
Biophysical Analysis of 
Membrane Proteins

Investigating Structure and Function

Edited by
Eva Pebay-Peyroula


Innodata
File Attachment
9783527621231.jpg





Biophysical Analysis of 
Membrane Proteins

Edited by

Eva Pebay-Peyroula



Related Titles

Tamm, L. K. (ed.)

Protein-Lipid Interactions
From Membrane Domains to Cellular 
Networks

2005

ISBN: 978-3-527-31151-4

Nierhaus, K. H., Wilson, D. N. (eds.)

Protein Synthesis and 
Ribosome Structure
Translating the Genome

2004

ISBN: 978-3-527-30638-1

Schliwa, M. (ed.)

Molecular Motors

2003

ISBN: 978-3-527-30594-0



Biophysical Analysis of 
Membrane Proteins

Investigating Structure and Function

Edited by
Eva Pebay-Peyroula



The Editor

Prof. Eva Pebay-Peyroula

Institut de Biologie Structurale
CEA-CNRS-Université J. Fourier
41, rue Jules Horowitz
38027 Grenoble Cedex 1
France

All books published by Wiley-VCH are carefully 
produced. Nevertheless, authors, editors, and 
publisher do not warrant the information contained 
in these books, including this book, to be free of 
errors. Readers are advised to keep in mind that 
statements, data, illustrations, procedural details or 
other items may inadvertently be inaccurate.

Library of Congress Card No.:
applied for

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from 
the British Library.

Bibliographic information published by the 
Deutsche Nationalbibliothek
Die Deutsche Nationalbibliothek lists this 
publication in the Deutsche Nationalbibliografi e; 
detailed bibliographic data are available in the 
Internet at <http://dnb.d-nb.de>.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim

All rights reserved (including those of translation 
into other languages). No part of this book may be 
reproduced in any form – by photoprinting, 
microfi lm, or any other means – nor transmitted or 
translated into a machine language without written 
permission from the publishers. Registered names, 
trademarks, etc. used in this book, even when not 
specifi cally marked as such, are not to be 
considered unprotected by law.

Composition SNP Best-set Typesetter Ltd., 
Hong Kong

Printing Betz-Druck GmbH, Darmstadt

Bookbinding Litges & Dopf GmbH, Heppenheim

Cover Design Adam Design, Weinheim

Printed in the Federal Republic of Germany
Printed on acid-free paper

ISBN: 978-3-527-31677-9 



Contents

 Preface XIII
 The Editor XV
 List of Contributors XVII

Part I Introduction

1 High-Resolution Structures of Membrane Proteins: 
From X-Ray Crystallography to an Integrated Approach 
of Membranes 3

 Eva Pebay-Peyroula
1.1 Membranes: A Soft Medium? 3
1.2 Current Knowledge on Membrane Protein Structures 4
1.2.1 An Overview of the Protein Data Bank 4
1.2.2 Protein Sources for Structural Studies 5
1.2.3 The Diversity of Membrane Protein Topologies 6
1.2.4 Genome Analyses 8
1.3 X-Ray Crystallography 8
1.3.1 Crystallization of Membrane Proteins 9
1.3.2 General Aspects of Crystallography 11
1.3.3 Determining the Phases Associated with Diffracted Waves 13
1.3.4 Structure Determination of Membrane Proteins 14
1.3.4.1 Crystal Quality 14
1.3.4.2 Phase Determination 14
1.3.4.3 Crystal Freezing 14
1.4 Recent Examples 16
1.4.1 Bacterial Rhodopsins 16
1.4.2 ADP/ATP Carrier 17
1.4.3 Oligomerization of Membrane Proteins in their Natural 

Environment 22
1.5 Future Developments in X-Ray Crystallography of Membrane 

Proteins 23
1.6 Conclusions 25

   V



 VI  Contents

Part II Structural Approaches

2 Membrane Protein Structure Determination by Electron 
Cryo-Microscopy 31

 Christopher G. Tate and John L. Rubinstein
2.1 Introduction 32
2.1.1 The Electron Microscope 33
2.2 Single-Particle Electron Microscopy 33
2.2.1 Sample Preparation and Requirements 35
2.2.1.1 Negative Staining of Specimens 36
2.2.1.2 Cryo-EM of Unstained Specimens 36
2.2.1.3 Choice of detergent 38
2.2.2 Image Analysis 38
2.2.2.1 Classifi cation of Images 38
2.2.2.2 Model Building and Refi nement 39
2.2.2.3 Assessing Resolution 40
2.2.3 Future Perspectives 41
2.3 Structure Determination from 2-Dimensional Crystals 41
2.3.1 Two-Dimensional Crystallization of Membrane Proteins 44
2.3.2 Image Acquisition and Structure Determination 46
2.3.3 Future Perspectives 49
2.4 Helical Analysis of Tubes 49
2.5 Conclusions 51

3 Introduction to Solid-State NMR and its Application to Membrane 
Protein–Ligand Binding Studies 55

 Krisztina Varga and Anthony Watts
3.1 Introduction 55
3.1.1 Membrane Proteins: A Challenge 55
3.1.2 Why Solid-State NMR? 56
3.2 Solid-State NMR 57
3.2.1 Sample Preparation: What is an Ideal Sample? 58
3.2.1.1 Availability 58
3.2.1.2 Stability 58
3.2.1.3 Secondary Structure 59
3.2.1.4 Sample Form: Local Order 59
3.2.2 NMR Active Isotopes and Labeling 60
3.2.3 Assignment and Structure Determination 62
3.2.4 NMR Techniques: Solution- versus Solid-State NMR 63
3.2.4.1 Isotropic Liquids 63
3.2.4.2 Anisotropic Liquids 63
3.2.4.3 Solids 64
3.3 Examples: Receptor–Ligand Studies by Solid-State NMR 70
3.3.1 Transport Proteins 71
3.3.1.1 LacS 71



 Contents  VII

3.3.2 G-Protein-Coupled Receptors and Related Proteins 71
3.3.2.1 Bacteriorhodopsin, Rhodopsin, and Sensory Rhodopsin (NpSRII) 72
3.3.2.2 Human H1 Receptor 74
3.3.2.3 Neurotensin Receptor 74
3.3.3 Ion Channels 74
3.3.3.1 Nicotinic Acetylcholine Receptor 74
3.3.3.2 K+ Ion Channel, KcsA 75
3.3.4 P-type ATPases 75
3.3.5 Membrane Protein Soluble Alternatives 78

Part III Molecular Interaction and Large Assemblies

4 Analytical Ultracentrifugation: Membrane Protein Assemblies in the 
Presence of Detergent 91

 Christine Ebel, Jesper V. Møller and Marc le Maire
4.1 Introduction 91
4.2 Instrumentation and the Principle of Typical Experiments 92
4.3 General Theoretical Background 93
4.3.1 Equation of the Transport 93
4.3.2 The Macromolecular Parameters: RS, Mb, M, and v̄  95
4.3.3 The Svedberg Equation 96
4.3.3.1 Mean values of Mb and s 96
4.3.4 Non-Ideality 96
4.4 Membrane Proteins: Measurement of RS, Mb, M, and v̄ 97
4.4.1 Composition and Molar Mass 97
4.4.2 Values of v̄ 98
4.4.3 Buoyant Mass for Detergent-Solubilized Membrane Proteins, Mb* 99
4.4.4 Stokes Radius, Frictional Ratio 100
4.4.5 The Example of the Membrane Protein BmrA 101
4.5 Sedimentation Equilibrium Data Analysis 103
4.5.1 Equation of Sedimentation Equilibrium and Comments on the 

Experimental Set-Up 103
4.5.2 Simulation of Sedimentation Equilibrium for a Mixture of 

Particles 104
4.5.3 Analysis of Data 105
4.5.4 Matching of Surfactant and Solvent Densities 106
4.5.5 Determining the Association States and Dissociation Constant in the 

Presence of Non-Density-Matched Detergent 107
4.5.6 Dependency of Association Constants on Detergent 

Concentration 107
4.6 Sedimentation Velocity Data Analysis 108
4.6.1 Numerical Solutions of the Lamm Equation 108
4.6.2 Analysis in Terms of Non-Interacting Species: Principle 109
4.6.3 Analysis in Terms of Non-Interacting Species: Applications to 

Detergent and the Membrane Protein EmrE 109



 VIII  Contents

4.6.4 c(s) Analysis: Principle 110
4.6.5 Sedimentation Velocity Simulation and c(s) Analysis for a 

Hypothetical Sample of Membrane Proteins 111
4.6.6 Example of Characterization of a Membrane Protein by Sedimentation 

Velocity 113
4.6.6.1 Association State of Na+-K+-ATPase Expressed in Pichia pastoris and of 

Sarcoplasmic Ca2+-ATPase 113
4.6.6.2 Complex Behavior in Solution of New Amphiphilic 

Compounds 114
4.6.6.3 The sH/sD Method 114
4.6.7 General Potentials of the c(s) Analysis per se as a Prelude to more 

Sophisticated Analysis 115
4.7 Analytical Ultracentrifugation and SANS/SAXS 116
4.8 Conclusions 116

5 Probing Membrane Protein Interactions with Real-Time Biosensor 
Technology 121

 Iva Navratilova, David G. Myszka and Rebecca L. Rich
5.1 Introduction 121
5.2 Interactions of Extracellular Domains 123
5.3 Interactions of Soluble Proteins with Lipid Layers 124
5.4 Interactions of Proteins Embedded in Lipid Layers 129
5.4.1 On-Surface Reconstitution of G-Protein-Coupled Receptor 129
5.4.2 Capture/Reconstitution of GPCRs 131
5.5 Interactions of Membrane-Solubilized Proteins 131
5.6 Summary 138

6 Atomic Force Microscopy: High-Resolution Imaging of Structure and 
Assembly of Membrane Proteins 141

 Simon Scheuring, Nikolay Buzhynskyy, Rui Pedro Gonçalves and 
Szymon Jaroslawski

6.1 Atomic Force Microscopy 141
6.1.1 Sample Preparation 141
6.1.2 Equipment and Experimental Procedure 141
6.1.3 Experimental Rationales 142
6.2 Combined Imaging and Force Measurements by AFM 145
6.2.1 Imaging and Force Measurement of a Bacterial Surface Layer 

(S-Layer) 145
6.3 High-Resolution Imaging by AFM 147
6.3.1 High-Resolution AFM of Aquaporin-Z (AQPZ) 147
6.3.2 High-Resolution AFM of Aquaporin-0 (AQP0) 148
6.3.3 Comparison Between AQPZ and AQP0 Topographies 150
6.3.4 The Supramolecular Assembly of Photosynthetic Complexes 

in Native Membranes of Rhodospirillum photometricum 
by AFM 150



 Contents  IX

6.3.5 AQP0–Connexon Junction Platforms in Native Sheep Lens 
Membranes 152

6.4 Conclusions 153
6.5 Feasibilities, Limitations, and Outlook 153

Part IV Dynamics

7 Molecular Dynamics Studies of Membrane Proteins: Outer Membrane 
Proteins and Transporters 161

 Syma Khalid, John Holyoake and Mark S. P. Sansom
7.1 Introduction 161
7.1.1 Molecular Dynamics Simulations 161
7.2 Outer Membrane Proteins 163
7.2.1 OmpA 163
7.2.2 Simulations of OMPs in Diverse Environments 165
7.2.3 Porins 167
7.2.4 More Complex Outer Membrane Transporters 167
7.2.4.1 TonB-Dependent Transporters 168
7.2.4.2 Autotransporters 169
7.2.4.3 TolC 170
7.3 Cytoplasmic Membrane Transport Proteins 172
7.3.1 Simulated State Transitions 172
7.3.1.1 BtuCD 173
7.3.1.2 LacY 175
7.3.2 Intrinsic Flexibilities 176
7.3.3 Non-Equilibrium Methods 178
7.3.4 Homology Models 178
7.4 Conclusions 179

8 Understanding Structure and Function of Membrane Proteins Using Free 
Energy Calculations 187

 Christophe Chipot and Klaus Schulten
8.1 Introduction 187
8.2 Theoretical Underpinnings of Free Energy Calculations 188
8.2.1 Alchemical Transformations 188
8.2.1.1 What is Usually Implied by Small Changes? 189
8.2.1.2 How is the Coupling Parameter Defi ned? 190
8.2.1.3 Thermodynamic Integration 192
8.2.2 Free Energy Changes Along a Reaction Coordinate 192
8.2.2.1 Umbrella Sampling or Stratifi cation? 193
8.2.2.2 Adaptive Biasing Force 194
8.2.2.3 Non-Equilibrium Simulations for Equilibrium Free Energies 194
8.3 Point Mutations in Membrane Proteins 196
8.3.1 Why Have Free Energy Calculations Been Applied only Sparingly to 

Membrane Proteins? 196



 X  Contents

8.3.2 Gaining New Insights into Potassium Channels 197
8.3.3 Tackling the Assisted Transport of Ammonium Using FEP 198
8.3.4 How Relevant are Free Energy Calculations in Models of Membrane 

Proteins? 198
8.4 Assisted Transport Phenomena Across Membranes 199
8.4.1 Gramicidin: A Paradigm for Assisted Transport Across 

Membranes 199
8.4.2 Free Energy Calculations and Potassium Channels 200
8.4.3 Non-Equilibrium Simulations for Understanding Equilibrium 

Phenomena 201
8.4.4 Deciphering Transport Mechanisms in Aquaporins 202
8.4.5 Non-Equilibrium Simulations and Potassium Channels 203
8.5 Recognition and Association in Membrane Proteins 204
8.5.1 The “Two-Stage” Model 204
8.5.2 Glycophorin A: A Paradigmatic System for Tackling Recognition and 

Association in Membranes 205
8.6 Conclusions 206

9 Neutrons to Study the Structure and Dynamics of Membrane 
Proteins 213

 Kathleen Wood and Giuseppe Zaccai
9.1 General Introduction 213
9.2 Introduction to Neutrons 213
9.2.1 Production and Properties of the Neutron 213
9.2.2 Interaction Between Neutrons and Matter 214
9.2.3 Scattering Law 216
9.2.4 Coherent and Incoherent scattering 216
9.2.5 Instruments 218
9.3 Introduction to Bacteriorhodopsin and the Purple Membrane 219
9.4 Methods for Labeling 221
9.4.1 Biosynthetic Labeling 221
9.4.2 Reconstitution 221
9.5 Neutrons for Structural Studies of Membrane Proteins 222
9.5.1 Neutron Diffraction 222
9.5.1.1 Bacteriorhodopsin 222
9.5.1.2 Lipids 223
9.5.1.3 Water 224
9.5.2 Low-Resolution Studies 224
9.5.2.1 Small-Angle Neutron Scattering of Membrane Proteins in 

D-Vesicles 224
9.5.2.2 Low-Resolution Single-Crystal Studies 227
9.5.2.3 Refl ectivity 227
9.6 Neutrons for Dynamical Studies of Membrane Proteins 231
9.6.1 Energy-Resolved Experiments 231
9.6.1.1 Time and Space Scales 232



 Contents  XI

9.6.2 Elastic Scattering and Atomic Mean Square Displacements 233
9.6.3 Quasi-Elastic Scattering 235
9.6.4 Inelastic Scattering 235
9.6.5 Other Types of Measurement 235
9.7 Take-Home Message 237

Part V Spectroscopies

10 Circular Dichroism: Folding and Conformational Changes of Membrane 
Proteins 243

 Nadège Jamin and Jean-Jacques Lacapère
10.1 Introduction 243
10.2 Secondary Structure Composition 244
10.3 Tertiary Structure Fingerprint 250
10.4 Extrinsic Chromophores 252
10.5 Conformational Changes upon Ligand Binding 252
10.6 Folding/Unfolding 254
10.7 Conclusion and Perspectives 255

11 Membrane Protein Structure and Conformational Change Probed using 
Fourier Transform Infrared Spectroscopy 259

 John E. Baenziger and Corrie J. B. daCosta
11.1 Introduction 259
11.2 FTIR Spectroscopy 260
11.2.1 Attenuated Total Refl ectance FTIR Spectroscopy 260
11.2.2 Detecting Changes in Side Chain Structure/Environment During 

Protein Conformational Change 263
11.2.3 Probing the Orientation of Functional Groups 266
11.3 Vibrational Spectra of Membrane Proteins 267
11.3.1 Lipid Vibrations 268
11.3.1.1 Lipid Ester C=O 268
11.3.1.2 Lipid Methylene C−H 269
11.3.2 Protein Backbone Vibrations 269
11.3.2.1 Amide I 269
11.3.2.2 Amide II 272
11.3.3 Protein Side-Chain Vibrations 272
11.4 Applications of FTIR To Membrane Proteins 273
11.4.1 Testing Protein Structural Models and Validating the Structures of 

Mutant Proteins 273
11.4.2 Lipid–Protein Interactions 276
11.4.3 Receptor–Drug Interactions 278
11.4.4 Chemistry of Receptor–Ligand Interactions 281
11.4.5 Changes in Orientation of Functional Groups During Conformational 

Change 282
11.4.6 A Tool in the Crystallization of Integral Membrane Proteins 284
11.5 Conclusions and Future Directions 286



 XII  Contents

12 Resonance Raman Spectroscopy of a Light-Harvesting Protein 289
 Andrew Aaron Pascal and Bruno Robert
12.1 Introduction 289
12.2 Principles of Resonance Raman Spectroscopy 289
12.3 Primary Processes in Photosynthesis 291
12.4 Photosynthesis in Plants 292
12.5 The Light-Harvesting System of Plants 293
12.6 Protection against Oxidative Stress: Light-Harvesting Regulation in 

Plants 294
12.7 Raman studies of LHCII 297
12.8 Crystallographic Structure of LHCII 301
12.9 Properties of LHCII in Crystal 302
12.10 Recent Developments and Perspectives 305

Part VI Exploring Structure–Function Relationships in Whole Cells

13 Energy Transfer Technologies to Monitor the Dynamics and Signaling 
Properties of G-Protein-Coupled Receptors in Living Cells 311

 Jean-Philippe Pin, Mohammed-Akli Ayoub, Damien Maurel, Julie Perroy 
and Eric Trinquet

13.1 Introduction 311
13.2 Fluorescence Resonance Energy Transfer (FRET) 312
13.3 FRET Using GFP and its Various Mutants 314
13.4 BRET as an Alternative to FRET 315
13.5 Time-Resolved FRET (TR-FRET) and Homogeneous Time-Resolved 

Fluorescence (HTRF) 318
13.6 New Developments in Fluorescent Labeling of Membrane 

Proteins 320
13.7 Ligand–Receptor Interaction Monitored by FRET 322
13.8 Fast GPCR Activation Process Monitored in Living Cells 323
13.9 FRET and BRET Validated the Constitutive Oligomerization of GPCR 

in Living Cells 324
13.10 FRET and BRET Changed the Concept of G-Protein Activation 326
13.11 GPCRs as Part of Large Signaling Complexes 327
13.12 Conclusion and Future Prospects 328

 Index 335



 Preface        

    Membrane proteins are known to be key molecules in cellular communications, 
from signal transduction to ion exchanges or transport of metabolites and other 
molecules. They also participate in the synthesis of ATP, by generating the proton 
gradient necessary for the rotatory motor of ATP - synthetase to function and to 
catalyze ATP formation from ADP and inorganic phosphate. Membrane proteins 
are necessary for the import of soluble or membrane proteins from the cytosol, 
where they are synthesized into various compartments such as the mitochondrial 
matrix or outer and inner mitochondrial membranes. Living organisms have also 
designed effi cient machineries that protect cells from toxic elements. Bacteria or 
eukaryotic cells have, in their membranes, effl ux pumps that will clean the cell. 
The effl ux of toxic elements also has drastic consequences for the effi ciency of 
drugs that may fi nd diffi culties in penetrating the cell in order to be active. In 
contrast to soluble proteins, membrane proteins are embedded in a medium 
which is organized continuously from the atomic level (at the nanoscale) to the 
micron range. However, the mesoscopic organization of membranes infl uences, 
through long - range effects, the properties of the molecules that are embedded 
in the membranes. Therefore, an understanding of the function of membrane -
 integrated molecular machineries necessitates a description of the proteins on the 
atomic level, their various conformations, their specialized organization, as well 
as their dynamics within the membrane. 

 Despite attracting great interest, membrane proteins are still diffi cult to study 
at the molecular level. Indeed, they are diffi cult to produce, to extract from their 
natural environment, and to purify in a native conformation. However, during the 
past decade efforts have been stepped up worldwide such that several new struc-
tures have been resolved at high resolution and their details published within the 
past two to three years. All of these structures have opened a wide fi eld of discus-
sion about the function and the topology of membrane proteins, their interactions 
with lipids, the need for such interactions, interactions with ligands or cofactors, 
and a large number of functional mechanisms could be postulated. At the same 
time, it has also become clear from the results of many studies that, even with 
very high - resolution structures, the atomic details were insuffi cient to understand 
the function. Further information was needed on the identifi cation and char-
acterization of different conformations, on the dynamics that are necessary for 

   XIII



 XIV  Preface

conformational changes, on how membrane proteins are inserted in their natural 
environment, and on how they are organized within the membrane. Although, 
crystallography represents an extremely powerful method by which to describe the 
atomic structures of proteins, an ensemble of complementary biophysical 
approaches is essential in order to fully describe the structure – function relation-
ships of proteins in general, and of membrane proteins in particular. 

 This book will serve as a cutting - edge resource for the biophysical methods that 
are  –  or soon will be  –  the major techniques used in the fi eld. Each chapter is 
dedicated to a specifi c approach, describing the method involved, highlighting the 
experimental procedure and/or the basic principles, and offering an up - to - date 
understanding of what is measured, what can be deduced from the measurements, 
as well as the limitations of each procedure. This comprehensive reference book 
will be helpful to junior scientists whose target is to solve structure – function 
problems associated with membrane proteins, an will surely guide them in their 
experimental choices. Indeed, this book will also serve as a resource for anybody 
who is interested in membranes. 

 Following a general introduction to membrane protein structures and X - ray 
crystallography, the book is divided in fi ve sections. Part I (the Introduction) is 
dedicated to structural approaches, while in Part II, Chapter  2  describes several 
aspects of electron microscopy either on single particles or on two - dimensional 
and tubular crystals, and Chapter  3  illustrates the current possibilities of NMR, 
and their future. Part III is centered on molecular interactions and the study of 
large molecular assemblies, with Chapter  4  illustrating how analytical ultracentri-
fugation can be used to address the study of membrane proteins solubilized in 
detergent micelles. Chapter  5  discusses how surface plasmon resonance  –  a well -
 known method used to study molecular interaction with soluble proteins  –  can 
also be adapted to membrane proteins. Molecular interactions and the topology of 
large assemblies of membrane proteins, either in reconstituted systems or in 
natural membranes, can also be studied by using atomic force microscopy, as 
shown in Chapter  6 . Part IV is focused on dynamics, either by computational or 
experimental approaches. Here, Chapter  7  illustrates the possibilities of molecular 
dynamic calculations, while Chapter  8  describes how transport pathways can be 
followed by free energy calculations and Chapter  9  highlights the power of neutron 
scattering for studying membrane protein in their natural environment. Part V 
focuses on spectroscopies of various types. For example, circular dichroism can 
be extended to membrane proteins, as shown in Chapter  10 , whilst infrared or 
Raman spectroscopy is able to probe either global folding properties or very fi ne 
local information, as demonstrated in Chapters  11  and  12 , respectively. Finally, 
Part VI is devoted to functional approaches in whole cells, wherein Chapter  13  
explains the possibilities offered by FRET or BRET experiments.         
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 Introduction 
Part I





 High - Resolution Structures of Membrane Proteins: From X - Ray 
Crystallography to an Integrated Approach of Membranes  
  Eva   Pebay - Peyroula   
       

  1.1
Membranes: A Soft Medium? 

 Membranes delineate cells and cellular compartments, and are effi cient barriers 
that allow the compartmentalization necessary for the functional specifi city of each 
cell or organelle. Membranes are mainly composed of lipids and proteins. As a 
fi rst approximation, lipids  –  which spontaneously form bilayers in water  –  ensure 
the mechanical properties of the membranes, such as shape, watertightness, 
robustness and plasticity, whereas proteins are responsible for the communica-
tions between compartments or cells, and ensure signaling, channel or transport 
activities. In fact, membranes are much more complex, and proteins also partici-
pate in mechanical properties whereas lipids play a role in the function. Some 
integral membrane proteins such as the ATP - synthetase located in the inner 
mitochondrial membrane are described to induce a local curvature of the mem-
brane by dimerization, and could therefore be responsible for the topology of this 
membrane  [1] . Membrane - associated proteins such as clathrin, and associated 
proteins, by coating the membrane of vesicles formed during endocytosis, may 
also strongly infl uence the mechanical properties of the membrane  [2] . Likewise, 
lipids are described now as important players in the function. For example, phos-
phatidylserine is known to be exposed at the surface of apoptotic cells and used 
as a signal for the immune system to eliminate the cell  [3] . Various sugars partici-
pate also both in the mechanical properties and functional aspects of membranes. 
These play major roles in molecular recognition as illustrated by the role of 
heparan sulfate molecules  [4] . Among all the molecular components of biological 
membranes, proteins are the only ones to be structured at an atomic level. With 
the exception of a few individual lipids that are tightly bound to proteins, most of 
the lipids are organized within a bilayer that can be described at a so - called  “ meso-
scopic ”  scale by a mean bilayer thickness, a surface area per lipid, lipid order 
parameters describing chain dynamics and possibly local domain structures  [5] . 
Strong thermal fl uctuations of each individual molecule within the membrane 
make an atomic description irrelevant. Therefore, membranes must be described 
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at various scales in order to take into account all the molecular components and 
the high protein concentration of some membranes where proteins account for 
50% or more of the membrane  [6] . Structure – function analyses of membrane 
proteins at an atomic level are thus of major importance, and shed light on major 
cellular processes, signaling pathways, bioenergetics, the control of synaptic junc-
tions, and many others. Indeed, membrane proteins in general  –  and G - protein -
 coupled receptors (GPCRs) and ion - channels in particular  –  are known to be the 
target for many drugs (60% of drug targets are estimated to be membrane pro-
teins). However, despite high potential interest  –  both for fundamental under-
standing and also for pharmaceutical applications such as drug design  –  very little 
is still known regarding the structure of membrane proteins compared to soluble 
proteins. This lack of information refl ects the diffi culty of producing large quanti-
ties of stable membrane proteins and crystallizing them in order to solve their 
structure by using X - ray diffraction (XRD). In addition, the functional state of 
membrane proteins is often tightly linked to their natural environment, a lipid 
bilayer, with some individual lipids bound specifi cally to the proteins. In order to 
proceed to structural studies it is fi rst essential to mimic, as best as possible, the 
natural environment.  

  1.2
Current Knowledge on Membrane Protein Structures 

  1.2.1
An Overview of the Protein Data Bank 

 Currently, amongst more than 40   000 entries, the  “ Protein Data Bank ”  (PDB) 
contains about 250 membrane protein structures, representing at least 120 
unique proteins ( http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html ). 
Since 1985, when the fi rst membrane protein structure  –  a photoreaction center 
from  Rhodopseudomonas viridis   –  was resolved  [7] , the number of structures solved 
per year has increased almost exponentially, with the progression resembling that 
of soluble proteins with a slight shift toward lower values  [8] . This progression is 
rather encouraging, and has resulted from the large - scale efforts undertaken 
recently in several countries. Several programs dedicated to the structural genom-
ics of membrane proteins were started. Some of these are based on large networks 
and focus on the exploration of various expression systems and on the set up of 
automated procedures that facilitate these explorations. Smaller networks help to 
share expertise on membrane protein biochemistry and the physical chemistry of 
amphiphiles and lipids, and favor interdisciplinary developments that are valuable 
for structural and functional studies of the proteins in a natural environment. 

 Most of the structures deposited in the PDB were solved by X - ray crystallography 
to typical resolutions ranging from 3.5 to 1.5    Å . A few structures were solved by 
using electron diffraction with two - dimensional crystals. Among these, bacteri-
orhodopsin  –  a light - activated proton pump, which is well ordered in two dimen-



sions in the native membrane  –  was the fi rst membrane protein structure to be 
determined  [9] , and was later solved at a resolution of 3.5    Å , or better  [10, 11] . 
Although the nicotinic acetylcholine receptor could never be crystallized in three 
dimensions, two - dimensional (2 - D) tubular arrangements allowed the structure to 
be solved at 4    Å  resolution, revealing the overall topology  [12] . Electron diffraction 
was also used successfully for aquaporins, with AQP4  –  a water channel from rat 
glial cells  –  being solved to 1.8    Å  resolution  [13] . As described in Chapter  2 , electron 
microscopy (EM) provides an alternative structural method for membrane pro-
teins, in some cases with a lipidic environment that is close to the native one. This 
is of particular interest when proteins are present as oligomers in the membrane, 
possibly in a lipid - dependent manner. EM is also relevant for the characterization 
of structural modifi cations that are more likely to be induced in 2 - D crystals than 
in 3 - D crystals where crystal contacts might hinder larger movements, as demon-
strated for bacteriorhodopsin. More recently, a few structures were reported that 
had been solved with nuclear magnetic resonance (NMR), including three  β  - barrel 
proteins from the  Escherichia coli  outer membrane in dodecylphosphocholine 
(DPC) or octyl - glucoside micelles  [14 – 16] , and one human helical protein, phos-
pholamban, from the sarcoplasmic reticulum  [17] . NMR also represents a very 
useful approach for probing ligand pockets and detecting structural modifi cations 
induced by ligand binding  [18] .  

  1.2.2
Protein Sources for Structural Studies 

 The majority of membrane proteins for which structures were solved are derived 
from bacterial sources, and less than 20% of these are eukaryotic. Indeed, some 
are specifi c to bacteria, and solving their structures might create new openings for 
antibiotics or bioremediations. Others can be used as models for eukaryotic homo-
logues (ion channels, ABC transporters). Unfortunately, even if these models are 
able to provide the fi rst insights into important structural features, they are cer-
tainly not informative enough to provide a full understanding of the functional 
mechanisms and specifi cally of functional mechanisms that might achieve an 
effi cient drug design. There remains a broad range of membrane proteins of new 
classes or different functions and/or different species for which structures are 
needed. Despite many efforts, the expression of membrane proteins remains a 
hazardous task, with success relying on the outcome of many different investiga-
tions  [19, 20] . Obvious restrictions to overexpression result from the limited 
volume of membranes compared to the cytosol when expressing soluble proteins. 
Insertion and correct folding in the membranes are also non - trivial issues that 
must be addressed with appropriate signals within the amino - acid sequence of the 
protein. Investigations into insertion mechanisms are still under way (e.g., Ref. 
 [21] ). Finally, expressing a protein at high level in the membrane causes signifi cant 
perturbation to the cell, and this often causes a highly toxic effect. However, among 
the success stories, many bacterial proteins have been expressed in large quantities 
in  E. coli ; indeed, only recently several eukaryotic proteins were expressed in 
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suffi cient quantity and quality in heterologous systems to allow crystallization and 
structure determination. For example, a voltage - gated potassium channel, Kv1.2, 
from  Rattus norvegicus  was expressed in  Pichia pastoris  and its structure solved to 
2.9    Å  resolution  [22] . Elsewhere, a plant aquaporin, soPIP2;1, from spinach was 
also expressed in  Pichia pastoris  and solved to 2.1    Å  resolution in its closed state 
and 3.9    Å  in its open state  [23] . A recent breakthrough of heterologous expression 
was achieved for the sarcoplasmic Ca - ATPase. This protein, which is highly abun-
dant in the rabbit sarcoplasmic reticulum, was purifi ed from the native membrane 
and extensively studied, leading to the structures of different conformations from 
which a functional mechanism was postulated. Recently, the protein was over-
expressed in yeast, whereupon it could be purifi ed, crystallized and the structure 
solved, thus opening the way to functional and structural studies of mutants, 
which serve as an essential link in a complete structure – function analysis  [24] . 
These examples of recent successes in heterologous expression demonstrate that 
such as approach is possible, and that the rate of success depends not only on the 
exploration of various expression systems but also on the knowledge of the bio-
chemical behavior of the protein itself.  

  1.2.3
The Diversity of Membrane Protein Topologies 

 The only structural motifs of membrane - inserted peptides are  α  - helices and  β  -
 barrels Transmembrane helices (TMH) are identifi ed by hydrophobic scoring 
from the protein sequence.  β  - barrels are found in bacterial outer membranes and 
are more diffi cult to predict from their amino - acid composition, although recent 
progress in  β  - barrel prediction has emerged. Extensive internal hydrogen bond-
ings in  α  - helices and  β  - barrels ameliorate the high energetic cost of dehydrating 
the peptide bonds, which is necessary for the insertion of peptides into mem-
branes  [25] . Although very few membrane proteins are known to be structurally 
organized in multi - domains, the structures currently available in the PDB high-
light the diversity of transmembrane arrangements. TMH bundles create various 
topologies, depending on the tilt and the kinks that are possible for each individual 
helix. Some examples of overall membrane protein structures are illustrated in 
Fig.  1.1 . Heteromeric or homomeric associations of TMHs also contribute to the 
variety of membrane protein topologies. Setting apart proteins with a single TMH 
(for which the TMH is mainly a membrane anchor and in some cases is respon-
sible for signal transduction through protein dimerization), most membrane pro-
teins that have a function in the membrane have more than six TMHs. Channels 
are constituted by more than eight TMHs (an octamer of one TMH for WZA, tet-
ramer of two TMHs for various potassium channels, pentamer of two TMHs for 
the nicotinic receptor). In these examples, channels are formed by several TMHs, 
each of which is derived from one of the monomers, whereas transport pathways 
can also be formed within a single monomer of several TMHs (seven TMHs for 
aquaporins, six for the mitochondrial ADP/ATP carrier, and 12 for lactose perme-
ase), which in turn form multimers in the native membrane (tetramer for aqua-
porins, dimer for lactose permease). Currently, DsbB (a component of a periplasmic 



oxidase complex with four TMHs) is a membrane protein of known structure, 
which has the smallest number of TMHs. However, this protein is known to 
interact with another membrane protein, DsbC, and therefore in the native mem-
brane the total number of TMHs present in the functional complex might be 
higher. The structure of membrane proteins in a lipidic environment might be 
energetically more favorable to a larger number of TMH helices. Indeed, it was 
proposed that helix associations are probably driven by van der Waals interactions 
through helix – helix interactions rather than hydrophic effects such as those which 
lead to the folding of soluble proteins  [26] . Such stabilizing van der Waals interac-
tions could thus be favored by a larger number of TMHs.   

 The functional properties of membrane proteins, when driven by dynamic 
properties, will also constrain the topology. The main role of  α  - helices in the 
transmembrane domains of photosynthetic complexes is to locate precisely all of 
the pigments necessary for the effi ciency of photon absorption and their conver-
sion into an electron transfer. The dynamics of such helices must therefore be 
limited. In contrast, transporters which have to shuttle large metabolites in a very 

    Fig. 1.1     Various topologies of membrane 
proteins. The Fig. depicts several  α  - helical 
proteins showing the diversity of 
transmembrane helices, and one  β  - barrel 
protein. (A) Monomer of bacteriorhodopsin 
(BR), BR forms a trimer (1qhj). (B) 
Mechanosensitive channel, a homopentamer 
with 10 TMHs (1msl). (C) Monomer of the 
Ammonium transporter AmtB, 11 TMHs per 
monomer, forms a dimer (1u77). (D) DsbB, 
four TMHs (2hi7). (E) The protein - conducting 
channel SecY, heterotrimer with 12 TMHs in 
total (1rhz). (F) The cytochrome bc1 complex 

from bovine heart mitochondria, 11 subunits 
and 12 TMHs per monomer, forms a dimer 
(1bgy). (G) The ADP/ATP carrier from bovine 
heart mitochondria, six TMHs (1okc). 
(H) Monomer of the AQP1 water channel 
from bovine blood, a homotetramer with 
seven TMHs per monomer (1j4n). (I) FptA, a 
pyocheline receptor from the  Pseudomonas 
aeruginosa  outer membrane, representative for 
 β  - barrel structures (1xkw). (J) WZA, the fi rst 
 α  - helical protein characterized from the  E. coli  
outer membrane (2j58). 
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specifi c manner over the membrane, must undergo large conformational changes 
that necessitate the molecule to be highly dynamic. Based on these extreme 
examples, it is easy to imagine that the number of TMHs of the functional entity 
within the membrane will play a crucial role.  

  1.2.4
Genome Analyses 

 What can be learned from the genome data available so far? The analyses of the 
genomes were performed in order to identify membrane proteins and to classify 
them into families. A recent analysis showed that membrane proteins cluster in 
fewer structural families than do their soluble counterparts  [27] . However, because 
of the physical constraints of the lipidic environment, this smaller number of 
families is rather logical; indeed, some authors have even proposed that mem-
brane proteins have 10 - fold fewer families  [28] . For example, Oberai et al. estimate 
that 90% of the membrane proteins can be classifi ed into 1700 families and are 
structured with 550 folds, while 700 families structured in 300 folds cover 80% of 
the membrane proteins. This study is based on the search of the TM segment 
defi ned by hydrophobic sequences, and is therefore appropriate to helical rather 
than to  β  - barrel proteins. Furthermore, these authors also noted that their estimate 
was based on a limited number of known structures, and may have been biased 
by present knowledge. Today, new features continue to emerge from recent experi-
ments. For example, TMHs were characterized in a bacterial outer membrane 
protein, WZA, the translocon for capsular polysaccharides in  E. coli   [29] . The eight -
 fold repeat of a single TM of the octameric protein forms a 17    Å  pore in the outer 
membrane, showing the fi rst  α  - helical - barrel in the outer membrane of  E. coli . 
Unfortunately, this example clearly illustrates that our current structural knowl-
edge is still limited, and that further experimentally determined structures will 
provide new data for global genome analyses. 

 Further interesting information has emerged from the comparison between the 
size of the families and current structural knowledge (see Table 1 in Ref.  [27] ). For 
the most important families  –  rhodopsin - like GPCRs (5520 members) and major 
facilitators (3680 members)  –  only one and three structures, respectively, have yet 
been determined. Moreover, the situation is no better for other families –  some are 
completely absent from the PDB, and even if a few representatives of a family are 
structurally known, the overall fold might not be suffi cient to provide an under-
standing of the functional mechanism and to help derive structure - based drug 
designs.   

  1.3
X - Ray Crystallography 

 This section will briefl y describe some general aspects of crystallization and crys-
tallography, after which attention will be focused on those features more specifi c 


