would be a simple vacuum; a sphere of solvent could be 

simulated with a biomolecule solvated in its interior, but the surface properties of this 

sphere could strongly impact the bulk properties of the solvent in the interior of the 

droplet, so this boundary is not typically used. A variety of boundary treatments can be 

used. For some calculations, a small number of explicit solvent molecules surrounded by 

an implicit potential and/or stochastic boundary can be useful (Deng and Roux, 2009; 

Leach, 2001; Petraglio et al., 2005). In this situation, a small sphere of solvent molecules 

is placed around the solute (which itself can be truncated, in the case of large 

macromolecules), and the boundaries treated using mean field methods that mimic the 

forces and electrostatic field outside of those boundaries. 

Most commonly, periodic boundary conditions are used to provide a continuous 

solvent (or bilayer) at the boundaries. In this condition, a simulation box is represented 

as an infinite crystal, by connecting opposite ends of the simulation box. While the use 

of periodic boundaries may cause some concern about artifacts (Hunenberger and 

McCammon, 1999; Venable et al., 2009), the prevalence of this treatment in most 

simulations that give good quantitative and qualitative agreement with experimental work 

provides some indirect justification for it (Ash et al., 2004b; Khalili-Araghi et al., 2009). 

An explicit analysis of the effects of periodicity on free energy of transfer of an ion from 

water to the Gramicidin transmembrane channel showed this particular property is 

insensitive to system periodicity (Bastug et al., 2006). 
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2.1.5 Temperature and pressure coupling 

The direct simulation of a box of particles, interacting through Newtonian 

mechanics, leads naturally to the NVE ensemble; the number of particles, volume, and 

energy remain constant, while temperature and pressure fluctuate naturally. But errors 

from rounding and numerical integration of forces can result in drift of the total energy of 

the system, and the simulation of dynamic processes may lead to changes in macroscopic 

observables like temperature and/or pressure. In order to simulate other important 

thermodynamic ensembles, like the canonical ensemble (NVT) (under which conditions 

the Helmholtz free energy is defined) or isothermal-isobaric ensemble (NPT) (Gibb's free 

energy), some means to maintain constant temperature and pressure are necessary. 

The simplest way to maintain temperature is to scale the velocities at every step. A 

scaling factor of the square root of the ratio of reference : current temperature is all that is 

required for this (Leach, 2001), but a virtual thermal bath that transfers or removes 

energy as required is a more realistic method to do this. The Berendsen thermostat 

introduces a coupling parameter that dictates how quickly the system temperature is 

returned to the reference temperature, and at the limit of zero it is equivalent to the direct 

scaling method. The advantage of this method is that, much like in a real system 

(particularly a small region the size of a simulation box), thermal fluctuations around the 

average temperature are allowed, but velocity scaling is not rigorously justified from a 

statistical mechanical perspective, and artifacts with respect to the energy distribution 

between different components of the system can be introduced (Leach, 2001). One way 

around this is to couple temperature independently to solute and solvent, but additional 
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thermostats with more rigorous justification are also available, such as the Nose-Hoover 

thermostat. 

Pressure can be treated analogously to temperature, by simply scaling the volume 

of the box to generate the correct pressure, or through the use of a coupling constant and 

the Berendsen algorithm. While the most straightforward application is to isotropically 

scale the volume of the simulation box (ie, all box dimensions change equally to achieve 

the correct volume and pressure), anisotropic pressure coupling is useful for membrane 

protein simulations due to the shape of the bilayer and uncoupling between different 

pressure fluctuations in different dimensions of the bilayer. 

2.2 Simulated annealing 

Simulated annealing is a specialized type of molecular simulation. It is an 

alternative to global search algorithms or energy minimization algorithms designed to 

avoid kinetic traps and find an optimized structure of low potential energy. It is 

commonly used in refinement of X-ray structures, and in side chain rotamer optimization 

during modelling processes. Short molecular dynamics simulations are conducted at very 

high temperature, often with restraints, for example to hold multimeric assemblies 

together, or conformations in agreement with experimentally-derived constraints. The 

high temperature simulations allow the system to sample over energetic barriers that 

would block simpler energy minimization techniques, and the system is slowly cooled 

with ongoing simulation steps, to try to find the global (or best accessible) energetic 

minimum. In Chapter 4 and 5, simulated annealing combined with a search algorithm is 

used to predict the structures of transmembrane helix dimers. 
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2.3 Free energy techniques 

Statistical mechanics allows macroscopic thermodynamic properties to be derived 

from microscopic probabilities. With unlimited computer resources and/or time, and a 

suitably accurate force field, any biomolecular system could be fully characterized just by 

running a direct molecular dynamics simulation and observing / analyzing the resultant 

trajectory for properties of interest. By measuring the probability of finding a solute in a 

binding cavity on a protein, for example, its absolute binding free energy could be 

calculated directly, and by running a simulation of a transmembrane helix dimer in a 

membrane long enough one could count the probability of that dimer being formed 

versus dissociated and thus calculate the association free energy. Series of mutants could 

be analyzed as well; a residue could be altered and another direct simulation run to 

determine the association free energy change resulting from that mutation. Unfortunately 

these processes are too slow to be accurately enumerated in time scales accessible to 

simulations at the present time. Some processes are likely to be difficult to directly 

simulate for many years to come, given current predictions of computer processing power 

and energy requirements, so clever simplifications are often necessary. 

The umbrella sampling method, and the weighted histogram analysis method, are 

used in Chapter 6 and will be summarized here. For overviews of the many other free 

energy methods see, for example, (Leach, 2001; Rapaport, 2004; Smit and Frenkel, 2002) 

or recent reviews (Chipot and Henin, 2005; Christen and Van Gunsteren, 2008; Darve et 

al., 2008; Dell'Orco, 2009; Deng and Roux, 2009; Grossfield et al., 2007; Isralewitz et 

al., 2001; Leach, 2001; Liwo et al., 2008; MacKenzie and Fleming, 2008; Rodriguez-
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Gomez et al., 2004; Sherwood et al., 2008; Shirts et al., 2003; Vendruscolo and Dobson, 

2005). 

2.3.1 Umbrellasampling 

The principle reason that a direct, unrestrained simulation cannot be used to 

calculate the free energy for a transition such as the dimerization of a peptide is that a 

complete "sampling" of the reaction pathway between the two end points must be done to 

determine an accurate probability distribution for the states along that pathway, from 

which the free energy profile can be calculated using the standard statistical mechanical 

relationship (Dill et al, 2003): 

(2.7) 

Here, AF refers to the free energy for a change from state a to state b, kb is Boltzmann's 

constant (which determines the unit of energy), T is the temperature in Kelvin, and P(qa) 

and P(qt>) are the probabilities of finding the system in configurations representing states 

qb and qa). A relationship between a probability distribution (histogram, for the discrete 

states shown here) and a potential of mean force (free energy profile) is shown in Figure 

2-3. The probability of finding the helices in one arbitrarily selected non-interacting 

position in the calculated free-energy profile relative to the highly associated state is on 

the order of 5e-6, so an extraordinary amount of sampling would be required to calculate 

the correct probability distribution with any confidence. 

Fortunately, biasing methods that force a transition between two states can be 

employed to calculate thermodynamic information; when appropriately implemented the 

effects of the bias can be removed after the fact and the thermodynamic picture of the real 
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H e l i x - h e l i x c e n t e r o f m a s s s e p a r a t i o n 

Figure 2-3. The relationship between the probability of a state and free energy. 

The microscopic probability of finding two of the transmembrane helices described in 

Chapter 6 at particular helix-helix separations is related to the thermodynamic free energy 

of that particular separation (grey) by statistical mechanical relationships. The 

probability shown here is an unbiased probability derived from umbrella sampling and 

the weighted histogram analysis method (WHAM). Because the free energy of 

association is relatively strong (20 kJ/mol) is it unlikely that this process would be 

sampled sufficiently in an unbiased simulation to determine the probability distribution 

shown here, as areas with very low probabilities (10"5 to IO"6) are significant. 
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Reaction coordinate ç 

Figure 2-4. Umbrella sampling schematic. 

The curve shown here is the hypothetical potential energy profile for a reaction 

represented by a coordinate Ç. The higher energy regions may not be sampled efficiently, 

so umbrella potentials (multiple curved lines above the potential energy profile) are used. 

Umbrella potentials are additional harmonic potentials, V(C) = kj(Ç - ^)2, that force the 

reaction (for example, separation between molecules) to sample higher energy spaces. 

Each potential is applied to a separate simulation that is otherwise represented by the 

same topology and potential energy functions, and the results are combined afterwards. 

The contributions of these umbrella potentials can be removed from the final results to 

give an unbiased potential of mean force for the process \. 
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process recaptured from the biased simulation. While other methods, such as steered 

molecular dynamics (Sotomayor and Schulten, 2007), have been used for this kind of 

process, they will not be discussed here. 

Umbrella sampling was proposed in the 1970s as a method to overcome the 

sampling problem (Torrie and Valleau, 1977). Harmonic biasing potentials of the form: 

V(9 = kiG-Si)2 (2.8) 

are applied at several different positions ^ along the reaction pathway (Ç, this can be a 

position, a system volume / pressure, etc) which can be simulated independently to 

calculate a set of biased probability distributions (Figure 2-4), from which an unbiased 

distribution can be calculated by removing the effect of the biasing potentials. The 

weighted histogram analysis method (Kumar et al., 1992) is commonly used to unbias the 

umbrella sampling results (ie, remove the contribution of the harmonic restraint 

potentials). Umbrella sampling gives, in addition to information about the total free 

energy change for a process, a detailed picture of the reaction pathway (including the 

existence of kinetic barriers and traps), whereas other methods, such as various 

thermodynamic cycles using free energy perturbation or thermodynamic integration 

(Deng and Roux, 2009), are typically used to simply remove small ligands and calculate 

their absolute binding affinities, or determine the consequences of mutating residues, etc. 
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Chapter Three: Setting up Molecular Dynamics Simulations 

3.1 Summary 

When embarking on a computational investigation of a membrane protein a number of 

technical challenges are faced. The tractability of the problem, actual simulation setup, 

and choice of force field, are all issues that have to be considered. In this chapter, some 

considerations are reviewed, along with a number of methods to setup membrane protein 

simulation systems. The bulk of the chapter describes a new method for the setup of 

membrane protein systems, and describes its implementation with a script that facilitates 

the setup of simulations. 

3.2 Choosing a method, lipid model, and force field 

During the early years of MD simulations it sufficed to insert the protein into a 

simple medium, simulate for as long as one possibly could, and then try to draw some 

conclusions based on how the protein behaved. In the infancy of the science, many of the 

principally technical achievements that accompanied such studies were milestones - even 

the first published macromolecular simulation, which showed that proteins were not static 

but could actually move, was revolutionary (McCammon et al., 1977). However, as 

sophistication of both the available techniques and the general scientific audience has 

grown, the expectation that a simulation study of a biological persuasion must actually 

solve a biological problem (rather than just demonstrate a novel technique) has matured. 

And with the ever-increasing availability of higher powered computers and a plethora of 



46 

novel techniques, more problems continue to become tractable (Ash et al., 2004b; 

Gumbart et al., 2005; Lindahl and Sansom, 2008; Sherwood et al., 2008). 

Before settling on a simulation approach, the researcher must have a firm grasp of 

the specific problem and an idea of which technique would be most likely to yield a 

useful result. Is a qualitative understanding of a process sufficient? This may be the case 

if one is interested simply in whether or not a protein can interact with a particular entity 

(for example a substrate or drug), or if the goal is to develop a basic mechanistic 

understanding of how a protein physically works (for example channel function ( Vasquez 

et al., 2008)). 

Are quantitative results required, for example on the binding free energies of 

different substrate molecules, or the precise statistical distribution of two or more 

activated/deactivated states of a receptor or channel? One must determine whether 

suitable free energy calculation techniques and sufficient computational resources are 

available to solve the problem. A more thorough overview of this non-trivial problem 

can be found in Chapter One. 

The desired membrane may contain a mixture of lipids, a single lipid which 

adequately represents the native environment of the protein, a simplified representation 

made from simpler hydrophobic molecules, or any one of a variety of continuum models. 

The choice of lipid model is not trivial; lipids have been shown to affect the properties of 

membrane proteins in both subtle and non-subtle ways (Feller and Gawrisch, 2005). 

However, the choice of lipid will very likely be affected by the availability of tested lipid 

models, and it may be that the suitability of a particular lipid must be balanced against the 

reliability and accuracy of the lipid model. At the moment the number of tested lipid 
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models available is rather limited, but fortunately phosphatidyl-choline lipids, which are 

very important physiologically and form bilayers which support the function of many 

membrane proteins, are reasonably well characterized and a number of force field options 

to simulate them have been developed (Tieleman et al., 2006). For certain elaborate or 

systematic studies, a high throughput, automated method to set up dozens of simulations 

may be desirable. However, the first task is to ensure the atomic model and molecular 

topology description of the protein is complete. 

Published structures often lack detailed coordinates for portions that were not 

well-resolved, for example regions of a protein that exhibit high mobility. While an 

elaborate discussion of methods for coping with these missing regions is outside of the 

scope of this thesis work (which mainly focuses on the interactions between model alpha-

helices), much on the subject of modelling has been published (Forrest and Woolf, 2003; 

Moussatova et al., 2008; Soto et al., 2008). Of particular concern for membrane proteins 

are flexible loops which connect alpha-helices, and extramembraneous domains (which 

in some cases are cleaved and the membrane domain structure solved as a discrete unit). 

Additionally, side chains can be incompletely resolved in published structures and may 

have to be modelled (Johnston et al., 2008) 

Once the correct approach, protein topology, and force field have been selected, 

the problem of setting up a simulation system must be solved. There are four major steps 

to this process: 1, orienting the protein; 2, preparation of the bilayer-protein system; 3, 

solvating the system; and 4, system equilibration. In most cases the most difficult issue 

concerns the actual assembly of the protein & membrane system, typically 

conceptualized as the insertion of a protein into a pre-formed, equilibrated membrane, but 
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also recently the spontaneous formation of the bilayer-protein system from a mixture of 

constituents (Scott et al., 2008; Shih et al., 2007). 

3.3 Orienting the protein 

While there are many methods to orient a protein in a bilayer, for example by 

simply aligning the average axes of the constituent helices with the bilayer normal and 

centering it, a fairly straightforward and simple method consists of identifying the so-

called hydrophobic belt and flanking tryptophan residues of the protein. In this approach, 

the surface of the protein is analyzed for hydrophobic residues, which are expected in the 

core of the bilayer (Rees et al., 1989; Wallin et al, 1997) (figure 3-1), and tryptophan 

residues, which tend to form belts around the protein at the bilayer interface 

(Landoltmarticorena et al., 1993; Lee, 2003). The protein is then oriented in such a way 

that its hydrophobic interior is aligned with the non-polar lipid tails. This can be done 

using molecular graphics programs such as MolMol (Koradi et al., 1996), VMD 

(Humphrey et al., 1996) and RasMol (Sayle and Milner-White, 1995), or via the 

GROMACS tool editconf, applying explicit translation and rotational vectors to the 

protein. Because this is a relatively coarse and physically intuitive method (rather than a 

rigorous, statistical mechanical or thermodynamic one), visual inspection of structures 

and hand-rotation using estimated translation vectors and rotations is commonly used. 

While the above approach is the easiest and perhaps most commonly used one, a 

more rigorous approach making use of a knowledge-based scoring function derived from 

statistical analysis has been described (Ulmschneider et al., 2005). In this case, the 
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Figure 3-1. The distribution of residue types on membrane proteins. 

Membrane proteins typically exhibit a characteristic distribution of charged residues 

(black) on their molecular surfaces (white), whereas the area exposed to the hydrophobic 

component of the bilayer consists of neutral residues (a). This hydrophobic belt (b) can 

be used to align the protein with the polar lipid head groups (grey). Figure from (Kandt 

et al., 2007). 
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energy minimum calculated from this statistical potential has been shown to correspond 

well with the actual position of many membrane proteins in bilayers. It is also possible to 

position the protein using continuum electrostatics or an implicit solvation model to 

determine an estimated free energy of positioning the protein (Kessel et al., 2004). 

In the case of much simpler proteins, such as the hydrophobic single helices used 

in much of the present thesis work, helices can be positioned in the center of a box of the 

same dimensions as the solvated bilayer system, with their long axes aligned with the 

membrane normal (by convention, the Z-axis of the Cartesian coordinate system). In this 

case the principle assumptions are that the peptide does, indeed, insert in a 

transmembrane manner; that the peptide will easily find the proper orientation if it is 

placed in the wrong one (or that reorientation of the peptide occurs on a much shorter 

timescale than the total simulation time), and that structural adaptations of the bilayer can 

be well sampled in the simulation. 

3.4 Adding lipids - a short review of methods 

Positioning the protein is only the first step; the bilayer must somehow be 

moulded around the protein into a structure that represents a reasonable snapshot of the 

equilibrium condition. The theoretical ideal would be to simply allow a bilayer to self-

assemble around the protein from a mixture of lipids in water, or to allow the protein to 

spontaneously insert into the bilayer. Unfortunately because of the real world limitations 

of computer power and time limits, these complicated self-assembly processes are often 

an undesirable expense to those more interested in functional properties of a specific 

membrane protein. In fact these self-assembly and/or insertion processes are so costly 
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that at the moment they are sufficiently complex to justify their own studies (Bockmann 

and Caflisch, 2005; Bond et al., 2004; Braun et al., 2004; Esteban-Martin and Salgado, 

2007; Scott et al., 2008; Ulmschneider and Ulmschneider, 2008). The most fruitful 

approach when looking at relatively long time-scale or large processes such as this has 

been to simplify the problem to the mesoscopic level by using the coarse grained 

approach (Marrink et al., 2001; Scott et al., 2008). It has been shown that bilayers are 

formed on timescales in the order of hundreds of nanoseconds, currently expensive 

computationally but within reach (de Vries et al., 2004; Marrink et al., 2001). 

Because the final, inserted state is often predictable, methods to bypass the 

complex insertion process and arrive at the final state are desirable. The problem seems 

intuitively simple, and this intuition has given rise to many relatively straight-forward 

approaches. Typically one starts with a pre-equilibrated bilayer generated by another 

simulation study. Then one just finds a way to shape the bilayer around the protein. 

3.4.1 Protein superposition and overlapping lipid deletion 

The first approach involves the deletion of lipids from the area surrounding a 

superimposed protein structure (Figure 3-2, a). This can be done using algorithms to 

detect the proximity of protein atoms to lipid atoms - a program can loop over the 

protein's atomic coordinates and search for any lipids containing atoms that reside within 

a set minimum distance from the protein; those lipids are then removed. Examples can 

be found in (Bostick and Berkowitz, 2004; Henin et al, 2005; Kandt et al., 2004; Saiz 

and Klein, 2005; Sotomayor and Schulten, 2004; Tang and Xu, 2002; Tarek et al., 2003; 

Xu et al., 2005). A variant of the cut-off method uses a rectangular grid placed on the 
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Translate XY lipid positions Translate XY lipid positions + EM.. 
Delete lipids within cut-off 

Figure 3-2. Overview of insertion process. 

Common methods for inserting membrane proteins into bilayers include (a) deleting 

lipids within the range of a simple protein - lipid distance cut-off, (b) applying a 

repulsive potential to drive out lipid and water from the area to be occupied by the protein 
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as in the cylinder approach, (c) mdrunhole. (d) Construction of the membrane around 

the protein from a library of lipid conformations, (e) and (f) placing copies of lipids on a 

2D grid, or starting with an inflated bilayer, and then scaling down the box size 

incrementally with energy minimization and short molecular dynamics steps. Figure 

from (Kandt et al., 2007). 
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bilayer and protein. All lipids with atoms falling in grid cells already occupied by protein 

are removed (Tieleman and Berendsen, 1998). 

Often, due to cavities in the protein, protein loops, lipid conformations, or other 

constraints, this procedure results in frustrated topologies with lipids trapped in some 

non-equilibrium, metastable position from which they cannot easily escape during the 

course of the desired simulation (for example with two tails straddling a polypeptide 

chain, wrapped around an amino acid side-chain, or threaded through an aromatic side-

chain ring). As a consequence much simulation set up of this sort involves careful 

manual investigation of the resulting structures and movement of lipids deemed 

offensive. This approach thus suffers from the biased expectations of the researcher 

setting up the simulation, and involves a lot of undesirable and time-consuming manual 

intervention. 

Another serious problem is that, due to the disordered lipid conformations, a 

ragged hole is created with numerous pockets of empty space. A very long simulation 

time can be required before the density of this perturbed region returns to its equilibrium 

value. Furthermore, the eventual elimination of these cavities can lead to an overall 

reduction in the size of the bilayer patch, resulting in unanticipated problems with protein 

images being too close together (due to periodic boundary conditions). Non-equilibrium 

situations like the presence of a hole might initially decay rapidly, but the resulting 

structures may still not represent equilibrium for a significant amount of time. 
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3.4.2 Mdrunhole and the cylinder aproach 

A set of related approaches involve variations of the above, meant to minimize 

manual bias and disturbance of the bilayer. In this case the protein is modelled by either 

a cylinder, or a volumetric representation of the protein itself, within which all lipids are 

deleted (Figure 3-2, b and c). The latter method is generally dubbed mdrunhole (after 

the GROMACS utility designed to accomplish it). Cylinder and mdrunhole can be 

applied to both water-free and fully hydrated systems. 

3.4.2.1 Cylindermethod 

The protein shape is approximated by a cylinder of appropriate radius and all 

lipids with their phosphorus atoms inside this cylinder are removed (Figure 3-2, b). 

Subsequently all lipid molecules which still have (non-phosphorus) atoms inside are 

driven out by applying a weak repulsive potential, after which the protein can be inserted 

in the generated cavity (Shen et al., 1997). While the method can eliminate some of the 

frustrations that occur with simple deletion methods, the major drawback of this method 

is clearly the large simplification of protein shape. This can result in large void volumes 

that can take a long period of time to equilibrate out. While it may work fine for single 

helices or highly symmetrical helix bundles (Tieleman et al., 1999a; Tieleman et al., 

1999b), it is not suitable to deal with membrane proteins of more irregularly shaped cross 

sections. An algorithm has been implemented in the GROMACS package and 

applications of this method can be found in (Domene and Sansom, 2003; Knecht and 

Grubmuller, 2003; Law et al., 2003). 
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3.4.2.2 Mdrun hole method 

Introduced in 2002 (Faraldo-Gomez et al., 2002), mdrunhole is a further 

development of the cylinder approach. One starts with a cylinder as a first approximation 

of the protein shape and deletes all lipids with phosphorus atoms inside that cylinder, but 

then the molecular surface of the protein itself is used as reference boundary to drive out 

lipids and water molecules (see figure 3-2, C), creating a tailored cavity to contain the 

protein (Ash et al., 2004a; Baaden and Sansom, 2004; Deol et al., 2004; Johnston et al., 

2008; Kandasamy and Larson, 2004; Oloo and Tieleman, 2004; Yu et al., 2004). The 

program code is part of the GROMACS package, and additionally requires MSMS 

(Sanner et al., 1996), or another program to generate the protein surface in a format that 

can be read by GROMACS. The process leads to systems that have excellent lipid-

protein packing and require less time to equilibrate compared to coarser methods. 

In practice, a drawback of this procedure is that manual intervention is often 

required: mdrunhole has quite a few input parameters that need to be specified but there 

is no standard setting that works for every system. Instead parameters like force constants 

for repulsive potential, surface definition (atoms to consider, probe radius), offsets 

(defining the effective position of the surface boundary), and water repulsion parameters 

may need to be fine-tuned for each system individually. The method is also prone to 

topological frustrations that require manual intervention; fields of vectors, coming from 

folds in the protein or other surface irregularities, can trap lipids within the protein 

structure, resulting in severe steric clashes that make the system unstable. If parameters 

for pressure and force constants are not chosen properly (constant pressure and 

appropriately strong force constants) and/or the number of lipids deleted initially is too 
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small, it is possible that some of the lipids may flip over, with their tails pointing towards 

the water phase, or end up straddling the protein with their tails. Constraints on lipid 

coordinates can be used to prevent lipid flipping. 

3.4.3 Building the bilayer around the protein 

In contrast to the methods discussed so far, this procedure does not use an existing 

bilayer, but instead constructs the membrane around the protein lipid by lipid (Figure 3-2, 

d). Originally introduced in 1994 (Berneche et al., 1998; Petrache et al., 2000; Woolf and 

Roux, 1994; Woolf and Roux, 1996), this approach starts by placing large van der Waals 

spheres in two parallel layers around the protein. These initial lipid spheres are 

sufficiently sized to contain the hydrated lipid head groups and are kept at the average 

location of the lipid head groups, based on reference data from pure bilayers. Next, lipid 

molecules are randomly chosen from pre-equilibrated lipid libraries and placed with their 

head groups inside the initial van der Waals spheres. Steric clashes are minimized using a 

rigid-body conformational search technique, in the course of which lipids are randomly 

rotated (around the z axis) and translated (in the xy plane) within their initial spheres. The 

method is implemented in the CHARMM package (Brooks et al., 1983; MacKerell et al., 

1998). Even though lipid head groups are surrounded by a thin layer of water molecules a 

later solvation step is required to fully hydrate the system. Examples of this technique can 

be found in (Allen et al., 2003; Berneche and Roux, 2000; Houndonougbo et al., 2005; 

Im and Roux, 2002; Major and Fischer, 2004; Olkhova et al., 2004; van der Ende et al., 

2004). 
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3.5 The expand-shrink insertion method 

One of the cornerstones of any scientific endeavor is reproducibility and 

transferability of an experimental result independent of the person carrying out that 

particular experiment. It would therefore be desirable to aim for an increasingly 

automated approach to setting up simulations that minimizes the individual influence and 

not only maximizes reproducibility and transferability of obtained results but also opens a 

door to large scale simulation approaches similar in spirit to those in high-throughput 

genomics and proteomics. The two new approaches to create a starting structure we 

introduce here might provide a step towards that goal. The automation of these 

techniques allows one to vary the composition of a system and run dozens of simulations 

with minimal manual intervention. One can test the effects of putting a single protein 

into different lipid environments, set up umbrella sampling simulations for free energy 

studies, or look at the properties of different mutants or structural conformations of a 

protein in an identical lipid environment. 

Both techniques are based on a strategy consisting of a few steps: construct a 

bilayer with lipid-lipid spacing much greater than is seen in a real bilayer; insert the 

protein; and then incrementally compress the bilayer around the protein with alternating 

steps of compression and energy minimization (Figures 3-2e and 3-2f). Both approaches 

allow the construction of a simulation system with a mixed composition of lipids. 

Two methods to generate the starting lattice of lipids are described; the first is to 

build a regular grid by replicating a single lipid, the second is to "blow up" a pre-

equilibrated bilayer. The bilayer can then be compressed incrementally, either by scaling 

the atomic coordinates of the system, or by translating the lipids laterally and energy 
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minimizing each step. While these steps are described for convenience in the context of 

two distinct methods, they are interchangeable - one could use the compression method 

of the second approach with the de novo bilayer generation of the first approach, and vice 

versa. A set of scripts to accomplish these tasks are available on the Tieleman lab website 

at http://moose.bio.ucalgary.ca, and an updated script is described in Section 3.5 

("Implementation details"). Graphical summaries of the procedures are shown in Figures 

3-2F and 3-3. 

Construct a bilayer on a grid and scale the box and coordinates 

The first leaflet is generated by placing copies of a single lipid (in an 

approximately extended conformation) on a 2-dimensional grid, using the GROMACS 

utility genconf. As an option, each lipid can be randomly rotated around its Z-axis, a step 

which may or may not be useful; lipid orientations are somewhat correlated in a real 

bilayer (Wohlert and Edholm, 2004). Due to the potentially long times (on the order of 

tens of nanoseconds) required to allow the randomly oriented lipids to properly 

equilibrate this technique may be of greatest utility (compared to starting from a pre-

equilibrated bilayer, below) for automating the setup of small systems with relatively few 

lipids, systems in which the bilayer is expected to be highly perturbed by the protein, or 

lipid types or mixtures for which equilibrium bilayer structures are not already available. 

When preparing a bilayer for the insertion of a small protein, the grid spacing can 

be chosen to allow the protein to fit between lipids, whereas for larger proteins a spacing 

of 5 to 10 times the estimated area per lipid of an equilibrated bilayer is appropriate. To 

http://moose.bio.ucalgary.ca
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Part A: Inflate bilayer 
and insert protein, 
remove N lipids 

f t *à 
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Part B: Incrementally 
compress bilayer with 
energy minimization & 
short simulation runs. I 

Figure 3-3. Overview of the procedure. 

Insertion of multiple proteins into a bilayer follows a two-part scheme. Part A: A patch 

of lipids taken from an equilibrated structure is inflated, the protein structure 

superimposed, and a suitable number of lipids removed (all that overlap, plus any 

additional ones if required for leaflet symmetry or other concerns). Part B: The bilayer is 

successively compressed and energy minimized. Treatment of the protein is trivial if a 

single protein or associated multimene assembly is used, but in the case of umbrella 

sampling of multiple helices the system is treated such that the proteins move along with 

the lipids and end up at the target separation distance at the end of the procedure. 
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generate the second leaflet, the starting leaflet is copied and then flipped by rotating it 

180 degrees around either the X or the Y axis (using GROMACS' editconf). It is 

tempting to use a reflection of all atomic coordinates through the plane of the bilayer, but 

this would invert the stereochemistry of the phospholipids. The two leaflets are translated 

to provide approximately the correct bilayer thickness (Nagle and Tristram-Nagle, 2000), 

then centered in a new box of appropriate size. The X and Y dimensions of this box can 

be exactly calculated from the lattice spacing used during generation of the first leaflet, 

whereas the Z dimension can take an arbitrary value (sufficient to encompass the whole 

protein). 

The protein is copied into the box containing the two leaflets, with the bilayer and 

protein positioned appropriately along the Z axis - see Section 3.2 ("Orienting the 

protein"). Next, any lipids that overlap with the protein are removed using a protein-lipid 

interatomic distance cut-off. This process can be automated, but care must be taken to 

ensure that a per-leaflet distribution of lipids consistent with the shape of the protein is 

maintained; either symmetrical in the case of a protein with a uniform symmetrical shape, 

or a different number of lipids per leaflet calculated on the basis of the predicted protein 

volume occupying each leaflet. The number of lipids per leaflet is not a trivial problem 

and is often ignored in simulations; one way to overcome the problem is to use unusual 

periodic boundary conditions (essentially turning the bilayer leaflets into a single surface 

somewhat analogous to a Mobius strip) which allows lipids to flow between leaflets 

seamlessly (Dolan et al., 2002), but this method has not seen widespread adoption by the 

simulation community, mainly because of technical difficulties with implementing it in 

common simulation packages. 
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Next, bilayer and box size are compressed by a series of scaling steps alternating 

with energy minimization. A similar technique was used previously to estimate the 

appropriate area per lipid of a simulated bilayer and peptide system (Tang et al., 1999). 

The X and Y coordinates of the atoms, and the X and Y box dimensions, are scaled (with 

editconf) using a scaling factor less than one (0.95 is appropriate), which laterally 

compresses the entire system (and distorts the molecules by a small amount at each step). 

Subsequently energy minimization and/or a few hundred steps of molecular dynamics are 

done with strong restraints on all protein atoms to restore the proper geometry of all 

affected molecules and relax the system. A reference structure (for protein atom restraint) 

is generated at each cycle by centering the starting protein structure in a box 

corresponding to the box dimensions at the current cycle of compression. The application 

of very strong position restraints will then return the distorted protein to its original shape 

while keeping it centered in the new box. This sounds drastic, but it is useful for 

avoiding lipid-protein overlap during compression; scaling only lipids while leaving 

protein untouched could result in overlap, and scaling both and relaxing without restraints 

could cause gradual deformation of the protein. 

By comparing the area per lipid of the expanded starting bilayer to the 

experimental area per lipid of a real bilayer, an "inflation factor" of the expanded bilayer 

can be estimated and used to calculate the number of compression cycles needed to arrive 

at an optimum area per lipid. Alternatively, the area per lipid can be estimated at each 

step and the process stopped once the target value is reached (see below). 

There is no obvious advantage to scaling the coordinates over the translations 

described in the following section; this procedure simply represents a stage in the 
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development of the method, which made use of pre-existing GROMACS tools of the time 

(in which scaling of boxes & coordinates was a convenient option). The completion of 

scripts to perform the translation method obviates the need for this approach. 

Use existing bilayer and translate lipid positions 

This approach is a variation on the previously described one (Figure 3-2f). The 

starting point is a pre-equilibrated bilayer onto which the protein has been superimposed 

as described in Section 3.2 ("Orienting the Protein"). The bilayer is then expanded by 

translating lipid molecules and scaling the lateral dimensions of the box size by some 

scaling factor (an arbitrary scaling factor of 5 works). A 2-dimensional translation vector 

is calculated for each lipid based on the scaling factor, and new lipid coordinates are 

calculated by applying this translation vector to the old lipid coordinates for each lipid. 

The box dimensions are adjusted by the scaling factor. 

The protein is centered in the new bilayer plane but remains otherwise unchanged. 

Lipids within a defined phosphorus-protein Ca distance are deleted. The number of lipids 

removed from the upper and lower leaflets can be either done symmetrically (by 

successively searching within larger protein-lipid cutoff distances until lipids can be 

removed from the enriched bilayer, and the symmetry criterion met), or asymmetrically 

(in which case it is assumed that the best distribution is dictated by the cut-off search). 

Next a series of "compression" steps are performed (using whole-lipid 

translations calculated as described in the implementation section, below, this time with a 

scaling factor less than 1 ; 0.95 has been used successfully), slowly bringing the system 

back to more natural dimensions. After each compression step the system is energy-
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minimized to eliminate clashes. The protein is constrained so its entire structure does not 

change. 

To decide when a sufficient number of translation and minimization steps have 

been performed, the area per lipid is calculated at each step, enabling comparison to the 

reference equilibrium value for a given lipid species (see Figure 3-4). In order to 

determine the area per lipid, the area occupied by the protein must be calculated first. To 

do this, a rectangular grid is placed on the protein in the xy-plane and all protein atoms in 

between two specified planes are taken into account. These planes are defined by the 

average z positions of lipid phosphorus atoms in the upper and lower leaflet. If a grid cell 

contains any protein atoms it is considered occupied. The area of these grid cells is 

summed to give an approximation of the area occupied by the protein. As Van der Waals 

radii of the atoms are not considered in the calculation, we found a grid size of 5 Â gave 

the best results. The area per lipid for each shrinking step is combined in a simple plot. 

When compared to the equilibrium value of a pure bilayer the choice of the appropriate 

structure is straightforward. Our approximation of the protein area generally tends to 

underestimate the real area per protein; therefore we suggest using the lipid structure 

from the shrinking step immediately prior to the point where the area per lipid is closest 

to the reference value. For membrane proteins with a more irregular shape of the 

transmembrane region the approximated area per lipid can be calculated separately for 

upper and lower leaflet. Figures 3-2f and 3-4 illustrate the actual application of this 

method to the ABC transporter system BtuCD-F. The whole procedure of inserting the 

protein into the bilayer was completed after less than one hour. 
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Figure 3-4. Determining the area per lipid. 

One way to determine the number of necessary compression steps is to monitor the area 

per lipid. To that end the area per protein is computed first: only protein atoms in the 

range between the upper and lower leaflets' average phosphorus positions (white) are 

considered (left), in a 2D grid approach to estimate the area per protein (middle). If the 

area per lipid is desired on a per-leaflet basis, the average Z-position of each leaflet is 

determined and protein in the vicinity of each leaflet (for example within 10 Angstroms) 

considered separately. Area per lipid can then be calculated and compared to the 

reference value for a given lipid species (horizontal line at 0.53 nm"). Figure from 

(Kandt et al., 2007). 
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3.6 Implementation details: the insertpy python script 

The preceding sections describe the basis of the algorithm for insertion. Here we 

describe the actual implementation. Python was used for the main engine of the bilayer 

insertion program because, as an interpreted (script) language with many built in text and 

string manipulation functions, and readily available extension modules to perform a huge 

variety of tasks, it is an ideal environment for managing files, parsing text, and invoking 

other software (in this case, GROMACS components). Furthermore it can be readily 

ported to any conceivable platform that runs a python interpreter. The basic function of 

the script is to load a lipid structure file, a protein structure file, and combine them using 

the algorithm described below. Molecular dynamics steps are performed by GROMACS, 

thus the basic function of the script is to prepare MD input files and parse output. 

The PDB file IO was handled by a python extension called PDBpy 

(http://bioserv.rpbs.jussieu.fr/software/PDBpy/). This python module contains a set of 

python classes and functions useful for loading, manipulating, and writing PDB file 

coordinates. With only a few lines of python code, one can load a PDB file, select atoms 

by any of the obvious indices (residue, atom number, name, etc), perform manipulations 

or analysis on the coordinates of those atoms, and then output a new PDB file. 

Throughout the implementation described this module was used for all pertinent PDB 

manipulations. Manipulations of coordinate arrays, for example coordinate translations, 

were handled by Numerical Python (http://numpy.scipy.org/) which provides robust and 

simple functions for creating and mathematically manipulating N-dimensional matrices. 

The inflation functions (Figure 3-3, Part A) and compression functions (Figure 3-3, Part 

http://bioserv.rpbs.jussieu.fr/software/PDBpy/
http://numpy.scipy.org/
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B) were both handled by the same script for simplicity, as many of the PDB manipulation 

and coordinate transformation functions could be shared by both stages. 

3.6.1 Inflation 

The inflation function requires, as input, the files and parameters outlined in Figure 

3-5. One or two index files are required: a list of restrained / static atoms (typically 

protein and associated co-factors), and an optional list consisting of the first atom in each 

separate protein chain (this list provides points that demarcate different protein chains in 

the list of restrained atoms, such that they can be positioned independently, as indicated 

in Figure 3-3). Next, a file containing a concatenated (unrealistic) structure with the 

protein properly positioned, but overlapping with the bilayer, is specified, along with the 

lipid residue name, and a headgroup atom to use as a reference (see below), typically 

phosphorous. An overall scaling factor, a lipid removal cut-off distance and/or a number 

of lipids to forcibly remove (good if you know the area of your protein and want to reach 

a target area per lipid), and an output file are input as well. Finally, three optional 

switches turn on the enforcement of symmetrical distribution of lipids across leaflets (-s), 

allowance of the protein to adjust its position normal to the bilayer (—zfixed), and the 

separate treatment of multiple individual proteins or protein-groups (--multi). 

The inflation mode reads in the starting coordinates and determines the size of the 

existing simulation box from the PDB CRYST record (the same place GROMACS stores 

simulation box geometry). The X and Y box vectors are multiplied by the scaling factor 

to determine the inflated box size, while the Z dimension remains constant. For each 



i n f l a t e . p y —mode = < s h r i n k , expand* [arguments / o p t i o n s ] 

- h , — h e l p 

Mode expand arguments: 

- r < r e s t r a i n t i n d e x l i s t . t x t > 

-m < m u l t i - p r o t e i n - i n d e x f i l e . t x t > 

-1 «lipidproteinconcatenation.pdb> 

-n < l i p i d - r e s i d u e - n a m e > 

-a <translate-atom-name> 

- f < b i l a y e r - s c a l i n g - f a c t o r , 5.16 i s good> 

-c < c u t o f f - f o r - l i p i d - r e m o v a l > (omit f o r no l i p i d removal) 

-d <number of l i p i d s t o f o r c a b l y d e l e t e > 

-o <output.pdb> 

o p t i o n s : 

-s e n f o r c e s l e a f l e t - s y m m e t r y i n output b i l a y e r 

— z f i x e d - m a i n t a i n s z p o s i t i o n of p r o t e i n 

— m u l t i - m u l t i p l e p r o t e i n s 

Figure 3-5. Command line arguments for the inflation script (part A, inflation) 

Mode s h r i n k arguments: 
--shrinkmode = «translate, scale> 

- r < r e s t r a i n t i n d e x . t x t > 

-m < m u l t i - p r o t e i n - i n d e x f i l e . t x t > 

-1 < l i p i d - p r o t e i n - s y s t e m . p d b > 

- t <topology.top> 

- f < s c a l e f a c t o r - p e r - i t e r a t i o n , 0.9S i s good> 
- i < n u m b e r - o f - i t e r a t i o n s , 32 i s app r o p r i a t e > 

- - z f i x e d , m a i n t a i n t h e Z p o s i t i o n i n g of your p r o t e i n 

— m u l t i p - m u l t i p l e p r o t e i n s (use t r a n s l a t e mode p l e a s e ) 

—mdmdp=<md. mdp> 
— emmdp = < em. mdp > 

o p t i o n s : 

-x <xvg output f o r a r e a per l i p i d , i f s p e c i f i e d > 

-n <lipid-residue-name> - r e q u i r e d f o r t r a n s l a t e mode 

-a <translate-atom-name> - r e q u i r e d f o r t r a n s l a t e mode 

Figure 3-6. Command line arguments for the inflation script (part lì. compression). 
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lipid residue, a translation vector (t) is determined by multiplying the reference atom's 

X,Y coordinates by the scalar scaling factor (a) and subtracting the intial coordinate 

vector: 

t = (X5Y9O)* a -(X,Y,0) 

Then all of the atoms in the lipid residue are translated by this vector: 

(X',Y',Z') = (X,Y,Z) + t 

Next the protein or protein complex (if -multi is not enabled) is centered in the new 

box. With -multi, the separate proteins must be individually moved to their new inflated-

box position, analogously to the lipids, but using centers of mass as reference points for 

the geometric translations. This provision allows lipids to properly fill the gaps between 

multiple proteins, and prevents lipids from having to slide past static proteins during the 

compression process, as the combined components of the bilayer are compressed together 

(Figure 3-3). The two input lists (the "restraint" list of all protein atoms, and the multiple 

proteins index list) are parsed to uniquely identify the proteins, which may be arbitrarily 

defined to include, for example, more than a single protein chain, cofactors, associated 

lipids, etc. 

Finally, lipids are removed. If a simple cut-off scheme is used, every lipid 

headgroup atom is compared to every protein atom, and if the distance is shorter than the 

user-supplied cut-off distance, that lipid is removed. When the enforcement of leaflet to 

leaflet symmetry is specified, the number of lipids in each leaflet is calculated by binning 

phosphate atoms into two groups lying on either side of the average Z position of all the 

lipid phosphate atoms. If one leaflet is found to be enriched, the cut-off value is 
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successively increased by a small amount (1 Â) until the lipids required to reach 

symmetry have been removed. 

It may be necessary in some cases to remove a pre-determined number of lipids, 

rather than just an arbitrary number determined by the cut-off based deletion method. For 

example, during the setup of free energy simulations like the umbrella sampling 

described in Chapter 7, it may be necessary to generate multiple starting structures with 

different conformations but the same number of lipids in each copy of the simulation. 

When the option (-d N) is specified, the cut-off method described above is used with a 

starting value of 0 for the interatomic cut-off, and successive rounds of lipid deletions 

with incrementally larger cut-off distances are performed until the desired number of 

lipids has been deleted. This option can be specified in conjunction with the symmetry 

requirement, in which case the number of lipids (N) must be an even number. 

3.6.2 Shrinking 

The shrink mode options are outlined in Figure 3-6. The restraint list (list of 

restrained, or protein atoms) and multiple proteins atomic indices (as above), must be 

provided, along with the lipid-protein structure file generated by the inflation procedure. 

A GROMACS topology file must be named; this is passed to GROMACS for energy 

minimization. The -emmdp and -mdmdp options supply filenames containing 

GROMACS .mdp run input files for energy minimization and short molecular dynamics, 

respectively. The MD run, if used, should be sufficient to relax the lipids in the presence 

of the protein inclusion but short enough to prevent the unsolvated lipids from 

significantly reordering (a few picoseconds works). The lipid name and reference atom 
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(phosphorous) are also specified, as per the inflate mode, as are the optional -zfixed and 

-multi options. 

A scale factor per iteration (f), and a number of iterations (n), should be specified 

such that the final system size represents the size of the starting bilayer patch, to ensure 

proper lipid packing and ordering. For example, if the inflate procedure used a factor of 

5, an appropriate scaling factor (f) and number of iterations (n) to reduce the patch of 

lipids back to its original size could be determined by adhering to the constraint f = 1/5. 

In this case, f = 0.94940783 and n=31 results in a nearly exact return to the initial system 

size. Some trial and error may be necessary, but a scaling factor of approximately 0.95 

works for the systems thus far tested. 

At each step in the compression, the lipid positions are treated analogously to that 

described in the inflate mode; for each lipid, a translation vector is determined using the 

reference atom and scaling factor, and then applied to the whole lipid molecule. Single 

proteins are centered, and multiple proteins (specified with the -multi option and multi-

protein indices file) are translated analogously to the lipids. After this geometric 

manipulation, the coordinates are output to a temporary file and a round of energy 

minimization and short molecular dynamics run using GROMACS and the user-supplied 

topology and GROMACS input files. An index for enforcing restraints on the protein 

(based on the restraint list input file) is also written, so that the conformation of protein 

and cofactors will not be influenced by the lipid minimization steps. On successful 

completion of these commands, the minimized coordinate file generated by GROMACS 

is read and the updated coordinates passed to the next round of compression. 
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If specified by the command line option (-x), area per lipid calculations are 

conducted by first determining the average Z coordinates of the two leaflets' phosphate 

atoms. Then, a grid search is conducted on an 2-dimensional (X,Y) grid of 5 Angstroms 

resolution in the vicinity (+/- 10 Angstroms normal to the bilayer) of each leaflet for 

protein (Figure 3-4). Those grid points which contain protein atoms are considered 

occupied by protein, and the rest are counted as lipid. Then for each leaflet, the area per 

lipid is calculated by subtracting the protein-occupied area from the total area, and 

dividing by the number of lipids in that leaflet. The function outputs the area per lipid of 

each leaflet separately, as well as the average area per lipid over both leaflets. This 

function can be used to verify that the cut-off (or number of lipids to delete), scaling 

factor, and number of iterations have been appropriately selected. It is also useful when 

starting de novo from an expanded grid of automatically placed lipids (for example when 

attempting to construct a novel mixture or bilayer) rather than an equilibrated bilayer. 

3.7 System solvation 

In the previous section, a membrane protein was embedded in a bilayer without the 

presence of water. Because water in the bulk and lipid headgroup region generally 

equilibrates quickly, water can be added relatively easily. The key issues are how to deal 

with water in the hydrophobic interior of the membrane and how to solvate cavities in 

proteins that do not easily exchange water molecules with the bulk solution. Solvation 

techniques, such as that used by the GROMACS tool genbox, use a geometric, rather than 

the more ideal thermodynamic, approach to adding water, and in many cases this results 

in cavities in the bilayer interior being filled with water that may not actually be present. 
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The partitioning of water into a bilayer is unfavorable enough that water is rarely found 

inside the hydrophobic part of a bilayer, so the goal is to create a sufficiently solvated 

starting structure with no water molecules in the hydrophobic section. Even though water 

will diffuse out of this section given enough equilibration time it is more practical and 

computationally efficient to remove these water molecules from the starting structure. 

Any cavities in the bilayer suitable to contain water but still empty after the solvation step 

can fill up during the simulation; water defects in membranes have been shown to form in 

tens of nanoseconds or less (MacCallum et al., 2008), so this is probably not an 

unreasonable assumption. 

3.7.1 Deleting redundant waters based on a distance cut-off 

In this approach the system has already been solvated using a tool like 

GROMACS' genbox (which places water molecules based on their Van der Waals 

interaction energy with the solute(s)), and water has penetrated the hydrophobic interior 

of the membrane. Distance cut-offs between different subsets of the simulation system 

can be applied to identify misplaced water molecules using standard molecular graphic 

software, such as RasMol or VMD, or automated scripts or utilities designed for this 

function. 

Misplaced waters are found in the proximity of the lipid tails. However, simply 

selecting water near the lipid tail atoms does not suffice as this also affects waters around 

the lipid head groups or inside the protein. Further criteria must be defined to protect 

these water molecules from being removed. One obvious way would be to delete water 

molecules that are found to be adjacent to lipid tails, but not adjacent to lipid heads or the 
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protein interior. With this technique it is possible to delete the majority of misplaced 

water molecules, but the distance cut-offs must be chosen to ensure lipid head groups 

remain sufficiently hydrated and that no cavities (bubbles!) are formed toward the water 

phase. 

3.7.2 Delete redundant waters based on their Z-position 

As in the first approach the system has already been solvated and misplaced 

waters are present. The Z-coordinate span of the hydrophobic part of the bilayer is 

determined and all water molecules inside this range are deleted. The disadvantage is 

obvious: protein-internal waters will also be removed which can affect the protein's 

structural stability. One idea to circumvent this problem is to delete waters within said z 

range first and subsequently re-solvate the protein interior using cavity detection and 

hydration tools such as VOIDOO (Kleywegt et al., 2001) which is available at the 

Uppsala software factory (http://alpha2.bmc.uu.se/~gerard/manuals/). 

3.7.3 Avoid incorrect water placement 

Programs that solvate a simulation system usually perform a relatively simple form of 

cavity analysis to decide where to place solvent molecules. In GROMACS, the data for 

the van der Waals radii of the different atoms are stored in a separate ASCII file 

vdwradii.dat which is read by the solvating tool genbox. These radii can be modified to 

change the behavior of genbox. As illustrated in figure 3-7, a useful approach is to 

increase the van der Waals radii of some of the lipid tail atoms (e.g. 4 Â for the last 4 

carbon atoms of each of the two lipid tails) to eliminate cavities in the hydrophobic 

http://alpha2.bmc.uu.se/~gerard/manuals/


75 

Figure 3-7. Solvation of the system with water. 

To avoid misplaced waters in the hydrophobic section of the bilayer an efficient way of 

solvating the system is to increase the van der Waals radii of some lipid tail atoms (a). 

This eliminates cavities in the bilayer and prevents water from being placed in trapped 

positions (b). No water molecules are placed here, but lipid head groups (grey) and 

protein interior are sufficiently hydrated (c). Figure from (Kandt et al., 2007). 
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section of the bilayer that otherwise could be filled with water. This is done for the 

solvation step only (figure 3-7,b). This produces a fully hydrated system where both lipid 

head groups and protein interior are sufficiently solvated but no water molecules have 

been placed in the hydrophobic region of the lipid tails (figure 3-7, c). No further 

working steps are required. 
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Chapter Four: Molecular Modelling of Polyleucine Coiled Coils 

Summary 

Parallel dimers of ct-helical transmembrane peptides with the sequence L11XL12 were 

modelled, predicting left-handed coiled coil geometry in all cases. Insertion of peptides 

containing threonine, asparagine, alanine, phenylalanine and leucine in position 12 into 

realistic model membranes showed these structures are very stable for 20 nanoseconds of 

molecular dynamics simulation time. Threonine could participate in intermolecular 

hydrogen bonds, but predominantly forms hydrogen bonds to the backbone of the helix it 

resides on. These hydrogen bonds, although infrequent, appear to promote closer 

association of polyleucine helices. Asparagine participated in multiple, rapidly 

fluctuating intermolecular and intramolecular hydrogen bonds, and may slightly 

destabilize optimum van der Waals packing in favor of optimum hydrogen bonding. 

Coordinated rotations of transmembrane helices about their axes were observed, 

indicating helices may rotate around one another during the folding of membrane proteins 

or other processes. These rotations were inhibited by phenylalanine, suggesting a role for 

bulky residues in modulating membrane protein dynamics. 

4.1 Introduction 

In accordance with the two-stage model, the folding of polytopic membrane 

proteins appears to occur in a manner analogous to the association of single membrane 

spanning a-helices (DeGrado et al., 2003). Taking advantage of this analogy, simpler 
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model transmembrane helices have been studied in an effort to elucidate the factors 

determining specificity of helix-helix interactions in membrane proteins. These include 

the designed peptide MSl (Chôma et al., 2000), serine and threonine containing 

transmembrane helices (Dawson et al., 2002), the WALP and KALP series of leucine-

alanine repeat peptides (de Planque and Killian, 2003), and polyleucine-based peptides 

(Davis et al., 1983; Gurezka and Langosch, 2001; Zhou et al., 2000). 

MSl is based on a segment of the bZIP transcription factor GCN4 (Chôma et al., 

2000) from S. cerevisiae. The crystal structure of GCN4 (O'Shea et al., 1991) shows two 

helices wrapped around one another in a left-handed coiled coil (Crick, 1953), and the 

sequence of this region exhibits a characteristic 7-residue "heptad repeat" of leucines 

(Figure 4-1). This leucine zipper motif is characteristic of other members of the bZIP 

class of transcription factors (Newman and Keating, 2003). 

SDS-PAGE, fluorescence resonance energy transfer, and analytical 

ultracentrifugation experiments demonstrate that MS 1 transmembrane helices associate 

when they contain polar, hydrogen-bonding substitutions, in particular those containing 

the carboxyl and amide functions: asparagine, aspartate, glutamine, and glutamate 

(Gratkowski et al., 2001). This driving force appears to be strongest when asparagine is 

placed in the sequence such that it lies in the centre of the bilayer rather than near the 

headgroup regions, an observation that is reflected in the bilayer-centered location of 

asparagines in solved membrane protein structures (Lear et al., 2003). Polyleucine 

transmembrane helices have also been shown to associate in SDS and in vitro when they 

contain the same polar hydrogen-bonding residues (Zhou et al., 2001), although there is 

evidence that purely hydrophobic polyleucine-based sequences can also 
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bcdefg abcdefg abcdefg abcdefg ab 
BQLLIA VLLLIAV NLILLIA VARLRYL VG 

Figure 4-1. Coiled coil notation. 

A coiled coil is shown in helical wheel representation, in the rotating frame of the 

supercoil. The positions in the packing interface are defined by the labels "a" through "g" 

and are characterized by the "crick angle" a. The sequence of the designed 

transmembrane helix MSl is shown, with amino acid packing positions labelled 

according to the structure of the GCN4 leucine zipper on which MS 1 's sequence is based. 

A heptad repeat of leucines in position "d" and valines in position "a" is apparent. 

Figure from (Ash et al., 2004a). 
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associate to a lesser degree (Gurezka et al., 1999). Polyleucine peptides fused to 

staphylococcal nuclease exist as monomers and homodimers in SDS-PAGE experiments. 

Analyses of membrane protein structures in the protein data bank has shown that 

pairs of ct-helices in transmembrane proteins can also participate in coiled coil packing 

(Bywater et al., 2001; Walshaw and Woolfson, 2001), and numerous transmembrane 

segments containing a heptad repeat of hydrophobic amino acids have been identified and 

shown to associate in vivo (Gurezka and Langosch, 2001). Because MSl is based on 

GCN4, it is plausible that MSl may exhibit coiled coil packing in the membrane. By 

extension, the polyleucine peptides may also form coiled coils. 

4.2 Goals and Approach 

The goals of this study were to determine whether or not the canonical coiled coil 

packing of leucine interfaces in soluble proteins is a reasonable structure for the 

polyleucine dimer in a membrane, and to investigate the effects of specific amino acid 

substitutions on the structure and dynamics of this dimer. This could be expected to give 

insight into the effects of these amino acids on the packing of real membrane proteins. 

An in vacuo simulated annealing and molecular dynamics (SAMD) protocol 

(Nilges and Brunger, 1993) was employed to generate 450 dimers of each of Ace-Li i—X-

L12-NH2 with the following amino acid substitutions: alanine (ala), leucine (leu), 

phenylalanine (phe), asparagine (asn), and threonine (thr). These were ranked by 

symmetry, potential energy, and a clustering analysis. Because the lipid environment can 

have a very strong effect on the structure and behavior of many membrane proteins 

(Petrache et al., 2000), fully detailed simulations were desirable to provide better 
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evidence for the structural insight gained from SAMD. Furthermore, the dynamic 

behavior of these peptides could be investigated in a detailed molecular dynamics 

simulation, which is not possible with SAMD. The highest ranked structures were 

independently inserted into a model 1,2-dioleoyl-w-glycero-3-phosphatidylcholine 

(DOPC) membrane and simulated for 20 nanoseconds (ns) - one each of ala, leu, phe and 

asn, and two thr simulations. The two thr simulations were performed to assess the 

differences between threonine in a peptide dimer interface (thrl) and threonine exposed 

to lipid (thr2). Thus the effects small, aromatic, amide containing, and hydroxyl 

containing amino acids on the structure and dynamics of polyleucine were investigated. 

Threonine is interesting because it is known to form intramolecular hydrogen 

bonds to the helical backbone in many transmembrane helices (Bywater et al., 2001), it is 

important in stabilizing the GpA dimer (Smith et al., 2002), and it has only a slight effect 

on the dimerization behaviour of polyleucine (Zhou et al., 2001 ) unless introduced in 

multiple positions (Dawson et al., 2002). Analysis of the differences in inter- and 

intramolecular hydrogen bonding between threonine side chains exposed to lipid and 

those positioned in a protein dimerization interface might lend insight into whether or not 

a hydrogen bonding interaction affects this association-promoting behavior. Unlike 

threonine, a single asparagine mutation is known to stabilize polyleucine and MSl dimers 

and higher order aggregates. Smaller amino acids are more common in helix-helix 

interfaces, but the introduction of alanine destabilizes polyleucine interactions (Gurezka 

et al., 1999). Phenylalanine was included to assess whether or not this bulky amino acid 

induces structural rearrangement, since it was frequently identified in self-associating 

synthetic hydrophobic transmembrane helices (Gurezka and Langosch, 2001). 
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For simplicity, only dimers with the same N to C terminal directionality (parallel 

dimers) were analyzed in this study. We make the assumption that the results from the 

parallel case can be generalized to the antiparallel case, once intrinsic differences 

between parallel and antiparallel packing are understood. Both parallel and antiparallel 

coiled coils exhibit similar steric packing interactions (Walshaw and Woolfson, 2001), 

though the latter arrangement might be favoured by smaller residues (Fujita et al., 1998; 

Gemert et al., 1995). We also make the simplifying assumption of symmetry during the 

initial stages of dimer generation, which seems reasonable in light of the symmetry of 

other known transmembrane helix dimers and soluble coiled coils (Arkin, 2002; Smith et 

al., 2002). 

4.3 Methods 

4.3.1 Simulated Annealing and Molecular Dynamics (SAMD) 

The sequences analyzed were (Ace-Li 1XL12-NH2), with X = alanine (ala), leucine 

(leu), phenylalanine (phe), threonine (thr), and asparagine (asp). Simulated annealing 

was performed using the Crystallography and NMR System (Brunger et al., 1998) and 

the OPLS force field (Kaminski et al., 2001) and techniques similar to those described by 

other researchers (Chôma et al., 2001; Nilges and Brunger, 1993; Treutlein et al., 1992). 

For each sequence, 25 structures were generated from each of 18 perfectly parallel and 

symmetric starting configurations for a total of 450 structures. Starting configurations 

were generated with the a-carbon of the mutated residue (position 12) covering an evenly 

distributed range of orientations with a maximum crick angle (see Figure 4-1) of +/- 72 

degrees. Harmonic restraints were used to enforce a-helical hydrogen bonding patterns 



83 

by applying a penalty if backbone hydrogen bond (C=0"H-N) lengths exceeded 0.32 

nm, a value much larger than observed in the final structures. A single restraint was 

applied between the centers of mass of the two helices, applying a weak penalty on 

distances exceeding 1.14 nm. 

Ranking structures was a three step process. First, all structures were clustered 

based on backbone atom coordinates using NMRCLUST (Kelley et al., 1996) with an 

RMSD cut-off of 0.1 nm. Second, a modified version of TWISTER (Strelkov and 

Burkhard, 2002) was used to assess symmetry. The symmetry score was calculated by 

rotating the entire structure 180 degrees around the average vector defined by the coiled 

coil axis, then calculating the Ca coordinate root mean squared deviation (RMSD) 

between rotated and initial structures. The clustering results were filtered by removing 

those 50% of structures that had the lowest symmetry scores. Finally, the best models 

from each of the ten largest remaining clusters were picked based on their potential 

energy scores. 

4.3.2 Simulations in a bilayer 

Only one configuration of each sequence was simulated, except for two threonine 

simulations: thr with threonine occupying an "a" position in the interface (Figure 4-1), 

and thrl with threonine outside of the dimer interface in the "e" position. These were 

done to assess the differences in hydrogen bonding behaviour between interfacial and 

lipid exposed threonine residues. Simulations were performed with GROMACS 3.1.4 

(Lindahl et al., 2001) and the OPLS all atom protein force field (Kaminski et al., 2001) 

with the lipid parameters of Berger et al. (Berger et al., 1997) and GROMACS 
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parameters for the oleate unsaturated bond (van der Spoel et al., 2002). All simulations 

used periodic boundary conditions, Lennard-Jones and short range electrostatics cut-offs 

of 1.0 nm, particle mesh Ewald (PME) summation (Essmann et al., 1995) with order 4 

spline interpolation and a 0.12 nm grid, and a neighbourlist update every 10 steps. 

Temperature was set to 300K using a Berendsen thermostat (Berendsen et al., 1984) 

(T=0.1ps) coupling separately to protein, water, and lipid. After equilibration, Berendsen 

semiisotropic pressure coupling was used with a compressibility of 4.5*10~5 (bar1) in 

both the membrane plane and perpendicular to the bilayer with a reference pressure of 1 

bar. The highest ranking peptides from SAMD that contained the mutant residue in 

either an "a" or "d" position (Table 4-2) were inserted with a molecular dynamics hole-

generating protocol (Faraldo-Gomez et al., 2002), described below, into an equilibrated 

bilayer in a box containing 58 DOPC molecules and 2807 SPC water molecules (Figure 

4-3). 

Initially, 5 lipids with phosphorous atoms within 0.7 nm of the center of the 

bilayer plane and one additional lipid (to create a symmetric bilayer) were removed from 

a 64 DOPC bilayer, resulting in a membrane with a small cavity of insufficient size to 

incorporate a polyleucine dimer. Solvent accessible surfaces of the peptide dimers were 

generated with MSMS (Sanner et al., 1996) using a probe radius of 1.4 Â and a surface 

density of 0.34 vertices / Â2. These were translated to the center of the bilayer and used 

as input for a modified version of GROMACS 3.1.4 that applied a force to lipid atoms 

perpendicular to the molecular surface (Faraldo-Gomez et al., 2002) with a force constant 

of 25 kJ mol"1 nm"'. The forces on peptide-surface penetrating atoms were averaged over 

all atoms in a molecule to avoid lipids straddling the protein inclusion. Lipid 
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phosphorous atoms were restrained normal to the bilayer plane with a force constant of 

1000 kJ mol"' nm"1 and water molecules were excluded from a slab 2.1 nm thick centered 

in the bilayer with a force constant of 7.5 kJ mol"1 nm"1. The total simulation time during 

this stage was 20 picoseconds, in 1 x IO4MD steps, which was sufficient to generate a 

hole that conformed reasonably well to the shape of the protein inclusion. It was found 

that in some cases several atoms in a lipid acyl chain had to be moved manually after 

hole generation (~0.1 nm total distance) in cases of overlap with a peptide side chain in a 

manner that could not be resolved with energy minimization, for example by being stuck 

in a cleft formed by protein side chain atoms. These overlaps were not very deep (~0.1 

nm) and involved ca. 3 to 6 methylene groups. Subsequent energy minimization and 1 ns 

simulations with harmonic restraints on all protein atoms were used to produce starting 

structures for the 20 nanosecond simulations. These simulations took approximately 45 

days, with each simulation running on an Intel Pentium III IGHz processor. 

4.3.3 Analysis 

All coiled coil radii, crossing angles, and helix rotations (crick angles) were 

calculated with the TWISTER algorithm (Strelkov and Burkhard, 2002), averaging over 

8 core residues to remove possible noise due to helix termini fluctuations. The average 

crick angle (Figure 4-9) was calculated over residues 9 to 15 of each monomer, for a total 

of 7 residues surrounding and including the variable amino acid. Secondary structure 

was calculated using DSSP (Kabsch and Sander, 1983), and hydrogen bonding analysis 

employed the geometric criteria defined by DSSP (Donor - Hydrogen - Acceptor angle 

cutoff: 60°, Hydrogen - Acceptor distance cutoff: 0.25 nm). Snapshots were rendered 
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using VMD (Humphrey et a l , 1996). Variational cross correlation was calculated 

according to equation (4.1) as a function of the offset s between the two sets (Leach, 

2001): 

Gaussian distributed noise was generated with a mean and standard deviation similar to 

those of the helix rotation data using a modified version of the "Mersenne Twister" 

random number generator (Matsumoto and Nishimura, 1998). 

4.4 Results 

4.4.1 Simulated Annealing 

Simulated annealing generated ensembles of 450 structures. Helix-helix crossing angles 

of dimers in these ensembles followed bimodal distributions with modes at 

approximately +25° and -35°, corresponding to left and right-handed structures 

respectively (Figure 4-2A). These structures were clustered, half of the ensemble with 

the lowest symmetry scores was discarded, and finally members from the top remaining 

clusters with the lowest potential energies were selected. This resulted in a ranked list of 

ten structures that were predominantly left-handed for all the sequences investigated 

(Figure 4-2, grey and black bars). The largest clusters contained -20 members, with the 

exception of asparagine which gave two smaller clusters containing 8 members each 

(Figure 4-2B). 

cy\y2{s) = 
<(yh+.-<yi >)(yij - < y2 >) > 

(4.1) 



87 

40 

40 

B 

ALA 

I L T L 

ASN 20 -

o p-
55 40 
O 
I 
E 0 

, « i f l l i l ^ l l h r . - , o J h t t t I k 

40 

40 

i 20I 

^—glflìjìtl^l L^ii , | g jhfekHtllinilimnmmini 

THR 

^ p f | f l 
1 m L 
B l̂llij I ^ QU^BBIIlMlllllllllllllliiiunii 1 

-100 -50 0 50 100 1 
Crossing Angle (degrees) Cluster index 

Figure 4-2. Properties of model ensembles. 

Simulated annealing generated 450 dimers of each sequence analyzed, predicting a left-

handed coiled coil geometry for all of them. A) The crossing angles for the ensembles 

follow bimodal distributions suggestive of ideal packing modes at ~+25 and -35 degrees: 

left and right handed coiled coils, respectively. Black bars represent the range in which 

the top ten structures fall. Grey bars denote the crossing angles of the top ranked 

structures. B) Cluster size distribution. The pure polyleucine sequence exhibits several 

relatively large clusters, probably due to the surface heterogeneity of a pure polyleucine 

sequence. The asn sequence exhibits the widest distribution in structures and the most 

poorly defined top ranking structures. The incongruity between the top ten structures and 

top clusters exhibited by asn and phe resulted from the symmetry filter during ranking. 

Figure from (Ash et al., 2004a). 



The top ten structures had crossing angles close to 20° (Figure 4-2A, grey bars) 

and exhibited regular left-handed coiled coil packing as determined by the TWISTER 

algorithm (Strelkov and Burkhard, 2002). Virtually all of the top clusters were retained 

after symmetry filtering (Figure 4-2B, black bars), and the majority of all structures 

generated ( >95% except ala, 83%) had the single amino acid substitution within 0.42 nm 

of at least one atom on the opposite chain - i.e., at least marginally in the interface. This 

confirms that the model generation procedure, designed to maximize inclusion of mutant 

residues in the helix-helix interface, was successful. 

4.4.2 Simulations in a DOPC bilayer 

Top ranked structures were simulated independently in DOPC bilayers for 20 ns each 

(Figure 4-3). The root mean squared deviations (RMSD) of peptide backbone atoms 

from the starting conformations (Figure 4-4) all reached a maximum of about 0.1 nm 

within the first nanosecond and remained relatively constant for the remainder of the 

simulations. The asparagine-containing dimer reached a slightly higher RMSD of about 

0.15 nm after ca. 3 ns. All peptides retained their a-helical secondary structure, 

according to the DSSP algorithm (Kabsch and Sander, 1983), with the exception of minor 

and transient disruptions at the N and C-termini. Superimposed snapshots of the protein 

backbone atoms taken every 1 ns over the last 10 ns suggest regions near the helix 

termini are the most mobile (Figure 4-5). 
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Figure 4-3. The simulated system. 

Snapshot of the asn simulation system after 20 ns of simulation time. This is only one 

unit cell in an infinite crystal due to the use of periodic boundary conditions to limit edge 

artifacts. DOPC molecules are shown in stick representation, lipid headgroup 

phosphorous atoms are yellow spheres, and the peptide surface is shown in grey with 

ribbon depictions of the monomer backbones superimposed in blue and red. The bilayer 

is hydrated in water (red and white). Figure from (Ash et al., 2004a). 
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Figure 4-4. Structural fluctuations in bilayers. 

The root mean squared deviation (RMSD) of the backbone atoms from the starting 

conformation throughout the simulation. These dimers are all relatively stable, achieving 

a final RMSD of ~ 0.1 nm. Figure from (Ash et al., 2004a). 
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Trajectory average radii and crossing angles for all dimers were around 0.5 nm 

and 20°, respectively, and the packing positions of the mutant residues, denoted by the 

heptad notation (Figure 4-1), were invariant throughout all simulations (Table 4-1). 

Helix-helix crossing angles typically ranged 10-15° around an average value close to that 

predicted by simulated annealing (Figure 4-6), with a standard deviation of -3° or ~15% 

(Table 4-1). The ala simulation showed a possible slight systematic decrease in the 

crossing angle, stabilizing over the last 5 ns at around 20°. 

The coiled coil radii likewise fluctuated, averaging near 0.5 nm (Figure 4-7). In 

all cases except ala the average radius was slightly larger than that predicted by in vacuo 

simulated annealing. The thr simulation, with threonine positioned in the dimer 

interface, maintained a smaller radius than the other simulations; thr2 had a polyleucine 

dimer interface with threonine lipid exposed, and the radius of this dimer was comparable 

to the others. The relative fluctuations in radii were smaller than those of the crossing 

angles, with standard deviations of -0.013 nm, or -2% (Table 4-1 ). 

Sequences containing threonine and asparagine in the variable position exhibited 

both intermolecular and intramolecular hydrogen bonds (Table 4-2). Threonine was 

found to predominantly form intramolecular (i to i-4) hydrogen bonds to the peptide 

backbone of the helix on which it resided; these persisted -85-90% of the time in the thr 

simulation with the threonines situated in the dimer interface and >99% in the thr2 

simulation where threonines were lipid exposed. Intermolecular hydrogen bonds 

involving threonine side chains occurred -23% of the time in the thr simulation; the 

hydrogen bond acceptor threonine was usually simultaneously involved in an 
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Figure 4-5. Graphical view of structural deviations. 

Backbone atom snapshots taken every nanosecond for the last 10 nanoseconds of the 

simulations. Structures were aligned by minimizing the RMSD between backbone atoms. 

The core structures are stable, with asn showing the greatest movement of the helices. 

Figure from (Ash et al., 2004a). 



93 

Table 4-1. Structural properties of simulated dimers. 

Average Helix-Helix Crossing Angles and Coiled Coil Radii from simulations of dimers 

in DOPC; Heptad assignments of the variable residue at sequence position 12. 

Crossing Angle (°) Radius (nm) Heptadi 

Simulation Average Std.Dev Average Std.Dev 

aia 23.01 3.36 .492 0.13 d/d 

asn 20.88 2.66 .504 0.11 d/d 

leu 18.01 2.72 .523 0.15 d/d 

phe 20.07 3.50 .513 0.13 d/d 

thr 24.75 3.04 .471 0.15 a/a 

thr2 19.93 3.71 .512 0.15 e/e 

aHeptad positions were assigned using the TWISTER algorithm (Strelkov and Burkhard, 

2002) and are based on the position of the side chain defined by the crick angle (a, 

Figure 4-1). 



intramolecular hydrogen bond to its own helix backbone. Asparagine partitioned its 

hydrogen bonds between a variety of inter and intramolecular hydrogen bonds involving 

both backbone and side-chain atoms, with at least one intermolecular hydrogen bond in 

existence throughout 99% of the simulation (Table 4-2). Side-chain to side-chain 

hydrogen bonds were found throughout 45% of the simulation, and side-chain to 

backbone intermolecular hydrogen bonds occurred 22% and 30% of the time for each 

monomer respectively. Hydrogen bonds between an asparagine side chain and its own 

helix backbone were found around 50% of the time. 

Hydrogen bond patterns between asparagine-containing helices were typically 

asymmetric (Figure 4-8A). Each asymmetric arrangement appeared to persist for a 

period of approximately 5-7 ns, after which an alternative arrangement would become 

dominant (Figure 4-8B). A period between ca. 11.7 and 12.3 ns was devoid of 

intermolecular side-chain to side-chain or backbone hydrogen bonds, with both 

asparagine side chains hydrogen bonding to backbone carbonyl oxygens on their 

respective helices (Figure 4-8, region 3). Other regions were typified by various 

asymmetric arrangements of hydrogen bonds involving side-chain and backbone atoms 

(Figure 4-8, regions 1, 2, and 4). Despite the obvious existence of periods with preferred 

hydrogen bond arrangements, these arrangements were very transient with rapid side 

chain rotations and fluctuations occurring at all times. 

The average crick angle (a, Figure 4-1), defined in this case over a stretch of 7 

residues including the variable one, is an unintuitive and unphysical property that allows 
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Table 4-2. Hydrogen bonding in simulations. 

Hydrogen bond types and prevalence observed in the threonine and asparagine containing 

dimers simulated in DOPC 

H-bond typea asn (%) thr (%) thr2b (%) 

SC1-BB2 22.6 0 0 

SCl-BBl 55.4 91.9 99.5 

SC1-SC2 44.5 23.3 0 

SC2-BB1 30.2 0 0 

SC2-BB2 45.5 86.3 99.3 

Inter >= 1 99.0 23.3 0 

Intra >= 1 64.5 99.9 99.9 

a H-bond types are labelled as follows. SC: Side chain, BB: Backbone of chain; 

Numbersspecifymonomer 1 or 2. Inter/intra >= 1: Atleast 1 inter/intramolecular 

hydrogen bond is present. 

bThe threonine side chains in this dimer were positioned outside of the helix-helix 

interface, precluding the formation of any intermolecular hydrogen bonds. 
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Figure 4-6. Helix crossing angles. 

Straight solid line: Simulation average. Dotted line: Starting structure. Short and 

longer term fluctuations on the order of 10 to 15 degrees are apparent, but overall they 

remain close to the average values. Figure from (Ash et al., 2004a). 
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Figure 4-7. Coiled-coil radii. 

Coiled coil radii assigned with the TWISTER algorithm. Straight solid line: 

Simulation average. Dotted line: Starting structure. These are suggestive of reasonable 

stability. The thr simulation exhibits a notably smaller radius than the other dimers. 

Figure from (Ash et al., 2004a). 
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one to monitor the relative rotational orientation of one helix with respect to the position 

of the other one. Slight rotations of helices about their axes were identified in all cases 

(Figure 4-9A). The magnitude of these rotations depended on the residue type, with the 

phe simulation exhibiting the smallest changes (Figure 4-9A, standard deviation of this 

property tor phe: 1.7°, ala: 3.0°, asn: 3.2°, leu: 3.0°, thr: 3.2°, and thr2: 4.2°). The cross 

correlation function (see Methods) allowed the correlation of these rotations to be 

investigated between the helices in each dimer; a negative correlation coefficient 

indicated clockwise rotation of one helix is correlated with counterclockwise rotation of 

the other. All of the simulations exhibited slightly correlated rotations with correlation 

coefficients between -0.2 and -0.3 (Table 4-3). Helix rotations were most correlated for 

ala (-0.309), asn (-0.311) and thr (-0.303). Less correlation was seen for leu (-0.189), 

phe (-0.215), and thr2 (-0.230). A short time lag in the response of one monomer's 

rotational orientation to the other's, on the order of a few hundred picoseconds, was seen 

(Table 3-2). Similar analysis of a computer generated pseudo-random set following a 

gaussian distribution with similar statistical properties to the simulation data gave a much 

lower cross correlation coefficient (—0.07) and a much noisier cross correlation function, 

without the distinct negative peak near the zero offset (Figure 4-9B). 
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Figure 4-8. Hydrogen bonding during the simulations. 

Asparagine hydrogen bonds in the asn simulation. A) Snapshots of hydrogen bonding 

taken at the times indicated in B. (1) An asymmetric H-bond between asparagine side 

chains. (2) Simultaneous side chain and backbone hydrogen bonds. (3) A brief period in 

which no intermolecular hydrogen bonds were present. (4) Similar to (2) but with the 

role of each monomer reversed. B) Hydrogen bonds are split into 5 classes: SC1-BB1, 

SC1-BB2, SC1-SC2, SC2-BB1, and SC2-BB2. SC: Asparagine side chain atoms. BB: 

Backbone atoms. 1 and 2 denote individual monomers. The number of hydrogen bonds 

in each class is indicated. Figure from (Ash et al., 2004a). 
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Figure 4-9. Helix rotations during the simulation. 

A) Rotation of each helix with time. The average crick angle (a) is an unintuitive 

property but can indicate relative rotational orientations of the helices. B) The cross 

correlation function cyiy2(s) indicates motion is most correlated with a time lag s close to 

0 ns with a cross correlation coefficient of -0.2 to -0.3, indicating clockwise rotation in 

one helix is correlated with counterclockwise rotation in the other. For comparison, 

gaussian distributed noise with similar statistical properties gives a cross correlation 

coefficient with a magnitude of about ± 0.07. Figure from (Ash et al., 2004a). 
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Table 4-3. Correlated rotations of helices. 

Cross correlation coefficients for the rotational motions of individual helices in each 

dimer. See equation (4.1 ) in main text. 

Simulation Cyiy2(s) s (ns): 

ala -0.309 ^OT 

asn -0.311 0.8 

leu -0.189 0.1 

phe -0.215 0.5 

thr -0.303 0.9 

thr2 -0.230 0 

aThis is the offset s corresponding to the minimum in the cross correlation function. 

4.5 Discussion 

4.5.1 Preferred Geometry of Polyleucine Dimers 

A left-handed coiled coil is the predicted arrangement of two 24-residue long 

monosubstituted polyleucine transmembrane helices in a DOPC bilayer. The ensemble 

generated by simulated annealing showed a clear preference for left-handed crossing 

angles, and the top ranked structure for each sequence was a left-handed coiled coil 

(Figure 4-2A). The larger spread of relatively populated clusters exhibited by the pure 

polyleucine sequence is a result of the homogeneity of a pure polyleucine helix surface 

(Figure 4-2B); clustering analysis was based on backbone atom coordinates, not 
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interfacial packing motifs, and thus would differentiate rotationally related structures 

with otherwise similar coiled coil packing of side chains. 

A number of transmembrane a-helices contain hcptad repeats of leucine and other 

hydrophobic residues (Gurezka et al., 1999), and this heptad motif is typical of left-

handed coiled coils in water-soluble proteins. The bimodal distribution of crossing 

angles seen in the simulated annealing results (Figure 4-2A) is consistent with the cm and 

a,„ classes of helix-helix packing predicted by the helical lattice superposition model of 

Walther et al (Walther et al., 1996). This is also supported by an analysis of known 

membrane protein structures (Bywater et al., 2001) with the caveat that the preference for 

right-handed crossing angles shown by that analysis may be explained by the inclusion of 

specific dimerization motifs (the right-handed GXXXG motif, for example) that are not 

represented by pure polyleucine. 

It is worth mentioning that a certain amount of bias is introduced by running 

simulated annealing with an initially parallel orientation, making well-packed structures 

with smaller absolute crossing angles more accessible. This bias is justified by assuming 

that hydrophobic a-helices naturally adopt a bilayer-spanning orientation (Popot and 

Engelman, 1990), and considering the counteracting intrinsic statistical bias towards 

larger crossing angles between unconstrained helices (Bowie, 1997; Walther et al., 1998). 

These left-handed dimers were stable when simulated in DOPC membranes for 20 

ns. The backbone RMSD from the starting structure remained at around 0.1 nm in all 

cases (Figure 4-4); small changes arose from minor fluctuations around average 

structures. The a-helical secondary structure of the peptides did not change (Figure 4-5). 

All minor distortions of a-helical structure are near the helix termini at the bilayer/water 
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interface, where competing hydrogen bonds with headgroup atoms and water molecules 

can disrupt a-helical hydrogen bonds. This is in agreement with circular dichroism 

measurements that show these peptides form a-helices in SDS micelles (Zhou et al., 

2000), and the observation that they form stable transmembrane segments in 

ToxR/polyleucine/MalE chimeras (Gurezka and Langosch, 2001). The hydrophobic 

thickness of DOPC is approximately 3.4 nm and a 24 residue a-helix is approximately 

3.6 nm long, suggesting an a-helical conformation provides the best hydrophobic match 

with the bilayer (de Planque and Killian, 2003). 

The packing positions of the mutant residues, defined in terms of their crick 

angles (Figure 4-1 ), were invariant during the simulations (Table 4-1 ). Helix-helix 

crossing angles and radii were likewise stable, showing random fluctuations around well 

defined average structures (Table 4-1, Figures 6 and 7). The average values in all cases 

are close to those predicted for an ideal coiled coil (Crick, 1953). The relative 

fluctuations in crossing angles were lower than those of the radii indicating that structural 

fluctuations are possible without affecting the tight association of helices. In most cases 

the average crossing angles were lower than those generated by in vacuo simulated 

annealing; it has been shown that helix-helix crossing angles can be dependant on the 

environment (Petrache et al., 2000), so this is not unexpected. 

Similar simulations on an antiparallel polyleucine dimer (Ash et al., unpublished 

results) exhibited side-chain packing rearrangements and the formation of a canonical 

coiled coil from an initially irregular structure with a crossing angle near 0°, suggesting 

20 ns is adequate to assess the conformational stability of such dimers. 
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4.5.2 Dynamics Properties and Structural Flexibility 

Helix-helix crossing angles varied throughout the simulation (Figure 4-6); that of 

pure polyleucine ranged between ca. 10° and 25°. The relative fluctuations in crossing 

angles were much larger than those of the radii (as indicated by the standard deviations of 

these properties, Table 4-1), demonstrating that conformational flexibility is possible 

without compromising close association of helices. Some of the simulations show 

gradual undulations in crossing angle (e.g., thr2), whereas others (e.g. leu) seem to 

fluctuate more rapidly around their average value (Figure 4-6). Longer simulations 

would be required to assess the significance, if any, of these minor differences. 

The systematic decrease in crossing angle observed for ala (Figure 4-6) suggested 

some packing optimization took place; the radius of this dimer was essentially invariant 

(Figure 4-7) so this adaptation did not involve any significant dissociation of the helices. 

It is known that one or two alanine residues can be incorporated into a polyleucine 

interface without significantly affecting dimerization (Gurezka and Langosch, 2001), but 

the inclusion of four or more alanines dramatically reduces association. It is worth noting 

that those experiments did not permit the antiparallel orientation of a-helices; other work 

suggests helices with multiple alanines may preferentially associate in an antiparallel 

manner consistent with a helix dipole effect (Fujita et al., 1998; Gernert et al., 1995). 

Asparagine appears to destabilize ideal coiled coil packing, possibly in order to 

maintain optimum hydrogen bonding geometry. Clustering of the simulated annealing 

results showed two equally populated top clusters with only 8 members each (Figure 4-

2B). A larger distribution of left-handed crossing angles is apparent (Figure 4-2A). The 
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energetic importance of satisfying hydrogen bonds in a low dielectric environment may 

result in a larger variety of satisfactory structures, dictated by the balance between van 

der Waals and hydrogen bonding energies. A comparison of the backbone RMSD during 

simulation in DOPC to that of the other simulations (Figure 4-4) and a series of 

superimposed backbone snapshots (Figure 4-5) suggests asparagine allows structures that 

are more loosely packed and more flexible. The ability of asparagine to strongly promote 

interactions between sterically compatible helices is known (Gratkowski et al., 2001; 

Zhou et al., 2001 ), but a more recent study in which asparagine was "walked" along the 

M13 major coat protein (MCP) transmembrane helix demonstrated that helix association 

driven by asparagine is nevertheless significantly affected by steric compatibility 

(Dawson et al., 2003). It is interesting that the MCP helix contains a glycine motif on 

one side of the helix. This may provide a stronger force for association than a single 

asparagine could, suggested by the fact that asparagine only increases association when 

on the same face of the helix as the glycine residues. The relevance of this observation to 

hydrophobic helices of more uniform composition, such as those studied by Gurezka and 

Langosch (Gurezka and Langosch, 2001), is not clear and is worth further study. 

The results of simulated annealing may also simply indicate that asparagine alters 

the kinetics of structural rearrangement such that convergence to optimal structure(s) 

requires a longer period of time; it might take a long time to break a hydrogen bond in 

vacuum to allow for a thermodynamically favourable structural rearrangement. This 

dramatic increase in the number of unique structures generated, despite the simplicity of 

the primary sequence, may underscore a limitation of simulated annealing. Although this 

method has been used to predict (with good accuracy) the structures of the soluble GCN4 
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leucine zipper (Nilges and Brunger, 1993) and the dimeric transmembrane protein 

glycophorin A (Treutlein et al., 1992), there still remains ambiguity in the selection of a 

single optimum structure. As a test of our simulated annealing procedure, we modelled 

glycophorin A and identified the NMR structure within the top 3 ranking structures 

(depending on the search parameters), but the distribution of structures was much wider 

than that of the polyleucine sequences studied here (data not shown). It may be more 

useful to use simulated annealing to generate an ensemble of structures for statistical 

analysis than to simply develop a single static structural model. 

4.5.3 Hydrogen Bonding involving Asparagine and Threonine 

Threonine appears to promote the closer association of polyleucine transmembrane 

helices. In the thr simulation, where threonine is located in the dimer interface, the 

average coiled coil radius was 0.47 nm, significantly lower than those of the other 

simulations (Table 4-1 ). Although threonine is smaller than many of the other residues, a 

comparison to the radius of the alanine containing dimer (0.49 nm) suggests small size is 

not sufficient to draw the helices closer together. Threonine does not have multiple 

hydrogen bond donors and acceptors like asparagine, but it is still capable of forming 

inter-strand hydrogen bonds a significant fraction of the time (23%, Table 4-2) with a 

concomittant reduction in intramolecular hydrogen bonding. For most of the simulation, 

threonine interacted in an intramolecular i to i-4 pattern typical of hydroxyl-containing 

amino acids (Bywater et al., 2001 ). Together these observations help explain why a 

single threonine does not promote aggregation of polyleucine in vivo (Zhou et al., 2001), 

but motifs containing multiple serine or threonine residues can (Dawson et al., 2002). It 
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appears possible that a single threonine in the appropriate position can induce tighter 

association of helices as a result of hydrogen bonding, but this force is not strong enough 

to significantly increase the propensity of pure polyleucine to dimerize, unless it acts in 

several positions. 

Asparagine was involved in one or more intermolecular hydrogen bonds for 99% 

of the entire simulation (Table 4-2). Asparagine also participated in hydrogen bonds with 

partner backbone atoms -25% of the time, unlike threonine, which never hydrogen 

bonded to the opposite backbone (Table 4-2). Typical hydrogen bonding patterns 

involved at least one side-chain to side-chain contact (Figure 4-8, region 1) and a contact 

with the opposite backbone (Figure 4-8, regions 4 and 2). Intramolecular side chain-

backbone interactions were recurrent but transient (Figure 4-8B), reforming continously 

throughout the simulation for a total of -50% of the total simulation time (Table 4-2). A 

period between ca. 11.7 and 12.3 ns was devoid of any intermolecular hydrogen bonds 

(Figure 4-8B, region 3). This period comprised a symmetric structure with each 

asparagine hydrogen-bonded to one peptide backbone oxygen; in contrast, intermolecular 

hydrogen bonding arrangements observed were typically asymmetric (Figure 4-8A). 

Rapid hydrogen bond breaking, side chain reorientation, and reformation were apparent 

throughout the trajectory, but there appear to be regions in which a particular hydrogen 

bonding arrangement is favoured (Figure 4-8B). Shifts between favoured asymmetric 

arrangements occurred approximately every 5-7 ns. 

Steric and conformational constraints (due to dimer configuration, adjacent side-

chains, and the surrounding lipids) may preclude the formation of symmetric hydrogen 

bonding between side-chains, although it is possible that other structural configurations 
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exist but were not observed in this simulation. A large simulation conducted by us 

containing 32 MSl helices in a bilayer-mimetic octane slab shows many instances of 

both symmetric and asymmetric hydrogen bonding between monomers, with a coiled coil 

radius between -0.45 and -0.65 nanometers (Stockner et al., 2004). However, in this 

system symmetric and asymmetric arrangements of hydrogen bonding do not interconvert 

in the timescale of the simulation (45 ns). 

These observations are in agreement with numerous experiments demonstrating 

the high propensity for asparagine (as well as glutamine, glutamate and aspartate), but not 

threonine, to promote oligomerization of transmembrane helices (Dawson et al., 2002; 

Gratkowski et al., 2001 ; Zhou et al., 2001). Asparagine has the ability to form numerous 

different hydrogen bonds involving both side chain and backbone atoms, often 

simultaneously, which could provide a driving force for helix-helix association. 

4.5.4 Coordinated Helix Rotations 

In all simulations, minimal changes in the helix-packing interfaces were observed, 

but small-scale coordinated rotations of helices about their axes were identified (Figure 4-

9). These motions could be described as helices rattling back and forth in a gear-like 

manner, with counterclockwise rotations in one helix moderately correlated with 

clockwise rotations in the other. The magnitude of these rotations depended on residue 

type, with the phe simulation exhibiting the smallest changes. This suggests that bulky 

side chains can limit rotation by locking the dimer into a more rigid conformation. It may 

be possible to exploit this effect to therapeutically modulate membrane protein function, 
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for example,by introducing a bulky hydrophobic drug molecule with tight affinity into a 

position that could restrict rotational motion of an important helix. 

The greatest rotational correlation was seen between monomers in the ala, asn 

and thr simulations, all of which exhibited a correlation coefficient of around -0.3 (Table 

3-2). The other simulations, leu, phe, and thr2 had significantly smaller correlation 

coefficients of around ^0.2. This suggests that intermolecular hydrogen bonding (and 

perhaps weak backbone interactions in the case of ala) increases the orientational 

correlation of those helices containing residues capable of forming them. 

Helix rotations are proposed to be involved in activation of the ErbB2 receptor 

(Fleishman et al., 2002) and the recently proposed mechanism for gating of the 

acetylcholine receptor (Miyazawa et al., 2003), so coordinated rotations such as these 

may be important for the activity of other membrane proteins. This suggests an 

interesting way by which conformational changes could be communicated between 

neighboring transmembrane helices in receptors and other membrane proteins. It also has 

implications for the folding of membrane proteins via the two-stage model, suggesting 

one mechanism by which associated helices may adjust themselves to achieve the final 

folded arrangement. The energetic barriers to this sort of rotation would be worth further 

theoretical or experimental characterization. 

4.6 Conclusions 

Coiled coil dimers of polyleucine are stable in DOPC for at least 20 ns, and a certain 

amount of conformational flexibility is possible without disrupting tight packing. The 

single substitutions to alanine, phenylalanine, asparagine and threonine appear 
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compatible with a polyleucine coiled coil helix interaction interface. Asparagine 

participates in transient but recurrent inter- and intramolecular hydrogen bonds, and 

appears to slightly destabilize specific packing of apolar residues in favour of maintaining 

optimum hydrogen bonding. Threonine mainly forms intramolecular hydrogen bonds in 

a characteristic /' to i-4 (side chain to backbone) pattern, and only one type of 

intermolecular hydrogen bond is observed. Threonine promoted closer association of the 

helices than any other residue, probably because it is both relatively small and can form 

hydrogen bonds. The higher frequency and number of intermolecular hydrogen bonds 

formed by asparagine relative to threonine explains the experimentally determined 

dramatic increase in dimer stability afforded by the former over the latter. 

Monomers were observed to chaotically rotate about their helical axes in a 

slightly correlated manner that is inhibited by phenylalanine. These rotations could play 

a role in the activity of membrane proteins (Fleishman et al., 2002; Miyazawa et al., 

2003), and may also be a mechanism by which membrane proteins search for the best 

conformation during protein folding. The role of hydrogen bonding residues in coupling 

helix rotations is worth further examination. 

Limitations imposed by the very slow dynamics of lipid bilayers preclude a 

thermodynamic analysis of the stability of these coiled coils, but the use of free energy 

perturbation techniques (Kollman, 1993) may allow more rigorous thermodynamic 

treatments in future studies, particularly as computer power increases. 



Chapter Five: Structural Characteristics of a Leucine-Alanine Repeat Peptide 

(WALP23) and helix macrodipole considerations 

S UMMARY 

In this chapter, helix-helix interactions are investigated in lipid bilayers with synthetic 

tryptophan-flanked peptides that mimic the membrane spanning parts of membrane 

proteins. The peptides were functionalized with pyrene to allow the self-association of 

the helices to be monitored by pyrene fluorescence and Trp-pyrene fluorescence 

resonance energy transfer (FRET). Specific labelling of peptides at either their N- or C-

terminus has shown that helix-helix association occurred almost exclusively between 

antiparallel helices. Furthermore, computer modeling suggested that antiparallel 

association arises primarily from the electrostatic interactions between a-helix backbone 

atoms. Such interactions may provide a force for the preferentially antiparallel 

association of helices in polytopic membrane proteins. Helix-helix association was also 

found to depend on the lipid environment. In bilayers of dioleoylphosphatidylcholine, in 

which the hydrophobic length of the peptides approximately matched the bilayer 

thickness, association between the helices was found to require peptide/lipid ratios 

exceeding 1/25. Self-association of the helices was promoted by either increasing or 

decreasing the bilayer thickness, and by adding cholesterol. Thus helix-helix association 

in membrane proteins can be promoted by unfavorable protein-lipid interactions. 
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5.1 Introduction 

As has been discussed in preceding chapters, most membrane proteins have one or 

more hydrophobic segments that span the membrane in an a-helical conformation. 

Interactions between these transmembrane (TM) helices are important for determining 

the structure of multi-spanning membrane proteins and for assembly of membrane 

proteins into oligomers (Arkin, 2002; Chamberlain et al., 2003; Engelman et al., 2003; 

Langosch et al., 2002). Several factors are thought to be responsible for the association of 

helices in membrane proteins, including surface complementarity, the presence of polar 

residues in the transmembrane region (Chôma et al., 2000; Johnson et al., 2004; Zhou et 

al., 2001), and certain specific motifs such as the well-known GXXXG pattern 

(MacKenzie et al., 1997; Senes et al., 2001). It is likely that several of these factors act in 

concert to determine the final folded structure, or the association of monomers to form an 

oligomer. 

In addition to helix-helix interactions, interactions between the helices and 

surrounding lipids also play a role in the organization and assembly of TM helices. For 

example, even when helices do not exhibit any tendency to undergo specific association 

(Killian, 1998; Lee, 2004; Mall et al., 2001), helix-helix association could still occur as a 

result of poor packing between the lipids and helices, or from a favorable change in 

entropy resulting from the release of helix-bound lipids upon helix association. In these 

cases, helix association is primarily driven by lipid-protein interactions rather than 

strongly favorable protein-protein interactions. It is likely that in real membrane proteins 

the driving forces for folding involve both types of interaction, whether or not specific 

protein-protein recognition motifs are present. 
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One property of a protein-lipid system that is known to affect helix-helix 

association is the extent of matching between the hydrophobic length of the helices and 

the hydrophobic thickness of the lipid bilayer. In the case of hydrophobic mismatch, 

helix-helix interactions may be promoted due to relatively unfavorable lipid-helix 

interactions. It was previously shown with Lys-flanked TM peptides that hydrophobic 

mismatch does promote self-association, both when a helix-helix recognition motif is 

present (Orzâez et al., 2005), and in the absence of such a motif (Ren et al., 1999; Webb 

et al., 1998). However, it is still not clear whether or not helix-helix association can be 

considered a general response of TM helices to mismatch. This is because many other 

responses to hydrophobic mismatch can also occur (reviewed in (de Planque and Killian, 

2003; Killian, 2003)), such as ordering/disordering of the lipid acyl chains, alterations in 

helix tilt angle, adaptations of the peptide backbone, and because it has been shown that 

the type and extent of the responses that occur depend on the composition of the TM 

helix. For example, Trp-flanked peptides, which were designed to mimic the membrane 

spanning parts of intrinsic membrane proteins, showed very different responses to 

hydrophobic mismatch than analogous Lys-flanked peptides (Ren et al., 1999; Webb et 

al., 1998). 

The aims of this study were to establish whether or not increased association is a 

general property of transmembrane segments under conditions of hydrophobic mismatch, 

and to understand the molecular details of any oligomers that are formed. We 

investigated the association between Trp-flanked peptides that were designed to mimic 

the transmembrane segments of real membrane proteins, without specific helix-helix 

recognition motifs. These model peptides allowed us to focus on non-specific forces 
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involved in membrane protein structure and stability. The peptides were functionalized 

with pyrene to allow monitoring of association by pyrene fluorescence and Trp-pyrene 

fluorescence resonance energy transfer (FRET). By labeling peptides at either their N- or 

C-terminus, we show that helix-helix association occurs almost exclusively between 

antiparallel helices. We also show that hydrophobic mismatch promotes helix-helix 

association. Our theoretical models show that the antiparallel association of helices is 

promoted by favorable electrostatic interactions between a-helix backbone dipole 

moments. These results contribute to our understanding of the role of protein-protein and 

protein-lipid interactions in determining the association of transmembrane segments in 

membrane proteins. The implications of these findings for assembly and stability of 

membrane proteins and membrane protein complexes are also discussed. 

5.2 Methods 

5.2.1 Materials (laboratory work - collaborators) 

1,2-Dioleoyl-s«-glycero-3-phosphocholine (C18:1C-PC), 1,2-dimyristoleoyl-s«-

glycero-3-phosphocholine (C14:Ic-PC), l,2-dierucoyl-v«-glycero-3-phosphocholine 

(C22: Ic-PC) and cholesterol were obtained from Avanti Polar Lipids (Alabaster, AL). 

The pyrene-labeled peptides pyrN-WALP23 (Ac-C(pyrene)-GWW(LA)8LWWA-amide) 

and pyrc-WALP23 (Ac-GWW(LA)8LWWGC(pyrene)-amide were synthesized as 

described earlier (Sparr et al., 2005b). The fluorescent probe N-(l-pyrene) maleimide was 

obtained from Molecular Probes Europe BV (Leiden, The Netherlands). The peptides 

were purified by HPLC Their identity was confirmed by mass spectrometry and their 
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purity was established by analytical HPLC to be better than 95%. Milli-Q water was used 

for all experiments. 

5.2.2 Sample preparation 

Fluorescence experiments were performed on multilamellar vesicles (MLVs) with 

peptide/lipid ratios between 1/10 and 1/3000. The lipids were dissolved in either 

chloroform/methanol (1/1) or chloroform, and the peptides were dissolved in 2,2,2-

trifluoroethanol (TFE). The concentration of WALP in the stock solution was determined 

from the absorbance at 280 nm using an extinction coefficient of 21300 M"1 cm"1. 

Phospholipids were quantified according to Rouser et al. (Rouser et al., 1970). 

Peptides were incorporated into lipid vesicles essentially as described (de Planque et al., 

1999). Stock solutions of peptide and lipids were mixed in the desired peptide/lipid ratio. 

The solvent was removed by evaporation under a stream of nitrogen and the peptide/lipid 

film was further dried overnight under vacuum. The mixed films were hydrated in Milli-

Q water to a final peptide concentration of 0.25 uM and the samples were dispersed by 

vigorous vortexing. The samples were then subjected to ten cycles of freeze-thawing. The 

resulting MLVs were stored at 4 0C until use. Circular dichroism (CD) measurements 

confirmed that the labeled WALP peptides were incorporated to form stable TM helices 

in lipid bilayers. 

5.2.3 Fluorescence Experiments 

Fluorescence experiments were performed with an SLM-Aminco SPF-500 C 

fluorimeter. All samples (1.2 ml) were continuously stirred in a 10 x 4 mm quartz 
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cuvette. The temperature was maintained at 22 °C via a water bath with continuous 

circulation. In addition, the absorbance of each sample was measured at the wavelengths 

of excitation and emission on a Perkin-Elmer UWVis Lambda 18 spectrometer. These 

data were used to calculate the inner filter effect (Lakowicz, 1999). 

The fluorescence emission of pyrene was studied with spectral recordings 

between 370 and 600 nm (bandwidth 5 nm) with an excitation wavelength of 350 nm 

(bandwidth 5 nm). The fluorescence resonance energy transfer efficiency (FRET) 

between Trp and pyrene was determined from the degree of Trp (donor) quenching. 

Fluorescence spectra were recorded between 320 and 550 nm (bandwidth 5 nm) with an 

excitation wavelength of 280 nm (bandwidth 5 nm). In this assay, both Trp (donor) and 

pyrene (acceptor) were present in the same peptide, implying that the detected Trp 

quenching includes contributions both from intermolecular energy transfer and from 

intramolecular energy transfer. The contribution from the intramolecular Trp quenching 

was estimated from FRET data obtained for C18: Ic-PC vesicles with very low peptide 

concentrations (0.03 - 0.2 %). In these systems, the Trp quenching was virtually constant, 

and the intramolecular FRET could therefore be considered constant. The FRET data 

presented in this study are given as the ratio of the Tip intensity to the intensity where 

there is only intramolecular energy transfer. 

5.2.4 Theoretical Fluorescence Resonance Energy Transfer 

Fluorescent data were analyzed by means of simulation-based fitting (SBF), 

which produces an approximation of experimental data by a simulated analogue (Nazarov 

et al., 2004; Yatskou et al., 2001). In the modeling the peptides are assumed to be 
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perfectly a-helical (Nazarov et al., 2004) and the location of the four Trp donors and 

pyrene acceptors is derived from the primary sequences. The distances from the C„ at the 

helix backbone to the centers of moiety of the donors and acceptors were estimated to be 

3.0 and 6.0 Â, respectively. As a model for peptides incorporated into a lipid bilayer, a 

square region of a bilayer containing 200 peptides was considered. The peptides were 

located on the points of a triangular lattice (assuming hexagonal packing) with the closest 

distance between points set to 10 Â. Lipids were not explicitly included in the model, 

however their average diameter (7.5 Â) and the peptide/lipid ratio were used to define the 

final size of the peptide-lipid model. Peptides were randomly directed with the helix axis 

of the peptide either parallel or antiparallel to the normal of the membrane. 

For each i-th donor in this model, the probability of energy transfer to one of the 

acceptors is given by the following equation: 

where Rij is the distance between the l'-th donor and j-Xh acceptor in the system, and Ro is 

the Forster distance, which was set to 28 Â (Lakowicz, 1999). The summation runs over 

all the acceptors in the system. The mean value <pET> for all donors gives the total 

energy transfer efficiency in the peptide-lipid model. The protein insertion and FRET 

simulation were repeated 50 times and averaged to give the final result. 

(5.1) 
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5.2.5 Computer Modeling and Structure Prediction 

Dimers of WALP23 (Ac-GWW(LA)8 LWWA-Amide) were modeled with a simulated 

annealing modeling protocol (Nilges and Brunger, 1993), using the force field and 

methodology previously described (Ash et al., 2004a). We performed four different 

modeling runs in which the peptides were either oriented parallel or antiparallel to each 

other, and in which the helix dipole moments were either treated normally or artificially 

reversed. The latter was done by reversing the sign of the partial charges on all C=O and 

N-H backbone atoms on one helix. This backbone treatment did not detectably alter the 

structure of individual helices (not shown). The modeling runs were labeled AA, PP, AP 

and PA, where the first letter denoted the physical orientation and the second the dipole 

orientation. Thus AP and PA had helix dipole moments that were uncoupled from 

packing. Each starting structure was a pair of ideal a-helices, 1.04 nm apart. Thirteen 

starting orientations, generated from evenly distributed symmetric rotations of the helices 

around their main axes, were used to generate 125 structures each, resulting in a total of 

1625 structures for each model. Extremely high-energy structures resulting from 

instabilities during annealing were discarded, amounting to less than 20 structures for 

each case. In all cases, the last turn of the helix had its four unsatisfied hydrogen bond 

donors or acceptors "turned off by setting the partial charge of both atoms in the N-H or 

C=O moieties to zero. This was done to restrict unrealistically strong electrostatic 

interactions between the unshielded termini, which would ordinarily be solvated by water 

or involved in interactions with the lipid headgroups. 

Crossing angles and helix-helix separation distances were calculated using the 

TWISTER algorithm (Strelkov and Burkhard, 2002), averaged over 8 center-most 
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residues. We calculated the propensity for each amino acid to reside in the helix-helix 

interface by summing intermolecular contacts by residue type. The interhelical contact 

values indicate the total number of residues of a particular type, in the entire 1625 

structure ensemble, that formed one or more intermolecular contacts with an atom-atom 

distance less than 0.4 nm, a value determined empirically with visual inspection of 

resulting interface definitions. Multiple contacts made by a single residue (uniquely 

defined in terms of dimer model number, monomer, and sequence position) were only 

counted once. 

Clustering followed a two-tiered protocol. Initial clusters were assigned based on 

crossing angle, helix-helix separation distance, and the fraction of buried Ala calculated 

as described above. These primary clusters were refined with a second round of 

clustering based on atomic coordinates. For the initial coarse-level clustering, 

Hierarchical Clustering Explorer 3.0 (Seo and Shneiderman, 2004) was used with 

average-linkage clustering and the Euclidian distance similarity scoring function on 

normalized data. The minimum similarity cut-off was set to 0.901, chosen to yield at least 

20-30 clusters for each data set. All clusters containing more than 100 members were 

selected and sub-clustered based on the root-mean-squared deviation (RMSD) of the 

atomic coordinates of all non-hydrogen atoms between least-squares fit structures, using 

the program NMRCLUST (Kelley et al., 1996) and an RMSD cut-off of 0.3 nm. A subset 

of the data, corresponding to the first 40 structures generated for each initial starting 

orientation of the helices (or 520 structures for each model), was also clustered using the 

RMSD-based method with NMRCLUST. This subset analysis was conducted as a check 

against the two-tier process described above. 
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Figure 5-1. Pyrene fluorescence spectra. 

Pyrene fluorescence spectra for the pyrN-WALP23 in DOPC bilayers, peptide/lipid ratio 

1/10 (solid line) and 1/100 (dotted line). Figure from (Sparr et al., 2005a). 
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5.3 Results 

5.3.1 Helix-Helix Association as Analyzed by Pyrene Excimer Fluorescence 

We investigated the interactions between Trp-flanked TM a-helices by using 

pyrene labeled WALP peptides. The pyrene monomer exhibits a characteristic 

fluorescence emission spectrum with three maxima at wavelengths between 375 and 420 

nm. When two pyrene rings are in close contact with each other, they form an excited 

state dimer (excimer), which exhibits a unique fluorescence peak at a wavelength of ca 

490 nm. 

The helix-helix interaction was first studied in MLVs consisting of C18: Ic-PC and 

the N-terminally labeled peptide pyrN-WALP23 at peptide/lipid ratios ranging from 

1/3000 to 1/10. Surprisingly, the recorded pyrene emission spectra showed no 

dependence on the peptide/lipid ratio. Only the monomer emission peak was observed, 

and excimer formation could not even be detected at high peptide concentrations (Figure 

5-1). This suggests that there is no interaction between peptides that are oriented parallel 

to each other. However, interactions between helices oriented antiparallel with respect to 

each other are not detectable with this experiment. To investigate this possibility, we 

included two differently labeled WALP analogues in the assay, one labeled at the N-

terminus (pyrN-WALP23), as described above, and one labeled at the C-terminus (pyrc-

WALP23). 

Figures 5-2A and 5-2B show the pyrene emission spectra for samples with a 

peptide/lipid ratio of 1/10. The pyrene emission for samples containing only pyrc-

WALP23 was translated to slightly lower wavelengths than that of pyrN-WALP23 (Fig. 

2A), suggesting that the C-terminus of the peptide exists in a slightly more hydrophobic 
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environment (Lakowicz, 1999) in the lipid bilayer. This is consistent with data from mass 

spectrometry (Demmers et al., 2000), which showed that the C-terminus is more 

protected from exchange than the N-terminus, and from ESR measurements, suggesting 

that the peptide is slightly shifted with respect to the middle of the membrane (Nielsen et 

al., 2005). Importantly, excimer formation was not observed when only one type of these 

peptides was present, but when pyrN-WALP23 and pyrc-WALP23 were both present, 

excimer formation was observed (Figure 5-2B). Maximum excimer intensity was 

obtained for the equimolar mixture of pyrN-WALP23 and pyrc-WALP23 (Figure 5-2C). 

In principle, it is possible that these results are simply due to more favorable excimer 

formation by pyrene moieties in antiparallel peptides than in parallel peptides. However, 

this is unlikely, because we have previously shown that excimer formation also occurs in 

parallel peptides under certain conditions (Sparr et al, 2005b). Therefore, the most 

straightforward interpretation of our data is that there is only direct contact between 

antiparallel helices. 

Next, pyrene fluorescence measurements were performed for samples with 

varying peptide/lipid ratios, ranging from 1/3000 to 1/10. The relationship between the 

excimer/monomer ratio (E/M) and the peptide concentration is shown in Figure 5-2D. 

Excimer formation was detected at high peptide concentrations (peptide/lipid ratios above 

1/25), and only when both types of peptides were present. The influence of hydrophobic 

mismatch on helix-helix interactions was investigated by comparing the pyrene 

fluorescence for peptides incorporated in vesicles consisting of C14: Ic-PC (positive 

hydrophobic mismatch) or C22: Ic-PC (negative hydrophobic mismatch) to those obtained 

for Cl 8: Ic-PC (hydrophobic match). 
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Figure 5-2. Fluorescence data for differently labelled peptides. 

Pyrene fluorescence data for pyrene-labeled WALP23 in DOPC bilayers. (A) 

Fluorescence spectra for the pyrN-WALP23 (solid line) and pyrc-WALP23 (dotted line) 

in DOPC vesicles, peptide/lipid ratio 1/10. (B) Fluorescence spectra of the equimolar 

mixture pyrN-WALP23/ pyrc-WALP23 (solid line) in DOPC vesicles, peptide/lipid ratio 

1/10, and the spectra calculated as the average of the spectra of pyrN-WALP23 and pyrc-

WALP23 in (A) (dashed line) (C) Quantification of the excimer to monomer ratio (E/M) 

as a function of the pyrN-WALP23/ pyrc-WALP23 ratio. (D) Excimer to monomer ratio 

(E/M) as a function of the peptide/lipid ratio for pyrN-WALP23 (A) and for the equimolar 

mixture pyrN-WALP23/ pyrc-WALP23 (o). Figure from (Sparr et al., 2005a). 
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Figure 5-3A shows the pyrene emission spectra obtained for a peptide/lipid ratio of 1/25. 

We observed an increase in excimer intensity when there was hydrophobic mismatch 

between the peptides and the lipid bilayer. Excimer formation was also detected at 

slightly lower peptide concentrations than in the matching situation, with an offset at a 

peptide/lipid ratio of approximately 1/30 (Figure 5-3B). This demonstrates that peptide 

aggregation is slightly promoted by hydrophobic mismatch. No difference was detected 

between the situations of negative and positive mismatch. Excimer formation only 

occurred when both types of peptides were present, indicating a preferred antiparallel 

organization of the interacting peptides regardless of the extent of hydrophobic mismatch. 

Finally, increased peptide association was observed when WALP peptides were 

incorporated in C18: Ic-PC bilayers that included 40% cholesterol (Figure 5-4). This 

effect can be attributed to the increased hydrophobic mismatch due to thickening of the 

bilayer, as well as the increased lipid acyl-chain order and the reduced area per 

phosphatidylcholine headgroup in the presence of cholesterol (Vist and Davis, 1990). 

5.3.2 Helix-Helix Association as Analyzed by Fluorescence Resonance Energy 

Transfer 

The interaction between helices was also investigated by fluorescence energy transfer 

(FRET) between Trp and pyrene, both of which are present in the labeled WALP 

peptides. The degree of Trp quenching increased at high peptide concentrations (Figure 

5-5A). These experiments were not expected to be sensitive to the antiparallel or parallel 

orientations of the interacting helices, as the peptides are flanked with Trp on both ends. 

Indeed, similar results were obtained when only one type of peptide, pyrN-WALP23 or 

pyrc-WALP23, was present, or when a mixture of peptides was present (data not shown). 
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Figure 5-3. Pyrene excimer fluorescence. 

(A) Pyrene fluorescence spectra for equimolar pyrN-WALP23/ pyr<;-WALP23 in vesicles 

of C18:1C-PC (solid line), C14:1C-PC (dotted line) and C22:1C-PC (dashed line), 

peptide/lipid ratio 1/25. (B) Quantification of the excimer to monomer ratio (E/M) as a 

function of the peptide/lipid ratio for C18:1C-PC (o), C14:1C-PC (A) and C22:1C-PC (x). 

Figure from (Sparr et al., 2005a). 
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Figure 5-4. The effect of cholesterol on association. 

Pyrene fluorescence spectra for equimolar pyrN-WALP23/ pyrc-WALP23 in vesicles of 

C18:1C-PC (solid line), and C18:1C-PC with 40% cholesterol (dotted line), peptide/lipid 
ratio 1/10. Figure from (Sparr et al., 2005a). 
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From this we can conclude that the labeling does not influence peptide-peptide 

interactions in a detectable way, and that helix association is not promoted by favorable 

pyrene interactions in one situation or the other. 

The intermolecular FRET was also observed for bilayers of different thickness 

(Figure 5-5B). Trp quenching was more efficient when the peptides were incorporated in 

bilayers of C14:lt-PC and C22: Ic-PC, compared to when the peptides were present in 

vesicles composed of C18: Ic-PC This is consistent with the results of our pyrene 

excimer fluorescence measurements. 

Our observation that the Trp quenching increases with increasing peptide/lipid 

ratios implies a decreasing distance between the donors (Tip) and the acceptors (pyrene) 

(Figure 5-5B). However, the experimental FRET data cannot be directly utilized to judge 

whether this effect is due to direct association between the peptides, or simply a 

consequence of the increased amount of randomly distributed peptides in the bilayer. To 

further investigate this, we performed a theoretical analysis of the same system, where 

the FRET was calculated for simulated systems with a random distribution of peptides 

and no intrinsic peptide-peptide association. The calculated FRET data (Figure 5-5B, 

dashed line) show a good agreement in the case of the C18: Ic-PC vesicles, suggesting 

that the peptides are randomly distributed in the bilayer. However, unlike the real FRET 

measurements, the calculated FRET was found to be independent of the bilayer thickness 

(data not shown). Thus, the deviation between the experimental data and the calculated 

FRET in the situation of hydrophobic mismatch indicates that peptide aggregation is 

promoted when there is hydrophobic mismatch between the peptide and the lipids. This 

increase in peptide aggregation is only observed at peptide/lipid ratios above 1/30. 



127 

Wavelength (nm) Peptide / Lipid (mol/mol) 

Figure 5-5. Trp to pyrene FRET. 

(A) FRET from Trp to pyrene measured for pyrN-WALP23 in DOPC bilayers, 

peptide/lipid ratio 1/10 (solid line) and 1/100 (dotted line). (B) Quantification of the 

FRET data measured for pyrN-WALP23 in vesicles of C18: Ic-PC (o), C14: Ic-PC (x) and 

C22: Ic-PC (A); intermolecular Trp quenching (%) as a function of peptide/lipid ratio. The 

experimental data are compared to calculated FRET data for pyrN-WALP23 in a bilayer 

with thickness 3.0 nm, corresponding to C18: Ic-PC (dashed line). Figure from (Sparr et 

al., 2005a). 
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At lower peptide concentrations the resemblance between the calculated and 

experimental FRET indicates random distribution of peptides in the bilayer, even in the 

case of hydrophobic mismatch. Furthermore, both the experimental and the calculated 

data show that the FRET is the same whether the peptide is labeled at the N- or the C-

terminus. 

5.3.3 Computer Modeling and Structure Prediction 

We investigated the physical principles underlying WALP23 dimer formation and 

the molecular nature of these dimers with four computational models of both antiparallel 

and parallel dimers with both natural and modified backbone dipole arrangements. 

Interhelical separation distances and crossing angles in the models depended on the 

arrangement of the helix dipoles but not on whether the helices were physically parallel 

or antiparallel (Figure 5-6A). Parallel dipoles resulted in greater interhelical separation 

(~1.1 nm) and larger crossing angles (+/- 30°), antiparallel dipoles promoted closer 

packing (-0.8 nm) and a narrower distribution of crossing angles (with a peak near 0°). 

The identity of residues involved in inter-helical contacts also showed a 

dependence on the helix dipole orientation (Table 5-1). Parallel dipoles resulted in a 

greater percentage of Leu contacts (54%) than antiparallel dipoles (50%), and fewer 

overall contacts within the ensemble (21852 vs. 29046), demonstrating less extensive 

contact between helices. 

Both a complete two-tiered clustering procedure (supplemental data, (Sparr et al., 

2005a)) and the simpler RMSD clustering of representative subsets (Figure 5-6B) 
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Figure 5-6. Molecular model ensemble properties for WALP23. 

(A) Dimer interhelical separation (I, II) and crossing angle (III, IV) distributions. PP: 

Parallel Packing, Parallel Dipole; AP: Antiparallel Packing, Parallel Dipole; AA: 

Antiparallel Packing, Antiparallel Dipole; PA: Parallel Packing, Antiparallel Dipole. (B) 

Cluster size distribution for a representative subset of the modeling data (500 structures 

from each model, all non-hydrogen atoms, RMSD cut-off 0.3 nm). Solid line: AA, 

dashed-line: AP, dot-dot line: PP, dot-dash line: PA. The top structures fall into the same 

structural classes as those shown in Figure 5-7. Figure from (Sparr et al., 2005a). 

Table 5-1. Total number of interhelical contacts (d < 0.4 nm) by residue type 

Antiparallel Dipoles Parallel Dipoles 

AA PA Average Fraction PP AP Average fraction 

AIa 14633 14455 14544 0.5007 10157 9844 10000 0.4576 

Leu 14512 14492 14502 0.4993 11918 11787 11852 0.5424 
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showed that antiparallel dipole arrangements (AA and PA) resulted in more highly 

populated clusters than parallel dipoles (PP and AP). With antiparallel dipoles three 

well-defined packing motifs were predicted: i) a short stretch of Leu zipper involving 

residues LEU 12 and LEU 16 of one chain and LEU8 and LEU 12 of the other chain, 

surrounded by Ala contacts at either termini (Figure 5-7A), ii) a short Leu zipper 

involving residues LEU4 and LEU8 of one chain and LEU 16 and LEU20 of the other 

(Figure 5-7B), and iii) association in which all Ala residues along one face of each helix 

are closely packed (Figure 5-7 C,D), with the helices almost perfectly aligned or slightly 

tilted. All three of these motifs were identified when the helix backbone dipoles were 

antiparallel to one another (AA and PA), regardless of the physical packing arrangement 

of the helices. With parallel dipoles (PP and AP) clustering analysis did not give rise to 

any highly represented packing arrangements, and these models resulted in very loosely 

packed dimers without full contact along the length of the helices (Figure 5-7 E,F). Thus 

the experimentally observed antiparallel association of helices is likely a result of 

favorable electrostatic interactions between the a-helix backbone dipole moments in the 

antiparallel dimer. 



131 

Figure 5-7. Structure predictions for dimers of WALP23. 

Predicted structures for antiparallel helix dimers (top), and illustration of poor packing 

seen for parallel helix dimers (bottom). Each model is shown in two views related by a 

90 degree rotation. Residues that form intermonomer contacts (at least two atom-atom 

distances less than 0.4 nm) are highlighted in red and blue. (A,B) Two structures with a 

short two-turn Leu zipper flanked by Ala contacts along the remainder of the helices. 

(C,D) Structures with mainly Ala contact, with helices aligned or tilted. Leu residues 

slightly outside of the interface can still form contacts in these arrangements. (E,F) Poor 

packing typically observed in the parallel dipole models. The model as well as cluster 

and subcluster identity (e.g. clusterl & subclusterl = 1.1) is identified above each 

structure. Figure from (Sparr et al., 2005a). 
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5.4 Discussion 

5.4.1 Interaction between antiparallel peptides 

The internal organization of interacting helices is fundamental to protein 

association and protein folding. This can be regulated by relatively strong and specific 

interactions including the formation of interhelical hydrogen bonds and favorable side 

chain packing, and electrostatic interactions between charged residues (Lew et al., 2003; 

Senes et al., 2001 ; Zhou et al., 2001 ). In the situation investigated here, none of these 

forces are present, and we expect that the internal organization of the associated peptides 

is determined by relatively weak interactions between the helices and unfavorable 

packing interactions between the peptides and lipids. This might in fact be a 

representative situation for the arrangement of helices in polytopic membrane proteins, 

where in many cases specific recognition motifs can not be identified. However, even in 

cases where TM helices do contain such recognition motifs, the non-specific interactions 

discussed here will still contribute to the total energy of association between the helices. 

The WALP peptides are readily incorporated in liquid crystalline lipid bilayers as 

membrane-spanning a-helices (Killian, 2003). From the pyrene fluorescence experiments 

we can conclude that association almost exclusively occurs between peptides that are 

oriented antiparallel with respect to each other. This is true for all different peptide 

concentrations and all lipid compositions investigated. Formation of antiparallel dimers 

has also been proposed for the unflanked TM Ac-(LALAAAA).rAmide analogue, based 

on dithionite quenching experiments (Yano et al., 2002), suggesting that antiparallel 

association is a generic property for these types of interacting TM a-helices. 
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What would be the reason for this antiparallel packing? A possible explanation arises 

from the observation that the peptide a-helices have a macro-dipolc moment (Hoi, 1985; 

Hol et al., 1978; Sansom, 1991). The nature and importance of this dipole moment is still 

a matter of some controversy, with some studies suggesting that the observed dipole 

effect in some proteins is a local effect confined to the termini ( Aqvist et al., 1991). One 

theoretical investigation of poly-Ala helix association using a simplified bilayer 

representation suggested that dipole-dipole interactions are quite weak, due to solvent and 

counterion screening of the partially charged helix termini (Ben-Tal and Honig, 1996). 

Our proposal is that although these interactions might be relatively weak, they are strong 

enough to specify antiparallel association in the absence of stronger, specific helix 

association forces. The importance of solvent screening of the helix termini may also be 

lower in cases where helices are constrained to be in close contact by high local peptide 

concentration or the topology of a polytopic membrane protein. This has important 

implications for understanding the folding and association of proteins in biological 

membranes. Antiparallel orientations of adjacent helices are preferred over parallel 

orientations in known structures of membrane proteins (Bowie, 1997; Gimpelev et al., 

2004). 

Our computer models showed that antiparallel peptides form well packed dimers, 

whereas parallel peptides are loosely packed and have a lower tendency to form ordered 

structures. These tendencies are clearly dependent on the backbone dipole orientations, 

but not on the physical packing orientation of the helices, which allows us to rule out the 

possibility of a preferred steric packing arrangement between WALP helices. This is also 

suggested by the sequence symmetry of the WALP peptide. Modeling indicates three 
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possible ordered packing motifs. Although it is not possible to determine the distribution 

between these modes in a membrane using this model, clustering analysis suggests that 

the central Leu zipper (Figure 5-7A) involving LEU16/12 and LEU8/12 is the most 

favorable. This modeling procedure was done in vacuum. However, the applicability of 

this approach to simple transmembrane proteins such as Glycophorin A (Treutlein et al., 

1992), and the consistency of the results with the experimental observations outlined 

above, suggest that the approximations used are applicable to this specific system. 

The interacting peptides in this system form antiparallel dimers rather than larger 

oligomers. Larger aggregates would involve both parallel and antiparallel interactions 

between helices, which are not observed in our experiments. Dimer formation, rather 

than trimer or oligomer formation, has also been proposed for Trp- or dibromotyrosine-

containing Lys-flanked poly-Leu peptide analogues in liquid crystalline bilayers (Mall et 

al., 2001). This is also in agreement with previous ESR measurements, which indicated 

that WALP and L24 (Ac-K.2L24K.2-Amide) peptides are present as monomers or dimers, 

even at high peptide/lipid ratios (de Planque et al., 1998; de Planque et al., 1999; 

Subczynski et al., 1998). 

Our results have implications for the folding and assembly of membrane proteins. 

Folding of polytopic membrane proteins involves interactions between both parallel and 

antiparallel helix pairs, and it can therefore be expected that the favorable antiparallel 

packing of helices significantly contributes to the overall structure of proteins and to their 

stability. Although these interactions appear to be relatively weak, they are strong enough 

to specify antiparallel association over parallel association when hydrophobic mismatch 

or high peptide concentration induces contact between peptides. This may be analogous 
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to the locally high concentration of helices imposed by the connecting loops in a 

polytopic membrane protein, and thus may influence the overall architecture of proteins. 

In contrast, self-association of monotopic membrane proteins typically involves 

interactions between helices that are aligned in a parallel fashion. For such assemblies 

specific recognition motifs are expected to occur, and indeed have been reported (Chôma 

et al., 2000; Lemmon et al., 1992; Zhou et al., 2001). This may be essential to overcome 

the otherwise less favorable packing of parallel helices. 

5.4.2 Hydrophobic Mismatch Promotes Helix-Helix Association 

From the combined experimental and theoretical analysis of the FRET data on 

helix-helix interactions in the matching C18: Ic-PC bilayers, we conclude that the WALP 

peptides have no intrinsic tendency to aggregate in liquid crystalline lipid bilayers, except 

at high peptide concentration. Thus, the interaction between helix dipole moments is not 

sufficient to induce aggregation of the helices in the bilayer. However, in the cases where 

there is negative or positive hydrophobic mismatch between the peptides and the bilayer, 

either due to increased chain length of the lipids or the inclusion of cholesterol, peptide 

association is promoted. In these situations peptide-peptide interactions become more 

favorable than peptide-lipid interactions. 

Peptide aggregation induced by hydrophobic mismatch has previously been 

observed for Lys-flanked analogues by fluorescence measurements (Mall et al., 2000; 

Ren et al., 1999). Thus, it seems to be a general property of mismatching peptides. 

However, the Lys-flanked peptides appear to have a stronger tendency to associate at 

negative mismatch and they form larger oligomeric aggregates than the WALP peptides 
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(de Planque and Killian, 2003). A possible explanation for this would be that Lys 

residues are more flexible and may better accommodate oligomerization of the peptides 

than the more bulky Trp residues. In any case, the molecular details of interacting helices 

are clearly important in modulating the effects of changing the lipid environment, 

sometimes in very subtle ways. 

Peptide oligomerization induced by hydrophobic mismatch and the presence of 

cholesterol is likely to play a role in the biology of membrane proteins, for example in 

signaling processes where clustering of receptor proteins is related to partitioning into 

raft-like domains (Pike, 2003; Rajendran and Simons, 2005). Due to the high cholesterol 

content and the long chains of the sphingolipids in these raft-like domains, they are 

expected to be thicker than the surrounding membrane, in which the proteins would be 

mainly present as monomers. Here, less favorable interactions between the lipids and the 

receptor proteins may help to accommodate the oligomerized form into these raft-like 

domains. 

5.5 Conclusions 

Helix-helix association is a key event in many cellular processes involving folding 

and assembly of membrane proteins. The extent of helix-helix association and the nature 

of this association clearly depends on multiple factors, all of which contribute to the total 

energy of helix association and thus to the folding and function of membrane proteins and 

protein complexes. Here it was shown that two such factors are the favorable interactions 

between antiparallel helices, and the balance between lipid-protein and protein-protein 

interactions. 
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Chapter Six: The energetics of a-helix association in a lipid bilayer 

Summary 

Thenuodynamic data on the association of helices are scarce, and a quantitative 

molecular picture of the forces responsible for the association of helices remains elusive. 

The MARTINI coarse-grained (CG) membrane protein force field (Monticelli et al., 

2008) is used to probe the interactions between WALP23 alpha-helices (Ac-

GWW(LA)8LWWA-Am) in a lipid bilayer, using umbrella sampling to calculate a 

potential of mean force (PMF) for the association in DOPC The calculated free energy of 

association of these helices is -15 kJ/mol with an enthalpic contribution of -30 kJ/mol, in 

very good agreement with existing thermodynamic data on the association of similiar 

helices (Yano and Matsuzaki, 2006). From analysis of lipid and protein motions, 

comparisons to shorter atomistic PMFs calculated with polyleucine, and analysis of PMF 

convergence, it can be concluded that statistically important dynamics occur on the 

microsecond timescale. Proteins begin to feel the effects of one another at around 2 nm 

separation, and lipids play a role in the association process by forming ordered rings 

around the proteins. The sampling of the helix-helix interface is poor as the helices 

become locked together and do not readily rotate, indicating the need for 

multidimensional free energy sampling protocols to assess actual folded states of even 

these simple two-helix systems. 
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6.1 Introduction 

6.1.1 Helix-Helix interactions 

The drive to identify transmembrane helix interaction motifs represents a large 

part of fundamental research on membrane proteins. These motifs (GxxxG, in particular, 

has received a lot of attention) are found to be common in a variety of membrane proteins 

(MacKenzie and Fleming, 2008), but there is evidence that this motif does not necessarily 

drive association but may just provide a scaffold for interactions that are principally 

determined by the surrounding sequence context (Doura et al., 2004; Kobus and Fleming, 

2005; Lemmon et al., 1992). The presence of hydrogen bonding residues is likewise 

controversial; while there is evidence that hydrogen bonding residues can strongly 

stabilize association between helices (Chôma et al., 2000), other evidence suggests the 

stabilizing effect of hydrogen bonding is very low (Joh et al., 2008). Furthermore, the 

bulk of the in vitro and in vivo work to date has examined homo-oligomerization 

(although there are a handful of exceptions), and the more complex hetero-oligomeric 

interactions in polytopic membrane proteins have barely been touched upon. 

Consequently there is, as yet, no clear way to reduce the complexity of sequence-specific 

helix-helix interactions through the identification of obvious features which directly and 

unambiguously specify these interactions, and it is still necessary to engage in potentially 

costly and difficult molecular biological and biochemical assays, or theoretical prediction 

work by exhaustive computational searches. 

6.1.2 Biochemical and biophysical assays on helix-helix interaction energies 

From a conceptual standpoint one can think of the problem of understanding helix 

interactions in terms of the shuffling around of helices in a bundle to find the optimal 



arrangement (as in the folding of a topologically and spatially constrained membrane 

protein), or in terms of the association of two helices from non-interacting separation to 

an interacting state in the bilayer, as in the case of association of single helices or 

proteins. The latter is a principle focus of many biophysical studies on the association of 

model transmembrane peptides, and several methods to quantify the energetics of helix-

helix interactions in vitro and in vivo have been developed, reviewed in: (MacKenzie, 

2006; MacKenzie and Fleming, 2008). These include sedimentation equilibrium 

analytical ultracentrifugation in micelles (Chôma et al., 2000; Fleming et al., 2004); 

FRET in micelles (Fisher et al., 2003), vesicles (Yano and Matsuzaki, 2006), bilayers 

(Merzlyakov et al., 2009), thiol-disulfide interchange (Cristian et al., 2003), and recently 

studies in complex cell-membrane extracts and even living cells (Li et al., 2008; 

Merzlyakov et al., 2007). Semi-quantitative in vitro assays have been used for over a 

decade, based on fusion transcription factors which activate reporter constructs, such as 

the TOXCAT (Duong et al., 2007; Russ and Engelman, 1999) and ToxR assays 

(Langosch et al., 1996), and a number of variants differing in the type of transcription 

factor and reporter system used. While many of these studies have demonstrated 

important features such as the dependence on hydrophobic mismatch between bilayer and 

peptide, and the effects of mutations on specific systems, much confusion and debate 

about general principles still exists. 

A range of approximately -10 to -30 kJ/mol has been reported for the free energy 

of association (AGa) of transmembrane helices of varying affinities and in different 

conditions (Table 6-2). Yano and Matsuzaki reported the complete thermodynamic 

parameters for the association of the simple (AALALAA)3 peptide in bilayers of varying 
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composition (Yano and Matsuzaki, 2006), and find that in conditions of hydrophobic 

match (Cl8 lipids), AGa = -13 kJ/mol, AHa = -31 kJ/mol, and -TASa = +19 kJ/mol, 

indicating that the association of this peptide is principally driven by enthalpic 

interactions. Furthermore, fluorescence labelling indicates this association is 

preferentially antiparallel. 

6.1.3 Using simulations to probe interactions 

Simulations and theoretical studies represent another set of tools which have been 

applied to the problem of understanding how membrane proteins fold and function. In 

principle, any membrane protein's sequence-structure-function relationships could be 

probed through exhaustive searching methods (Beevers and Kukol, 2006) and/or 

extended molecular dynamics simulations (Cuthbertson et al., 2006; Faraldo-Gomez et 

al., 2004), but the practical timescale issues preclude this for most systems and available 

computer resources (Grossfield et al., 2007). Thus, with the exception of one recent 

study which was restricted in its sampling times (Lee and Im, 2008), most attempts to 

energetically characterize helix-helix interactions, to date, have been done in reduced 

descriptions of a bilayer (Bohinc et al., 2003; de Meyer et al., 2008; Henin et al., 2005; 

Psachoulia et al., 2008; Soto et al., 2006; Zhang and Lazaridis, 2006). Varying levels of 

approximation have been used, from implicit solvents (Zhang and Lazaridis, 2006) to 

atomically detailed hydrocarbon slabs (Henin et al., 2006; Soto et al., 2006), or enhanced 

sampling techniques like replica exchange molecular dynamics (Kokubo and Okamoto, 

2004a; Kokubo and Okamoto, 2004b; Kokubo and Okamoto, 2006) or adaptive biasing 

force potential-smoothing methods (Henin et al., 2005). With the development of the 

"MARTINI" coarse grained model (Marrink et al., 2001 ; Monticelli et al., 2008; Scott et 
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al., 2008), a new level of theory which captures much of the structure and behaviour of 

real bilayers, without a lot of the chemical complexity, has allowed statistically rigorous 

but less-detailed examinations of helix-helix interaction energetics (Psachoulia et al., 

2008) and the perturbation of the bilayer by this process. 

To date, a statistically rigorous energetic description of the association of two 

helices in a completely-described bilayer has not been published, and some incompletely 

answered questions remain. The first concerns the nature of the process and the potential 

of mean force (PMF) for association - whether or not there are significant energetic 

barriers to association and what the magnitude of the interaction is, and how lipids and 

water contribute to the process. Im and Lee calculated the PMF for association of 

pVNVV, a hydrophobic peptide with valine-mediated interactions and an asparagine in a 

POPC bilayer, from a separation of 2.0 nm to 0.7 nm (Lee and Im, 2008). In this range 

the PMF was a relatively smooth and decreasing to a minimum at a separation of around 

0.9 nm, decomposition of the PMF showed that lipid-protein interactions contributed 

unfavourably to association, and the major driving force was the interactions between 

leucine residues (flanking the interface), with interfacial valines contributing minimally 

to the association. Henin and colleagues performed an earlier calculation on Glycophorin 

A in a membrane mimetic made from dodecane and saw a similarly smooth PMF 

decreasing over approximately the same range (Henin et al., 2005), but partitioning of the 

PMF into components showed both helix-lipid and helix-helix interactions contributing 

favourably to association, in contrast with Lee and Im's study, though interactions with 

water were explicitely excluded from Henin's PMF due to reported poor convergence. De 

Meyer performed a coarse grained study using cylindrical approximations of peptides, 
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and showed that the details of the profile can be modulated by lipid-protein hydrophobic 

mismatch, which complicates comparisons between different systems, but overall the 

profile shapes were similar for cases of positive and negative mismatch, and tended to 

vary the most with large protein inclusions or in cases of zero mismatch (de Meyer et al., 

2008). Another PMF calculated between hydrophobic a-helices in water showed some 

structure corresponding to a desolvation barrier in the case of polyalanine, and suggested 

that helix-solvent interactions introduced a negative contribution to association, at least 

enthalpically (MacCallum et al., 2007). Whether or not lipids represent a barrier to 

association, contribute positively or negatively, and what the structure of lipids in the 

vicinity of the protein may be, is uncertain, though mismatch studies suggest lipids can 

act as a general driving force for helix association (Killian and Nyholm, 2006; Lee, 2004; 

Nyholm et al., 2007). 

We calculate a potential of mean force, using the umbrella sampling technique, 

for the association of WALP23 in a DOPC bilayer, represented by the MARTINI coarse 

grained model (Monticelli et al., 2008), and compare this to a preliminary PMF 

calculated for polyleucine in DOPC using the atomistic OPLS and Berger lipids force 

field (Tieleman et al., 2006). We also compare simulations in which coarse grained 

proteins are conformationally and orientationally restrained to free helices. In the 

process we assess the practicality of free energy simulations as tools to determine the 

folded strucmre of unknown proteins - the time scales for the relevant sampling of the 

system are poorly understood (Henin et al., 2005), and the influence of different factors 

on the profile would be instructive for designing free energy MD protocols to predict 

helix association structure and energetics. We investigate the structure of the bilayer in 
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the vicinity of associating proteins. Finally we compare the profile to existing 

experimental data on a similar system to assess the utility of this kind of simulation 

(Yano and Matsuzaki, 2006). We find that sampling requirements are likely to exceed 

several hundred nanoseconds for each window in an umbrella sampling, but that the 

coarse grained model reproduces a number of useful features. 

6.1.4 The WALP23 system 

WALP23 (GWW(LA)sLWWG) is a model peptide that was initially designed to 

probe the effects of helix-bilayer hydrophobic mismatch on peptide properties such as tilt 

(de Planque and Killian, 2003; Sparr et al., 2005a; Sparr et al., 2005b). The sequence 

was designed with the intention of minimizing interactions between peptides, thus none 

of the known (or presumed) sequence factors that lead to association were included, but 

evidence from fluorescence spectroscopy suggests that it does exhibit a weak favourable 

interaction (Sparr et al., 2005a), and under certain conditions it can form domains of 

tightly packed peptides in a lipid matrix (Sparr et al, 2005b). 

In this chapter an examination of the energetics of association between WALP-23 

helices, with a coarse grained model of a DOPC bilayer, is described, and compared to 

atomistic results on a pure polyleucine sequence. We see that helix-helix interactions are 

favourable, and that with the coarse grained model we can reproduce the entropie / 

enthalpic balance of forces seen with a similar weakly associating peptide, (AALALAA)3 

(Yano and Matsuzaki, 2006). 



144 

6.1.5 Free energy simulations 

Sampling and convergence is a major concern for theoretical studies of complicated 

biological systems, particularly quantitative ones (Grossfield et al., 2007). The correct 

probability distribution of states must be calculated in order to derive thermodynamic 

properties such as the free energy change for a particular transition. In theory an ergodic 

trajectory from a sufficiently long unconstrained simulation would yield the required 

statistics to derive any thermodynamic or structural property of interest (Psachoulia et al., 

2008), but in practice simulations often have difficulty sampling far away from the initial 

starting configuration, as a consequence of many of the slow motions and kinetic traps in 

complex biological systems. 

Fortunately, a number of special techniques, supported by statistical mechanical 

theory, have been developed to overcome these limitations, particularly in cases where 

one is interested in a change for which a reaction pathway can be predicted (for example 

the association of two alpha-helical monomers in a membrane). Umbrella Sampling and 

Steered Molecular Dynamics (Gullingsrud and Schulten, 2003) are somewhat related 

approaches which use constraints to force a transition, and then using the known 

properties of these constraints, unbias the resulting simulations (Kumar et al., 1992) in 

order to calculate thermodynamic properties. Other methods such as enhanced sampling 

replica exchange MD (Kokubo and Okamoto, 2006) and adaptive biasing force 

simulations (Henin et al., 2005) can also be used. 
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6.1.6 Sampling and Convergence 

The issue of sampling in molecular dynamics simulations of membrane proteins 

has recently been reviewed (Grossfield et al., 2007). To summarize, determining 

whether molecular dynamics trajectories have converged is effectively an attempt to 

deduce from existing observations whether or not any unexpected observations would 

occur if we kept observing. Here we attempt to quantify the requirements for effective 

sampling during free energy analyses of helix-helix association, as a guide for future 

studies. 

6.2 Methods 

6.2.1 Starting structure generation 

Coarse grained WA LP23 models 

Coarse grained antiparallel and parallel WALP23 dimer structures from the 

simulated annealing protocol outlined in chapter 5 (Sparr et al., 2005a) were taken as 

starting models from which the coarse grained structures of the protein were generated 

using a script (pdb2cg_v2.30.pl) which removed unnecessary atoms and replaced others 

with the appropriate CG particles. These structures were used to generate umbrella 

sampling windows from -0.65 nm to 4.8 nm, by aligning the axes of the peptides with 

the bilayer normal (the Z-coordinate) and translating one helix along X (the PMF 

sampling coordinate), in 46 equal steps (these were done by translating in 0.1 nm steps 

from the modelled interhelical distance, thus the exact range sampled varied slightly 

between the antiparallel and parallel trials). Each resultant pair of helices was then 

embedded in pre-equilibrated coarse-grained DOPC bilayers using the insertion protocol 

outlined in chapter 3, enforcing a symmetrical distribution of lipids and final lipid count 

http://pdb2cg_v2.30.pl
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of 136 DOPC lipids. Because the coarse grained model equilibrates quickly, the water 

solvation step was simplified by replacing the water particles from the initial starting 

bilayer (without protein) and removing overlapping water particles. After this step, 

surplus water particles were removed from those windows which had an excess relative 

to the minimum so that all windows contained exactly 2436 water molecules. Typically 

15 to 30 particles were removed, and it was assumed that the resulting voids would 

quickly equilibrate out. The final size of each bilayer patch was approximately 9.8 x 4.1 

x 10.4 nm, with a pre-equilibrated area per lipid (calculated by the grid density method of 

chapter 3) of around 68 A2 per DOPC molecule. Steepest descent energy minimization, 

followed by 50 ns of relaxation molecular dynamics with protein position restraints and 

semi-isotropic pressure coupling, was conducted to prepare the structures for input to the 

umbrella sampling procedure. 

OPLS all-atom polyleucine models 

Polyleucine coiled-coil models generated by simulated annealing (AC-LEU22-

NAc), in antiparallel and parallel orientations, were taken from a previous study (Ash et 

al., 2004a), oriented and translated to separation distances of -0.85 nm to 4.7 nm in 40 

equidistant windows, in an analogous manner to the coarse grained case. The resultant 

structures were embedded in bilayers of 144 lipids using the previously outlined 

procedure (chapter 3), with a total of 8 lipids removed during the insertion process. 

Water was reintroduced with the GROMACS tool genbox, and a number of water 

molecules removed randomly so that each structure contained 4778 water molecules. 

Using the combined all-atom OPLS protein and Berger united atom lipids force field 

(Tieleman et al., 2006), each structure was energy minimized (method = steepest descent, 
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1000 steps) and subjected to a short relaxation MD simulation (1 nanosecond with 

protein position restraints and semi-isotropic pressure coupling). The final box size in all 

cases was approximately 9.6 x 4.4 x 7.6 nm, with an area per lipid around 65 A2 per 

DOPC 

Table 6-1. Overview of simulations 

Protein 

and 

topology 

Model used Restraints 

WALP23 

parallel 

CG Helix COM1 harmonically 

restrained to X axis 

WA LP23 

antiparallel 

CG ii 

WALP23 

parallel 

CG Backbone atom positions 

restrained: tilt, orientation, and 

conformation 

Polyleucine 

parallel 

OPLS all atom Helix COM harmonically 

restrained to X axis 

Polyleucine antiparallel OPLS all atom it 

COM: Center of mass. Restrained as part of the umbrella sampling protocol; rather than 

using a pure distance restraint between helix centers of mass, helices were constrained 

along the Cartesian X axis of the system, simply due to the implementation in 

GROMACS. 
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6.2.2 Force field - coarse grained simulations with charged termini 

The coarse grained protein model does not represent atomic partial charges, as 

each backbone particle represents the combined atoms of an entire amino acid in a 

peptide bond. Consequently, one potentially important feature of the alpha-helix was lost 

- the alpha helical macrodipole (Aqvist et al., 1991; Sparr et al., 2005a; Yano and 

Matsuzaki, 2006). It was decided to introduce charges of +0.5 and -0.5 at the N and C 

terminal backbone particles of the model peptide, to attempt to reproduce the native 

interaction. In the coarse grained model, DOPC are zwitterionic, with charges on the 

amine and phosphate groups, though the water molecules are neutral. While the decision 

to add charges to the peptide is not rigorously justified, we hoped to reproduce the protein 

in the vicinity of the headgroup environment as well as possible given the limitations of 

the model, and the zwitterionic lipids in the coarse grained model do reproduce bilayer 

properties (Marrink et al., 2007; Monticelli et al., 2008). 

6.2.3 Umbrella Sampling 

The GROMACS pull code was used for umbrella sampling. A summary of the 

simulations and conditions is outlined in Table 6-1. For both the parallel and antiparallel 

arrangements, we ran umbrella sampling simulations employing a set of harmonic 

restraint potentials between the centers of mass of each helix group with a force constant 

of 2200 kJ/mol*nm2, but the helices were otherwise unrestrained. We refer to this as the 

unrestrained set of simulations because the helices are free to tilt, rotate, and precess. 

The one remaining restraint was that helices were forced to stay aligned with one another 



149 

along the same relative X-axis of the system, due to the way umbrella sampling is 

implemented in GROMACS. Thus the helices lost a degree of freedom corresponding to 

the "orbit" of one helix around the other. 

We ran another umbrella sampling protocol on the parallel dimer arrangement, the 

restrained parallel simulation, where the reference helix had the X and Y coordinates of 

its backbone particles restrained harmonically with force constants of 10000 kJ/mol*nm2 

(to keep it positioned in the bilayer, though free to adjust its depth in the bilayer along the 

Z axis), and the secondary helix had restraints applied to its Y dimensions (to keep it 

positioned relative to the first helix, along with the umbrella restraint). The umbrella 

potential was applied, as in the first case, between centers of mass of the helices, along 

the Cartesian X axis, and with a force constant of 2200 kJ/mol*nm2. In this case the 

conformations and positions of the helices were held rigidly restrained, losing degrees of 

freedom corresponding to tilt, precession, rotation, and translation in Y and Z. 

The MARTINI coarse grained protein and lipids force field version 2.31 was used 

(Monticelli et al., 2008). We calculate the PMF in the NPT ensemble, with Berendsen 

thermostat (300K, separate coupling of helices, water, and DOPC) and semi-isotropic 

pressure coupling, with shifted cut-off of the Lennard-Jones (0.9 to 1.2 nm) and 

electrostatic functions (0.0 to 1.2 nm), respectively. A timestep of 40 fs was used. For 

the unrestrained simulations, which form the bulk of the data for analysis, 4.7 ps of total 

simulation time was accumulated for each window (for a total of 0.216 milliseconds of 

simulation data for each of the antiparallel and parallel cases, or 0.432 milliseconds 

combined). In the restrained parallel case, a total simulation time of 700 ns was 

accumulated for each umbrella window (for a total of 32 us). Umbrella sampling results 
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were unbiased with the weighted histogram analysis method, or WHAM (Kumar et al., 

1992). 

For the atomistic simulations, we used the OPLS force field with Berendsen lipids 

(Tieleman et al., 2006), and T1P4P water (Jorgensen et al., 1983). An umbrella restraint 

potential of 5000 kJ/mol*nm2 was used, similar to the 3000 kJ/mol*nm2 force constant 

used in a helix-helix PMF in water done by another lab member (MacCallum et al., 

2007). As in the unrestrained coarse grained simulations, helices were unrestrained 

except by the umbrella restraint between their centers of mass, and hence lost the "orbit" 

degree of freedom. A 2 fs timestep was used, with Berendsen thermostat coupling to 298 

K, Berendsen semi-isotropic pressure coupling (1 bar reference pressure in X and Y 

dimensions), a Lennard-Jones cut-off of 1.4 nm, short range electrostatics calculated to 

1.0 nm, and Particle-Mesh Ewald long range electrostatics. For each of the antiparallel 

and parallel simulation runs, a total of 50 ns of simulation data were generated per 

window, for a total of 2 ps of simulation data. WHAM was used to unbias the resulting 

simulations. 

The unrestrained coarse grained simulations were split into 1 us blocks (after the 

initial 0.7 ps period) giving 4 data sets. For the final PMFs exhibited in Figure 6-1, only 

the last three 1 us data sets were analyzed, averaged and standard errors reported. In the 

restrained parallel case we discard the first 200 ns and analyze the remaining 500 ns, 

based on the long times required for the PMF to converge in the unrestrained case. For 

the atomistic simulations, the full 50 ns was analyzed due to the paucity of simulation 

data. 
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For the unrestrained simulations, an entropie term approximating the lost 

"orbital" degree of freedom was reintroduced to the final PM F with the correction factor, 

Giri) = -RT\n (6.1) 

which accounts for the normalized circumferential "volume" lost at each discrete helix-

helix separation \\. No such correction was made for the restrained simulation, given the 

numerous degrees of freedom lost through the backbone restraints. 

6.2.4 Enthalpy vs entropy calculations 

The GROMACS tool genergy was used to calculate the average total system 

potential energy (or enthalpy) for each window and 1 us simulation block. The total 

potential energy / enthalpy profile was calculated from the average and standard error of 

the potential energy profiles over the final three 1 us simulation blocks. This relatively 

long period of time was selected for blocking the data because of the relatively long times 

required to acheive fairly well-converged profiles (Figure 6-10). 

6.2.5 Sampling analysis 

The convergence of PMF data was analyzed by splitting the data into small, 

sequential simulation blocks, as outlined in Figure 6-5. We used the time period from t = 

2.7 to t = 3.7 us, corresponding to the first of the three 1 us production periods, splitting 

the data into 25 nanosecond, 100 nanosecond, and 250 nanosecond blocks, and analyzing 
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using the weighted histogram analysis method in a manner identical to the full dataset 

analysis. 

6.2.6 Tilt and crossing angle analysis 

Helix tilts were calculated using the g tilt utility by Patrick Fuchs (Ozdirekcan et 

al., 2007). This utility uses the inertia matrices of helix and leaflet phosphorous atoms to 

define a helix axis vector and a phosphorous leaflet normal vector, from which the tilt can 

be calculated. A custom modification of this utility, named ghhxangle, allowed helix-

helix crossing angles to be calculated by defining the helix axes for both helices and 

calculating the angle between their projections onto the YZ plane. Thus, we define the 

crossing angle around the umbrella sampling axis, X, which we presume will also 

correspond to the interhelical axis of closest approach. Tilts and crossing angles were 

averaged for each run and exhibited with standard errors from the final three 1-ps 

simulation blocks, as for the PMF and enthalpy analyses. 

6.2.7 Helix rotational analysis 

Defining an orientational frame of reference for a flexible molecule like an alpha-

helix is a challenge; algorithms for calculating the axes of alpha-helices have been 

published (Ozdirekcan et al., 2007; Strelkov and Burkhard, 2002), but the issue is 

complicated by the need to define a reference residue (which involves flexible side chain 

particles) for the rotational orientation. Instead, another approach using only backbone 

beads was used. By visual inspection it was determined that the backbone particles of 

LEU4, LEU6 and LEU8 in helix 1 would provide three reasonable reference particles (i,j, 
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and k) from which a vector almost perpendicular to the main helical axis could be 

defined. An approximate vector is sufficient for this qualitative analysis, and the other 

published methods are prone to similar problems resulting from intrinsic flexibility of the 

molecule. The GROMACS utility g traj was used to output the 3-dimensional 

coordinates of these reference particles over the entire trajectory, and a python script used 

to calculate the rotational angle of the helix as follows. First we defined the vectors 1¾ 

and rjk as the difference vectors between the backbone particles LEU4-LEU6 (i and j) 

and LEU6-LEU8 (j and k). The cross product of these vectors gives the normal vector N 

to the ijk plane. The absolute value of the 2-dimensional x and y components of this 

vector, x and y, define an angular orientation around z: 

<j>' = arctan( v I x) (6.2) 

Because of the absolute values given to y and x, this angle lies in the range 0 < < TV 12. 

To properly place the angle in the range 0 < 0 < 2n, the sign of the x and y components 

of the normal vector are analyzed, as shown by the following python code: 

if (x >= 0): 
i f (y >= 0) : 

phi = phiprime 
e l s e : 

p h i = 2*pi - phiprime 
e l s e : 

i f (y >= 0): 
phi = p i - phiprime 

e l s e : 
phi = p i + phiprime 

If x,y are positive, phi is unchanged. If x is positive but y is negative, the angle is 

determined to be in the range 270 < <j) < 360 and is modified accordingly by <f> = 2n - $, 

etc. The same unambiguous placement could be made by normalizing the 2-dimensional 
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components of the normal vector and evaluating two trigonometric functions, e.g. arctan 

and arcsin, but this approach was simple enough. 

To neatly display the data, a method to output a continuous angular function 

without the inevitable instantaneous jumps from O0 to 359° was desirable. A polar 

coordinate plot with time assigned to the radius would be one possibility, but the 

magnitude and nature of fluctuations are very difficult to view on these plots. Instead, a 

continuity algorithm was employed by the python script. At each time point, t, the angle 

is determined, and compared to the angle at the previous time point, t-1. If the angle 

crosses the positive X-axis, from quadrant I to quadrant IV of the Cartesian plane, or vice 

versa, a running correction factor (which initially is equal to zero) is incremented or 

decremented by 360 degrees. This determination is made by comparing the signs of the 

sin() and tan() functions of the angles at time = t and t-1 ; if both are positive at one step 

and negative in the following step, or vice versa, the axis has been crossed and the 

correction factor is incremented appropriately. This correction factor is then added to the 

angle before output. In this way, the absolute rotation from the initial starting condition 

is calculated, rather than the instantaneous angle relative to the X axis. 

6.2.8 Lipid density and bilayer deformations 

Lipid density graphs were made using the gridcount (version 1.1.1 ) program by 

Oliver Beckstein (Beckstein, 2004), and analyzed with a combination of the grid slicing 

utility a_ri3Dc (an analysis program included with gridcount), and matlab image 

processing functions. Density analysis was done on the final 3 us of simulation data in 

the case of the coarse grained simulations, and on the final 20 ns for the atomistic 
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simulations. For the gridcount analysis we used a maximum radius of 9.1 nm, spatial 

resolutions of 0.05 nm in X, Y and Z, and the -nom flag which forces a count of 

individual atoms, rather than molecules, thus allowing the absolute matter density to be 

analyzed in slices. Slices of 0.5 nm thickness were averaged and output as 2-

dimensional density plots using a_ri3Dc. These 2-dimensional plots were imported as 

matrices in matlab, numerically scaled to fit the maximum greyscale image density range, 

and plotted. The bilayer deformation was visualized with VMD (Humphrey et al., 1996). 

Density is calculated in the reference frame of the combined peptide center of mass. 

6.3 Results 

6.3.1 PMFs and energetics for coarse-grained WALP23 and atomistic polyleucine 

The PMFs for the association of WALP23 in both the parallel (PA) and 

antiparallel (AP) configurations (Figure 6-1), with only center of mass restraints on the 

peptides (for the harmonic umbrella potentials), are fairly smooth functions of separation, 

with minima at interhelical separations of 0.67 nm (PA) and 0.69 nm (AP). A favourable 

free energy of association of ca. -15 kJ/mol is calculated for both antiparallel and parallel 

association. The enthalpy profile is likewise favourable, showing AHa = -30 kJ/mol, 

indicating an unfavorable positive -TAS (entropy) for this association of about +15 

kJ/mol. We see a much larger free energy of association (ca - 40 kJ/mol) for the case 

where the helices are restrained by their c-alpha atoms during the association process 

(Figure 6-2). 

The PMFs for polyleucine in an atomistic representation appear poorly defined 

and noisy (Figure 6-3), but both exhibit what appears to be an energetic barrier at an 

interhelical separation of 1.3 nm, about 0.3 nm from the contact minimum of 1.0 nm, 



156 

Figure 6-1. Coarse-grained PMFs for association of WALP23. 

PMFs (black) and enthalpy profiles (total potential energy, grey) for the association of 

WALP23 helices in DOPC (coarse grained). The minimum for antiparallel case is at 0.69 

nm and the profile extends to 0.56 nm. The minimum for parallel case at 0.67 nm and the 

shortest separation in the profile is 0.56nm. The PMFs are plotted by the standard error 

boundaries over the final three successive 1 microscond simulations; average with 

standard error bars are shown for the enthalpy. 



Figure 6-2. PMF for parallel helices with harmonic restraints on backbone atoms. 

A minimum is seen at 0.7 nm, similar to the unrestrained case. Several presumably lipid-

mediated minima are seen as the helices approach from d < 2 nm to the global minimum. 
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Figure 6-3. PMFs for the association of atomistic polyleucine in D O P C 

While the profiles are poorly defined, there is what appears to be a desolvation barrier at 

about 1.3 nm, 0.3 nm from the contact minimum. 
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which corresponds to about half a lipid thickness in this system. The parallel situation 

appears to give a better defined profile, with AGa -=-15 kJ/mol and a barrier of ~+5 

kJ/mol, whereas the antiparallel arrangement appears to show unfavourable association 

with a preferred interhelical separation of 2.3 nm, which is likely just a consequence of 

the poor sampling. 

6.3.2 Helix tilts, crossing angles and rotations 

The coarse grained simulations gave well converged crossing angles and average 

tilt angles with little variation between successive 1 us windows (Figure 6-4). While the 

helices are well separated (d > 2.0 nm) tilt angles stay relatively constant near 12 degrees 

and helix-helix crossing angles remain around zero. A small rise in tilt angles, with a 

peak of 15 degrees at d = 1.6 nm, and a smaller secondary peak at d = 1.3 nm, is seen in 

both antiparallel and parallel cases as they approach between 2.0 and 1.0 nm. The 

crossing angles drop rapidly to around -30 degrees, from d = 1.3 nm until the helices are 

fully associated. 

The antiparallel case show a dramatic jump in tilt angles to around 25 degrees at d 

= 0.93 nm, and then a drop to 10 degrees around d = 0.85 nm. These correlate with a 

drop in crossing angle to about -30 degrees at d = 0.93 nm, and then a rise to near zero 

degrees at 0.85 nm. The structures of the dimer at these two unusual points in the profile 

are shown in Figure 6-6. 

In the atomistic polyleucine simulations, helix tilts and crossing angles were 

poorly sampled (Figure 6-5), although the crossing angles appear to stabilize to a small 

positive value (a left handed coiled coil) in the region where d < 2.0 nm. Helix tilts 
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varied between -10° and -30° without any easily discerned trend. Crossing angles varied 

somewhat from -20° to +20°, and were positive in the close association regime from 1.2 

to 0.9 nm. 

An inspection of the time evolution of one tilt angle during a simulation (Figure 

6-7) showed that in the case of the coarse grained simulations the tilt fluctuated freely 

around a range of approximately 0 to +30, whereas it remained locked at around 30 

degrees in the much shorter atomistic polyleucine simulation. The autocorrelation 

function decayed to zero after around 20 ns in the coarse grained case, and 10 ns in the 

atomistic case, although the latter is unreliable due to the small number of samples in a 

50 nanosecond simulation. The tilt autocorrelation functions change with interhelical 

separations (Figure 6-8), decaying more rapidly when the helices are dissociated (d > 0.9 

nm) than when they are associated, indicating tilt motions occur more slowly in the 

complex. 

Rotation of the individual helices is inhibited at close interhelical distances 

(Figure 6-9, left); this degree of freedom is hardly sampled at all in the close association 

regime, with the helix rotational orientation effectively fixed at d < 1.0 nm. In the 

vicinity of d= 1.16 to 1.26 nm, the helices show occasional rotational motion, but this 

occurs slowly (perhaps one or two full rotations over four microseconds of simulation). 

This is also where the steep region of the PMF begins to flatten out as the helices move 

out of contact (Figure 6-1). More distantly separated helices, effectively non-interacting 

monomers, show more extensive rotation (Figure 6-9, right). The autocorrelation 

functions for these rotations (defined on the range 0 < ^ < 360 ) are not well defined due 

to the slow rotation of the helices relative to the total simulation times (not shown), but 



161 

Helix-helix center of mass distance (nm) 
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Figure 6-4. Helix tilts and crossing angles during association (CG). 

Helix tilts (top) and crossing angles (bottom) as a function of interhelical separation for 

the coarse grained WALP23 simulations. Shown are the averages with standard errors 

calculated over the final three successive microsecond simulation blocks. A negative 

crossing angle indicates a right handed structure. 
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Figure 6-5. Helix tilts and crossing angles during association (atomistic) 

Helix tilts (top) and crossing angles (bottom) as a function of interhelical separation for 

the atomistic polyleucine simulations. These values represent averages (without error 

estimate) over the complete simulation periods at each umbrella window. 
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Figure 6-6. Schematic of C G WALP23 structures in bilayers 

Antiparallel coarse grained structures at interhelical separation distances of 0.85 nm (left) 

and 0.93 nm (right). The first monomer is shown in red with orange leucine particles, 

and the other in blue with leucine indicated by purple. Lipid bilayer phosphates are olive. 

The structure on the left is representative of the associated state, with interdigitation of 

some of the leucine side chains. The right hand structure shows a state where the helices 

adopt larger tilt angles to overcome the penalty of having a harmonically restrained 

interhelical separation that can not readily incorporate a lipid molecule, but is far enough 

apart to result in a void space between the helices if they do not tilt. The nature of the 

helix-helix interaction shown on the right (with the WALP23 ribbon structures laying flat 

against one another, rather than interdigitating) is typical of the fully associated state, 

albeit with a less pronounced tilt in the bilayer, and registration of the helices along their 

axes. 
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many of them show peaks (C(t) ~ 0.2) between 500 and 1000 ns, indicating that the 

approximate time for sampling a complete rotation of a monomeric helix in a DOPC 

bilayer is on the order of 500ns with the coarse grained model, and possibly longer for an 

atomistic model. An analysis of the lipids with the GROMACS utility grotacf shows 

their rotational autocorrelation functions (defined for the headgroups) decay after about 

10 ns; they rotate very quickly compared to the proteins. Coordinate analysis (not shown) 

showed that the lipids in the short atomistic simulations remain caged in regions 

approximately 1 nm2, whereas in the multi-microsecond coarse-grained simulations they 

diffuse and sample almost the full extent of the simulation box. 

6.3.3 Sampling times 

PMFs were calculated using smaller blocks of simulation data (Figure 6-10). 

PMFs calculated from 25 nanosecond simulation blocks show significant variation and 

artifactual features, although the overall shape of the curve remains similar to the 

converged result. The spread of AGa values is on the order of 30 kJ/mol. When the 

simulation blocks are increased to 100 ns, some of the artifacts smooth out, and the 

spread in AGa is reduced to about 15 kJ/mol. Further improvements are seen with 250 

nanosecond blocks, but the profile still changes, undergoing a shift after two periods or 

500 ns. On the microsecond time scale, the profiles are reasonably well converged. 

6.3.4 Lipid density and bilayer deformations 

Viewed from the side, the protein helices sit roughly in the center of the bilayer, 

with a length that roughly matches the hydrophobic thickness of the bilayer (Figure 6-11, 
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inset). Viewing the averaged lipid density as a function of bilayer depth shows that the 

hydrophobic core of the bilayer becomes ordered around the protein inclusion (Figure 6-

11), with annuii of ordered lipid tails extending three or four layers deep. The size of 

particles in the CG force field is 0.47 nm (Marrink et al., 2007), and the rings are roughly 

the same thickness (0.45 to 0.5 nm), so each layer corresponds to the thickness of a lipid 

tail. This ordering is most pronounced in the hydrophobic center of the bilayer and is 

virtually unnoticable in the headgroup regions. 

As the helices separate, these ordered rings engage in patterns reminiscent of 

constructive and destructive interference between series of waves originating from 

multiple sources, indicating the existence of preferred positions for lipids that arise as a 

consequence of the ordering around the two proteins (Figures 6-12, 6-13 and 6-14). Very 

little difference was seen between the lipid structures for the parallel and antiparallel 

helix arrangements. In all stages of association it is possible to discern ordered lipids 

extending up to 3 or 4 layers deep, keeping in mind that each layer is a single acyl chain 

or half a lipid. The spatial extent of this effect is ~1.5 to 2 nm thick around each protein. 

The atomistic polyleucine simulations show some indication of these annuii of 

lipids, but they are punctuated by discrete spots of density corresponding to individual 

lipids which are trapped due to the short simulation times (Figures 6-15 and 6-16). It 

appears that there is more ordering in the headgroups than is evident in the coarse grained 

case, but this is not completely certain, owing to the poor sampling. Nevertheless the 

extent of disruption from the protein inclusion can be seen to extend about 3 or 4 annuii 

deep, similar in spatial extent and structure to that seen in the coarse grained case. Bright 
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Figure 6-7. The time evolution of tilt angles 

Helix tilt time-evolution (left) and tilt autocorrelation functions (right): coarse grained vs. 

atomistic simulations from a window with the helices effectively monomeric at a 

separation of ~3 nm. In the atomistic case the helix is effectively locked at a tilt angle of 

around 30 degrees for the duration of the simulation, whereas in the much longer coarse 

grained simulations it is free to sample a range of ~0 to 30 degrees freely. The different 

dynamics in the CG bilayer may also impact the rate of tilt adjustment; it appears slower 

in the atomistic bilayer. The autocorrelation function for the coarse grained case shows 

decay to zero after 15 to 20 ns, whereas the function is poorly defined for the atomistic 

simulations. 
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Figure 6-8. Helix tilt autocorrelations as a function of separation (CG). 

Tilt angle motions of single helices relative to the bilayer occur more slowly in the case 

of associated helices (d < 0.91 nm), and these motions form two distinct regimes for the 

associated and dissociated states. 
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Figure 6-9. Helix rotational motion 

Time evolution of the total helix rotations (helix 1) for different interhelical separations 

from d=0.69nm to d=l .36nm (left). As the helices become separated, they become free 

to rotate; this occurs in the vicinity of d= 1.16 (dark grey) to d=1.26 (black). More 

distantly separated helices show a more pronounced rotation (right, note different scale). 

In the tightly associated case (d < 0.93 nm) effectively no rotations are observed, whereas 

for the dissociated state we see one full rotation takes approximately 500 ns. 
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Figure 6-10. PMF convergence and sampling issues 

Shown are PM Fs calculated over sets of successive simulations of varying lengths. The 

first three panels show data from the time period t = 2.7 us to t = 3.7 us. Top left: 25 ns 

time periods. Top right: 100 nanosecond time periods. Bottom left: 250 nanosecond 

time periods. The final panel shows PMFs calculated from the longer simulation blocks 

(bottom right). Note that the first PMF is taken from 500 ns of the equilibration period (t 

= 0.2 us to t = 0.7 us), whereas the other four are from sequential 1 us blocks of data. It 

appears that even on the scale of 500 ns and 1 ps there are adjustments that result in shifts 

of the profile (bottom left). 
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spots of high density corresponding to lipids with reduced mobility near the protein 

surface, and particularly in the interface between proteins, can also be seen. 

The average density of the bilayer, viewed from the side, shows inward curvature 

of the bilayer around the embedded proteins, which becomes more pronounced and 

longer range when the helices are associated (Figure 6-17). The range of this effect is 

between 1.2 and 2.4 nm. Thus the headgroups, while not obviously perturbed by annuii 

of density, do become involved in a curved structure near the proteins. 

6.4 Discussion 

6.4.1 Comparison to experiments and other PMF studies 

The past few years has seen the appearance of free energy simulations of helix-

helix association (Henin et al., 2005; Lee and Im, 2008; Zhang and Lazaridis, 2006), 

aggregation and folding (Soto et al., 2006), and at least one coarse-grained free 

simulation of glycophorin A from which thermodynamic parameters were estimated 

(Psachoulia et al., 2008). Numerous experimental thermodynamic studies have also 

been published (MacKenzie and Fleming, 2008). As previously discussed, the range of 

free energies for helix-helix association in various systems spans the range -9 to -30 

kJ/mol (Table 6-2). The most pertinent measurements for comparison to this study were 

conducted on the simple leucine-alanine sequence (AALALAA)^ in vesicles of varying 

lipid composition (Yano and Matsuzaki, 2006; Yano et al., 2006). This peptide is similar 

in composition to the WALP23 peptide used in the present simulation study, and in 

POPC vesicles shows an association AGa = -12.7 +/- 0.4 kJ/mol, AHa = -31.3 +/- 1.0, and 

-TAS = +18.7 +/- 1.1. The theoretical values from this study are remarkably close, at 
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Table 6-2. Helix-helix association energetics 

Protein Free energy 

limits 

(kJ/mol)' 

Environment Reference 

Lower Upper 

Fibroblast -17 -11 POPC liposomes (Merzlyakov et al., 2006) 

Growth Factor 

Receptor 3 

Glycophorin A -29 -18 Various micelles (Fleming, 2002; Fleming et 

al., 2004) 

erythropoietin -25 -20 C14SB micelles (Ebic and Fleming, 2007) 

receptor 

(AALALAA)3 -26 -9 monounsaturated 

C14to C22 
phosphatidylcholine 

LUVs 

(Yano and Matsuzaki, 

2006) 

Values reported vary depending on assumptions regarding definition of standard state, 

micellar detergent or lipid used, other experimental conditions. 
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AGa = -15 kJ/mol, AHa = -30 kJ/mol, and -TAS = +15 kJ/mol. The protein-lipid coarse 

grained model was parameterized to reproduce the partitioning of amino acid side chains 

and peptides into bilayers (Monticelli et al., 2008), and this good agreement with helix-

association experiments gives further justification for the use of this force field in 

studying helix interactions. Thus it appears that some of the entropie errors resulting 

from reducing the detail of the bilayer and protein may be systematic enough to permit 

free energy analyses of this kind (ie, the relative behaviours along the reaction coordinate 

are still correct). 

Native-like contacts were also seen in another study on the association of 

glycophorin A (Psachoulia et al., 2008), further justifying the use of this force field. The 

good performance with glycophorin A and with the simple model WALP23 peptides 

indicates that geometric features of the helices and coarse bilayer properties are important 

for certain types of, but not necessarily all, helix-helix interactions. The limits of the 

force field have yet to be fully determined, but it should be expected to break down when 

very detailed side chain interactions are required for membrane protein structure or 

function. 

We note that in the case of both atomistic polyleucine and coarse grained 

simulations, very little sampling of the details of helix-helix interactions was done, with 

the helices effectively locked together. A multidimensional PMF would be necessary to 

sample the details of helix-helix association interfaces, due to the very slow sampling of 

this property (effectively locked over multiple microseconds of simulation). 

The restrained parallel coarse grained profile is surprising in that the free energy 

change observed is much larger (Figure 6-2). While it is possible that this is a 
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consequence of a shorter equilibration and production period, it also likely reflects the 

fact that restraints on the helical degrees of freedom were not relaxed at the end points, 

such that the profile represents a different association process between what are 

effectively different molecular species from the unrestrained case. It is likely that a 

significant entropie penalty on the dissociated states is incurred by reducing their 

orientational freedom, which would be larger than the entropie penalty on the associated 

dimer, since it acts in the bilayer as a single moeity and would naturally have reduced 

internal degrees of freedom due to the association. Unfortunately the enthalpic profile is 

very noisy due to the shorter sampling period and can not be reliably interpreted (not 

shown). We also see the appearance of a small barrier to association, which is not 

present in the association of the unrestrained helices. This may have implications for 

other helix-helix interaction studies which impose restraints (MacCallum et al., 2007); it 

may be difficult to draw conclusions about an association process in the presence of 

constraints on the pathway the process must take. In the case of this study, an alternative 

pathway is sampled by the helices when the restraints are removed, which effectively 

eliminates this apparent barrier to association. 

Recently, Lee and Im reported a PMF for the association of a model peptide 

(pVNVV) conducted in explicit bilayer, albeit with short total simulation times of 15 

nanoseconds per window (5 nanoseconds per "independent" sample). The method used 

to calculate the PMF (average forces) allowed breakdown into components such as lipid-

helix interactions, helix-helix interactions, and the contribution from different residues to 

the association profile. They determined that helix-lipid interactions provided an 

unfavourable contribution to the association process due to an unfavourable enthalpic 
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contribution (counteracted by a slightly favourable entropie change) when solvating 

lipids are pushed out to accomodate the dimer. The number of lipids displaced was on 

the order of ten, in roughly comparable to the displacement seen in the presented lipid 

density graphs (e.g. Figure 6-13). 

6.4.2 Mechanism of association 

As indicated by the PMF and enthalpy profiles (Figure 6-1), the lipid density 

graphs (e.g. Figure 6-11 ), and the tilts and crossing angles (Figure 6-2), the helices begin 

to weakly interact at a separation of about 2 nm, where approximately three lipid tails (or 

one and a half lipids) would fit between them. This distance is consistent with the 

findings of Lee and Im on a leucine-valine rich peptide (Lee and Im, 2008). The lipid 

annuii (Figures 6-12 to 6-16) and bilayer curvature (Figure 6-17) suggest the helices can 

begin to interact when the helices are as far apart as 3 or 4 nm, but in the case of these 

proteins the energetic consequences of this appear to be negligible. The possibility of 

this impacting the associative process should not be precluded for other proteins, for 

example large proteins or those which tightly bind particular lipids, or in bilayers of 

different lipid composition. While the PMFs for the atomistic models are clearly not well 

defined (Figure 6-2), the observation that poorly sampled PMFs can retain the rough 

shape of well sampled ones (Figure 6-5) suggests that the overall shape of the atomistic 

PMF may be correct, at least in the parallel case which appears better resolved. Thus the 

interaction between polyleucine helices appears to extend to approximately the same 

distance through the bilayer (Figure 6-2). 
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In both the antiparallel and parallel unrestrained simulations, as the helices 

approach one another from a distance their tilt angles remain relatively constant at 12 

degrees from the bilayer normal (Figure 6-3, top). At a helix-helix separation of about 2 

nm, the tilt angle begins to increase and reaches a slight peak at around 15 degrees before 

returning to 12 degrees at around 1 nm separation. This slight hump in the tilt angle 

profile is seen in both antiparallel and parallel cases, and occurs at a separation 

corresponding to two lipid tails (Figure 6-9), or a single lipid. Beyond this point the 

behaviour of the two systems differs; in the parallel case, the tilt angles increase slightly 

(to accomodate the crossing angle of the dimer) and smoothly transition into the dimeric 

state. 

The antiparallel association exhibits an alternative pathway, whereby as the 

helices first come within contact distance they dramatically tilt in the bilayer to 

accomodate a direct helix-helix interaction at longer distances, switch to an interaction 

characterized by the interdigitation of leucine side chains at intermediate contact 

distances, and then switch to the preferred ribbon face (alanine) contacts at shorter 

distances. 

In the antiparallel case we see a dramatic increase in crossing angle and tilt at 0.93 

nm. On examination of the trajectory, it was discovered that this tilt reflects each helix 

pivoting around its center of mass, such that one helix lays flat against the other, thus 

forming a dimer of highly tilted helices (Figure 6-6). The structure shows packing of the 

WALP23 ribbon faces (via alanine), rather than side chain interdigitation (via leucine). 

This behaviour occurs at an intermediate distance where there is insufficient space 

between helices to accommodate a lipid, and appears to be a mechanism by which this 
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void volume can be avoided. Its presence in only the antiparallel case may reflect the 

backbone charge distribution (opposite charges interacting favourably) or may be a 

consequence of the precise harmonic restraint reference positions used for umbrella 

sampling, which differed slightly between runs. It is notable however that in the 

presence of backbone restraints on the helices, we see what appears to be a desolvation 

barrier at this distance in the PMF (Figure 6-2). Thus this tilt in the unrestrained case 

may represent a pathway that minimizes the penalty of having the helices desolvated, by 

allowing them to associate in spite of the restraint that would hold them beyond the 

contact distance. 

At the slightly closer separation distance of 0.85 nm, leucine side chains 

interdigitate, presumably to maximize the contact area between helices. In the more 

closely associated windows, including the contact minimum, this interdigitation 

disappears as the dimer forms a structure dominated by alanine-alanine contacts (ie, the 

flat faces of the twisted ribbons associate). 

This behaviour is reflected in the crossing angles; helices begin to interact, as 

indicated by a drop in the crossing angles towards the native value of -20 degrees, at 

about 1.3 nm separation. In the antiparallel case, the behaviour at 0.93 nm is reflected by 

the crossing angle increasing as the helices lay flat against one another in the bilayer 

(Figure 6-6). 

Lipids form annuii of altered acyl tail density (Figures 6-11 to 6-16), and bilayer 

curvature (Figure 6-17), around the helices. When helices get close, these annuii form 

what may be very slight desolvation barriers as seen in the case of hydrophobic helices 

associating in water (MacCallum et al., 2007). However these barriers only appear in the 
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association PMF when the helices are held rigid and are sampled out when the helices are 

free to adopt tilts that minimize unfavourable solvent interactions, though we do see 

similar behaviour in the PMF for the association of atomistic polyleucine (which is 

effectively constrained by the short sampling time). Thus it appears that once helices 

diffuse into a favourable range, they likely quickly tilt (or otherwise associate) to 

overcome this barrier and squeeze out lipids. We note that the slight barriers occur at an 

interval similar in size to lipid tails, rather than entire lipids (ca. every 0.4 nm), in 

contrast to the wholc-lipid separated minima seen in another coarse grained study which 

looked at hydrophobic mismatch using a cylindrical protein model in coarse grained 

lipids (de Meyer et al., 2008). The WALP23 coarse grained protein is short enough to be 

fully embedded within the bilayer, whereas in that particular study the lipid-separated 

minima occurred with longer proteins that protruded significantly from the bilayer, thus 

disrupting the headgroups. The details and range of lipid-mediated interactions between 

helices are likely dependent on the nature of the protein inclusion, but is shown here to 

extend approximately 2 nm from the protein. 

6.4.3 Time scales and sampling requirements 

The rotational and tilt analyses show that the timescale for protein tilting and 

helix-helix crossing angle modulation is in the tens of nanoseconds (Figure 6-7), whereas 

helical rotations occur over hundreds of nanoseconds or microseconds (Figure 6-9). 

The autocorrelation functions for these rotations are poorly defined (not shown), which 

demonstrates the relative lack of sampling of this structural property even with these 

multi-microsecond simulations. Over the period 1.7 to 4.7 us, we see that the dissociated 

helices undergo perhaps four to six complete rotations (Figure 6-9, right), which appears 
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insignificant when attempting to calculate bulk thermodynamic properties, although the 

PMF does reproduce the experimental thermodynamic properties well. When the 

interhelical separation is reduced, this rotation is inhibited. Likely these rotations are not 

as important for sampling a relatively generic association process, but these slow motions 

need to be accounted for when specific interactions between helices must be found in an 

unknown system. When multidimensional free energy sampling cannot be attempted, it 

would be prudent to model the helix-helix interactions in the dimer using some other 

method to try to capture the correct associated state (Adams et al., 1996; Ash et al., 

2004a). Lipids rotate relatively quickly, on the nanosecond timescale, but diffusion of 

lipids is much slower. The timescale for this process is in the tens to hundreds of 

nanoseconds. 

The ways in which the motions on these different time scales may affect the PMF 

was analyzed by recalculating the PMF using data from sets of shorter sub-simulations 

(Figure 6-10). PMFs are very poorly converged when only 25 ns of time is used for their 

calculation. Even with 100 ns of simulation data per window, which is still a lot of 

simulation time for a study of this kind, the spread in calculated AGa is at least 15 kJ/mol, 

a very significant error compared to the converged AGa value of -15 kJ/mol. Futhermore, 

the microsecond PMFs show that a long equilibration period is required to see converged 

profiles; while the first 700 ns give a good agreement with the final converged profile, a 

profile calculated from the time period t=0.7 to 1.7 us shows an altered profile; only after 

1.7 us do we see consistently converged profiles. Thus the slower dynamics are 

important to determining an accurate PMF. Furthermore the imposition of restraints to 

remove some of these slower degrees of freedom from the simulation results in a large 
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deviation from the unrestrained result (Figure 6-2). A similar effect was seen when tilt 

angles were restricted in a model protein / bilayer system - imposing the restraint resulted 

in a larger association free energy (de Meyer et al., 2008). Thermodynamic integration to 

remove these restraints at the end points was not done, but could be recommended in 

light of these results. 

6.5 Conclusions 

The coarse grained model gives good agreement with experiments in terms of both the 

total free energy of association and the enthalpic contribution. Proteins begin to feel the 

effects of one another at around 2 nm separation. Lipids play a role in the association 

process by forming ordered rings around the proteins and by forming a small desolvation 

barrier, and effect which appears relatively small and is not noticed in calculations that 

give the helices conformational freedom. Helices therefore associate by a mechanism 

that avoids kinetic barriers and is limited by diffusion. Simulation times of hundreds of 

nanoseconds to microseconds are required to sample the relevant motions of a membrane 

protein system and get converged PMF profiles, but even then the sampling of the helix-

helix interface at the dimer interface is very poor. Multidimensional free energy 

sampling should be considered a requirement to assess the folding of real helices in cases 

where the associated structure is not known. 
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Figure 6-11. Lipid density as a function of bilayer depth 

Upper left: distribution of components along the normal to the bilayer for one coarse 

grained, parallel simulation, with peptides associated. The protein is found 

approximately centered along the normal axis, in the hydrophobic core of the bilayer. 

Remaining panels indicate the relative lipid density plotted on a scale from the minimum 

(black) to maximum (white), as a function of slabs parallel to the bilayer plane, from 

depths of 2.5 to 8.0 nanometers relative to the absolute upper boundary of the simulation 

box. The protein region shows up as areas of minimum lipid density (black), and 

concentric rings indicate differences in lipid density due to ordered lipids around each 

protein inclusion. Each ring is 0.4 to 0.5 nm in thickness, corresponding to the thickness 

of a lipid tail. 
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Figure 6-12. Lipid behaviour during the close-association milieu 

Relative lipid densities in the hydrophobic core of the bilayer (Z=5 to 5.5 nm from the 

upper limit of the simulation box) as function of interhelical separation, from 0.64 to 1.53 

nm (as indicated above each frame), for the coarse grained, parallel WALP23 

simulations. 
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Figure 6-13. Lipid behaviour at larger interhelical separations 

Relative lipid densities in the hydrophobic core of the bilayer for longer range helix-helix 

interactions, for the parallel coarse-grained WALP23 simulations. Concentric rings of 

density corresponding to several lipid tail layers are observed around each protein 

inclusion. 
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Figure 6-14. Lipid density as a function of antiparallel peptide separation 

The distribution of lipids in the antiparallel case is qualitatively very similar to the 

parallel simulations; lipids are ordered over several nanometers in both the associated 

(upper left) and dissociated (lower right) states. 



184 

Figure 6-15. Lipid densities in atomistic simulations 

The transverse density profile for the simulations is shown in the upper left panel; peptide 

(dashed line) is found centered in the hydrophobic core (dot-dashed line) between 

headgroups (solid lines). Lipid density as a function of bilayer depth shows much more 

ordering, with headgroups and tails well resolved. Numerical labels indicate the depth in 

the bilayer (in slabs 0.5 nm thick - the panel labelled 3 is the average density in a slab 3 

to 3.5 nm projected to two dimensions). 
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Figure 6-16. Lipid densities in response to helix association 

Shown are densities in the central slab of the bilayer (Z= 4 to 4.5nm), from interhelical 

separations of 0.86 nm to 4.71 nm. High ordering due to the short simulation periods are 

observed, though some indication of the concentric density rings seen in the coarse

grained case is seen (for example, panel 3.34). 
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Figure 6-17. Average bilayer structure showing membrane curvature 

An average structure view of the coarse grained simulations shows inward curvature of 

the bilayer. Black regions are the regions occupied by lipids, white show interfaces 

between lipids and water or protein. Grey rectangles and dashed lines show approximate 

positions of peptides and lipid headgroups. Top: associated helices, bottom: dissociated 

(d = 3 nm). Left panels show the view along the association axis, right panels from the 

side of this axis. 
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Chapter Seven: Philosophy and outlooks 

7.1 Conclusions 

Insights into the nature of helix-helix interactions have been presented throughout 

this work, either qualitatively or quantitatively. In Chapter 4 the accommodation of 

many single amino acid mutations into simple hydrophobic helices did not disrupt the 

structure, and hydrogen bonding residues and large residues impacted the dynamics of 

the helices, causing them to lock together in a more correlated manner or to become more 

loosely associated. Methodological limitations did not allow the effects of these 

mutations to be quantified; at the time of work, 20 nanosecond simulations were reaching 

the practical limits for this. Post-publication simulations up to 100 nanoseconds or so 

exhibited very little new information. 

With the WALP23 helices examined in Chapter 5, we determined that the 

electrostatic interactions between helix backbones had a demonstrable effect on the 

predicted structure of transmembrane helices, with antiparallel arrangements dominated 

by closer contact involving small alanine residues, and parallel interactions mediated by 

larger leucine residues, with the latter showing larger helix-helix crossing angles. A 

structural clustering analysis of helix interactions in known membrane protein structures 

has shown that antiparallel interactions are dominated by smaller crossing angles, but 

both parallel and antiparallel helices prefer to interact primarily with small residues 

(Walters and DeGrado, 2006). The precise differences between antiparallel and parallel 

interactions were not explicitly probed, but an effort to do so could yield useful 

information about helix interaction fundamentals. 
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As both of these studies lack firm quantitative, thermodynamic information about 

helix-helix interactions, the development of a framework to study such interactions was 

deemed necessary. Preliminary efforts to quantify these interactions with pure 

polyleucine helices represented in full detail was discouraging, with very poorly 

converged results appearing after months of simulation time. The development of the 

coarse grained approach allowed simulations of a duration sufficient to develop a 

statistically rigorous description of the helix-helix association process, but with a loss of 

some potentially important detail. In addition to information about the role of lipids, and 

the energetics of the process, an interesting result is that the imposition of structural and 

orientational restraints on the helices results in the appearance of kinetic barriers to the 

association process that disappear upon relaxation of these restraints. While free energy 

is pathway independent, this demonstrates the difficulties in making conclusions of the 

nature of a process from a restrained simulation like this. It seems that under 

unrestrained conditions, transmembrane helices can find a smooth pathway to 

association, by adjusting their tilt angles and conformation in the bilayer. An interesting 

potential extension would be to look at the energetics of association of larger proteins 

using the coarse grained model (Periole et al., 2007), or of single helices binding to larger 

multi-helix bundles, to see how the dynamics of the system changes. 

7.2 Deficiencies 

The obvious problem that arises is that one has to find a balance between 

statistical rigor and molecular detail. The modelling work in Chapters 4 and 5 was 

atomically detailed, and gave some structural insights into these peptides, but was 

insufficient to make conclusions about the important thermodynamics of the process. In 
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other words, we may have predicted hypothetical structures for dimers of helices that 

would not be naturally stable in a real membrane! 

The ideal calculation for understanding transmembrane helical-protein folding 

would involve a large scale investigation of multiple sequences, or multiple single amino-

acid mutants, with a rigorous atomistic free energy protocol. It was the goal of my thesis 

research to realize this, but technical limitations that were not fully known a priori made 

this a difficult undertaking. The coarse grained model gave the ability to rigorously 

analyze the statistics of this process, and thus provided an understanding of the 

computational requirements; multiple microseconds for each umbrella potential, or a 

higher dimensional sampling protocol in which other slow degrees of freedom such as the 

rotation of helices are incorporated into the umbrella sampling, are effectively a 

requirement. This large sampling requirement was independently determined by 

Grossfield and colleagues who studied multiple 100 nanosecond simulations of a larger 

membrane protein and determined that the dynamics of the protein were inadequately 

represented (Grossfield et al., 2007). 

It is noteworthy that a recently published paper on a similar transmembrane 

peptide used extraordinarily short simulations, but presented apparently well-converged 

results with small reported error bars albeit by omitting water from the calculation (Lee 

and Im, 2008). Due to the very slow dynamics of these systems, and the convergence 

properties demonstrated in Chapter 6, it is the author's opinion that such short 

simulations are grossly insufficient to be useful for more general thermodynamic 

problems, and that the error estimates are representative only of the high correlation 

between "independent" 5-nanosecond-long samples. In general this outlines a major 
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shortcoming of some past simulation work; in a zeal to put these exciting techniques to 

work, many simulations have suffered from grossly inadequate sampling. Nevertheless, 

it is unfair to make a blanket condemnation, for many existing simulation studies have 

looked at properties for which the compelling argument can be made that rigorous 

sampling may not be necessary; for example the coupling of motion between domains of 

proteins, bulk movements that may represent the underpinnings of important 

mechanisms, the binding or movement of very small molecules or ions through pores, etc 

(Ash et al., 2004b; Khalili-Araghi et al., 2009; Moussatova et al., 2008). The principle 

problem comes when a thermodynamic understanding of a process is attempted without 

rigor, which in the case of membranes, as with many large systems with relatively slow 

dynamics, can be a very difficult achievement. 

7.2.1 Semi-empirical/knowledge-based approaches 

A dramatically different approach from the atomic detail and real-time trajectories 

of molecular dynamics comes from knowledge-based potentials and semi-empirical 

approaches. The general approach is to model real interactions through various energy 

terms that approximate the contributions to the free energy of the final structure; 

approximations of electrostatic effects, packing effects, solvent and protein entropy, are 

modelled with empirical functions to try to capture the essence of these driving forces at 

considerably lower computational expense than a corresponding rigorous molecular 

dynamics calculation. 

In some cases even a very simple, intuitive description of macromolecular 

properties, such as the observation that small side chains tend to dominate helix-

interaction interfaces, can lead to interesting predictions (Arkin, 2002). More elaborate 
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treatments such as the Rosetta folding protocol (Barth et al., 2009), docking protocols 

(Dell'Orco et al., 2007), and various semi-empirical approaches (Dell'Orco, 2009), have 

proven useful for probing energetics and structure of proteins. The major disadvantage of 

these approaches is that the estimate of the entropie contributions from various elements 

(side chains, backbone flexibility, solvent interactions) is necessarily very generic and 

may lead to significant errors (Das and Baker, 2008). 

7.3 Backwards science; define problem, run simulation, develop hypothesis and 

conclusions 

One possible problem with some simulation studies, including some of the 

research presented in this thesis, is that it has tended to sidestep the traditional methods of 

hypothesis driven science. Owing to the belief that a simulation gives complete 

molecular details of a system, it is tempting to simply start a detailed simulation of an 

interesting protein or system, run it for as long as is practical, and then attempt to "figure 

out how the thing works" after the fact. This presents an interesting philosophical 

problem, because in principle a complete description of the molecular details of a system, 

with adequate sampling, does allow us to directly observe things that were previously 

inaccessible to direct observation. But due to the severe limitations on sampling and 

system size, the trade-offs and inaccuracies of different force fields and topological 

descriptions, not to mention the classical mechanical approximation, this is a very 

inefficient way to approach many mechanistic and structural problems in biochemistry. 

As outlined above, sampling limitations imply that many interesting transitions will be 

inaccessible or poorly sampled during an unguided, straight simulation. Many of the 

more efficient free-energy techniques require defining both end points and a pathway for 
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some mechanism, and restraining or pulling the system from one state to another 

(Sotomayor and Schulten, 2007). Without a strong hypothesis for the nature of the 

starting and end states, such simulations can be difficult to define. 

In a related manner, much of my thesis research has surrounded the use of simple 

model peptides to try to probe helix-helix fundamentals. But while there are hints about 

the importance of certain things, such as sequence motifs, hydrogen bonding, and tight 

packing, the fact that they are unknown makes the development of testable hypotheses 

difficult. In many respects knowing where to look is one of the most difficult things in 

science, and knowing where to look is tantamount to having the answer ahead of time. In 

the work outlined in Chapter 4,1 began with the idea of determining the structure of 

leucine-containing peptides in a membrane, with the hypothesis that they form a coiled 

coil. But it appears that in many cases leucine-enrichment is not the most common 

predictor of helix-helix interactions in membrane proteins, which instead prefer to 

interact via shorter side chains such as alanine, serine, and glycine, with longer chains 

playing a supporting role slightly outside of the main helix-helix interface. While the 

idea was to develop a simple framework in which the effects of single amino acid 

mutations could be tested, there is evidence (some of which emerged after publication of 

this research) that sequence context is of extraordinary importance in modulating the 

effects of single mutations and motifs (Dawson et al., 2003; Doura et al., 2004; 

MacKenzie and Fleming, 2008). Thus the use of a helix that does not necessarily mimic 

the helices in real membrane proteins may have been a poor choice of model. A 

potentially more interesting problem, amenable to investigation with the methods used in 

that study, may have been to try to map the effects of shape complementarity of 
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interacting helix faces, and the structural consequences of amino acids on this, using 

well-packed helices from real membrane proteins as the model. 

In chapter 5,1 look at the effect of a helix dipole moment on WALP23, but the 

clarity of the hypothesis and the rigor with which it is tested are, in my opinion, 

somewhat difficult to justify, due to the fact that the hypothesis is not strictly resolved but 

instead new questions are developed ("Does this cause structural changes that convolute 

the interpretation of fluorescence resonance energy transfer data or are antiparallel 

peptides really preferred?"). Because a rigorous free energy approach did not seem 

feasible at the time, the use of other methods to corroborate the conclusions of the 

structural modelling perhaps could have been undertaken; for example, a quantitative 

look at the consequences of the reversal of the backbone electrostatic distribution using 

an electrostatic energy calculation could have been conducted. 

In the final chapter, the energetics of helix association is investigated. This led to 

some insight into the magnitude of the forces involved, the distance over which helices 

start interacting, the nature of the involvement of lipids, and gave a clear guideline for 

previously unknown sampling requirements, in some respects the problem could perhaps 

have been better defined. These are relatively new methods that have not yet been fully 

characterized and tested, and the mere use of them can pave the way to interesting new 

applications. However as they become established it will become necessary to ensure 

that they are applied to real problems in biochemistry or biophysics, rather than simply 

showcased for their own sake. For example, the number of methodological simulation 

studies on the glycophorin A system is staggering (Braun et al., 2004; Cuthbertson et al., 

2006; Dell'Orco et al., 2007; Kokubo and Okamoto, 2004b; Liu et al., 2003; Nanda et al., 
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2005; Petrache et al, 2000; Psachoulia et al., 2008; Torres et al., 2002a), and at some 

point it will likely become necessary to not only showcase a new technique on an 

established system like Glycophorin A, but also apply it to a novel problem in molecular 

biology. 

7.4 The experimental connection 

One key to ensuring simulation methods are put to good use is to tighten the 

collaboration between experimental research labs and simulation labs. While optimism 

and the excitement over having direct access to previously unobservable phenomena may 

at times blind simulation researchers to the limitations of the techniques (at least until 

computer power grows by a few orders of magnitude!), it is obvious that many of these 

limits are only of serious consequence when taken out of context of experimental 

constraints that have the potential to simplify the problem dramatically (Barth et al., 

2009; Booth and Cumow, 2009; Das and Baker, 2008; Liwo et al., 2008; Raveh et al., 

2009; Yarov-Yarovoy et al., 2006). For example, one of the slow motions sampled by 

the association free energy simulations in Chapter 6 is the rotation of helices, which 

occur on timescales of hundreds of nanoseconds to microseconds. Guided by an 

experimental constraint on, for example, a pair of contacting residues in an associated 

structure (from chemical crosslinking, NMR, etc), the degree of freedom corresponding 

to the relative orientation of the helices could be decreased significantly by imposing a 

simulation constraint on the orientation of the peptides. This could conceivably simplify 

the calculation time by an order of magnitude or more. A major caveat to this is that 

experiments often consider average averages or bulk properties, which may not be 

directly translatable into strict simulation constraints; for example, an NMR technique 
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may provide an average tilt angle for a peptide in a bilayer but the nature of fluctuations 

around that average may not be known (Ozdirekcan et al., 2007). Similarily, difficulties 

in interpreting indirect experimental information may lead to erroneous conclusions that 

may contradict the more directly-accessed simulation data (Ozdirekcan et al., 2007). 

7.5 Personal reflections on the nature of research 

Research is hard (Schwartz, 2008)! Had I encountered something similar to the 

illuminating letter written by Martin Schwartz, a microbiologist from the University of 

Virginia, in the early stages of the degree process I believe the appreciation of this would 

have been of tremendous benefit. It appears that upon entering the PhD program it is 

common to feel as though one has "arrived" and that one is finally a serious researcher, 

and that things ought to come easy from that point on. Even at the start of the PhD level 

one begins to interact with post-docs, read ground-breaking work and, if lucky enough to 

make it to a few big conferences, witness talks given by famous researchers. So the 

expectation that one should know everything begins to set in, and it can be difficult to 

deal with the omnipresent sense that you are lost in a mess of conflicting data, with a pile 

of really uninspiring (and sometimes downright bad) research papers to wade through! 

The path of research is fraught with difficulties, and there are plenty of lessons to be 

learned during the graduate school process, but perhaps the most important one (as 

voiced by Schwartz) is to learn to accept this sense of stupidity. A real, earth-shaking 

breakthrough is a rare event, and the way to such breakthroughs is not obvious -

otherwise they would not be breakthroughs. There are many false leads and poor 

decisions along the way, and that is just part of the process. 
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The pressure to publish frequently may be a detriment to good research at the 

same time that it encourages the spread of ideas. While the peer review process does 

weed out most of the truly atrocious manuscripts, in the simulation field there seems to be 

a large number of published works that present minor methodological advancements, or 

incomplete but suggestive studies that make weak or ambiguous conclusions and suggest 

further work will be necessary for clarification. The consequences of this are mixed; the 

methodological advancements, however minor, may indeed be of use to other 

researchers. Ambiguous conclusions may guide future hypotheses. But there is 

nevertheless an enormous amount of questionable research to wade through. A stronger 

focus on clearly defined problems, and clear, unambiguous results (insomuch as that is 

possible - this is science, not religion!) would benefit the simulation community. 

Another interesting issue concerns the value of fundamental research without 

clear applications to technology, medicine, military might, entertainment, and so on. A 

common criticism of basic academic research, usually found in political opinion columns 

written by people who seem to disdain scientists and universities, is that "it is not useful 

for anything!" Depending on the political and social environment you find yourself in 

you may hear this refrain often, and perhaps even start to (possibly subconsciously) 

believe it. As a scientist it is important to unapologetically espouse the value of 

knowledge for its own sake. The universe is complicated and interesting, and learning 

about it has intrinsic value that goes beyond whether or not one is able to develop the 

next big billion-dollar drug or turn lead into gold (although either of those things would 

probably be welcomed by most of us). It is worth reminding ourselves from time to time 

that it perfectly justifiable to engage in scientific research for the simple sake of curiosity, 



and even more valuable to try to impress this upon our students, friends, neighbours, and 

fellows citizens, lest we all fall into the utilitarian trap of only caring what something is 

"good for." Sometimesjust knowing how something interesting works is reason enough 

to study it. And for the pragmatists: the spinoffs of fundamental research can be difficult 

to anticipate. 

7.6 Future outlooks: membrane protein simulations 

I really do believe that the future of the field is grand. Advances in simulation 

methods, perhaps most notably in efficient sampling and the treatment of electrostatics, 

but also in simpler empirical approaches developing in response to new information on 

physical fundamentals and bioinformatics, mean that more accurate, faster, and more 

rigorous computational studies are becoming increasingly possible. But of course 

simulations will likely not be a replacement for experimental science for a very long 

time; some processes are intrinsically slow, and even multi-scale modelling methods 

(Dell'Orco, 2009; Sherwood et al., 2008; Young and Kitano, 2009) will have difficulty 

accurately representing the enormous complexity of real cells (Cusick et al., 2009; Young 

and Kitano, 2009). Nevertheless the integration of the detailed molecular information 

from molecular dynamics will likely play an important role in systems biology 

approaches of the future (Aloy and Russell, 2005). And as the enormous gaps in time 

and space scales between experiments and simulations shrink (due to advances in both 

arenas), the ability of these techniques to complement one another will doubtlessly 

increase tremendously, to the benefit of greater scientific knowledge of the natural world 

we inhabit. 
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