Edited by Eva Pebay-Peyroula WWILEY-VCH
e

Biophysical Analysis
of Membrane Proteins

Investigating Structure and Function

Urheberrechtlich geschitztes Materia




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

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA



The Editor

Prof. Eva Pebay-Peyroula
Institut de Biologie Structurale
CEA-CNRS-Université J. Fourier
41, rue Jules Horowitz

38027 Grenoble Cedex 1

France

B 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 Nationalbibliografie;
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,
microfilm, 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
specifically 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

Part |

1.1
1.2
1.2.1
1.2.2
1.2.3
1.2.4
1.3
1.3.1
1.3.2
1.3.3
1.3.4
1.3.4.1
1.3.4.2
1.3.4.3
1.4
1.4.1
1.4.2
1.4.3

1.5

1.6

Preface XIII
The Editor XV
List of Contributors XVII

Introduction

High-Resolution Structures of Membrane Proteins:

From X-Ray Crystallography to an Integrated Approach

of Membranes 3

Eva Pebay-Peyroula

Membranes: A Soft Medium? 3

Current Knowledge on Membrane Protein Structures 4
An Overview of the Protein Data Bank 4

Protein Sources for Structural Studies 5

The Diversity of Membrane Protein Topologies 6
Genome Analyses 8

X-Ray Crystallography 8

Crystallization of Membrane Proteins 9

General Aspects of Crystallography 11

Determining the Phases Associated with Diffracted Waves 13
Structure Determination of Membrane Proteins 14
Crystal Quality 14

Phase Determination 14

Crystal Freezing 14

Recent Examples 16

Bacterial Rhodopsins 16

ADP/ATP Carrier 17

Oligomerization of Membrane Proteins in their Natural
Environment 22

Future Developments in X-Ray Crystallography of Membrane
Proteins 23

Conclusions 25

Biophysical Analysis of Membrane Proteins. Investigating Structure and Function. Edited by Eva Pebay-Peyroula
Copyright © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31677-9



VI | Contents

Part Il 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

221 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 Classification of Images 38

2.2.2.2 Model Building and Refinement 39

2.2.2.3 Assessing Resolution 40

223 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

233 Future Perspectives 49

2.4 Helical Analysis of Tubes 49

25 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

3.21  Sample Preparation: What is an Ideal Sample? 58

32.1.1 Availability 58

3.2.12 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

3.24  NMR Techniques: Solution- versus Solid-State NMR 63

3.2.4.1 Isotropic Liquids 63

3.2.4.2  Anisotropic Liquids 63

3.243 Solids 64

33 Examples: Receptor-Ligand Studies by Solid-State NMR 70

3.3.1  Transport Proteins 71

3.3.1.1 LacS 71



33.2
33.21
3.3.2.2
3.3.23
333
3331
3332
334
3.35

Part Il
4

4.1
4.2
4.3
4.3.1
4.3.2
433
4331
434
4.4
4.4.1
4.4.2
4.4.3
4.4.4
4.45
4.5
4.5.1

453
4.5.4
4.5.5

4.6

4.6.1
4.6.2
4.6.3

Contents

G-Protein-Coupled Receptors and Related Proteins 71
Bacteriorhodopsin, Rhodopsin, and Sensory Rhodopsin (NpSRII) 72
Human H,; Receptor 74

Neurotensin Receptor 74

Ion Channels 74

Nicotinic Acetylcholine Receptor 74

K* Ion Channel, KcsA 75

P-type ATPases 75

Membrane Protein Soluble Alternatives 78

Molecular Interaction and Large Assemblies

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

Christine Ebel, Jesper V. Mgller and Marc le Maire

Introduction 91

Instrumentation and the Principle of Typical Experiments 92
General Theoretical Background 93

Equation of the Transport 93

The Macromolecular Parameters: R, M,, M, and v = 95

The Svedberg Equation 96

Mean values of M, and s 96

Non-Ideality 96

Membrane Proteins: Measurement of Rg, M,, M, and v 97
Composition and Molar Mass 97

Values of ¥ 98

Buoyant Mass for Detergent-Solubilized Membrane Proteins, M,* 99
Stokes Radius, Frictional Ratio 100

The Example of the Membrane Protein BmrA 101
Sedimentation Equilibrium Data Analysis 103

Equation of Sedimentation Equilibrium and Comments on the
Experimental Set-Up 103

Simulation of Sedimentation Equilibrium for a Mixture of
Particles 104

Analysis of Data 105

Matching of Surfactant and Solvent Densities 106
Determining the Association States and Dissociation Constant in the
Presence of Non-Density-Matched Detergent 107
Dependency of Association Constants on Detergent
Concentration 107

Sedimentation Velocity Data Analysis 108

Numerical Solutions of the Lamm Equation 108

Analysis in Terms of Non-Interacting Species: Principle 109
Analysis in Terms of Non-Interacting Species: Applications to
Detergent and the Membrane Protein EmrE 109

vil



VIl | Contents

4.6.4  ¢(s) Analysis: Principle 110

4.6.5  Sedimentation Velocity Simulation and ¢(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 Ca*-ATPase 113

4.6.6.2 Complex Behavior in Solution of New Amphiphilic
Compounds 114

4.6.6.3 The sy/sp Method 114

4.6.7  General Potentials of the ¢(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 Gongalves 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 AQPO Topographies 150

6.3.4  The Supramolecular Assembly of Photosynthetic Complexes
in Native Membranes of Rhodospirillum photometricum
by AFM 150



6.4
6.5

Part IV

7.1
7.11
7.2
7.2.1
7.2.2
7.2.3
7.2.4
7.2.4.1
7.2.4.2
7.2.43
7.3
7.3.1
7.3.1.1
7.3.1.2
7.3.2
7.3.3
7.3.4
7.4

8.1

8.2
8.2.1
8.2.1.1
8.2.1.2
8.2.1.3
8.2.2
8.2.2.1
8.2.2.2
8.2.2.3
8.3
8.3.1

Contents

AQPO0-Connexon Junction Platforms in Native Sheep Lens
Membranes 152

Conclusions 153

Feasibilities, Limitations, and Outlook 153

Dynamics

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

Syma Khalid, John Holyoake and Mark S. P. Sansom

Introduction 161

Molecular Dynamics Simulations 161

Outer Membrane Proteins 163

OmpA 163
Simulations of OMPs in Diverse Environments 165
Porins 167

More Complex Outer Membrane Transporters 167
TonB-Dependent Transporters 168
Autotransporters 169

TolC 170

Cytoplasmic Membrane Transport Proteins 172
Simulated State Transitions 172

BtuCD 173

LacY 175

Intrinsic Flexibilities 176

Non-Equilibrium Methods 178

Homology Models 178

Conclusions 179

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

Christophe Chipot and Klaus Schulten

Introduction 187

Theoretical Underpinnings of Free Energy Calculations 188
Alchemical Transformations 188

What is Usually Implied by Small Changes? 189

How is the Coupling Parameter Defined? 190

Thermodynamic Integration 192

Free Energy Changes Along a Reaction Coordinate 192

Umbrella Sampling or Stratification? 193

Adaptive Biasing Force 194

Non-Equilibrium Simulations for Equilibrium Free Energies 194
Point Mutations in Membrane Proteins 196

Why Have Free Energy Calculations Been Applied only Sparingly to
Membrane Proteins? 196

IX



X | Contents

8.3.2
8.3.3
8.3.4

8.4
8.4.1

8.4.2
8.4.3

8.4.4
8.4.5
8.5

8.5.1
8.5.2

8.6

9.1

9.2
9.2.1
9.2.2
9.2.3
9.24
9.2.5
9.3

9.4
9.4.1
9.4.2
9.5
9.5.1
9.5.1.1
9.5.1.2
9.5.1.3
9.5.2
9.5.2.1

9.5.2.2
9.5.2.3
9.6
9.6.1
9.6.1.1

Gaining New Insights into Potassium Channels 197

Tackling the Assisted Transport of Ammonium Using FEP 198
How Relevant are Free Energy Calculations in Models of Membrane
Proteins? 198

Assisted Transport Phenomena Across Membranes 199
Gramicidin: A Paradigm for Assisted Transport Across

Membranes 199

Free Energy Calculations and Potassium Channels 200
Non-Equilibrium Simulations for Understanding Equilibrium
Phenomena 201

Deciphering Transport Mechanisms in Aquaporins 202
Non-Equilibrium Simulations and Potassium Channels 203
Recognition and Association in Membrane Proteins 204

The “Two-Stage” Model 204

Glycophorin A: A Paradigmatic System for Tackling Recognition and
Association in Membranes 205

Conclusions 206

Neutrons to Study the Structure and Dynamics of Membrane
Proteins 213

Kathleen Wood and Giuseppe Zaccai

General Introduction 213

Introduction to Neutrons 213

Production and Properties of the Neutron 213

Interaction Between Neutrons and Matter 214

Scattering Law 216

Coherent and Incoherent scattering 216

Instruments 218

Introduction to Bacteriorhodopsin and the Purple Membrane 219
Methods for Labeling 221

Biosynthetic Labeling 221

Reconstitution 221

Neutrons for Structural Studies of Membrane Proteins 222
Neutron Diffraction 222

Bacteriorhodopsin 222

Lipids 223

Water 224

Low-Resolution Studies 224

Small-Angle Neutron Scattering of Membrane Proteins in
D-Vesicles 224

Low-Resolution Single-Crystal Studies 227

Reflectivity 227

Neutrons for Dynamical Studies of Membrane Proteins 231
Energy-Resolved Experiments 231

Time and Space Scales 232



9.6.2
9.6.3
9.6.4
9.6.5
9.7

Part V
10

10.1
10.2
10.3
10.4
10.5
10.6
10.7

L

11.1
11.2
11.2.1
11.2.2

11.2.3
11.3
11.3.1
11.3.1.1
11.3.1.2
11.3.2
11.3.2.1
11.3.2.2
11.3.3
11.4
11.4.1

11.4.2
11.4.3
11.4.4
11.4.5

11.4.6
11.5

Contents

Elastic Scattering and Atomic Mean Square Displacements 233
Quasi-Elastic Scattering 235

Inelastic Scattering 235

Other Types of Measurement 235

Take-Home Message 237

Spectroscopies

Circular Dichroism: Folding and Conformational Changes of Membrane
Proteins 243

Nadége Jamin and Jean-Jacques Lacapére

Introduction 243

Secondary Structure Composition 244

Tertiary Structure Fingerprint 250

Extrinsic Chromophores 252

Conformational Changes upon Ligand Binding 252
Folding/Unfolding 254

Conclusion and Perspectives 255

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

John E. Baenziger and Corrie J. B. daCosta

Introduction 259

FTIR Spectroscopy 260

Attenuated Total Reflectance FTIR Spectroscopy 260

Detecting Changes in Side Chain Structure/Environment During
Protein Conformational Change 263

Probing the Orientation of Functional Groups 266

Vibrational Spectra of Membrane Proteins 267

Lipid Vibrations 268

Lipid Ester C=0 268

Lipid Methylene C—H 269

Protein Backbone Vibrations 269

Amide I 269

Amide II 272

Protein Side-Chain Vibrations 272

Applications of FTIR To Membrane Proteins 273

Testing Protein Structural Models and Validating the Structures of
Mutant Proteins 273

Lipid-Protein Interactions 276

Receptor—Drug Interactions 278

Chemistry of Receptor-Ligand Interactions 281

Changes in Orientation of Functional Groups During Conformational
Change 282

A Tool in the Crystallization of Integral Membrane Proteins 284
Conclusions and Future Directions 286

Xi



Xil

Contents

12

12.1
12.2
123
12.4
12.5
12.6

12.7
12.8
12.9
12.10

Part VI
13

13.1
13.2
13.3
13.4
13.5

13.6

13.7
13.8
13.9

13.10
13.11
13.12

Resonance Raman Spectroscopy of a Light-Harvesting Protein 289
Andrew Aaron Pascal and Bruno Robert

Introduction 289

Principles of Resonance Raman Spectroscopy 289

Primary Processes in Photosynthesis 291

Photosynthesis in Plants 292

The Light-Harvesting System of Plants 293

Protection against Oxidative Stress: Light-Harvesting Regulation in
Plants 294

Raman studies of LHCII 297

Crystallographic Structure of LHCII 301

Properties of LHCII in Crystal 302

Recent Developments and Perspectives 305

Exploring Structure-Function Relationships in Whole Cells

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

Introduction 311

Fluorescence Resonance Energy Transfer (FRET) 312

FRET Using GFP and its Various Mutants 314

BRET as an Alternative to FRET 315

Time-Resolved FRET (TR-FRET) and Homogeneous Time-Resolved
Fluorescence (HTRF) 318

New Developments in Fluorescent Labeling of Membrane

Proteins 320

Ligand—Receptor Interaction Monitored by FRET 322

Fast GPCR Activation Process Monitored in Living Cells 323
FRET and BRET Validated the Constitutive Oligomerization of GPCR
in Living Cells 324

FRET and BRET Changed the Concept of G-Protein Activation 326
GPCRs as Part of Large Signaling Complexes 327

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 efficient machineries that protect cells from toxic elements. Bacteria or
eukaryotic cells have, in their membranes, efflux pumps that will clean the cell.
The efflux of toxic elements also has drastic consequences for the efficiency of
drugs that may find difficulties 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 influences,
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 difficult to study
at the molecular level. Indeed, they are difficult 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 field 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 insufficient to understand
the function. Further information was needed on the identification and char-
acterization of different conformations, on the dynamics that are necessary for
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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 field. Each chapter is
dedicated to a specific 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 five 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 fine
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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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 efficient barriers
that allow the compartmentalization necessary for the functional specificity of each
cell or organelle. Membranes are mainly composed of lipids and proteins. As a
first 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 influence 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 fluctuations 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 reflects the difficulty 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 specifically to the proteins. In order to
proceed to structural studies it is first 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 40000 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 first 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 1.5A. 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-
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sions in the native membrane — was the first membrane protein structure to be
determined [9], and was later solved at a resolution of 3.5A, 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 A 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 A 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 modifications 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 B-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 modifications
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 specific 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 first insights into important structural features, they are cer-
tainly not informative enough to provide a full understanding of the functional
mechanisms and specifically of functional mechanisms that might achieve an
efficient 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 significant
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

5
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sufficient 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
2.9A resolution [22]. Elsewhere, a plant aquaporin, soPIP2;1, from spinach was
also expressed in Pichia pastoris and solved to 2.1A resolution in its closed state
and 3.9A 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 purified 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 purified, 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 o-helices and B-
barrels Transmembrane helices (TMH) are identified by hydrophobic scoring
from the protein sequence. B-barrels are found in bacterial outer membranes and
are more difficult to predict from their amino-acid composition, although recent
progress in B-barrel prediction has emerged. Extensive internal hydrogen bond-
ings in o-helices and B-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
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Fig. 1.1 Various topologies of membrane
proteins. The Fig. depicts several a-helical
proteins showing the diversity of
transmembrane helices, and one B-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 TMHSs (2hi7). (E) The protein-conducting
channel SecY, heterotrimer with 12 TMHs in

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). (l) FptA, a
pyocheline receptor from the Pseudomonas
aeruginosa outer membrane, representative for
B-barrel structures (1xkw). (J)) WZA, the first
o-helical protein characterized from the E. coli
outer membrane (2j58).

total (1rhz). (F) The cytochrome bcl complex

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 o-helices in the
transmembrane domains of photosynthetic complexes is to locate precisely all of
the pigments necessary for the efficiency 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
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specific 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 classified 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
defined by hydrophobic sequences, and is therefore appropriate to helical rather
than to B-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 A pore in the outer
membrane, showing the first o-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 sufficient 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 briefly describe some general aspects of crystallization and crys-
tallography, after which attention will be focused on those features more specific
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Proteins from natural membranes or overexpressed
Membrane solubilization and Protein purification in the
presence of a detergent

v

[Crystallization: vapor diffusion or lipidic phases]

v

Cryocooling
Crystal characterization: diffraction quality, unit cell, space group

Y
Data collection: intensities of diffracted beams
Experimental phases associated to the diffracted beams
Heavy atom derivatives or Se-Met crystals

¥
[ Experimental electron density map ]

Model building and refinement

v

Structure analysis, hypothesis on function
design of mutants followed by new experiments

Fig. 1.2 A flowchart for membrane protein crystallography.

to membrane proteins. The basic principles of protein crystallography have been
addressed in several handbooks (e.g., see Ref. [30]); the various stages are depicted
schematically in Fig. 1.2.

1.3.1
Crystallization of Membrane Proteins

In some membranes large quantities of proteins are present naturally. For example,
whilst various proteins from the respiratory chain either in mitochondria or in
bacteria can be purified from natural membranes, others must be overexpressed.
In both cases, the protein must be extracted — by using detergents — from its
natural medium where it is properly folded in the lipidic bilayer — and purified to
sufficient quantity and quality.

Detergents are amphiphilic molecules which have a hydrophobic head group and
a hydrophobic tail. They are soluble below the critical micellar concentration (cmc),
but form aggregates called “micelles” above the cmc. Detergents have the ability
to penetrate the membrane, to disrupt it, and then to extract the protein from the
membrane by surrounding the hydrophobic part of the protein with their hydro-
phobic chains, thus creating a soluble protein—detergent complex (PDC). Deter-
gents with different chemical compositions have different properties. For example,
their head groups may be either charged, polar or neutral and are more or less
bulky, whilst their aliphatic chains can vary in length. As a result of these differ-
ences, the micelles will vary in both form and size, though their overall ability to
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solubilize membranes will remain strong. The choice of detergent used for mem-
brane solubilization and protein purification can have drastic consequences on the
protein product, as the amount of lipids co-solubilized with the PDC will depend
on the detergent chosen. In addition, the hydrophobic match between protein and
detergent micelle is far from being sufficient to mimic the native protein environ-
ment. In particular, long-range effects induced by the membrane (lipids or other
supramolecular arrangements) are not reproduced. Proteins in micelles are there-
fore less stable, and very labile proteins will lose their 3-D structure. Thus, it is
essential that, prior to any crystallization attempt, the protein solution is character-
ized as much as possible by using techniques such as negative-stain electron
microscopy (Chapter 2), analytical ultracentrifugation (Chapter 4), circular dichro-
ism (Chapter 10), and/or infrared (IR) spectroscopy (Chapter 11). Each of these
methods represents an appropriate method by which to explore the protein solu-
tions as a function of the different detergents. Considering the extended time
required to produce and crystallize membrane proteins, it is worthwhile first to
check for correct folding, stability, monodispersity, conformational homogeneity,
and lipid composition. These factors are important because if they can be con-
trolled the amount of protein used for crystallization screening will be reduced
and the success rate dramatically increased.

Following the production of pure and stable proteins, the next bottleneck of
structure determination is that of crystallization. Previously, most X-ray structures
have been obtained using a classical approach which consists of exploring various
precipitants by using vapor diffusion methods in the presence of different deter-
gents. The detergent can be exchanged during the purification protocol, although
charged detergents should be avoided as they may induce repellent effects between
the PDCs and thus discourage crystal nucleation. The aliphatic chains of the
detergents must be sufficiently long so as to cover the hydrophobic surface of the
protein, while the volume of detergent surrounding the protein should not prevent
protein—protein interactions. It should be noted that the crystallization process is
somewhat more complex for soluble proteins (Fig. 1.3A); this is because the deter-
gent solution also undergoes phase separation at high detergent and precipitant
concentrations, from a micellar phase towards two non-miscible phases (Fig.
1.3B). Crystallization is often benefited by the consolution boundary defining
the phase separation, since when approaching this boundary the probability of
protein—protein interaction is increased as a consequence of micelle-micelle inter-
actions [31]. This type of mechanism is very sensitive, however, and uncontrolled
deviations caused by different detergent concentrations, by impurities in the deter-
gent, contamination due to another conformer of the detergent, or by endogenous
lipids present in the protein solution, may lead to non-reproducible results between
protein batches.

In recent years a number of alternative crystallization methods based on lipid
phases have emerged. Lipidic cubic phases have been particularly successful for
bacterial rhodopsins, which have seven TMHs and short extra-membrane loops
[32]. Although these phases are difficult to use in the non-specialized laboratory,
their automation and miniaturization allows the use of nano-volumes per trial,
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Fig. 1.3 Schematic phase diagrams.

(A) Protein concentration as a function of
precipitant concentration. Above the solubility
curve and below the dashed line, proteins
remain soluble in a metastable way. In this
region of the phase diagram crystals can be
obtained. This scheme is general for soluble
and membrane proteins. (B) Detergent
concentration as a function of precipitant

Precipitant concentratioﬁ

concentration (cmc), the detergent is soluble
as monomers. Above the cmg, it forms
micelles. At higher concentrations of
detergent and precipitant, the solution
undergoes a phase transition and forms two
non-miscible phases. For membrane proteins,
the phase diagram in (B) will interfere with
that represented in (A), adding to the
complexity.

concentration. Below the critical micellar

and this will undoubtedly contribute to their rapid development [33]. Cubic phases
are certainly not the only lipid phases usable for the crystallization, and there are
no doubts that the current explorations will lead to new approaches.

The massive efforts in automation that have been undertaken in structural
genomics have led to drastic improvements in strategies for membrane protein
production and crystallization. These advances have been made not only because
the methods allow several conditions to be followed in parallel for the same protein
(from cloning to the soluble, stable protein), but also because the crystallization
robots in the laboratory are capable of pipetting, reproducibly, aliquots of 50nL,
thus reducing by a factor of 20 the total volume of protein solution required.
Hence, currently a typical membrane protein study requires only a few hundred
milligrams (typically 100-300mg) of a pure protein. Moreover, with improved
miniaturization and better control of the protein solution in the final purification
stages, even this quantity may be reduced significantly, thus opening the field of
crystallography to proteins expressed in mammalian cells.

13.2
General Aspects of Crystallography

X-ray crystallography for proteins, which was developed during the 20th century,
led to the first structure of a soluble protein during the 1960s and to the first
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membrane protein structure in 1985. Waves interacting with a protein are scat-
tered, and are described by an amplitude and a phase that can be represented by
a complex number, the structure factor F(s). This factor is related to the molecular
structure Dy:

E(s)= J p(x)exp(—2mi s.x)dx

molecule

where p(x) is the electron density and s the scattering vector. Knowledge of the
amplitude and phase of the scattered waves all around the molecule is, in theory,
sufficient to calculate the electron density and to characterize atomically the mole-
cule responsible for the scattering. In practice, the signal from one molecule is
far too low to be measured and must be increased by taking into account a large
number of identical molecules. The principle of crystallography is to amplify
drastically the signal by using a 3-D crystal in which a large number of molecules
are ordered. The wave scattered by the crystal is the sum of the waves scattered
by each molecule in the crystal. All these waves are in phase along well-defined
directions, and sum up coherently resulting in strong spots in these directions in
which the intensity is increased by a factor N?, where N is the number of molecules
in the crystal. Elsewhere, the resulting wave has a zero amplitude. As a conse-
quence, the so-called “diffraction pattern” is a series of strong spots in directions
given by Bragg’s law. A diffraction experiment consists of measuring the position
and intensity of all the spots. A more complete description of the basic principle
of diffraction can be found elsewhere [30].

Protein crystals are analyzed by X-rays produced by a home-source, by a rotating
anode usually operating at a wavelength of 1.54A, or by synchrotron radiation.
Preliminary experiments prior to the final data collection that will be used for the
structure determination, are carried out with home sources and used to character-
ize the unit cell, space group and diffraction quality, to identify the appropriate
conditions for freezing the crystals, and to screen for good quality crystals. Syn-
chrotron sources produce a white beam that is much brighter than rotating anodes,
with a very low angular divergence. Normal diffraction experiments are performed
using a monochromatic beam, with the wavelength being selected by a monochro-
mator. The quality of data collected with synchrotron radiation sources is far better
in terms of resolution and signal-to-noise ratios of intensities. Even for routine
crystals the final data sets are preferentially collected on such sources. In addition,
they allow more difficult cases to be tackled, such as micro-crystals (which typically
are up to 5 or 10um in size) or crystals with very large unit cells (typically 1000 A).
Very small crystals can be analyzed with an optimized signal-to-noise ratio by col-
limating the beam to a size that is comparable to the crystal size. Microdiffractom-
eters produce a narrow focused beam, and the appropriate visualization devices
allow precise centering of the crystal in the beam. Several membrane protein
structures have been solved using microcrystals [34, 35]. Diffraction from crystals
with large unit cells can be collected by narrowing the beam with slits and increas-
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ing the crystal-to-detector distance. In this way the low angular divergence of the
beam will allow the spots to be separated, while large charge-coupled device (CCD)
cameras allow data collection in the appropriate resolution range. The success
achieved in the highly challenging field of ribosome structural studies demon-
strates the efficiency of synchrotron radiation [36].

1.33
Determining the Phases Associated with Diffracted Waves

Structures are solved with X-ray crystallography according to two main methods.
The first method is based on heavy-atom derivatives (atoms which have a large
number of electrons and therefore interact strongly with the incident X-ray
beam), and consists of the experimental determination of phases associated with
the diffracted beams. The second method — molecular replacement — is based
on a known similar structure (or partially similar structure) that is used as an
initial model to provide a first set of estimated phases. Since the widespread
introduction of synchrotron radiation, the “heavy-atom” method has evolved and
currently utilizes not only a large number of electrons of heavy atoms bound
specifically to the protein but also the absorption property of X-rays by electrons,
with the anomalous signal occurring at a well-defined wavelength for each atom.
The use of this method is possible with synchrotron radiation because an ade-
quate wavelength can be selected from the white beam — a procedure which is
not possible when using a home X-ray source that is limited to one wavelength.
When combined with developments in molecular biology which allow the pro-
duction of large quantities of engineered proteins, the method of choice for
soluble proteins is based on the anomalous signal of selenium incorporated into
the protein by replacing methionines by selenomethionines. By tuning the wave-
length of the X-ray beam, it is then possible to use the anomalous signal of
selenium and to collect diffraction data for one or several wavelengths using
methods of either single anomalous dispersion (SAD) or multiple anomalous
dispersion (MAD) near the absorption edge of selenium. The structure of many
soluble proteins overexpressed in E. coli, were solved by using this very elegant
approach.

Several user-friendly programs allow the data collection, data treatment and
integration of diffraction spots. Experimental improvements — notably, broader
and easier access to synchrotron beams, and improvements in data treatment, and
in particular a better weighting scheme in phase calculations — now lead to electron
density maps of much higher quality from which, in some cases, the protein model
is built automatically. As a consequence of the general principles of crystallogra-
phy, atoms that are sufficiently well ordered in the crystal will be located precisely,
whereas flexible loops or flexible N- and C-termini will not be visualized experi-
mentally. Compared to carbon, nitrogen or oxygen atoms, hydrogen atoms have
only a single electron and interact weakly with X-rays, and hence are generally not
detectable when using XRD.
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1.3.4
Structure Determination of Membrane Proteins

1.3.4.1 Crystal Quality

Interestingly, crystals obtained from lipidic phases often grow as small plates,
whereas no general tendency is observed in the classical approach. This can be
explained by the crystalline arrangement. In lipidic cubic phases, the crystals grow
as stacks of 2-D crystal layers that are ordered in the third dimension [37]. The
growth rate perpendicular to the layers is often slower because crystal contacts are
weaker along this direction, which explains the thinness along this axis. Despite
their very small sizes, crystals of bacterial rhodopsins diffract to high resolution,
thus demonstrating the high diffraction power of these crystals. In contrast, crys-
tals grown by vapor diffusion from a protein—detergent solution, have no particular
crystal packing. However, even with large sizes, their diffraction is in general more
limited and the crystal quality is usually poorer than for soluble proteins. This can
be explained by the fact that the detergent occupies a non-negligible volume in the
crystal (ca. 20%), and might interfere with crystal contacts. Whilst several struc-
tures were solved at 3 A resolution or less, many crystals which are of good appear-
ance diffract to less than 10 A and consequently are completely useless for structure
determination.

1.3.4.2 Phase Determination

In contrast to soluble proteins, molecular replacement is not a method of choice
for solving the phase problem because of the low number of known membrane
protein structures. MAD or SAD methods based on selenomethionine-containing
proteins are not yet used extensively. Except, for some bacterial proteins, few
membrane proteins are currently expressed in E. coli, and most of the phases have
been obtained using the classical “heavy-atom” method which involves soaking
the crystals in heavy-atom solutions. These chemical compounds (whether ions or
small molecules) are able to diffuse into the crystals and eventually bind to specific
sites. This method tends to be destructive towards crystals because the soaking
solution, by definition, is different from the solution in which the crystals were
grown; thus, the diffraction quality is decreased compared to that obtained from
Se-Met-containing crystals. In addition, binding sites for heavy atoms are more
restricted for a soluble protein of equal size or weight, because only hydrophilic
surfaces are accessible to heavy atoms, the hydrophobic surface of the protein
being surrounded by amphiphilic molecules such as detergents or lipids. If hydro-
phobic compounds are used they may easily diffuse within the detergent phase
and become trapped by the many unspecific interactions that compete with spe-
cific binding sites.

1.3.4.3 Crystal Freezing

Finally, in order to limit the radiation damage that may occur during XRD experi-
ments (this is especially important when using synchrotron radiation), the crystals
are maintained at 100K under a cold nitrogen stream. This low temperature
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reduces the diffusion of free radicals created by the intense beam, and therefore
limits their destructive power. For all types of protein, cryocooling of the crystals
is achieved under conditions where water is transformed to vitreous ice rather
than crystalline ice, in order to avoid changes in its specific volume and to maintain
crystal integrity. For membrane proteins, the amphiphilic molecules as well as
water will undergo phase transitions that will modify their specific volumes and
perturb crystal contacts. In general, the freezing of membrane protein crystals is
more difficult and, indeed, for some crystals the appropriate conditions could not
be identified. In such cases, the diffraction data are collected by reducing the
crystal temperature to 4°C, which is a compromise but does limit the radiation
damage to some extent. It is also worthwhile investigating smaller crystals (and
even microcrystals), as these are often easier to freeze but can still be used on
synchrotron beams.

Complementary approaches, such as neutron scattering (see Chapter 9), pro-
vide in some cases very powerful means of locating hydrogen atoms at high
resolution by standard neutron crystallography [38]. In addition to the spatial
position, XRD experiments also provide a thermal parameter (the B factor or
temperature factor) that sums up both statistical disorder (different atomic posi-
tions from one unit cell in the crystal to the other) and dynamic fluctuations.
Water, detergent or lipid molecules will only be visible if their interactions with
the protein are sufficient such that the molecules are ordered at the atomic level
in the crystal. These interactions are possible for individual molecules [39], and
even if more detergent or lipids are present in the crystal, X-ray crystallography
will not show the bulk organization of such molecules. Low-resolution neutron
diffraction is, however, able to locate the detergent organized around the protein
in the crystal, as shown in Fig. 1.4 [40]. In addition, as illustrated in the recent
examples below, crystallography will provide high-resolution structures of one
possible conformation of the protein that was crystallized. A key point here is
that if the conformation is correlated to a functional state it will serve as a strong
basis for postulating functional mechanisms that must be confirmed using other
experimental approaches.

In conclusion, membrane protein crystallography is more difficult to perform
than soluble protein crystallography, as the crystals are smaller (microcrystals),
they have a lower diffraction power, and are more difficult to freeze. Each of these
reasons generally entails lower resolution, and electron density maps are therefore
more difficult to interpret and models can rarely be constructed automatically. In
general, when considering the stages through crystallization, diffraction experi-
ments, phase determination, and model building and refinement, the X-ray crys-
tallography of membrane proteins requires greater expertise than for soluble
proteins, where automatic procedures may be highly efficient and serve as “black
boxes”. The following section illustrates how high-resolution structures are essen-
tial when characterizing the precise conformational states of a protein, for obtain-
ing information from such structures, and for postulating the functional
mechanisms involved. The limitations and development of these methods are also

highlighted.
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Fig. 1.4 The detergent belt around OmpF trimers. The
detergent belt around the porin trimer in the crystals was
determined experimentally by neutron diffraction, and is
viewed from the top (a), and a section through the detergent—
protein complex viewed from the side (b).

1.4
Recent Examples

In this section, two examples of structure—function studies of membrane proteins
are described in order to highlight the power of high-resolution X-ray crystallog-
raphy. More generally, in addition to high-resolution structures, the oligomeriza-
tion state and/or the formation or larger assemblies of membrane proteins in the
membrane are important issues for understanding functional mechanisms. Such
studies raise questions that must be further investigated with in-situ integrative
studies based on methods which are complementary to X-ray crystallography.

1.4.1
Bacterial Rhodopsins

Bacteriorhodopsin was discovered during the 1970s and remains the most studied
membrane protein by several means. This bacterial membrane protein, which is
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found in halophilic organisms, is responsible for the first event in the bioenergetic
pathway as it absorbs visible light and in turn expels a proton outside the cytosol.
The proton gradient thus created is then used by the rotatory motor of the ATP
synthase, which provides the catalytic energy to synthesize ATP from ADP and
inorganic phosphate. Because the protein contains a chromophore which absorbs
visible light — namely, a retinal that is covalently bound in the center of the protein
to a lysine via a Schiff base — various spectroscopies serve as the ideal tools to follow
the consequences of photon absorption on the chromophore and its environment.
Other similar membrane proteins also utilize light energy via the same chromo-
phore, but achieve completely different functions. For example, halorhodopsin is a
light-activated chloride pump, while sensory rhodopsins are implicated in light
sensing. These materials are connected to the machinery of flagellar motors and
drive the bacteria in or out the vicinity of the light source as a function of light
intensity. Other bacterial rhodopsins with similar structures have been identified
and characterized more recently, though their function is not yet clear.

The structure of bacteriorhodopsin was solved from crystals grown in lipidic
cubic phases [41, 42]. These highly diffracting crystals served as the “proof of
concept” of the method [32, 34]. The structure consists of seven tightly packed
TMHs linked by very short loops, and forming a central pocket in which the retinal
in its all-trans configuration is located (Fig. 1.5A-C). Before the structure was
known, extensive absorption spectroscopic studies identified the photocycle of
bacteriorhodopsin with different intermediate states in light with the proton trans-
location. Globally, the photocycle can be divided in two halves. During the first
half, the retinal absorbs a photon and changes its conformation to 13-cis; this
induces local structural rearrangements towards the extracellular side, with proton
movements from the Schiff base linking the retinal to the protein, and ultimately
a proton being expelled outside the cytosol. All these events occur with small
structural modifications of the protein. During the second half of the photocycle,
the Schiff base must be reprotonated from the cytoplasm, and this requires much
larger structural movements. X-ray crystallography is well suited to determine the
high-resolution structures of bacterial rhodopsins in their ground states [41-44].
The comparison of the structures and, in particular, the retinal structures (Fig.
1.5D) and their binding pockets linked to spectroscopic properties or functional
consequences are of special interest. X-ray crystallography has also been shown as
an appropriate tool to follow fine structural modifications, the movements of water
molecules, rearrangements of side chains, and small backbone movements that
allow proton translocation to occur. However, the larger structural modifications
which occur in the second half of the photocycle are better characterized by elec-
tron microscopy [45] or by neutron scattering (see Chapter 9).

1.4.2
ADP/ATP Carrier

The mitochondrial ADP/ATP carrier (AAC) from bovine heart belongs to a family
of membrane proteins located in the inner mitochondrial membrane, which are
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Fig. 1.5 Bacteriorhodopsin (BR). (A) Overall  shown as red spheres. (C) Hydrogen-bond
view of BR; the seven TMHs are labeled from  network in the putative proton pathway from

A to G. The structure is colored according the Schiff base to the extracellular side of BR
to the temperature factors (blue and red where the proton is expelled. (D) Comparison
correspond to low and high factors, of the retinal structures in purple BR (1ghj),
respectively). The retinal is positioned in the  in orange sensory rhodopsin Il (1Th68) and
centre of the protein. (B) Electron density green halorhodopsin (1e12), as determined
map at 1.9A resolution, contoured at 1 , in from high-resolution X-ray crystallography.
the vicinity of K216 to which the retinal is (Figs. 1.5A—C reproduced from Ref. [41].)

bound (not shown). Water molecules are
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responsible for the import and export of several important metabolites [46]. AAC
was the first protein of the mitochondrial carrier family (MCF) for which the
structure was solved (Fig. 1.6). This protein is essential because it exports ATP,
which is synthesized within the mitochondrial matrix, and also imports ADP from
the cytosol. Because it is highly abundant in the heart mitochondria —representing
up to 10% of the inner member proteins — it was extensively characterized and
studied during the 1970s by using a variety of biochemical approaches [47, 48].

Although its characterization is an interesting issue in its own right, AAC also
serves as a model for other members of the MCF family. For example, the amino
acid sequences of these carriers were shown to be composed of three replicates
each of about 100 amino acids, resulting most probably from a gene triplication
(Fig. 1.6B). Each motif contains a specific amino-acid signature, the MCF motif,
which today can be used to identify new MCF members from the newly sequenced
genomes [49]. Almost 50 AAC members are present in humans and/or yeast, as
well as in plants and other eukaryotic organisms. More recently, a putative MCF
carrier was also identified from the mimivirus genome [50]. As yet, however, none
of the searches for MCF motifs among all known genomes has ever identified a
protein with a single motif, or even with a number of motifs other than three.
These findings point to the importance of the three replicates for stability of the
overall scaffold. The structure as elucidated by X-ray crystallography, shows that
each motif consists of two TMHs linked by a loop containing a short amphipathic
helix [51] (Fig. 1.6C). The six TMHs from the three motifs interact strongly, two
by two, around a pseudo threefold axis (Fig. 1.6A). All of the TMHs are tilted with
respect to the membrane, and the odd-numbered ones are kinked at the level of
a proline residue belonging to the MCF motif. The structural analysis shows also
that the basic and acidic residues from the MCF motifs are located on the C-
terminal end of the odd-numbered helices, and that they interact two by two,
forming salt bridges that bridge the three motifs (Fig. 1.6D). As a consequence of
the tilts, the kinks and the arrangement of the six TMHs, the protein adopts a
basket-like shape which is closed toward the mitochondrial matrix and open
toward the inter membrane space, with a cone-shaped cavity ending at 10A of the
mitochondrial matrix (Fig. 1.6E). It is also important to mention, that the protein
extracted from the mitochondrial membrane is known to be unstable and was
purified and crystallized in the presence of carboxyatractyloside (CATR), a well-
known inhibitor that prevents nucleotide transport by blocking the entry site from
the inter-membrane space. Therefore, CATR blocks the carrier in one well-defined
conformation, which prevents the protein from being degraded during the purifi-
cation and allows a homogeneous solution in terms of protein conformation, a
prerequisite for the crystallization. The overall topology is a direct consequence of
the presence of the three MCF motifs, and it seems most likely that all members
of the MCF family share the same overall fold.

It is relatively easy to derive the overall structure of other carriers from AAC.
However, due to the relatively low sequence identity (<20%), the models of other
carriers cannot easily be used for direct structure-function interpretation. The
high-resolution structure of AAC provides a detailed insight of the location of all
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Fig. 1.6 The mitochondrial ADP/ATP carrier
(AAC). (A) Overview of AAC, the ribbon
diagram colored blue to red from the N-
terminus to the C-terminus shows the six
TMHs and three amphipathic helices located
at the surface of the lipid membrane on the
matrix side. Three cardiolipins are located
around the protein. Because of the presence
of three repeats in the amino-acid sequence
of the protein, the backbone of AAC adopts a
pseudo threefold symmetry. (B) Schematic
representation of the topology of AAC.
Regions containing the MCF motifs are
colored in gray, the alignment of the three
repeats is shown below with, on the top, the
consensus MCF motif boxed in gray. (C)
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two TMHs, the first being sharply kinked at
the level of a proline belonging to the MCF
motif. Both helices are linked by a loop, which
is partially structured as a small helix. (D) Salt
bridges linking the three motifs two-by-two
and based on acidic and basic residues from
the MCF motifs. (E) Surface representation of
the cavity. A longitudinal section through the
protein highlights the cone-shaped cavity
which enters deeply from the inter-membrane
space toward the matrix. Conserved basic
residues, as well as tyrosine residues,
depicted on the Fig. are thought to attract
ADP to the cavity. (Figs 1.6A and B
reproduced from Ref. [68]; Fig. 1.6D and E
reproduced from Ref. [53].)

Structure of a single MCF motif showing the
4
Al

its residues, which is particularly interesting for those residues located in the
cavity. The presence of CATR at the bottom of the cavity not only allows an under-
standing of its inhibitory mechanism, but also highlights those residues which are
important for the binding of ADP from the inter-membrane space — the first event
to occur before ADP import. Initially, some of these residues were postulated as
being important from functional studies of mutants [52], without knowing their
location, whilst others highlighted by the structure were thought to act as selectiv-
ity filters [53]. Therefore, the structure represents a major tool in the design of
mutants from functional hypotheses derived from the structure, in a rational
manner by selecting the amino acids to mutate with respect to structural features,
and by choosing those amino acids to be replaced but with minimal perturbation
of the structure.

Other important functional issues are the conformational changes that the
protein is able to undergo. Several hypotheses can be made from a single confor-
mation structure, on the basis of structural properties of individual amino acids.
In particular, proline residues are known to be responsible for kinks that can be
modified, while glycine residues located at helical extremities are known to induce
flexibility. When considering the conservation of specific proline and glycine resi-
dues among MCF carriers, certain helical movements that would allow the trans-
port of metabolites to occur can be postulated. Although, it is exciting to realize
these first clues for the transport mechanism, further experimental evidence is an
absolute requirement to make progress, and in this respect X-ray crystallography
may provide the structure for another conformation, if its crystallization were to
be achieved. Other lower-resolution structural methods, such as electron micro-
scopy on two-dimensional crystals [54] (see Chapter 2), might also bring different
insights into the conformational landscape of AAC, and could be combined with
high-resolution data on one conformation. Clearly, in the near future, NMR spec-
troscopy (Chapter 3) will become a method of choice for following the binding of
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various nucleotides and understanding the selectivity of AAC for adenonucleo-
tides. Surface plasmon resonance (see Chapter 5) may also represent an exciting
approach for measuring the binding affinities of nucleotides or other molecules.
Dynamic data demonstrating the flexible regions of the helices or loops — either
experimentally or computationally, as described in Chapters 7 and 8 — will help in
our understanding of how conformational changes are possible. In addition,
helical rearrangements can be followed by using IR or Raman spectroscopy (see
Chapters 11 and 12, respectively). In summary, this example illustrates the impor-
tance of high-resolution structures and their implication in our understanding of
structure—function relationships. Perhaps more importantly, they also show how
such achievements can open new fields for exploration with several complemen-
tary, biophysical methods.

1.4.3
Oligomerization of Membrane Proteins in their Natural Environment

The topology and oligomerization of membrane proteins are interesting issues
for which recent structures have opened new questions. For example, pseudo-
symmetry is observed several times in membrane protein structures, as already
illustrated by the pseudo threefold symmetry related to gene “triplication” of
the ADP/ATP carrier described in Section 1.4.2. A twofold pseudo-symmetry was
also described for the ammonium transporter AmtB [55], for which TMHs M1 to
MS5 are related to helices M6 to M10 within the monomer by a symmetry in the
mid-plane of the membrane. However, in that case no gene duplication is
obvious. Similar observations have been made for the lactose permease LacY [56],
the SecY protein of the translocon [57], and aquaporins [58]. For the latter, the
symmetry was already recognized from the gene analysis.

Several membrane proteins are known to function as oligomers and, indeed,
they crystallize as such and their structures can be determined. For ion channels,
the functional meaning of oligomerization is clear from the structure, as the heart
of the channel is formed by several TMHs, each of which is derived from a differ-
ent monomer (for a review, see Ref. [59]). In the case of bacteriorhodopsin, the
trimer is known, from direct imaging by electron microscopy and other methods,
to exist in the native membrane [9]. This trimer is present in the crystal and its
structure has been determined, although the reason for such trimerization remains
elusive. Bacterial rhodopsins also highlight the diversity in oligomerization among
homologous proteins; for example, bacteriorhodopsin is trimeric, sensory rhodop-
sin II is probably dimeric [60], but the oligomerization of halorhodopsin remains
unknown [44]. In other cases — such as the ADP/ATP carrier, the protein import
machinery SecY and various GPCRs — dimerization was described as the result of
an ensemble of biochemical or functional evidences. However, the high-resolution
structures determined were monomeric, and the functional properties could be
interpreted from monomers. Moreover, SecY 2D crystals, when analyzed by elec-
tron microscopy, showed the presence of a dimer [61], a finding which was sup-
ported by biochemical analyses. The X-ray structure determined from 3-D crystals
highlighted the existence of a translocation pore in the center of a monomer [57].
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Consequently, the authors postulated that SecY forms an oligomer in vivo, but that
each monomer functions independently. The oligomerization of SecY in the native
membrane may create a binding site to recruit other partners.

Several plausible hypotheses may be proposed to explain the discrepancies
between high-resolution X-ray structures and biochemical data. For example, the
oligomers may have been disrupted during purification, the previous biochemical
observations may have been incorrect, or the protein may indeed function as a
monomer but be present as an oligomer in the native membrane for better effi-
ciency. A further possibility might be that for improved efficiency and/or stability,
the protein must be packed into dense patches locally, without forming oligomers.
In all cases, it will be necessary to conduct additional investigations, either on
solubilized proteins (e.g., ultracentrifugation; see Chapter 4) or on native mem-
branes or reconstituted systems by electron microscopy (Chapter 2) or atomic force
microscopy (Chapter 6). Forster resonance energy transfer (FRET) experiments on
proteoliposomes or intact cells in which the protein of interest is expressed with
fluorescence labels, also represents an attractive method to ascertain oligomeriza-
tion within a functional environment (Chapter 13).

1.5
Future Developments in X-Ray Crystallography of Membrane Proteins

Although many developments are currently under way, the crystallography of mem-
brane proteins will clearly continue to improve in the near future. At present, the
production of large quantities of pure, homogeneous membrane proteins remains
a primary bottleneck which must be overcome. Whilst this problem is not specific to
crystallography, and no “magic” method is expected in the short term, an array of
positive and negative information should lead us towards a rational approach for
exploring parameters in parallel. These include homologous proteins from differ-
ent sources (possibly from bacteria), vectors and gene lengths, expression systems
and conditions, detergents for solubilization, purification and crystallization, and
crystallization methods. Today, new in-vitro expression systems have shown great
promise despite not yet being extensively explored [62]. Notably, expression in
mammalian cells is affordable due to the small quantities of protein needed for crys-
tallization. These developments will all require a better understanding of protein—
lipid or protein—amphiphile interactions in general, and will benefit from the
progress made in protein stabilization. In order to increase the stabilization of pro-
teins outside the natural environment, new amphiphilic molecules must be
designed and, if used for crystallization, the protein—amphiphile complexes will
need to be of well-defined size. Although the use of such molecules has already been
suggested, few investigations have been completed. For example, “amphipols” are
amphipathic polymers which adsorb onto transmembrane surfaces of the proteins
by multiple attachment points [63]. Although initially designed for biochemical
applications, the different molecules may be used for crystallization. In contrast to
detergents, it is not necessary to use an excess of micelles in solution in order to
maintain the stability of protein—amphipol complexes. Several hemifluorinated
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surfactants have also been partly investigated [64, 65]; these fluorocarbon surfac-
tants resemble classical detergents, the hydrophobic tail of which is fluorinated
rather than hydrogenated. These compounds are also lipophobic, act as poor sol-
vents for lipids, and can therefore be expected to be less delipidating. Other groups
have investigated hybrid molecules called “lipopeptides”; these consist of a polypep-
tide which forms an a-helix linked on both ends to an alkyl chain that will surround
the hydrophobic surface of the protein [66]. All of these developments require ade-
quate and efficient systems not only to characterize the proteins in solution but also
to control the particles formed by proteins and amphiphiles. Such methods are cur-
rently undergoing improvement by adapting well-known techniques to membrane
proteins, or by making their use compatible with small volumes, which in turn
allows much larger screenings of conditions. The development of solution studies
of proteins prior to crystallization will also improve the choice of favorable parame-
ters (protein and detergent concentrations, additives such as lipids, ionic strength,
etc.) for the protein solutions used in crystallization studies.

Clearly, the diversification of crystallization methods will create new possibili-
ties, and both methods described in this chapter may prove to be more adequate
for a protein of interest, though it cannot yet be predicted which method should
be used — or even both in parallel! Today, the classical vapor diffusion technique
has become so efficient by using nano-drop robots that almost 1000 conditions
can be explored using less than 100 L of protein solution. However, it also appears
that in fine a limited number of precipitants are successful, and the number of
initial conditions may therefore be restricted and their choice driven by a better
knowledge of the physical chemistry of protein—detergent—precipitant solutions.
This would favor the crystallization of those proteins expressed in smaller quanti-
ties in mammalian cells, and several laboratories are currently designing their
own screenings based on such an approach. The lipidic cubic method will also
undoubtedly improve and become more efficient by using robots to allow larger
sampling of conditions and much smaller quantities of protein for each trial [33].
In parallel, the screening of precipitants must also refined in terms of detecting
crystals in the lipidic phase and extracting them from the lipids for diffraction
experiments. Several groups are working along these lines, and lipidic phases are
showing great promise because the proteins are embedded in a medium close to
their natural environment.

Due to the increasing number of known structures, molecular replacement will
be used more often for phase determination. Different chemical compounds
caging heavy atoms are also the subject of investigation, and may be adapted to
membrane protein properties [67]. Studies are also under way to explore the pos-
sibility of obtaining diffraction data from micro-crystals [35]. This approach will
create new possibilities when crystallization is limited to micro-crystals, or when
only diffraction-quality micro-crystals are acceptable. The data must first be derived
from a larger number of crystals (at least one image per crystal), and then scaled
and merged to obtain a complete data set. Such improvements would not only
lead to better experimental data and phase determinations but also provide access
to more protein structures and automatic structure determinations.
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1.6
Conclusions

Although X-ray crystallography provides a strong structural basis for our under-
standing of functional mechanisms, this knowledge is insufficient to fully under-
stand functional processes at the level of the native membrane. Biophysical or
computational approaches will provide complementary information which — when
combined with the high-resolution structure — will lead to a coherent ensemble.
Biophysical methods are not only useful for understanding functional mecha-
nisms but are also essential for controlling the quality of a purified protein by
analyzing the detergent and lipid content in the protein solution, and by character-
izing the size of the particles and the protein oligomerization state. Each of these
measurements can be performed while screening various parameters, leading to
a rational manner of protein preparation. In addition, further spectroscopic analy-
ses can be used to characterize the conformational state of a protein as a function
of ligands, and these represent important methods by which to seek controlled
crystallization conditions. Other biophysical methods will enable the study of
membrane proteins within membranes, and in particular their spatial arrange-
ments. Molecular dynamics can be monitored with both neutron scattering and
NMR, both of which complement computational molecular dynamics. X-ray crys-
tallography provides for high-resolution structures, which provides new insights,
raises new questions, and provokes much discussion with regards to oligomeriza-
tion and the conformational changes necessary for transport, channel, or signaling
activities. Answers to all of these questions are important in order to understand
the function and to propose alternative mechanisms. And — when used together
— these methods will provide an integrated approach of structure and function of
membrane proteins.
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Membrane Protein Structure Determination by
Electron Cryo-Microscopy

Christopher G. Tate and John L. Rubinstein

Electron cryo-microscopy (cryo-EM) is a versatile technique used to visualize and
determine structures ranging in size from subcellular assemblies to small protein
molecules. The cornerstone of its success is the ability to image biological struc-
tures preserved in their native conformation by freezing the sample so rapidly that
the specimen is immobilized in a layer of amorphous, non-crystalline ice. Although
originally used to define the structures of large viruses at an intermediate resolu-
tion, cryopreservation, coupled to improved imaging and image analysis, has now
allowed the structure determination of a membrane protein embedded in a native
membrane environment to a resolution of 1.9 A [1].

This chapter will describe the technique of cryo-EM and its application to the
structure determination of integral membrane proteins and membrane protein
complexes at resolutions ranging from 1.9 to 30 A. The divisions within the chapter
reflect the different techniques that are used to determine structures from differ-
ent samples, despite the similarity in the data collection using cryo-EM. The
structures of proteins that have masses in excess of about 300kDa can be deter-
mined from merging images of single particles which, in the most favorable cases,
allows the assignment of secondary structure elements such as o-helices to the
density (Section 2.2). Higher resolution is possible if the protein molecules are
arranged in an ordered crystalline array, either as sheets (Section 2.3) or helical
tubes (Section 2.4). The first section will introduce the electron microscope,
because improvements in the ease of image acquisition and the quality of those
images has played a large role in increasing the effectiveness of cryo-EM as a
method for structure determination. Space does not permit a discussion about
electron tomography techniques that are being developed to study protein com-
plexes and subcellular structures such as mitochondria, and the interested reader
is directed to an excellent recent review [2].
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Copyright © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31677-9

31



32| 2 Membrane Protein Structure Determination by Electron Cryo-Microscopy

2.1
Introduction

Electron microscopy (EM) is used extensively in the material sciences to study
radiation stable structures at Angstrom resolution. Unfortunately, the resolution
attainable for biological molecules is much lower due to a number of factors, the
most important being radiation-induced specimen damage. Electrons are scat-
tered by a molecule in two ways: elastic scattering and inelastic scattering. Elastic
scattering, where the electron leaves the specimen with the same energy that it
had before interacting, provides most of the useful information about the biologi-
cal structure in the image. Inelastic scattering leads to the deposition of energy
in the specimen, resulting in its destruction during the imaging process. There-
fore, the amount of energy deposited by inelastic interactions per useful elastic
scattering interaction is the fundamental parameter in determining the utility of
various particles (electrons, X-ray photons, neutrons) in imaging techniques. For
imaging biological molecules, electrons deposit approximately one thousandth of
the energy of comparable X-ray photons per useful scattering interaction [3].
X-ray crystallography of proteins is only possible because the diffraction pattern
is an average of the pattern produced by the many (e.g., 10" molecules in the
crystal. Consequently, the dose of radiation for any molecule in the crystal can
be kept below the critical dose that would destroy the high-resolution information
that is desired. The reduced radiation damage caused by electrons, combined
with the ability to easily focus electrons using magnetic lenses, makes electrons
an excellent choice of particle for imaging biological molecules. Nevertheless, in
order to avoid destroying the specimen during imaging, the number of electrons
allowed to interact with the specimen must be limited by using low-dose proce-
dures, which leads to images that suffer from statistical noise. As a result, it is
impossible to record an image of a single protein molecule with atomic detail.
Instead, high-resolution information can be determined only by averaging many
different images of identical molecules in the same orientation. If the images of
the individual molecules can be properly aligned, the signal from each molecule
will be correlated, while the noise will not be correlated; hence, when averaged,
the signal at every resolution increases while the noise gradually cancels out. Due
to the short wavelength of electrons, an electron microscope has an extremely
large depth of focus. Consequently, the image produced by an electron micro-
scope is, to a good approximation, the projection of the three-dimensional (3-D)
structure of the specimen onto the two-dimensional (2-D) plane of the image.
However, every infinitesimally small point in the image appears not as a perfect
point but instead as the point-spread-function (PSF) of the microscope. Also,
phenomena such as specimen charging, drift, and attenuation of the microscope
signal at high resolution all contribute to EM images that are less than ideal.
Image analysis is used to improve the signal-to-noise ratio in the images and
correct for the PSF of the microscope. Well established mathematical procedures
are used to build a 3-D model of the specimen from images obtained by
EM [4].
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2.1.1
The Electron Microscope

The quality of images obtained by cryo-EM is dependent on the quality and type
of electron microscope used. There are two types of electron source employed in
modern electron microscopes: thermionic; and field emission. Thermionic elec-
tron sources, such as tungsten or lanthanum hexaboride, are heated to eject elec-
trons from a filament. These electrons are then accelerated towards the specimen
by an electrostatic potential. Field emission guns (FEGs) use the quantum mechan-
ical phenomenon of tunneling to extract electrons from a tip constructed from a
specially engineered low work-function material. FEGs can emit orders of magni-
tude more electrons per unit surface area than thermionic sources with slightly
less energy spread, resulting in a spatially coherent electron beam that can be used
to produce higher-resolution images. Cryo-EM maintains the temperature of the
sample in the microscope below —155 °C so that the ice surrounding the specimen
remains unstructured [5]. Improvements in the design of cryo-holders has reduced
the amount of drift or vibrational movement due to thermal gradients and external
vibrations by placing the specimen in a cassette in the center of the microscope
so that it is disconnected from the external environment. Some microscopes are
designed to maintain the sample at about —270°C by using liquid helium as a
coolant [6]; this reduces the radiation damage of the sample by around a factor
of two, but may introduce the problem of increased specimen charging due to
decreased conductivity of the specimen. At present, the use of liquid helium speci-
men stages is controversial in cryo-EM. Developments improving microscope
stability and user interfaces have resulted in commercially available instruments
that are relatively easy to use and which are capable of producing high-quality
images for structure determination.

Film is still used to record images of radiation stable specimens because it cur-
rently offers the best compromise between sensitivity and resolution. However,
once an image is captured on film it must be digitized using a high-quality
film scanner. Some charge-coupled devices (CCDs) and area detectors can record
images with zero background noise [7]; once they are available in a sufficiently
large format and with small enough pixels, they will undoubtedly replace film,
even for high-resolution imaging.

2.2
Single-Particle Electron Microscopy

The simplest imaginable way that molecules can be subject to structural analysis
with the electron microscope is to image randomly orientated individual molecules
and to merge all the images to build a 3-D model. The study of protein molecules
in this state is known as single-particle EM. Image analysis for this experiment is
computationally intensive because all of the information about the location and
orientation of the protein particles in the image must be computed from the image
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Fig. 2.1 Single-particle electron
cryomicroscopy of membrane protein
complexes that produce or use a proton
motive force. (A) Bovine mitochondrial
complex | is the first complex in the electron
transport chain that generates the proton
motive force (PMF) across the inner
membrane of mitochondria. (Reprinted from
J- Mol. Biol. 277, 10331046, Grigorieff, N.
Three-dimensional structure of bovine NADH:
ubiquinone oxidoreductase (complex 1) at
22 A in ice; (c) 1998, with permission from
Elsevier.) (B) The H*-ATPase from Neurospora
crassa couples the hydrolysis of ATP to the

generation of a PMF across the cell’s plasma
membrane for secondary ion and nutrient
transport. (Adapted by permission from
Macmillan Publishers Ltd: EMBO J. 21, 3582—
3589, Rhee et al.; (c) 2002.) (C) The bovine
mitochondrial ATP synthase uses the
mitochondrial PMF for the generation of ATP.
(D) Combining models from X-ray
crystallography with the EM map allows for a
more detailed understanding of the activity of
the enzyme. [Parts (C) and (D) adapted by
permission from Macmillan Publishers Ltd:
EMBO J. 22, 6182—-6192, Rubinstein et al.;

(c) 2003.)

itself. The method has been employed to study the structures of a number of large
membrane-bound protein complexes, such as the complexes responsible for
generating or using a proton motive force across a membrane (Fig. 2.1). Structures
of complexes determined by cryo-EM have ranged in mass from several mega
Daltons (e.g., [8,9]) to as small as the 350kDa hetero-tetrameric insulin receptor
[10]. The resolutions that have been obtained from these experiments range from
~10A [9]to 30 A [11]. An exciting direction in single-particle EM is the combination
of atomic models from X-ray crystallography or NMR spectroscopy within an
envelope of an intact complex determined by cryo-EM. This experimental approach
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is only possible when atomic models of part of a complex and a model of the intact
complex from either cryo-EM of negative stained specimens are available, and
consequently it has not yet been applied extensively to membrane proteins. This
approach has, however, been applied to the mitochondrial ATP synthase [11] and
the voltage-gated potassium channel I,, [12]. Cryo-EM has also been used to eluci-
date the mechanism of cotranslational translocation of proteins across a mem-
brane via a protein-conducting channel (PCC) [13]. Initial insight into this process
was gained by cryo-EM of eukaryotic ribosome particles in complex with the
detergent-solubilized PCC, Sec61 [8] and more recently, a structure was deter-
mined for the detergent-solubilized Escherichia coli PCC, SecYEG, in complex with
a ribosome particle [14]. This experiment demonstrates the utility of cryo-EM to
reveal the details of interaction of two protein complexes and was, in this instance,
particularly informative because atomic models were available for the ribosome
and for a homologue of SecYEG.

2.2.1
Sample Preparation and Requirements

Single-particle analysis of membrane proteins is usually performed on highly
purified, detergent-solubilized samples, although there have been proposals to
image individual membrane proteins that have been reconstituted into lipid vesi-
cles [15]. The most significant difference between single-particle EM of soluble
proteins and membrane proteins is the presence of a bound detergent-lipid
micelle around the hydrophobic portion of the purified membrane protein complex
and the requirement to maintain detergent in the buffer at a concentration above
its critical micellar concentration to ensure that the membrane protein remains
in solution in a monodisperse state.

Single-particle EM can be performed on samples that have either been pre-
served by negative staining or on unstained specimens in vitreous ice. The speci-
men supports used for either type of experiment are metal grids covered with
continuous carbon films, or grids supporting perforated (also known as fenes-
trated or holey) carbon films. For negative staining, the protein particles are
embedded in a film of heavy metal salt stain such as uranyl acetate or sodium
phosphotungstate. Protein appears as “holes” in the layer of stain, and the shape
of the holes provides information on the outer envelope of the protein structure.
Negative staining offers the advantages of easy sample preparation, reasonable
stability in the electron beam, and high-contrast images. However, the resolution
of the image is limited by the granularity of the stain, and the molecular envelope
produced is subject to a variety of distortions and artifacts, such as flattening
and differential interaction of the stain with different regions of the protein. For
cryo-EM of unstained specimens, a purified protein solution is rapidly frozen to
form an amorphous ice containing protein particles [5] that approximates the
aqueous environment of the macromolecular complexes in solution. Cryo-EM of
unstained specimens offers the potential to produce high-resolution structures
of the molecule, but the image of protein against an ice background has less
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contrast and a lower signal-to-noise ratio than images of protein embedded
in stain.

2.2.1.1 Negative Staining of Specimens

The vast majority of negative stain experiments are performed using a continuous
carbon film to support the protein particles. The carbon film is made hydrophilic
by glow discharge in air, and a drop of protein solution is applied to the surface.
Protein particles are allowed to adsorb for a few seconds or minutes, after which
any excess solution is blotted away with filter paper. The grid can then be rinsed
in different buffers or water to remove unbound protein and undesirable reagents
such as glycerol, buffers and detergents that may interfere with staining. Finally,
the grid is rinsed with a drop of stain solution, excess stain blotted away, and the
remainder allowed to dry to form an amorphous film of heavy metal salt. There
are also reports of negatively stained specimens embedded in an unsupported film
of stain (e.g., 5% ammonium molybdate mixed with 0.1% trehalose) in a hole in
a perforated carbon film-covered grid [16] which may reduce some of the distor-
tions of negative-staining EM, but it also reduces the stability of the specimen in
the electron beam.

2.2.1.2 Cryo-EM of Unstained Specimens

As with negative staining, cryo-EM can be performed on specimens supported by
a continuous film of carbon. In this case, the grid preparation is identical to nega-
tive staining except for the final step where, instead of staining, the grid is plunged
into a liquid cryogen (usually liquid ethane), with a guillotine device, to form the
layer of vitreous buffer. The continuous carbon film offers the advantages that the
detergent used to solubilize the protein, but which may interfere with the forma-
tion of amorphous ice, can be removed immediately prior to freezing. In addition,
conditions for specimen preparation can be optimized using negative stain and
then applied almost unchanged for the cryo-EM experiment. However, the con-
tinuous carbon film adds extra noise to the image and may induce preferred ori-
entations of particles, which makes structure determination more difficult. For the
preparation of specimens using a perforated carbon film, the film is usually made
hydrophilic by glow discharge in air or an amylamine atmosphere. The use of
amylamine makes the carbon film positively charged, which may prevent some
protein particles from sticking to the carbon film and thus encourage them to
populate the buffer that forms a thin film over the holes in the carbon. The excess
protein buffer is blotted away and the grid plunged into the cryogen bath. It is
still unclear whether continuous or perforated carbon support films can yield the
highest-resolution models. A continuous carbon film has traditionally been used
for high-resolution studies of the ribosome originating in the laboratory of Joachim
Frank [14, 17], whereas unsupported layers have been used for the high-resolution
studies of symmetrical particles such as the hepatitis-B virus capsid at a resolution
of 7.4A [18] and the E2 core of pyruvate dehydrogenase at 8.7 A resolution [19].
In the cryo-EM analysis of the type I ryanodine receptor (Fig. 2.2), resolution
was improved by changing from continuous carbon film to perforated carbon
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Fig. 2.2 Single-particle electron face. (Adapted by permission from Unipress

cryomicroscopy of the Ryanodine receptor. (A)
Surface representations of the three isoforms
of ryanodine receptor responsible for calcium

Padua: Basic Appl. Myol. 14, 299-306, Sharma
and Wagenknecht; (c) 2004.) (B) Cytoplasmic
(1), sarcoplasmic reticulum (2) and side (3)

views of the RyR1 receptor at ~10A resolution.
Improved resolution was achieved by
improved specimen preparation, use of a
dataset containing more particle images and
use of more sophisticated image analysis.
(Adapted by permission from Macmillan
Publishers Ltd: Nat. Struct. Mol. Biol. 12, 539—
544, Samsé et al.; (c) 2005.)

release from endoplasmic reticulum/
sarcoplasmic reticulum. Although expressed
more widely than indicated by their
nomenclature, the isoforms are RyR1 (yellow),
found in skeletal muscle, RyR2 (red) from
heart muscle, and RyR3 (blue), often referred
to as the brain isoform. The three receptors
are shown as viewed from the cytoplasmic

film-covered grids [9]. One way in which this transition benefited the model was
that it removed much of the tendency of the particles to take on a preferred ori-
entation on the grid, and consequently made the resolution of the model more
isotropic. A similar problem with preferred orientation when performing cryo-EM
with a continuous carbon film-covered grid was observed for the ATP synthase
[11].

Evaporation during grid preparation may cause problems for preparing speci-
mens of frozen hydrated proteins, particularly if detergent is present. During a
typical freezing experiment in a non-humidity controlled environment, concentra-
tions can increase by 50% or more [20]. The concentration of detergents can lead
to a buffer composition that is incompatible with forming smooth, featureless
amorphous ice. This effect can be minimized by performing the freezing in a
humidity-controlled freezing chamber [21]. Evaporation can also be reduced by
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freezing grids in a cold-room or refrigerated cabinet since the vapor pressure of
water decreases at lower temperature. Automated freezing devices with control
over environmental temperature and relative humidity are now commercially
available.

2.2.1.3  Choice of detergent

Several different detergents have been successfully employed in single-particle
EM. The list includes the zwitterionic 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS) [9, 22] and non-ionic polyoxyethylene ether (Brij-35)
[11], n-dodecyl-B-D-maltoside (DDM) [23, 24] and digitonin [25]. Usually, the deter-
gent used for preparing EM grids is the same one that was chosen for the purifica-
tion of the molecule. However, it may be necessary or easiest to switch to a
different detergent. When working with ATP synthase, it was observed that while
there was no problem using DDM for negative staining of the complex [26], the
DDM, possibly in combination with other reagents in the protein buffer, led to
features in the ice comparable in size to protein particles. The problem was solved
by substituting DDM with Brij-35 immediately before preparing cryo-EM grids
[11]. Control experiments with a protein of known structure can be used to easily
assess the suitability of different detergents for preparing samples of unstained
protein particles.

An alternative to the use of detergents for keeping membrane proteins in solu-
tion is the use of amphipols [27]. Amphipols are long amphipathic polymers that
bind irreversibly to the transmembrane portion of membrane proteins and can
stabilize some membrane proteins. The low concentration of free amphipol that
is required to maintain the membrane protein in a monodisperse state may be a
significant benefit for single-particle EM. Amphipols have been used in the single-
particle cryo-EM study of the ATP synthase from E. coli [28].

22.2
Image Analysis

2.2.2.1 Classification of Images

In the initial stages of image analysis, it is often useful to increase the signal-to-
noise ratio of individual images by identifying and averaging noisy images that
are the same view of different molecules. Multivariate statistical analysis (MSA)
has proven to be an invaluable tool for this task. However, before MSA can be
applied, images must be aligned with respect to each other. This alignment is
described by one rotation angle and two shifts. There are many ways to carry
out the alignment process. A typical approach is to average all the images in the
data set and then to align each image to the averaged image. The newly aligned
images are averaged again and the process iterated until the position of each image
ceases to change. At this point, MSA can be performed in order to group together
and average similar images. The resulting class-averages contain a mixture of
views of the molecule and incorrectly classified and incoherently averaged images.
Often, the bona fide views of the molecule are identified interactively (a risky
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but necessary process if there is no prior information on the structure of the mol-
ecule). In some situations, it is possible to use simple logic and symmetry rules
to identify those class-averages that are most likely to represent true views of the
molecule [11].

2.2.2.2 Model Building and Refinement

In order to build a 3-D model from images of randomly oriented particles,
there are five parameters that must be determined for each molecule: the exact
position of the center of the molecule on the piece of film or detector (described
by two shifts or translations), and three angles that describe the orientation of
the molecule with respect to some standard orientation. If these parameters
were known exactly, calculations from first principles have shown that atomic
resolution structures could be determined for proteins from as few as 500 electron
microscope images of randomly oriented frozen-hydrated molecules [19].
At present, it has not been possible to determine atomic resolution maps
even from hundreds of thousands of images of individual molecules. It is
this requirement of being able to glean enough information from the raw
images to determine the orientation of each molecule that places a lower limit
on the mass of complexes that can be studied. Contrast in the images is
approximately proportional to the mass of the complex. In order to have enough
contrast to orient the image of a frozen-hydrated molecule it must be at
least 200000 or 300000 Daltons. Images may be aligned for negatively stained
complexes of lower mass due to the higher contrast in images of protein in
negative stain. The process of analyzing images of single particles when building
a 3-D map is usually divided into: (i) building a low-resolution initial model; and
(i) refining the model to try to extract as much high-resolution information as
possible.

There are two main approaches for determining 3-D structures from single
particles. Usually, these approaches require the signal-to-noise ratios that can be
achieved by using class-average images rather than raw images.

The random conical tilting (RCT) method [29] becomes useful in cases where
a homogeneous population of structures adopt a single orientation on the EM
grid, or a subpopulation can be identified that lie in the same orientation.
The most frequently used implementation of the RCT method is in the program
SPIDER [30]. In practice, particles are picked from a pair of micrographs recorded
from the same area of the EM grid. For the first micrograph, the specimen is
tilted to a known angle, while for the second micrograph the specimen is
kept untilted with the plane of the carbon grid perpendicular to the electron beam.
The random azimuthal angle of particles presenting the same view may be deter-
mined from the untilted micrograph using the 2-D techniques of alignment
described above. The images in the tilted micrograph then comprise a conical
projection series with the azimuth known from the 2-D alignment and the
cone angle determined by the tilt applied to the specimen. The first micrograph
can be taken under strict low-dose conditions. The second micrograph need
not be used in the reconstruction. A variation of the RCT method that works



40

2 Membrane Protein Structure Determination by Electron Cryo-Microscopy

well for randomly oriented particles is the orthogonal tilt reconstruction
method [31].

The common lines method [32] was originally applied to spherical virus particles
with icosahedral symmetry, and remains the method of choice for this type of
structural problem [18]. Unfortunately, this robust method finds little application
in the study of membrane proteins as there are no membrane—protein complexes
with icosahedral symmetry. The common lines strategy was restated in real-space
for a more general symmetry case using Radon transforms with the IMAGIC
software package [33]. IMAGIC is a user-friendly package that is capable of deter-
mining the structures of protein complexes with some degree of symmetry.
Indeed, symmetry, by providing redundant information about a protein structure,
generally makes image analysis significantly easier. It is occasionally possible to
devise an unrelated initial model building method for special cases, such as class-
averages that are all approximately views about a single axis of molecular rotation
[11].

The most powerful and widely used approach for refining a 3-D model is the
projection matching method [34]. Although the algorithm used to carry out this
process can vary greatly between implementations, the process is always equiva-
lent to generating a large number of projections of the 3-D model and comparing
these projections to the experimental images. By identifying the projection that
most closely resembles the image, and the shifts necessary to bring the image into
register with the projection, it is possible to identify the five parameters necessary
to relate the orientations of different images. A new model can then be built from
the images with the newly assigned orientation parameters. The process of projec-
tion matching and model building is iterated until the orientations of individual
particles stops changing or statistics that describe the quality of the model cease
to improve.

2.2.2.3 Assessing Resolution

Unlike 2-D, 3-D, or helical crystallography, there are no diffraction spots or layer
lines to inform the experimentalist on the resolution of a single-particle EM model.
Consequently, the measurement of resolution in single-particle EM consistently
generates controversy. The most common approach for determining resolution is
the use of a Fourier ring correlation (FRC) chart for 2-D averages or a Fourier shell
correlation (FSC) chart for 3-D maps [35, 36]. To generate a Fourier correlation
chart, the data set that was used to form the average is divided into two separate
data sets. Averages are then calculated from each data set and the correlation
between the two averages is calculated as a function of resolution. Typically, the
averages will correlate well at low resolution, but the correlation will drop to insig-
nificance at higher resolution. The resolution at which the correlation ceases to be
significant is taken to be the resolution at which the 2-D projection or 3-D model
should be truncated. A cut-off of 0.5 provides a conservative estimate of the resolu-
tion at which correlation remains significant. More recently, a value of 0.143 was
shown to be a more appropriate threshold, because it accounts for the fact that the
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final model contains twice as many particle images as the models used for calculat-
ing the correlation [19]. However, it is widely recognized that a FSC or FRC plot
has the inherent problem that the two half models are not truly independent, being
generated by particles that were aligned to the same model. Therefore, these plots
by themselves do not guarantee the resolution or accuracy of a single-particle
model.

223
Future Perspectives

Although the number of membrane—protein complexes analyzed by single-
particle EM is increasing, it does not appear to be increasing at the same rate
as the number of structures of soluble protein complexes analyzed. Rather than
a lack of interest, this difference probably has more to do with the difficulty
associated with obtaining purified and detergent-solubilized membrane protein
complexes in a stable, monodisperse state. As EM methods develop, they will
continue to provide information on all classes of biological macromolecule.
However, it is in the area of membrane—protein complexes that some of the
greatest advances will likely be achieved, as it is this area that has traditionally
resisted structural analysis by other methods. In particular, cryo-EM of unstained
specimens has great potential. Currently, maps of protein complexes at inter-
mediate resolution (10-30A) can be combined with atomic models of the struc-
tures of subunits determined by X-ray crystallography and NMR spectroscopy.
By docking atomic models into an EM map, it is possible to build up a high-
resolution model of an intact assembly (Fig. 2.1). With membrane—protein
complexes that are particularly difficult to crystallize, this approach is often
the only means by which information on subunit-subunit interactions can be
obtained. Calculations from first principles [3] suggest that it should be possible
to build 3-D maps of protein complexes at resolutions sufficient to construct
atomic models of protein complexes without using high-resolution models deter-
mined by other techniques. The ability to determine the atomic-resolution struc-
ture of proteins by single-particle cryo-EM would revolutionize the study of
membrane proteins.

23
Structure Determination from 2-Dimensional Crystals

The first structure determined for any membrane protein was that of bacterior-
hodopsin at 7A resolution from 2-D crystals using EM, in the pioneering
investigations of Henderson and Unwin in 1975 [37]. It took Henderson and
colleagues another 15 years to solve the technical problems in data analysis
before an atomic model could be built from data at 3.5 A resolution [38]. Bacteri-
orhodopsin is unusual for a membrane protein in many respects, not least that
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it is found in the archaebacterium Halobacteria salinarum as an ordered 2-D array
within the cytoplasmic membrane. This naturally occurring 2-D crystal probably
arose in evolution because a crystal is the most efficient way of packing together
large numbers of molecules in the smallest area for, in this instance, the capture
of light by its prosthetic group, retinal. It has now been found that many mem-
brane proteins can be crystallized into 2-D arrays, and the structures have
been solved of many channels, transporters and receptors, usually at an intermedi-
ate resolution of about 5 to 8 A [39]. At this resolution it is possible to discern
the major secondary structure elements which, for the majority of membrane
proteins, is predominantly o-helix. A few membrane proteins form 2-D crystals
that diffract to high resolution, allowing the determination of atomic models.
It is interesting to note that the two highest resolution structures were determined
for bacteriorhodopsin [40] and the lens major intrinsic protein (aquaporin 0,
AQPO; Fig. 2.3) [1], and both of these proteins are found in native cells as crystal-
line arrays.

One major advantage of determining structures of membrane proteins from 2-D
crystals is that the membrane protein is present in an environment that is extremely
similar to its native environment within the cell. Two-dimensional crystals are
grown by reconstituting purified membrane protein into a lipid bilayer, usually
composed of a single synthetic lipid such as dimyristoylphosphatidylcholine. In

Extracellular

AQPO

H1 - blue

H2 - light blue
HE - cyan

H3 - light green
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HE - yellow
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Fig. 2.3 Structure of the major intrinsic surrounding each tetramer are in yellow.

lens protein, aquaporin 0 (AQPO) at 1.9A Right: Ribbon diagram of an AQPO monomer
resolution. Left: Section parallel to the viewed parallel to the membrane plane, with
membrane plane through the AQPO tetramer  bound lipids depicted in a ball-and-stick
(blue); the center of each pore in a monomer representation. (Fig.s reprinted by permission
is indicated by the position of a water from Macmillan Publishers Ltd: Nature 438,
molecule colored red and the lipids 633-638, Gonen et al,; (c) 2005.)
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contrast, structure determination by X-ray crystallography determines the struc-
ture from a 3-D crystal of a membrane protein in detergent solution (see Chapter
1). In most cases, the structures of membrane proteins determined by X-ray
crystallography are considered to be an accurate model of a conformation of the
protein as found in nature. When 3-D structures have been determined by both
techniques, there is an obvious similarity between the two structures, and it is
possible to dock the high-resolution X-ray structure into the o-helical densities
from the cryo-EM structure (e.g., see Refs. [41-43]). However, there are three cases
where the structures determined by X-ray diffraction (XRD) are thought not to
represent an accurate representation of a biologically relevant conformation [44—
46]. In the case of EmrE, a 3-D cryo-EM structure determined from 2-D crystals
is considerably different from two X-ray structures [46]. In another instance, the
distortion of the voltage sensor domain in an X-ray crystallographic structure
of the potassium channel KvAP was directly attributed to the instability of this
domain in detergent solution compared to the lipid bilayer [47]. Two-dimensional
crystallography provides a solution to these difficulties by directly determining the
structure of a membrane protein in a lipid bilayer.

Conformational changes in membrane proteins have been defined by compar-
ing the differences in structure after the addition of substrates to 2-D crystals. In
the case of bacteriorhodopsin, projection maps of photointermediates throughout
the photocycle were compared and the structural changes defined as the move-
ment of two o-helices [48, 49]. These conformational changes did not affect the
packing of bacteriorhodopsin trimers in the 2-D crystal and, similarly, packing
within 2-D crystals of NhaA was unaffected by the small conformation changes
upon increasing the concentration of the H* substrate [50]. In contrast, the addi-
tion of substrates such as tetraphenylphosphonium and ethidium to 2-D crystals
of the multidrug transporter EmrE induced a conformational change that destroyed
the order of the 2-D array and induced repacking of the functional dimers into a
crystal with a different space group [51]. In the case of bovine rhodopsin, the con-
formational change between metarhodopsin I and metarhodopsin II does not
occur fully in the 2-D crystal, possibly either due to the strength of crystal packing
interactions or the lack of native unsaturated lipids [52]. Thus, although a 2-D
crystal provides an environment for the membrane protein that is more similar
to its native environment than found within 3-D crystals, it still must be proven
whether the membrane protein can attain the full range of native conformations
required for its function.

In addition to determining the structure of membrane proteins, 2-D crystals
have provided two examples where the structures of the lipids surrounding the
membrane proteins has also been determined, yielding a unique snapshot of the
structure of an entire membrane. In the case of bacteriorhodopsin, the membrane
is composed entirely of native lipids that show many specific interactions with
bacteriorhodopsin [40, 53]; in contrast, the packing interactions between AQPO
tetramers within the 2-D crystal are mediated solely by the synthetic lipid used to
make the crystals (Fig. 2.3), and thus provides a wonderful example of non-specific
protein-lipid interactions [1].
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2.3.1
Two-Dimensional Crystallization of Membrane Proteins

A prerequisite for any crystallization process, whether to make 2-D or 3-D crystals,
is a few milligrams of purified membrane protein, which is fully functional and
in a monodisperse homogeneous preparation. This is often difficult to achieve.
Membrane proteins must first be removed from the membrane by the use of
detergents, which disrupt the membrane and maintain the membrane protein in
a soluble form by creating a “lifebelt” of detergent molecules around the hydro-
phobic region [54]. Unfortunately, it is not possible to predict which detergents
will be best for the solubilization and purification process, so this has to be
determined by trial and error. In addition, lipids can also be important to maintain
the activity of membrane proteins [55]; these are often lost during purification and
can lead to irreversible inactivation of the membrane protein [56, 57]. Dodecyl-
maltoside (DDM) has proven to be one of the most successful detergents for
maintaining the integrity of membrane proteins, and has also been used for the
crystallization of some of them (http://www.mpibp-frankfurt.mpg.de/michel/
public/memprotstruct.html). Two simple criteria can be used to assess the
quality of a purified membrane protein: a silver-stained, sodium dodecylsulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) will determine the purity of the
protein, while size-exclusion chromatography (SEC) will assess the homogeneity
of the particle size [58]. Both techniques are, however, affected by the hydrophobic
properties of the membrane protein; membrane proteins often migrate faster on
SDS-PAGE than soluble proteins, probably because they bind more SDS per unit
mass than soluble proteins, whereas membrane proteins will migrate more rapidly
on SEC due to the additional mass of detergent and lipid bound to the protein.
An extreme example of the latter is EmrE; the tagged version of EmrE (M, 15kDa)
migrates on an SDS-PAGE gel at an apparent M, of 13kDa, but in the DDM-
solubilized form, which is a dimer, it migrates on SEC at an apparent M, of
137kDa due to the presence of 10 lipid and 210 DDM molecules that are bound
specifically to each dimer [59].

Once a suitable membrane protein preparation has been obtained, 2-D crystal-
lization trials can begin. There are many parameters that can affect whether 2-D
crystals are formed, or not [60, 61], the most important being the quality of the
protein, whether the substrate is bound or not, and the lipid-to-protein ratio (LPR).
If too much lipid is present, then upon reconstitution large vesicles are formed
that usually do not contain any crystalline areas; in contrast, if too little lipid is
added, then upon detergent removal, the membrane protein precipitates. At an
intermediate LPR, crystals may form (Fig. 2.4). The LPR for crystal formation is
dependent upon each individual protein and on how it is purified. Changes in the
number of purification steps, the detergent concentration, or even the ratio of
protein to column bed size, can all affect the amount of lipid which copurifies with
the membrane protein and hence the LPR for crystal formation. The type of lipid
is also extremely important for crystal formation, as are the buffer pH and type,
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Fig. 2.4 The effect of the lipid-to-protein dimer) or in mass terms (mg lipid mg™ EmrE,

ratio (LPR) on the formation of 2-D crystals.  in parentheses). At low LPR [panel A, 5 (0.2))
Crystallization trials were performed with membranous aggregates form; at an

EmrE at a final concentration of 0.5 mgmL™ intermediate LPR (panel B, 7 (0.4)) crystalline
purified in dodecylmaltoside (DDM). After tubes appear; at higher LPRs large non-
addition of different amounts of the lipid crystalline vesicles form (panel C, 10 (0.6)).
dioleioylphosphatidylglycerol, the samples For an idea of scale, the tubes in panel B are
were dialyzed for two weeks until all detergent approximately 0.2 ym wide. The samples were
was removed. The LPR in each sample, negatively stained with phosphotungstate,

expressed in molar terms (lipid molecules per pH 7.

salt concentration, protein concentration, the detergent used to prepare the protein,
the presence of additives (other detergents, amphiphiles, divalent cations), the
temperature (fixed or ramped), and the rate of detergent removal. The most
common way to induce reconstitution is to remove the detergent slowly by dialysis
[62], although absorption of the detergent using hydrophobic beads and dilution
have also both been used [63, 64]. Whichever method is used, however, there are
major problems compared to 3-D crystallization trials in making the method high-
throughput in nature. There is no comparable system to the robotics used in 3-D
crystallography to set-up 1500 crystallization conditions in a matter of hours,
although the dilution method is more amenable to scale-up compared to the dialy-
sis method. In addition, the outcome of the 2-D crystallization trial must be
assessed by the EM of negatively stained samples. Unfortunately, this is a severe
bottleneck as even with automated EM techniques, only 96 samples were screened
in 28.5h [65]. Despite these disadvantages, it appears that many membrane pro-
teins form 2-D crystals quite readily. Two-dimensional crystals are often observed
in negatively stained samples as membranes with straight edges, usually as col-
lapsed tubes with two parallel straight edges. However, crystalline sheets that
contain only a single membrane layer may not have straight edges, which is the
case for crystals of bacteriorhodopsin. The only way to test whether a potential
crystal contains ordered protein molecules is to take a high-resolution image and
to use a laser diffractometer to observe whether there is a diffraction pattern.
Multiple rounds of 2-D crystallization trials and EM are usually required to obtain
highly ordered, reproducible 2-D crystals.
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232
Image Acquisition and Structure Determination

Once 2-D crystals have been identified by negative staining, high-resolution images
are collected under cryo conditions to enable structure determination. Two
methods are used to preserve the protein structure for cryo-EM: (i) by freeze-
plunging in liquid ethane to preserve the sample in vitreous ice; or (ii) by using a
thin film of preserving agent such as glucose, trehalose, or tannin [66]. The latter
agents tend to give better contrast and so allow easier visualization of the crystals
under very low-dose conditions. In addition, the blotting technique and drying
may form a flatter sample more reproducibly than when preserving crystals in ice
[66], although sandwiching the crystals between two layers of carbon has been
reported to improve sample flatness further [67]. High-resolution images are taken
under low-dose conditions so that the total electron dose is about 10 to 15e” A
using a 200 to 300-keV FEG microscope. The first step is take images of crystals
that are untilted in the microscope to determine the unit cell dimensions and
planar space group to allow the calculation of a projection map. The images are
first assessed for quality using a laser diffractometer, which shows the quality of
the crystal by displaying the diffraction pattern from the EM negative. The quality
of the Thon rings can also be used as a guide as to whether the data will be affected
by specimen movement (drift). Good images are scanned in order to digitize them
for image processing.

Image processing for structure determination is based upon the MRC package
of programs [68]. At this point, limitation of space prevent any description in detail
of how these programs work, but a brief outline will be presented to show the
advantage of working with a crystalline specimen compared to single-particle
imaging. The key to the processing is being able to work in reciprocal space using
a fast Fourier transform (FFT) derived from the digitized image of the crystal. As
with X-ray crystallography, the first step is to index the diffraction spots; because
the diffraction pattern is a regular predictable array, this information can be used
in two processes. First, the noise in the FFT that is present between the diffraction
spots is removed, along with regions outside the crystal or parts of the crystal that
are highly disordered. Second, there is an unbending procedure, which corrects
lattice distortions that probably arise from inherent disorder in the crystal and
from the interaction of the 2-D crystal with the carbon support layer on the grid.
A small area of the image is cross-correlated with the whole of the image, and a
set of distortion vectors are then derived that account for the displacement of the
cross-correlation peaks from the ideal lattice positions; the original image is then
corrected by reinterpolation using these distortion vectors [69]. Two or more
rounds of unbending result in a corrected FFT of the whole crystal that signifi-
cantly improves the resolution of the structural data, and additional unbending
using a model improves the data further [70]. Both these steps significantly improve
the signal-to-noise ratio. Finally, a reverse transform of the unbent and de-noised
FFT and the imposition of symmetry averaging as defined by the planar space
group [71], allows display of the projection density map. If the images are taken
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of a sample that is not tilted in the electron microscope, then the projection map
represents a view of the membrane protein perpendicular to the membrane plane.
The contours of the projection map represent the sum of density throughout the
thickness of the membrane, with positive contours representing density greater
than the mean density of the whole sample.

The interpretation of a projection structure can be difficult, because the projec-
tion density represents the sum of density throughout the membrane. Helices that
are nearly perpendicular to the membrane are distinguished by a series of circular
features at 7 A resolution but, if the helices are tilted in the membrane, then the
projection densities can overlap one another to produce an arc-shaped feature (Fig.
2.5). Despite these difficulties, important biological inferences can be made from
these data. For example, in the case of the multidrug transporter EmrE, the projec-
tion map showed that the molecule formed an asymmetric dimer rather than a
trimer as previously thought [72].

Once a projection map has been determined, the next step is to obtain a 3-D
model. This task is accomplished by taking images of 2-D crystals that have been
tilted in the microscope, processing the images essentially as described above, and
merging the data to give a 3-D map [73]. For mainly technical reasons, this proce-
dure is far more demanding than the short previous sentence suggests, and it may
take over six months to acquire the necessary images and to merge the data. Most
of the difficulties arise in image acquisition for two reasons. First, the stability of
the cryo-holder in a tilted position is considerably worse than when in the hori-
zontal position, which means that a significant amount of time is required to take

b)

Fig. 2.5 Comparison of the projection structure of EmrE
with the corresponding 3-D structure at 7.5A resolution.
(A) Projection structure of EmrE at 7A resolution. (B) 3-D
structure of EmrE with a molecule of the substrate
tetraphenylphosphonium in the binding site. (Figures are
reprinted with permission from Elsevier from Refs. [51] and
[46], respectively.)
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each image; this has been significantly improved with newer microscopes where
the grid is loaded in a cassette that is separate from the holder. In addition, it is
essential that the sample is flat on the carbon support, because if it is not, then
the crystal is no longer ordered in the direction perpendicular to the membrane
plane; this results in a Fourier transform where the data are anisotropic with con-
siderable loss of data perpendicular to the tilt axis [67]. These difficulties increase
as the samples are tilted to higher angles in the microscope. The highest angle
that samples can be tilted to in the microscope is ~70°, thus there will inevitably
be a missing cone of data due to the impossibility of data collection up to a 90°
angle. The anisotropy of tilted data and the missing cone of data result in 3-D
structures of membrane proteins that have a lower resolution perpendicular to the
membrane plane than within the membrane plane.

A number of membrane proteins have had their 3-D structures determined from
2-D crystals to an in-plane resolution of about 8 A, which is sufficient to determine
the pathway of the o-helices and define the fold of the protein. At this resolution
it is not possible to assign directly the polypeptide chain to individual helical densi-
ties. However, a combination of evolutionary sequence conservation and bio-
chemical data is often sufficient to allow the deduction of which density represents
which o-helix [74]. This approach can lead to the construction of models that are
sufficiently detailed and accurate to guide further experimentation. This method
was pioneered by Baldwin [75], who used the cryo-EM structure of rhodopsin to
correctly predict the structure of the o-helical domains with an accuracy of 3A
rmsd some three years before the structure was solved using X-ray crystallography.
This technique has recently been applied to the gap junction structure, which has
allowed the rationalization of many mutations that lead to the malfolding of the
protein [76].

Many integral membrane proteins crystallize into tubes that are 0.2 to 1.0pm
wide, and they often give structural data to about 7 A resolution. However, persuad-
ing membrane proteins to form crystals that diffract to better than 4 A resolution is
extremely difficult. All of the high-resolution structures determined to date by
cryo-EM have been determined from crystals that form sheets. Unfortunately,
most 2-D crystals seem to form wide tubes that are then flattened onto the carbon
support of the grid. This results in a sample that is often not flat enough for
the collection of good data during tilting, possibly due to the trapping of liquid
within the tube during blotting; they are often also too small for electron diffraction.
In contrast, sheets form flat layers on the carbon support that can allow the collec-
tion of excellent data even to 70° tilts. In addition, the sheets are often over 1ym in
diameter, which allows the collection of electron diffraction patterns directly in the
microscope. As with XRD data, the electron diffraction data contains only informa-
tion on amplitudes of the structure factors, whereas the image data contain both
amplitude and phase information. However, because the collection of diffraction
data is largely unaffected by specimen movement, it can be used to determine
accurately the amplitudes at high tilts, which helps to improve the quality of the
reconstruction. Both, data from images and electron diffraction patterns were
merged to determine the structures of bacteriorhodopsin [38, 40, 77, light harvest-
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ing complex II [78], and aquaporin AQP1 [79] to produce atomic models. The
recently solved structure of AQPO [1] was solved from well-ordered crystals solely
from electron diffraction data and by using molecular replacement with structure
factor amplitudes and phases from the related crystal structure of AQP1.

233
Future Perspectives

The structure determination of membrane proteins from 2-D crystals is a comple-
mentary technique to X-ray crystallography in many ways. In the past, X-ray crys-
tallography has undergone a far greater development than electron crystallography,
such that when the crystals have been obtained it is far easier and quicker to solve
the structure of a membrane protein, provided that the phases can be determined.
However, the growth of good 3-D crystals that diffract isotropically to high resolu-
tion is by no means easy. In addition, it is sobering to realize that the X-ray struc-
tures of the membrane proteins that have been solved so far are in fact those that
were most straightforward to crystallize, just as the first soluble protein structures
determined during the 1970s were of those proteins that most readily formed
crystals. The future challenge will be to solve the structures of mammalian integral
membrane proteins that are often far less stable in detergent than their bacterial
counterparts, and it is this area where 2-D crystallography may have its greatest
impact. The ability to grow 2-D crystals from virtually any detergent, resulting in
the membrane protein being inserted back into its most stable environment — the
membrane itself — may allow the structural analysis of many unstable human
receptors, ion channels and transporters that are important drug targets and may
be intimately involved in human disease. Even low-resolution structures will allow
detailed models to be built based upon high-resolution structural data from bacte-
rial homologues, biochemical experiments and evolutionary sequence conserva-
tion data. However, as many human membrane proteins do not have a bacterial
homologue, it will be essential to solve high-resolution structures of these by
electron crystallography. The challenge is to persuade these difficult membrane
proteins to produce crystalline sheets that diffract to high resolution.

24
Helical Analysis of Tubes

During attempts to produce 2-D crystals, it is sometimes the case that the mem-
brane protein arranges to form tubular crystals with helical symmetry that have a
diameter of less than 0.1 pm. These crystals are not ideal for structure determina-
tion using the methodology described above for 2-D crystals because they are too
narrow and are unlikely to form flat, well-ordered 2-D arrays when placed upon a
carbon support film. The method of choice for narrow tubes is to use the helical
periodicity of the molecules in the tube for structure determination. Tubes are
suspended over holes in a perforate carbon film-covered grid and frozen in
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Fig. 2.6 Structure of the nicotinic o-helices in the membrane and the B-sheet
acetylcholine receptor (nAChR) at 4A domain where acetylcholine binds. (Panel A
resolution. (A) Image of a tube in ice. (B) reprinted by permission from Macmillan

Cross-section of the tube [dashed line in (A)]  Publishers Ltd: Nature 373, pp. 37-43; (c)
showing the nAChRs embedded in the lipid 1995. Panel B reprinted by permission from
bilayer. The green box indicates the Macmillan Publishers Ltd: Nature 423, 949—
extracellular domain, and the red box 955; (c) 2003. Panel C reprinted by
highlights the transmembrane domain. (C) permission from Elsevier: J. Mol. Biol. 346,
Ribbon diagram showing the arrangement of ~ 967-989; (c) 2005.)

vitreous ice. Images are taken under low-dose conditions (Fig. 2.6), digitized, and
then processed in a manner analogous to 2-D crystals, with Fourier transforms of
the crystalline areas used in a series of steps to correct for lattice distortions caused
by the tubes being bent, tilted, twisted or stretched to different degrees along
the length of each tube [80]. One significant advantage of tubes over 2-D crystals
is that each image of a tube contains views of the same proteins from many dif-
ferent orientations, which means that reconstructions from the averaged de-noised
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amplitudes and phases results in a structure that has the same resolution perpen-
dicular to the membrane plane as in the membrane plane. The major difficulty
with solving structures at high resolution from helical arrays is that, because the
tubes are very narrow, the signal-to-noise is low and exceptional cryo-EM images
are required.

Two membrane protein structures have been determined from tubular arrays.
The resolution of the sarcoplasmic reticulum Ca?*-ATPase was taken to 8 A [81]
before the structure was solved by X-ray crystallography [82]. In contrast, it has
not been possible to grow well-diffracting 3-D crystals of the nicotinic acetylcholine
receptor, and so this structure has been determined to 4 A resolution solely from
cryo-EM images of tubes [83]: in total, 359 images of tubes, which are 760 to 832 A
in diameter, were recorded at liquid helium temperatures, processed and merged,
which represents approximately one million receptors. Modeling of the extracel-
lular domain of the nicotinic acetylcholine receptor, which is predominantly -
sheet, was aided by the structure of the soluble acetylcholine binding protein from
a mollusk synapse [84].

2.5
Conclusions

The structure determination of integral membrane proteins by cryo-EM has pro-
vided valuable insights into membrane proteins that have proved difficult to crys-
tallize in three dimensions. Even when membrane proteins structures have been
solved by XRD, cryo-EM structures continue to provide valuable information on
membrane protein conformational changes that are often constrained when the
protein is crystallized in a 3-D lattice. In addition, it is now apparent that a few
membrane proteins are distorted when they crystallize in three dimensions, result-
ing in a structure that is not biologically relevant. The ability to solve the structure
of membrane proteins in a near-native environment from 2-D crystals and helical
arrays provides a solution to these problems. It is likely that many membrane
proteins, especially those of eukaryotic origin, are extremely unstable in detergent
solution, particularly the harsh detergents that are most favored for obtaining
well-diffracting 3-D crystals. The ability to grow well-ordered 2-D crystals from
virtually any detergent might provide an ideal avenue for structure determination.
However, a problem remains in obtaining structural data to beyond 4 A resolution
from both 2-D crystals and helical arrays, which could be associated with the rela-
tively weak hydrophobic packing interactions between the molecules in the array.
A systematic screening approach to 2-D crystallization similar to that for 3-D
crystallization may well allow the rapid determination of conditions that provide
well-ordered sheets, which are the ideal sample for high-resolution structure
determination.

One major strength of cryo-EM is being able to visualize individual molecules,
and therefore it provides a route to determine structures from extremely large and
dynamic protein complexes that are refractory to either 2-D or 3-D crystallization.
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Currently, these techniques provide molecular envelopes at low resolution, which
allows the docking of components that have been solved by X-ray crystallography,
NMR, or cryo-EM. It has been calculated, however, that there is theoretically suf-
ficient structural information in cryo-EM images to determine structures beyond
4 A resolution, and it is likely that this will be an area where further progress will

be made in the future [3, 39].
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Introduction to Solid-State NMR and its Application to
Membrane Protein-Ligand Binding Studies

Krisztina Varga and Anthony Watts

3.1
Introduction

3.1
Membrane Proteins: A Challenge

Membrane proteins still represent a challenge to structural biologists, as evidenced
throughout this volume. The statistics of the Protein Data Bank (PDB) [1] reflect
the remarkable progress in structural biology; the number of structures solved
every year has grown exponentially since the first two structures were deposited
in 1972, and as of March 2007, there are 42082 structures deposited. However,
membrane proteins represent only a small fraction of the known structures (less
than 2%), even though they constitute 20 to 40% of all genomes. Only the bold
and adventurous (or happily oblivious) venture into the area of studying these
proteins, in spite of their significance in biology. Their biological function is
diverse; they function as receptors, channels, and pumps.

Membrane proteins are also major drug targets. It is estimated that receptors
and ion channels constitute at least half of all drug targets [2], and thus elucidation
of their three-dimensional (3-D) structure and ligand binding will advance drug
design [3]. During the past two decades, drug design has been shifting from the
“trial and error” approach to drug design based on structural information and
modeling studies of the target protein and small molecule ligands [4]. Since struc-
tural data for membrane proteins is still scarce, they are challenging targets
for conventional methods — solution NMR and X-ray crystallography. Solid-state
NMR is emerging as a promising alternative technique, with the advantage that it
allows for the study of membrane proteins in various membrane mimetic
environments.

In this chapter, first, a description of the fundamentals of solid-state NMR
techniques is given, after which applications of the technique in the study of
ligand-receptor binding interactions and dynamics will be discussed.
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3.1.2
Why Solid-State NMR?

Over the past few years, the remarkable advances in solid-state NMR approaches
have contributed significantly to the characterization of protein structure and func-
tion [5-11]. Even so, it is a less widely known technique than X-ray diffraction and
solution NMR, both of which have been the most prominent techniques for obtain-
ing high-resolution protein structures. X-ray diffraction and solution-state NMR
have therefore proved to be imperative in structural biology, and their remarkable
success has contributed to the development and understanding of many other
fields of biology. X-ray crystallography is a long-range method more suited to
determining the structures of large complexes, while NMR is ideal for smaller
proteins (<40kDa) as it is more adept at measuring short-range distances. In addi-
tion, there is often overlapping and overcrowding of information in NMR spectra,
and hence simplification is required.

Membrane proteins pose their own challenges when they are studied using
these techniques. Solution NMR has limitations in the study of insoluble macro-
molecules and large complexes (due to their slow tumbling). Although there are
notable accomplishments in assignments (e.g., KcsA [12]) and structure determi-
nation of (usually small) membrane proteins by solution NMR (e.g., B-barrel pro-
teins [13-19], ATP synthase subunit ¢ [20], crambin [21]), it is difficult to keep the
membrane protein solubilized and at a sufficiently high concentration to obtain
spectra with high signal-to-noise and resolution. Integral membrane proteins are
stable in the membrane, and there has been increasing evidence that lipid species
play an important structural and functional role. Some of these lipids may have
relevance to the function of the protein [22-24], whereas others promote the for-
mation of highly ordered crystals [25-28]. The purification of integral membrane
proteins requires that they must be extracted from the membrane and rendered
water-soluble. Following detergent solubilization, membrane proteins often
become unstable and quickly lose activity. Thus, a wide variety of investigations
have been undertaken to study membrane proteins using NMR in non-detergent
environments which mimic the membrane to different extents; these include
bicelles, lipid vesicles, nanodiscs, non-detergent surfactants, and organic solvents.
For recent reviews on solution NMR membrane protein studies, the reader is
referred to Refs. [19, 29, 30].

Solid-state NMR is a rapidly developing technique which can be applied to
explore membrane proteins and other non-soluble or large biological structures
that are difficult to study with solution NMR and X-ray crystallography. Some
advantages of solid-state NMR are that:

« Insoluble macromolecules which cannot be crystallized are
amenable to study. For instance, solid-state NMR techniques
were used to determine structural models of amyloid fibrils
[31-33] which are formed by protein aggregates in vivo and
are the basis of many conditions, such as Alzheimer’s and
Parkinson diseases.
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- Protein size is not a limiting factor — in theory. However, in
practice large proteins are more difficult to study because of
the current limitations of spectral resolution and overload of
spectral lines. Therefore, for large proteins selective isotope
labeling may be employed to elucidate questions about
specific protein sites.

« Protein can be studied in a variety of environments, such as
oriented bilayers, crystals, or bicelles. The temperature and
pH conditions also may be varied within limits, usually
determined by the protein.

« Protein dynamics can be studied directly from nuclear
relaxation behavior.

Each of these aspects will be elaborated here and, because of the advantage
that solid-state NMR can offer in membrane protein studies, it holds the
promise to become a more commonly used method to obtain high-resolution
structures of membrane proteins and macromolecular systems. In the follow-
ing, a brief description of the fundamentals of solid-state NMR techniques is
first provided, followed by some details and discussion of the applications of
solid-state NMR techniques to study ligand-receptor binding interactions and
dynamics.

3.2
Solid-State NMR

Nuclear magnetic resonance (NMR) is a spectroscopic technique which exploits
the interaction of the magnetically active nuclei with an applied magnetic
field, with solution-state NMR finding widespread applications in structural
biology. The major difference between solution- and solid-state NMR samples is
the motion of the molecules under study. Molecules tumble rapidly in solution —
small molecules on the picosecond, macromolecules on the nanosecond timescale.
In general, NMR line widths are proportional to the tumbling rate (t.") and thus
molecular size: the larger the molecule, the slower the tumbling rate (t." ~0.75kT/
nr’n, where r is the molecular radius and 1 the viscosity), the line widths become
larger.

Spectral quality can be assessed by its signal-to-noise and resolution, both of
which are influenced by the strength of the applied field of the magnet. In short,
higher-field magnets yield spectra with substantially higher signal-to-noise and
resolution. Currently, the highest field superconducting commercially available
solid-state NMR magnets have a field of 21.1 Tesla (900 MHz), although there are
a few “home-built” resistive or hybrid magnets with higher field (e.g., see the
solid-state NMR home page of National High Magnetic Field Laboratory in
Tallahassee, Florida, USA [34]).
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3.2.1
Sample Preparation: What is an Ideal Sample?

The primary reason for choosing a protein should be the biological interest and
appeal of the system, with an aim of addressing an important biological question.
Certain characteristics are required for a sample for solid-state NMR studies, as
discussed here.

3.2.1.1  Availability

For most membrane proteins the overexpression and purification remains a chal-
lenge, and much method development has been carried out with readily available
wild-type proteins. A few hundred nanomols (milligram quantities) of (usually
isotopically enriched) protein is required. Most expression vectors have been
exploited, but labeling can reduce the options on cost and efficiency grounds, with
Escherichia coli and Archae being most commonly used, although inclusion body
formation and refolding technology may produce functionally inactive protein.
Solid-phase peptide synthesis is also commonly used for smaller peptides, and
labeling at specific sites can be highly informative.

3.2.1.2 Stability

Those proteins which have good stability are best for solid-state NMR studies, in
common with other methods. With the currently available techniques, a typical
two-dimensional (2-D) experiment may take from a few hours up to a few days,
while the data for a 3-D experiment may be collected for 7 to 8 days. Usually,
several spectra are collected on the same sample, which may be used for weeks or
months at a time if sample survival is assured.

Sample heating is another general consideration in solid-state NMR experiments,
as samples may heat up significantly during experiments. This occurs mainly
because of strong proton decoupling applied during acquisition, and thus the
length of the decoupling pulses and power must be kept to lower safe levels. The
heating can be calibrated by the compound Sm,Sn,0;, where the "*Sn NMR
chemical shift can be used as a temperature indicator [35]. The amount of heating
is also related to the hydration level and salt content; high salt-containing protein
samples are more prone to heating. In experiments in which sample spinning is
required (see below), the samples heat up additionally (an average of 10°C) due to
the frictional forces caused by spinning at high speed (~10-13kHz). Higher-
resolution spectra can be obtained with higher field magnets, although sample
heating becomes a greater problem at higher fields with necessary higher decou-
pling powers. Sample temperatures are controlled during experiments with a
continuous air flow, and sometimes are cooled to subzero temperatures (typically
-5 to —=50°C), although the actual temperature of the sample during pulsing may
be tens of degrees higher. In spite of all the precautions taken, it is not uncommon
that less-stable protein samples “cook” during the experiments.

Another concern is dehydration of the sample. At high spinning frequencies
and over time, the water may escape from the sample through tiny holes around
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the spacers. Various methods have been suggested to prevent dehydration, includ-
ing the application of O-rings and a thin film of a fluorolube wax [36]. Protein
stability can be monitored by observing chemical shift perturbations of specific
peaks; a shift usually indicates a change in the secondary structure. Broadening
of line widths is also a general indication of denaturation, making the information
gained irrelevant.

3.2.1.3 Secondary Structure

There is a strong correlation between protein secondary structure and NMR chem-
ical shifts [37-39]. All o-helical or B-sheet secondary structure elements produce
severe spectral overlap in NMR. Mixed secondary structure elements facilitate
assignments and structural studies, since chemical shift dispersion will help to
resolve the secondary structural features one from another. Thus, proteins of
mixed secondary elements are more accessible for solid-state NMR studies. Unfor-
tunately, membrane proteins tend to be dominated by one or the other structural
element (e.g., transmembrane helices or B-barrels).

3.2.1.4 Sample Form: Local Order

What does a solid-state NMR sample look like? As the term solid state implies,
the sample must be some form of a solid, and a wide variety of solid-state NMR
studies have used proteins as lyophilized powders, as microcrystals precipitated
by organic molecules, membrane proteins in membranes, and as frozen protein
solutions.

Sample preparation is perhaps the most important factor for obtaining high-
quality protein spectra. The structural homogeneity of the sample determines line
widths, which in turn affects the spectral resolution. Peak doubling, or unexpected
multiplets and broadenings, indicate structural heterogeneity in a particular for-
mulation. In recent years increasing consideration has been given to different
sample preparation conditions in comparison with resolution [40-46].

In the earlier protein studies with solid-state NMR (up to the late 1990s), the
apparently simplest method of preparing a solid protein sample — lyophilization
(freeze-drying) — was used in many cases. Although this method has long been
used to increase the long-term stability of many proteins, both the freezing and
drying steps may cause damage to the proteins and alter their secondary structure.
Lyophilized proteins may exhibit poor resolution (typically 1-2 ppm), which is not
sufficient for most structural studies [42]. Even if the protein backbone is correctly
folded, the side-chain conformations may be quite variable and this results in
sample inhomogeneity. This is consistent with the observation that the hydration
of a sample improves "’C resolution in various proteins (e.g., lysozyme [43], bovine
serum albumin [44], and SH3 [40)).

A major advance in recent years has been the recognition that microcrystalline
protein samples yield narrow resonance lines for soluble proteins [40, 47, 48].
There is accumulating evidence that protein precipitates that have been created in
a controlled manner yield equivalent spectral resolution as do medium-quality
or X-ray quality crystals [40, 42, 49]. The precipitating conditions can strongly



60 | 3 Introduction to Solid-State NMR

influence the apparent line width, and several precipitation conditions may have
to be screened for a high-resolution NMR sample. For example, although ubiquitin
can be crystallized both from polyethylene glycol (PEG) 8000 and 2-methyl-2,4-
pentanediol (MPD), the MPD-induced crystals have narrower lines for natural-
abundance ubiquitin [48]. The prospect of studying proteins as precipitates is
particularly a significant benefit for membrane proteins, which are very difficult
to crystallize to X-ray quality due to the presence of detergents. As high-quality
crystals are not required for structural studies, membrane proteins can be studied
in high resolution and, under variable conditions, can be precipitated in detergent
micelles or bicelles for solid-state NMR.

There are, however, very few studies available which refer to the optimal solid-
state NMR sample preparation method for membrane proteins and, in common
with many membrane protein studies, each protein seems to be different, with
few generalizations. Detergent-purified membrane proteins can either be pre-
cipitated as microcrystals or reconstituted into lipid bilayers to form proteolipo-
somes or 2-D crystals. The results of the available (albeit limited) studies suggest
that proteoliposomes yield the worst resolution spectra among these methods.
Oschkinat and colleagues [46] reconstituted the purified E. coli outer membrane
protein G (OmpG) into a E. coli total lipid extract in 1:2 and 3:2 (w/w) lipid-to-
protein ratios to yield 2-D crystals and proteoliposomes, respectively. Spectra
obtained from the 2-D crystals showed better resolved lines than spectra from
proteoliposomes. In another study, Glaubitz and coworkers [45] reported that
microcrystalline diaglycerol kinase (DGK) yielded better resolution spectra than
proteoliposomes. In the study of McDermott and colleagues [50], U-*C, N KcsA
potassium ion channel was precipitated using polyethylene glycol (PEG) in deter-
gent micelles, where the linewidth of a single C peak was about 80 to 100 Hz,
similar to that of 2-D crystals of OmpG [46] and of bacteriorhodopsin (unpub-
lished results).

3.22
NMR Active Isotopes and Labeling

Almost every element in the Periodic Table has an NMR active isotope. Nuclei
with an intrinsic magnetic moment have a detectable NMR signal. In biological
solution and solid-state NMR, the most frequently used nuclei in biology are 'H,
’H, "C, and "N. The natural abundance of 'H is almost 100 %; on the other hand,
the natural abundance of ’H, *C, and "N is much lower: 0.015%, 1.1%, and 0.37%,
respectively. In order to enhance the signal-to-noise ratio of the NMR signal, it is
general practice to enrich isotopically the biomolecule of interest. In the recent
years, the availability of various labeled amino acids has increased considerably;
moreover, with increasing availability isotopically labeled compounds (amino
acids, glucose, and ammonium salts) have also become more affordable. Small
peptides can be synthesized from isotopically enriched amino acids. In the case
of proteins, the cells that produce them are grown in isotopically enriched media.
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Several methods have been developed to optimize protein expression in isotopi-
cally enriched medium with the minimum cost [51-53]. As an alternative to
protein expression in vivo in mostly bacterial hosts, cell-free expression (or in-vitro
expression) systems are becoming increasingly popular for producing labeled
proteins — including membrane proteins — for NMR studies (for recent reviews,
see Refs. [54, 55]). Another increasingly popular technique in solution NMR is to
label some parts of the protein by intein-mediated protein ligation (reviewed
recently in [56]), though this has yet to be applied to proteins studies using solid-
state NMR.

Peptides and proteins can be either uniformly or partially labeled (for a review,
see Ref. [57]), and the labeling scheme must be carefully designed in advance and
tailored to the NMR experiment. In the case of uniform labeling, all residues must
be labeled with NMR active isotopes. In solution NMR, it has long been common
practice to measure proteins with uniform labeling schemes, including one or a
combination of the most popular isotopes of *C, N, and *H. The advantage of
uniform labeling is that it provides the best potential signal-to-noise of the NMR
signal; however, because all the sites are labeled, a possible predicament is the
overlap of the signals, especially in large proteins.

Alpha-helical intrinsic membrane proteins have heavily congested spectra,
and thus are very challenging targets for assignment, particularly in solid-state
NMR. Partial labeling can be advantageous when resolving overlapping signals
or simplifying crowded spectra. Partial labeling can range from a few selected
sites to plentiful labeling, but in either case as not all the residues contain NMR
active isotopes, partial labeling results in fewer resonances relative to uniform
labeling, which in turn may facilitate site-specific assignments. One approach
is to label a only a few, selected sites of interest of a protein or peptide. If the
labeling is sparse enough, the resonances may be resolved and unambiguously
assigned, even in one-dimensional (1-D) spectra. For short peptides synthesized
in the laboratory, it is relatively simple to label selected sites if the labeled
amino acid is available. For proteins expressed in bacteria, the growth medium is
supplemented with the labeled amino acids or amino acid biosynthetic precursors
which are incorporated by the bacteria into the protein. Although amino acid
scrambling may be a major obstacle of this technique, selective labeling techniques
have been extensively used in ligand-receptor binding studies to measure dis-
tances, determine torsion angles, and to observe the dynamics of the bound and
unbound ligand.

Another partial labeling approach is to label an abundance of sites in a specific
pattern, often referred to as “extensive labeling”. An alternative to uniform labeling
has been the increasingly popular biosynthetic site labeling approach, in which
the growth medium is supplemented with [2-"CJglycerol or [1,3-"C,]glycerol [58,
59]. These labeling schemes result in extensive, systematic ’C labeling of certain
sites at high level, while others remain unlabeled in a specific pattern whereby
most labeled carbons have unlabeled neighbors, similar to a “chessboard pattern”.
As most chemically bonded carbons are not simultaneously labeled, the dipolar
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coupling between connected nuclei is reduced, which results in narrower line
widths with respect to uniformly labeled samples.

3.23
Assignment and Structure Determination

The prerequisite of structural (and relationship to functional) studies by NMR is
the assignment of resonance peaks — that is, the identification of which resonance
peak corresponds specifically to which nuclear site. This can be an arduous project
in itself. For protein structure determinations with solid-state NMR the assign-
ment strategy is similar to that used in solution NMR, usually from a combination
of multidimensional spectra. Both, 2-D and 3-D spectra are optimized to produce
crosspeaks between resonances which are in proximity to each other, for example
carbonyl and Co. of an amino acid. Based on characteristic chemical shifts, and by
extending the connectivity of atoms, the peaks can be assigned to specific amino
acid types (e.g., valine Car). The assessment of spectra with intra-residue and inter-
residue correlation — the protein “backbone walk” — leads to site-specific assign-
ments (e.g., Val55 Ca).

In general, the resolution of solid-state NMR spectra is poorer than that of
solution NMR, and the reasons for this are discussed below. Until a few years
ago, due to limited spectral resolution, uniformly or extensively labeled proteins
could not be assigned by using solid-state NMR methods. However, recent techni-
cal developments in solid-state NMR — notably with regards to sample prepara-
tion, pulse sequences, and hardware development — have resulted in spectral
resolution that are now sufficiently narrow for assignments. The feasibility of
assignments was first demonstrated for the uniformly *C,”N-enriched bovine
pancreatic trypsin inhibitor (BPTI) in 2000 [47], since which time the details
of an increasing number of complete uniformly or extensively “C,"*N-enriched
soluble peptide and protein assignments have been reported [47-49, 60-75]. As
the sequence-specific assignment of integral membrane proteins by solid-state
NMR remains a difficult challenge, very few partial assignments of extensively
BC,BN-enriched integral membrane proteins have been reported, although details
have been published of Light-harvesting complex 2 [76-78] and Light-harvesting
complex 1 [79], KcsA potassium ion channel from Streptomyces lividans [50, 80,
81], sensory rhodopsin II from Natronomonas pharaonis (NpSRII) [82], outer-
membrane protein G (OmpG) [46, 83], and the ¢ subunit of E. coli ATP synthase
[84]. Promising line widths and identification of amino acid types were reported
for the DGK [45] of E. coli.

By labeling only specific sites, the spectra become much simplified. With only
a few sites labeled, distance measurements are feasible with high accuracy, and
this represents an excellent means of determining the conformations of receptor-
bound ligands. If a sufficient number of structural constraints is measured, the
3-D structure of a protein or ligand can be determined. In summary, solid-state
NMR offers structural information analogous to that for solution NMR, but extends
the range of applicability to membrane and insoluble systems.
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3.24
NMR Techniques: Solution- versus Solid-State NMR

One of the major differences between solution- and solid-state samples is the
motion of the molecules. In solution, the molecules tumble rapidly, whereas in
the solid state the molecules are much more restricted in motion. Hence, the dif-
ferent methodologies of solution- and solid-state NMR are based on these differ-
ences. However, it should be noted that, between a classical solution (isotropic
liquid) and a solid sample, there exist intermediate, partially motion restricted
phases (i.e., anisotropic liquids) where both solution- and solid-state NMR tech-
niques may be applicable.

3.2.4.1 lIsotropic Liquids

Most solutions are isotropic — that is, the molecules tumble rapidly such that
almost all of the orientation-dependent anisotropic interactions (i.e., dipolar cou-
plings) are averaged out, and this results in narrow resonances at the isotropic
chemical shift. Large proteins and other macromolecules (molecular weight
40kDa) do not tumble fast enough to average out the orientation dependence,
and hence this leads to broad lines and poor spectral resolution. This is a parti-
cularly serious drawback for membrane proteins in solution. Because the deter-
gent micelles used to solubilize the membrane proteins add extra weight, a
major obstacle of membrane protein structure determination by solution NMR
is the large size of the membrane protein—micelle complex. Nevertheless, recent
developments in solution NMR methodology have allowed for the study of
large protein complexes, including some membrane proteins (for a review, see
Ref. [30)).

3.2.4.2 Anisotropic Liquids
In anisotropic liquids (liquid crystals), the molecules align along an axis, which is
usually parallel or perpendicular to the external magnetic field. There is still sig-
nificant motion, but as the probability of different orientations is not equal the
anisotropic interactions are not averaged out. In weakly aligned samples, measure-
ments of residual dipolar couplings (RDCs) can be used to confine the bond
orientations relative to a common alignment frame and to provide global structural
information [85-89]. One of the most common approaches to align protein—
micelle complexes has been the strain-induced alignment in polyacryalmide
gel [90-93]. The application of either mechanical stretching or compression
modifies the geometry of the pores in the gel, and the loss of the pores’ spherical
symmetry induces a slight preference in the alignment of the protein-micelles
complexes. The benefit of this method is that the gel matrix is stable in the
presence of lipids over a wide range of temperatures, ionic strengths, and pH
values [94].

The most common techniques of weak alignment (bacteriophages and bicelles)
for water-soluble proteins have not been practical in most cases for membrane
proteins in solution NMR studies, because the membrane proteins bind too tightly
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and the system attains a high degree of order [30]. However, membrane proteins
in magnetically aligned bicelles are becoming increasingly common in solid-state
NMR studies. Opella and coworkers have aligned small membrane proteins in
detergent micelles [67, 95, 96], with the alignment being induced by lanthanide
binding at an engineered site. Recently, OmpA (a B-barrel membrane protein
domain) in bicelles was aligned by a magnetic field [97]. The bicelle approach was
also recently shown to produce better-resolved spectra than glass plate-aligned
samples [98]. Ramamoorthy and colleagues investigated the interaction of an
antidepressant molecule, desipramine, with the membrane in bicelles [99].
Although the structure of the bicelle remains the subject of debate, the results of
these recent studies have confirmed that bicelles can be used as model membranes
in solid- state NMR studies of structure, dynamics, and interaction of membrane-
associated peptides and proteins. Hence, they also have great potential in mem-
brane protein-ligand interaction studies.

3.2.4.3 Solids

In solid samples the molecular rotation is very much restricted and the anisotropic
interactions are not averaged, which leads to significant line broadening and thus
to low spectral resolution and sensitivity. In contrast, anisotropic terms report on
the local electronic environment, and hence contain rich structural information.
In a powdered static solid sample, the molecules occupy all possible orientations,
and this anisotropy results in “powder shape” spectra. Chemical shift depends on
the orientation of the molecule relative to the magnetic field. The broad powder
spectrum arises from the overlap of individual narrow signals corresponding to
the different orientation of the molecule (Fig. 3.1). In order to overcome this low
resolution and sensitivity in the solid state, two major methods have been devel-
oped to obtain high-resolution spectra: (i) uniaxial orientation of the sample; and
(i) “magic angle spinning” (MAS). Alternatively, MAS can be applied to oriented
samples, at which point it is known as “magic angle-oriented sample spinning”
(MAOSS). Details of the various solid-state NMR methods are summarized sche-
matically in Fig. 3.2.

3.2.4.3.1 Magic Angle Spinning (MAS) Magic angle spinning NMR was first
introduced in 1958 as a technique to reduce the linewidths of solids [100-102], but
since then it has become the most widely applied method in solid-state NMR. MAS
involves rapid mechanical rotation of the sample at the “magic angle” (54.7°) rela-
tive to the external magnetic field. But what is “magic” about the “magic angle”?
The broad lines in the spectra of static solid samples are due mainly to the
orientation-dependent dipolar couplings between the nuclei (spins). At 54.7°, the
orientation dependence (3cos’0—1) equals zero, where 0 is the angle between
external magnetic field and the inter-nuclear vector of a spin pair of the sample.
When (3cos’0-1)=0, the dipolar coupling between the two spins will also be
reduced to zero.

The solid-state sample is carefully packed into a rotor (which is generally made
from zirconium oxide) that is capable of withstanding the strong forces associated
with rapid spinning. Within the rotor, the sample is restricted (by spacers made
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Fig. 3.1 The effect of magic angle spinning
(MAS) is demonstrated by solid glycine *CO
NMR spectra. Small molecules (<40kDa)
tumble rapidly in solution, which averages
the orientationally dependent anisotropic
interactions, such as dipolar and chemical
couplings, and results in narrow resonances;
this is the basis for solution-state NMR. In a
powdered static solid sample, the molecules
occupy all possible orientations, and this
anisotropy results in homogeneously
broadened lines, also called the “powder
shape” spectrum (bottom spectrum).
Resolution and sensitivity of solid-state
spectra are improved by MAS; this involves
rapid mechanical rotation of the sample at the
“magic angle” (54.7°) relative to the applied
magnetic field. When the spinning frequency
is higher than the magnitude of weak spin
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interactions (i.e., dipolar couplings), the
orientation dependence is removed and
narrow spectral lines are obtained. MAS
spectra contain a center band for each
resonance at the isotropic shift, surrounded
by side-bands spaced by the spinning
frequency. Higher spinning frequencies result
in fewer, lower-intensity sidebands, and
therefore increase the center band intensity.
Since the anisotropic interactions are
averaged in a controlled fashion by MAS
rather than random motion, the spectra still
contain valuable information regarding these
interactions. Typical MAS frequencies are 5
to 20kHz. These 1-D "C cross-polarization
spectra were collected on a Varian Infinity
Plus 500 spectrometer (11.7T) at 5°C in a
4-mm HX probe.

from Teflon or Kel-F) to an area having the most homogeneous field (Fig. 3.3A).
The rotor is spun around its longitudinal axis at the “magic angle” with respect to
the applied field in specialized probe heads (Fig. 3.3B). The spin regulator hard-
ware regulates the drive and bearing air to achieve the desired spinning frequency.
In general, frequencies are between 5 and 20kHz, within a precision of 5Hz,
although spinning frequencies of up to 70kHz have been achieved in certain
cases [103].
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Fig. 3.2 An outline of membrane protein
structure determination and ligand binding
measurements by solid-state NMR. The first
step is expression and purification of the
peptide or membrane protein (MP). Isotope
enrichment is required for most NMR
experiments. The solid-state NMR sample
can be prepared in various ways: the MP in
detergents can be frozen or can be
precipitated (which yields microcrystals); or it
can be reconstituted into membranes to
produce proteoliposomes or 2-D crystals.
Depending on the sample preparation,
various types of solid-state NMR technique
can be applied to the sample, as indicated by
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the arrows. Microcrystalline, frozen, and
membrane-reconstituted samples can be
studied by “magic angle spinning” (MAS)
experiments, where the rotor is rotated at
high frequency about the magic angle (54.7°)
relative to the magnetic field (Bo). MPs
reconstituted in membranes can be oriented
on glass plates and stacked for “magic angle
oriented sample spinning” (MAOSS) or static
oriented experiments. Assignments and
structural (distance and angle) constraints are
derived by solid-state NMR measurements,
which lead to characterization of ligand
binding and/or structural information about
the protein. For more detail, refer to the text.

N

Fig. 3.3 Magic angle spinning (MAS) rotor
(A) and probe spinning module (Stator) (B).
High-resolution solid-state NMR relies upon
the ability to rotate the sample rapidly about
the “magic angle” (54.7°) relative to the
magnetic field. MAS solid-state NMR samples
are loaded into zirconium rotors with various
diameters. In panel (A), a Varian rotor of
3.2mm outer diameter is shown in the
middle. The packing elements are displayed
on the right: from top to bottom: drive-tip,
spacer, sample space, end-cap. A British one
pound coin is shown (left) for size reference.

ke

(B) The rotor is mechanically rotated in the
probe-spinning module by blowing high-
pressure compressed air (or nitrogen) at the
drive-tip, while the rotor floats on a bearing
air. The maximum rotation frequency for a
3.2-mm standard wall Varian rotor is currently
25kHz. The spacer and end-cap seal the rotor
and hold the sample in place. This rotor can
hold up to 15 pl of sample. For protein and
other hydrated samples, the use of additional
seals (e.g., a rubber O-ring) is advised to
prevent dehydration of the sample during the
experiments.

When the spinning frequency (w,) is greater than the magnitude (in Hz) of weak
spin interactions (e.g., dipolar couplings), then the orientational dependence is
removed and narrow spectral lines are obtained. Under MAS conditions, the
powder spectrum will break up into an isotropic resonance and spinning side-
bands. MAS spectra contain a center band for each resonance at the isotropic shift,
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surrounded by side-bands spaced by the spinning frequency (®,) (see Fig. 3.1).
Higher spinning frequencies result in fewer, lower intensity sidebands and there-
fore the center band intensity is increased. As the anisotropic interactions are
averaged in a controlled fashion by MAS rather than random motion, the spectra
still contain valuable information regarding these interactions.

Despite the technical difficulties associated with MAS, it has become the most
widely used method for obtaining high-resolution spectra, based on several advan-
tages. For example, MAS can be applied to randomly oriented molecules and
allows the detection of isotropic chemical shifts; hence, well-established resonance
assignment strategies of solution NMR can be implemented. In recent years, the
correlation of chemical shift with secondary structure has been studied extensively,
and a large statistical database has been developed for solution NMR [104, 105].
Recent advances in protein assignment by solid-state NMR initiated the compari-
son of solid shifts to solution shifts and the evaluation of secondary shifts
(the chemical shift deviation from random coil values) for solid samples. However,
the statistical data available are limited, as very few proteins have been assigned;
nonetheless it was reported that, for these proteins, the chemical shifts agreed very
well for the vast majority of amino acids in proteins assigned to both NMR
methods [39, 48, 65]. As with liquid-state NMR [104, 105], the *Cat secondary shifts
were found to be positive for o-helical structures, and negative for -sheet second-
ary structures [39]. Thus, in principle, chemical shift statistics accumulated by
solution NMR [105, 106] can be used to identify protein structural motifs in the
solid state, as has long been practiced in solution NMR [107].

3.2.43.2 Oriented Samples For oriented samples the molecules are aligned
(oriented) along a common axis. Integral membrane proteins can be oriented in
membranes by layering the membranes onto glass slides. The orientational
restraints of the molecule relative to the external magnetic field can then be deter-
mined from dipolar couplings and chemical shift interactions.

The alignment of membrane proteins on glass plates is a difficult procedure
which usually requires the optimization of various experimental parameters (for
a review, see Ref. [11]). Two main approaches have been identified for aligning
lipid bilayers on glass plates:

« The lipids are dissolved in organic solvents and transferred
onto glass plates. The organic solvents are then evaporated
under vacuum, and the dry lipid bilayers rehydrated by water
vapor from a humidity-controlled atmosphere. The glass
slides are stacked and placed into a chamber where the
humidity is controlled by a saturated salt solution (e.g.,
ammonium or potassium sulfate). The samples are then left
to equilibrate and form oriented bilayers.

« The unilamellar vesicle solution is placed onto the glass
plates, and the excess water is slowly evaporated in a
humidity-controlled chamber. This method has the
advantage that the protein in the bilayer never becomes
completely dehydrated.
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Other factors which affect the success of aligning membrane proteins are the
composition of the lipid bilayer, the protein:lipid ratio, and the hydration level.
Aligned lipid bilayers are usually mixtures of the most abundant phospholipids in
the cell membrane, such as phosphatidylcholine (PC) and phosphatidylserine (PS)
and/or phosphatidylethanolamine (PE). The membrane composition must be opti-
mized for the protein of choice. For reasons of sensitivity, the typical molar ratio
of proteins to lipids is between 1:100 and 1:200, although much higher protein
densities have been used, albeit with a risk of aggregation and/or denaturation.
The glass plates are sealed to prevent dehydration before being placed into the
magnet for NMR measurements. If care is taken the samples may remain stable
for some weeks.

The first step in the solid-state NMR experiments is to confirm that the lipid
bilayer is in fact aligned from a 1-D *'P or ’H spectrum (if a small amount of deuter-
ated lipids is present). Protein alignment can be checked with a 1-D N spectrum;
unaligned proteins exhibit a powder spectrum, while aligned samples have 2- to
5-ppm linewidths (for resolved peaks) between the regions 150 and 225 ppm. Two-
dimensional spectroscopy can be used to measure the 'H-"N dipolar couplings,
from which the orientation of secondary elements of a helical peptide or protein can
be derived. The most commonly applied technique for the uniform *N-labeling of
proteins is the so-called PISEMA experiment (polarization inversion spin exchange
at the magic angle) [108, 109]. Helical proteins display a characteristic “wheel-like”
pattern, and spectral assignments of the uniformly labeled sample are confirmed
from comparisons with spectra of selective *N-labeled samples.

The secondary structure and topology of membrane proteins can be modeled
based on the resonance patterns in the PISEMA spectra. PISA (polarity index slant
angle) wheels [110, 111] and dipolar waves [112, 113] are two methods which have
been developed for the interpretation and analysis of PISEMA spectra, although
they may also be applied to interpret results from weakly aligned solution-state
spectra (e.g., Ref. [114]). Structure calculations include the combination of experi-
mental constraints from individual residues and the well-established covalent
geometry of proteins, such as bond lengths, dihedral angles, and the planarity of
peptide linkages.

The main disadvantage of this method is the intricate sample preparation
(protein alignment). Although, in theory, the assignment of a uniformly “N-
labeled peptide peaks in the “PISA-wheel” is possible based on one known peak
and the wheel pattern (i.e., one selectively labeled sample), in practice the prepara-
tion of several selectively labeled and/or mutated protein samples is necessary
because of the effects that molecular motion has on the helical wheel patterns
[115]. The resolution in these experiments is often limited, especially for large
membrane proteins where the number of resonances results in severe spectral
overlaps. The resolution is also dependent upon the degree of orientation of the
membrane sample [116].

Although these new techniques are still under development, much information
on orientation has been published for several peptides and membrane proteins.
For example, structural information (e.g., tilt angle, protein topology, structure) of
various single transmembrane helices was determined from oriented solid-state
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NMR data, including the antimicrobial peptide gramicidin A [117, 118], the M2
channel-lining segments from the proton channel of influenza [119-121] and nico-
tinic acetylcholine and NMDA receptors [122], the 3-D structure of Vpu (the
channel-forming trans-membrane domain of virus protein “u”) from HIV-1 [123],
the coat protein in fd [124] and in Pf1 bacteriophage [125], and sarcolipin (SLN)
[126]. The analysis of oriented spectra of membrane proteins with multiple trans-
membrane helices is much more complex, and spectral overlap may limit the reso-
lution. Selective labeling techniques have also been used to simplify the spectra of
oriented bacteriorhodopsin, an integral seven-transmembrane helical protein [127].
Likewise, the structure and orientation of some alpha-helices of *N-Met-labeled
bacteriorhodopsin have been determined [127], while the dynamics of “N-Gly-
labeled bacteriorhodopsin has been studied in oriented membranes [128].

3.2.4.3.3 Magic Angle-Oriented Sample Spinning Magic angle-oriented sample
spinning (MAOSS) is an experimental approach that was proposed by Glaubitz and
Watts [129], and which merges the above-described techniques: namely, it combines
aligned samples with magic-angle spinning experiments. MAOSS also combines
the merits of both methods; for example, it can be used to obtain orientational infor-
mation and also has the benefit of high resolution of magic-angle spinning.

Sample preparation is analogous to that of the above-described static oriented
samples. The intrinsic membrane proteins in membranes are layered and oriented
uniaxially on round glass plates, which are then stacked and packed into an MAS
rotor so that the membrane normal is parallel to the rotor axis. The lipids rotate
within the membrane bilayer at the “magic angle”, which averages out strong
dipolar "H-'H couplings [129]. In addition, the rotor is spun at the “magic angle”
at low frequency (typically 200-4000 Hz) to average out orientation defects, but not
the chemical shift anisotropy. The result is a well-resolved spectrum of isotropic
peaks surrounded by sharp, spinning sidebands for each labeled residue. The
sideband patterns have strong orientation dependence from which the orientation
constraints can be derived. The applicability of the method to membrane proteins
has been demonstrated for a number of systems, including rhodopsin [130], bac-
teriorhodopsin in purple membranes [131, 132], and M13 coat protein [133]. As a
variation of this technique, the membrane bilayers can be oriented on polymer
sheets which are then rolled up and fitted into the MAS rotor.

The main difficulty of the method is the intricate sample preparation of oriented
lipid bilayers/membrane proteins. Nonetheless, MAOSS represents a promising
technique for obtaining unique information for structure determination, and par-
ticularly for intrinsic membrane systems.

33
Examples: Receptor-Ligand Studies by Solid-State NMR

Too often, only limited structural information is available regarding the target
membrane protein in a receptor-ligand study. Yet, well-tailored solid-state NMR
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experiments can still reveal much information about the ligand and ligand—protein
interactions.
. Ligand binding: a labeled ligand can be titrated into the
membrane containing the receptor target
. Ligand binding to the active site of protein: by binding
competitive studies
- Ligand conformation: based on distance measurements
and/or chemical shift analysis for free and bound ligand
« Structural changes in the membrane protein associated by
ligand binding: the membrane protein is also isotopically
enriched, and chemical shifts are compared for free and
ligand-bound membrane protein
. Distance measurements between the membrane protein and
its ligand
« Observation of ligand mobility in binding site: from
deuterium NMR experiments.

The findings of solid-state NMR measurements of receptor-ligand interactions
are often utilized in modeling studies [134, 135].

3.3
Transport Proteins

3.3.1.1 LacS

LacS is a lactose transport protein of Streptococcus thermophilus which folds into
12 transmembrane helices. The K; of [1-C]-D-galactase was measured by titrating
it into its binding site of LacS [136], which illustrates how solid-state NMR can be
utilized to determine the binding isotherm for weakly binding (K3 ~mM) ligands
(including binding sites) by using spin labels.

3.3.2
G-Protein-Coupled Receptors and Related Proteins

Currently, G-protein-coupled receptors (GPCRs) are the most targeted class of
proteins in terms of therapeutic benefit. Although, together with ion channels
they contribute more than 50% of known drug targets [2], only 5% of GPCRs
have yet been exploited due to a lack of structural information. One rational
design approach based on GPCR structural information has shown great promise
in the development of novel and/or more selective drugs for the diverse GPCR
protein family [4]. In order to design selective ligands for receptors, it is
essential first to realize, in atomic detail, exactly how the ligand interacts with the
binding site of its target receptor. With seven transmembrane helices and more
than 300 residues, GPCRs indeed represent a major target for structural studies,
which in turn has led to extensive investigations world-wide into this class of drug
target.
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GPCRs are integral membrane proteins that function as receptors in diverse
stimulus-response pathways and share a common structural motif of seven puta-
tive transmembrane o-helical domains. The binding of an extracellular signal
(ligand) to the receptor triggers a cascade of intracellular responses. A wide variety
of specific “ligands” is known to exist, ranging from photons, Ca** ions, and small
organic molecules to complex polypeptide hormones. GPCRs have very diverse
physiological functions, and affect virtually all aspects of cellular function. In fact,
almost half of all GPCRs function as sensory receptors, for example as olfactory
receptors when binding odorants and pheromones, or as visual receptors when
binding retinals to opsins to make vision possible. The remainder of the GPCRs
play important roles in intercellular communication between the cells of the
immune system, in behavioral and mood regulation, and also in regulating both
the sympathetic and parasympathetic nervous systems. In spite of their impor-
tance, very few high-resolution structural data are available for GPCRs, with only
the crystal structure of rhodopsin having been solved [137]. Based on an homology
with rhodopsin, a variety of major structural features of GPCRs can be predicted
[134, 138], including the arrangement of the seven-transmembrane (7TM) span-
ning helices and ligand-binding sites. Bacteriorhodopsin has also served as another
popular model for GPCRs.

3.3.2.1 Bacteriorhodopsin, Rhodopsin, and Sensory Rhodopsin (NpSRII)

The most extensively studied protein-ligand complexes using solid-state NMR are
those of bacteriorhodopsin/rhodopsin and retinal. For both bacteriorhodopsin and
rhodopsin, the retinal ligand (in this case as a prosthetic group) is attached cova-
lently to a lysine residue via a Schiff-base linkage. Both proteins serve as popular
models for other GPCRs.

Bacteriorhodopsin is a proton pump which is expressed in Archaebacteria and
carries out photosynthesis. Although bacteriorhodopsin is not coupled to a G-
protein, because of its structural similarity it has long been a model for GPCRs.
The first distance measurements in a membrane protein using solid-state NMR
were made for retinal in bacteriorhodopsin [139]. Distance measurements between
two labeled spins, the C-8 and C-18 carbons of retinal, showed retinal to be in the
6-s-trans configuration. In subsequent studies, solid-state NMR spectroscopy pro-
vided detailed information about the local structural changes of retinal during the
photocycle [140, 141]. Initially, retinal was deuterated at selected methyl sites and
incorporated into bacteriorhodopsin. Oriented membrane films were prepared on
glass plates, and the orientation and conformation within the bacteriorhodopsin
was established at two stages of the photocycle, in dark-adapted [140] and in the
M-state [141], by measuring the orientation vectors by deuterium NMR in aligned
samples. In another study, the helix-tilt angles of bacteriorhodopsin relative to the
membrane normal were determined in oriented samples [127] (Fig. 3.4).

In rhodopsin, the G-protein-binding pathway is activated by photons. An incom-
ing photon prompts the photoisomerization of 11-cis-retinylidene to all-trans-
retinylidene, which leads to a conformational change of the protein (from meta I
to meta II) and resulting in a proton transfer from the ligand to a glutamate
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Fig. 3.4 Solid-state NMR techniques:
Oriented samples and magic angle oriented
sample spinning (MAOSS). The different
types of solid-state NMR method were
summarized in Fig. 3.3. Here is illustrated
the application of oriented NMR (A) and of
MAOSS (B) of an integral seven-
transmembrane protein, bacteriorhodopsin
(bR) of H. salinarium; this is a well-studied
membrane protein that has been used for
solid-state NMR method development. For

Magic Angle Oriented Sample Spinning

seven-transmembrane protein, bR was
determined by oriented solid-state NMR [127].
The tilt angle of helix A was determined as
18-22°, while the tilt of helix B has been
estimated as less than 5° from the membrane
normal. (B) The orientation constraints of
*N-Met-labeled bR were obtained using the
MAOSS solid-state NMR technique [132].

The orientations of five Met residues were
determined with respect to the membrane
normal. MAOSS combines the advantages of

both experiments the nine Met residues of bR
were selectively ’N-enriched, and the purple
membranes were aligned onto glass plates.
(A) The tilt angle of two helices of an integral

magic angle spinning and oriented samples: it
has improved sensitivity and the capacity to
measure orientational constraints. (The 1C3W
PDB structure defines the backbone.)

(Glu113) side chain. Several solid-state NMR studies have investigated the struc-
ture of retinal in within the binding pocket of bovine rhodopsin, which led to the
resolution of the complete structural details [130, 142-147], including distance
measurements, angles and dynamics, much of this information being acquired
before the crystal structure of the ground state [137].

Uniform or extensive isotope labeling of a protein can be advantageous to obtain
assignments for numerous residues. In a recent study, 98 residues (73%) of the
sensory rhodopsin II (NpSRII) from Natronomonas pharaonis (an Archaebacterium)
were assigned [148]. The protein was uniformly *C- and “N-enriched except for
four common amino acids (V, L, F, Y), which relieved spectral congestion. Similar
to bacteriorhodopsin and rhodopsin, NpSRII is a seven-helix transmembrane
protein which has the retinal bound to a lysine residue. The feasibility of the
assignments of NpSRII can lay an important foundation for future experiments
of GPCRs and other large membrane proteins.
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3.3.2.2 Human H, Receptor

In a recent report, the human H; GPCR was expressed in insect cells and the
binding of *C,"’N-labeled histamine was followed in a solid-state NMR study [149].
3C and N chemical shifts of the bound and unbound ligand were compared, and
the difference in chemical shift implied ligand binding to H,. The large increase
in linewidths (4-8 ppm for bound ligand) indicated heterogeneity of the sample
which was attributed to the distribution of two conformational substrates: the
receptor containing either a monocationic or a dicationic histamine. Although
these two states could exist in dynamic equilibrium under physiological condi-
tions, under the experimental conditions at 203K the equilibrium between the
inactive and active substrates is likely to be frozen. The two substrates could indi-
cate a mechanism similar to the two protonation states of rhodopsin, meta I and
meta II.

3.3.2.3 Neurotensin Receptor

NTS1, one of the three neurotensin receptors identified in mammals, belongs
to the GPCR family. As NTS1 is involved in many diseases, the elucidation of
protein-ligand interactions may potentially be useful for developing drugs to treat
pain, eating disorders, stress, schizophrenia, Parkinson’s disease, Alzheimer’s
disease, and cancer. NTS1 becomes activated by neurotensin (NT), a tridecapep-
tide, but the last six amino acids (NTs ;) are sufficient for biological activity. NT
acts as a neuromodulator in the central nervous system and as a local hormone at
the periphery. NTS1 (424 amino acids), originally isolated from rat hypothalamus,
was cloned and can be expressed in E. coli as a fully functional GPCR. NTg_;; bound
to the NTS1 was observed using solid-state NMR methods [150, 151].

333
lon Channels

3.3.3.1 Nicotinic Acetylcholine Receptor

The nicotinic acetylcholine receptors (nAChRs) are involved in synaptic transmis-
sion in the nervous system. As this is a ligand-gated ion channel, two molecules
of acetylcholine bind to the receptor in order to mediate synaptic transmission.
The nAChRs are well-known pharmaceutical targets for the treatment of numer-
ous neurological diseases, such as schizophrenia, Alzheimer’s disease and
attention-deficit/hyperactivity disorder. Although a 4A resolution structure is
available from electron diffraction studies [152], details of the neurotransmitter
binding site are not known. NAChRs isolated from the electric organ of Torpedo
can be prepared with high density, and this serves as a good model for the human
neuromuscular junction receptor. The muscarinic nAChR is a large complex of
five glycosylated subunits (total molecular mass 280kDa) which surround the
water-filled, ion-conducting channel. Acetylcholine binding induces opening of
the ion channel which permits Na* flow. In solid-state NMR studies, isotopically
labeled (either *H or "C) acetylcholine, or the acetylcholine analogue bromoace-
tylcholine, was bound to the functional nAChR, which reported both on the
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conformation and the dynamics of the agonist in the binding site [153-155]. A
major dilemma concerning the mechanism of acetylcholine binding was resolved
by using solid-state NMR experiments capable of selectively detecting bound ace-
tylcholine. These results indicated that binding was mediated through interaction
of the quaternary ammonium moiety, N*(CH,)s, of acetylcholine with the n-bonded
aromatic protein residue side chains, the so-called cation—r interaction.

3.3.3.2 K" lon Channel, KcsA

Potassium channels are integral membrane proteins present in both prokaryotes
and eukaryotes. Two remarkable features of these channels are the very high
selectivity towards K" ions and, at the same time, the rate of conductivity which
approaches the diffusion limit. As the K* pore region is highly conserved, it is very
likely that all K* channels (both ligand- and voltage-gated) from different species
essentially have the same gating mechanism and pore structure [156-158]. All K*
channels contain a critical, highly conserved amino acid “signature sequence”
[159, 160], which serves as the selectivity filter of the channels (I75-G79). The
best-studied K" ion channel is KcsA, isolated from Streptomyces lividans, the 3-D
structure of which was determined using X-ray crystallography by MacKinnon and
colleagues [156, 161]. KcsA functions as a homotetramer (70.4kDa); the monomer
is composed of two trans-membrane helices connected by an extracellular loop,
including the pore helix. MAS solid-state NMR studies were conducted by Baldus
and colleagues [80] on the ligand-binding properties of the chimeric KcsA-Kv1.3
[162], where Kv1.3 is a human voltage-gated K* channel with high sensitivity to
scorpion toxin kaliotoxin (KTX) and a potential pharmacological target for the
treatment of a number of diseases, including diabetes [163]. The purified, uni-
formly *C,*N-enriched KcsA-Kv1.3 was reconstructed into proteoliposomes, and
spectra were recorded in the presence and the absence of KTX. The solid-state
NMR studies [80] revealed that high-affinity binding of the KTX leads to significant
structural changes in both the ligand and the receptor. Based on chemical shift
analysis, the structure of the membrane-spanning helices is largely maintained
independent of the toxin binding. However, the residues is the channel region
(KTX binding region) showed large chemical shift changes, indicating changes in
both binding and conformation (see also Fig. 3.5.). These findings suggest the
presence of a structural model of toxin binding more deeply into the selectivity
filter than did previous models.

334
P-type ATPases

P-type ATPases (P-ATPases) are a class of ATPases which transport cations across
a plasma membrane, coupled to the phosphorylation and dephosphorylation of a
conserved aspartate residue. The mostimportant P-ATPases are the H*/K*-ATPase,
Na*/K*-ATPase, and Ca**-ATPase. There are two high-resolution structures avail-
able, namely the Ca**-ATPase X-ray structure [164, 165], and the nucleotide-binding
N-domain of rat a1 Na*/K*-ATPase (~20kDa) solution NMR structure [166]. Little
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Fig. 3.5 Solid-state NMR ligand-binding study upon KTX binding. (C) The *C-"*C
of the KesA K* ion channel. Magic angle homonuclear spectrum enlarged region for
spinning (MAS) solid-state NMR techniques  the ligand; light gray and dark gray represent
were used to probe the interaction of the bound and unbound ligand, respectively. (D)
chimeric K" ion channel KcsA-Kv1.3 with its  Selected spectral region of a 2-D "*N-"*C
ligand, the scorpion toxin kaliotoxin (KTX) solid-state NMR spectrum of KcsA-Kv1.3,

[80]. KcsA-Kv1.3 is a tetramer of four identical illustrating the chemical shift perturbation
subunits, each over 150 amino acids (A, two  upon ligand binding for residues in the

subunits shown). The K* selectivity filter pore region (G77 and G79), but not in the
is highlighted by residue numbers. The transmembrane helices (G58), where the
proposed structural model of the ligand ligand bound and unbound peaks of G77 and

interaction is shown in (B): KTX (light gray G79 are labeled B and U, respectively. For
labels) and KcsA-Kv1.3 residues (black labels). additional details, refer to the text.
Significant chemical shift changes were (llustrations adapted from Ref. [80].)
observed for KcsA-Kv1.3 in the region 162-D80

structural information is available about the ligand (drug) binding mechanism of
these three classes of ATPases, this having been the target of several solid-state
NMR studies.

The gastric H*/K*-ATPase, also known as the “gastric proton pump”, is a P-type
ATPase which secretes acid in the stomach. It is a member of the P-type E,/E,
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ATPase family, and is composed of o and B subunits of molecular mass approxi-
mately 114kDa and 34kDa, respectively. As with many membrane proteins, only
a low-resolution structure (18A) is available from electron microscopy studies
[167]. Inhibition of the gastric proton pump reduces the secretion of gastric acid,
thus decreasing the acidity of the stomach. Gastric proton pump inhibitors are
prescribed when the acidity of the stomach is to be reduced, for example in the
occurrence of gastric and duodenal ulcers, gastroesophageal reflux disease (GERD
or acid-reflux), and to increase the efficacy of antibiotic treatment for Helicobacter
pylori.

Solid-state NMR ligand-binding studies [168] were carried out on porcine gastric
membranes enriched in the gastric pump (30-35% of total membrane protein).
The ligands used in this study were non-covalent, K*-competitive inhibitors,
members of the SCH28080 series, imidazo[1,2-o]pyridine derivatives. Several
SCH28080 analogues were synthesized which had half-maximal inhibitory con-
centration (ICs) values in the sub-10 pM range. ICs, is defined in pharmacological
research as the concentration of an inhibitor that is required for 50% inhibition
of its target, in this case the K'-stimulated ATPase activity. Titration of the
deuterium-labeled inhibitor into H*/K*-ATPase membranes confirmed the inhibi-
tor binding to the protein, and K* competition deuterium NMR measurements
verified that the inhibitor was positioned within the active site. Conformation of
the bound ligand was deduced based on "C-"F distance measurements. Com-
bined with findings of site-directed mutagenesis studies, the partially bowed
inhibitor was modeled into the H*/K*-ATPase binding site [135, 168].

The Na*/K*-ATPase not only hydrolyzes ATP to drive the pumping of Na* and
K* across the plasma membrane, but also acts as a receptor for digitalis com-
pounds. These include cardiac glycosides occur mainly in plants (e.g., Digitalis
lanata) from which the drug names have been derived. The physiological effect of
these naturally occurring drugs has been known at least since 1500 BC, our ances-
tors having used them as emetics, diuretics, cardiovascular agents and as arrow
poisons. These cardiac glycosides inhibit Na*/K*-ATPase, causing an increased
force of myocardial contraction. Today, although they are used extensively to treat
congestive heart failure and atrial fibrillation and flutter, their toxicity remains an
unresolved issue.

In a solid-state NMR study [169], the structure of ouabain, the parent compound
of the cardiac glycoside family, was resolved in the binding site of Na*/K*-ATPase.
Ouabain, like other cardiac glycosides, is composed of two structural features,
namely a sugar (thamnose) and a rigid steroid moiety, which are connected
through a single flexible ether link. Na*/K*-ATPase-enriched membranes were
prepared from porcine kidney, and several active ouabain analogues synthesized
that caused inhibition to various extents, albeit in the nanomolar to micromolar
range (ICs value). The ouabain derivatives were labeled at selected sites with NMR
active isotopes (C, °F, and *H). C-""F distance measurements facilitated deter-
mination of the binding conformation of ouabain, while ’H measurements pro-
vided insight into the motion of the bound ligand. The distance measurements
between the sugar and steroid moieties (0.9 +0.05nm) restricted the conformation
to 90° relative to each other. It was considered most likely that the steroid moiety
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was interacting and being restrained by the protein surface, whereas the highly
mobile thamnose sugar extended into the solution.

3.3.5
Membrane Protein Soluble Alternatives

As investigations with membrane proteins can be very intricate, on occasion a
shorter, water-soluble derivative of the protein may be derived for ligand-binding
studies. For example, the interaction of a truncated, soluble form of the anti-apop-
totic Bcl-xL with its ligand has been studied using solid-state NMR. The protein
was selective for *C-labeling of the methyl groups of Leu, Val, and Ile (C81), where
the binding of a drug-like, organic molecule was easily monitored by the chemical
shift of resonances in the Bcl-xl. This approach may also be extended to membrane
proteins (especially to receptors), not only to characterize ligand interactions but
also to assist in drug screening for pharmaceutical research. In another study, the
labeling of unique amino acid pairs in the sequence provided insight into the
binding mechanism of a substrate, N-palmitoylglycine, to the soluble cytochrome

P450 BM-3 from Bacillus megaterium [170].
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Analytical Ultracentrifugation: Membrane Protein Assemblies
in the Presence of Detergent

Christine Ebel, Jesper V. Moller and Marc le Maire

4.1
Introduction

Analytical ultracentrifugation (AUC) is the classical method for determining the
molecular mass and size of proteins. Despite the fact that, at present, precise
molecular masses must be accessed through extensive sequencing information or
mass spectroscopy, analytical ultracentrifugation still plays a leading role, as it has
the ability to combine particle separation and analysis in a powerful technique for
the determination — in a rigorous, thermodynamic manner — of the distribution,
size, mass, composition, and interactions of even complex macromolecular assem-
blies in solution.

Perhaps, today, nowhere is the use of AUC of more importance than in the case
of membrane proteins when attempting to correlate organization with regulatory
aspects, and to define the role that quaternary structure (monomeric/oligomeric
organization) plays in basic protein function. These areas include the translocation
of substrates through transport proteins (see e.g., Refs. [1-6]), the phosphorylation
of membrane receptors ([7]), and protein—protein interactions, for example in
GTP-regulated membrane proteins (for a review, see Ref. [8]).

In contrast to methods such as crosslinking, native gel electrophoresis, and fluo-
rescence depolarization, unambiguous information on the aggregation state can
be acquired by using AUC [9, 10]. Whilst small-angle laser light-scattering is also
rigorously founded, it must be coupled to chromatography for best effect [11]. The
main problem encountered is that both light scattering and AUC require the use
of solubilizing detergents to transfer integral membrane proteins from their mem-
branous environment to a micellar phase (with or without the retention of some
membranous lipid). Moreover, the effect of this transfer must be taken into
account in terms of both structural and functional properties [12].

The aim of this chapter is to highlight the current potential and perspectives
of analytical ultracentrifugation in the detergent-based solubilization of
membrane proteins. Following a brief description of the present-day instrumenta-
tion and typical experiments, the macromolecular parameters that determine
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sedimentation will be outlined. The theory of macromolecule transport will be
then be briefly described, before some general principles of modern data analysis
are detailed. For clarity, selected applications and the perspectives of the method
are discussed throughout the chapter.

Historical references relating to the use of analytical ultracentrifugation for
water-soluble proteins can be found in Refs. [13-15], whilst equivalent information
for membrane proteins, where Tanford and colleagues were the pioneers [16], is
also available. It should be noted that many general biophysics textbooks will
contain good descriptions of AUC concepts [17-20], while specific reviews for the
AUC of membrane proteins are also available [21-25].

Following a decline during the 1970s, when the classical Beckman Model E
ultracentrifuge was outphased, the commercialization of modern, easy-to-use
instrumentation, incorporating numerical data acquisition and absorption optics
(Beckman-Coulter model XLA), followed by the model XLI with interference optics
as an additional feature [26], and recently also fluorescence detection [27, 28], has
led to a renaissance of the technique during the 1990s. Consequently, a new gen-
eration of AUC enthusiasts has developed novel strategies for the design of experi-
ments or for data analysis including hydrodynamics modeling, thereby allowing
highly efficient, relatively easy-to-use and freely available procedures. On a routine
basis the AUC scientific community shares its knowledge, general information
and software at its forum “Reversible Associations in Structural and Molecular
Biology” (RASMB [29]). Further evidence of the present-day vitality of the field is
available not only in recent reference books [30, 31] but also in a selection of tuto-
rial reviews [32-36].

4.2
Instrumentation and the Principle of Typical Experiments

Macromolecules subjected to a centrifugal field (of up to 300000g in commercially
available instruments) will be redistributed in solution, and the resulting
sedimentation profiles may be measured by using absorbance and interference
optics:
« Absorbance can be related to concentration by knowing the
extinction coefficient. Although most proteins absorb at
280 nm according to their content of aromatic amino acids,
many detergents and lipids do not absorb at this wavelength.
« The interference optics generates interference fringes,
which measure radial changes in the index of refraction of
the solution. This technique is sensitive to concentration
variations of all components in particular protein, lipid and
detergent.

Fringe shifts, AJ, are related to the concentration change, ¢, via the refractive
index increment (dn/dc) and the laser wavelength A:
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AJ =[(@n/dc)/\] le. (1)

Typical values of (dn/dc) are 0.186mLg™" for proteins, whereas values between
0.1 and 0.15mLg™ are reported for detergents [37].

A schematic representation of two very normal types of experiment, sedimenta-
tion velocity (SV) and sedimentation equilibrium (SE), is presented in Fig. 4.1. In
sedimentation velocity, transport of the macromolecule is dominated by the sedi-
mentation process, whereas in sedimentation equilibrium the effect of the cen-
trifugal force is counterbalanced by the diffusion process, which results in a
distribution that is dependent on the ratio of the sedimentation coefficient and the
diffusion coefficient. A variety of other experimental devices allow specific geom-
etries and experiments to be employed. For example, special centerpieces in the
sample compartment at the start of the experiment allow the superposition of two
layers of solution, where one layer contains the macromolecule and the other layer
the solvent. Such an approach allow examination of the sedimentation of a band
[38-40] or the determination of the diffusion coefficient from boundary spreading
at low rotor speeds [17].

As an alternative, if an XLA or XLI analytical ultracentrifuge is not available,
then a preparative ultracentrifuge may be used to determine molar masses by
sedimentation equilibrium [41, 42]. This approach requires an analysis of the
protein distribution after the run in a density-stabilized sample column [43].
Although density gradient ultracentrifugation to study protein—detergent com-
plexes, micelles, lipoproteins, or vesicles in the analytical ultracentrifuge are
beyond the scope of this chapter, the interested reader is welcome to consult
various examples elsewhere [44—47].

4.3
General Theoretical Background

4.3.1
Equation of the Transport

During an analytical ultracentrifugation experiment the sedimenting/floating
material (see Fig. 4.1) undergoes zone broadening as the result of diffusion of the
macromolecular constituent back into the depleted part of the solvent column. The
net movement (flux) at any given position r (radial distance) as the result of these
opposing forces is given by:

J = sw?rc — D(dc/or)t ()

In this equation, the sedimentation coefficient s is defined as the velocity of the
particle per unit of centrifugal field: s=v/w?r. The unit of s is the second, but it is
generally expressed in Svedberg units (S): 1S=10""s. The diffusion coefficient, D,
is related to the Brownian motion of the particles in solution, and expresses the
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Fig. 4.1 Schematic representation of They provide insight into the sedimentation
sedimentation velocity and sedimentation and diffusion coefficients, s and D. The
equilibrium experiments. (Modified from Ref.  transport is dominated by the sedimentation
[33].) Sedimentation velocity uses a long process. Equilibrium sedimentation uses a
column (typically Tcm long, 400 uL and 100pL short column (typically 3mm long) and a
of sample for 12- and 3-mm path length rather low rotor speed. One equilibrium
centerpieces, respectively) and a high rotor profile is obtained after typically 24 h and is
speed. The material sediments and the related to the ratio s/D (i.e., the buoyancy
formed boundary moves. Sedimentation molar mass). Users often use three
profiles are obtained as a function of time, equilibrium profiles obtained at three different

and measured by interference or absorbance.  rotor speeds to characterize their system.

transport resulting from a gradient of concentration. For =0, this equation can
be used to derive the distribution of the sedimenting or floating species at equi-
librium (see Section 4.5). During the sedimentation, for J # 0, the effect of having
a sector-shaped cell must be taken into account when expressing the change in
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concentration as a function of time, (dc/dt), that occurs when the macromolecule
passes through the different layers of the sample:

(dc/ot) = —(1/r)d [ dr[r(csw’r — DAc/dr)| + q (3)

This is the Lamm equation (also known as the “transport equation”) which
expresses rigorously, and in general terms, the spatial and temporal evolution of
¢, the concentration in the ultracentrifuged sample of each species as a function
of s and D. In this equation, g defines the quantity, by unit of time and volume,
of the appearance or disappearance of solute from chemical reactions or interac-
tions. In case of interacting systems, ¢ and g for the various species are linked.
Equation (3) and its derivatives can be reformulated in terms of kinetic and equi-
librium association constants. In the case of the sedimentation equilibrium condi-
tion, corresponding to the absence of net flux at each radial position, the
concentration gradient is governed by the ratio of the sedimentation and diffusion
coefficients. Apart from this situation, exact solutions of the Lamm equation
during the approach to equilibrium are highly complex, and computer programs
are required to obtain numerical solutions to fit the experimental data.

432
The Macromolecular Parameters: Rs, M,, M, and v

For each individual non-interacting species, the sedimentation and diffusion coef-
ficients are related to two macromolecular parameters: the Stokes radius or hydro-
dynamic radius, Rs, and the buoyant molar mass, M,, which is the molar mass of
the particle, M, minus the mass of solvent corresponding to the volume occupied
by a mole of particle. With the solvent density denoted as p, and the partial specific
volume of the particle as v, the relation of M, and M is given by:

M, =M(1—po¥). 4)

Furthermore, for a non-interacting macromolecule, the Stokes—Einstein law
relates D and R;.

f=6mnRs 6)

where R is the gas constant, T is the absolute temperature, N, is Avogadro’s
number, and 1 is the solvent viscosity. Ry is the radius of a hypothetical sphere
that would have the same hydrodynamic behavior (same D) as the diluted particle,
and fis the frictional coefficient. For comparative purposes, D is often expressed
as Dy, corrected for temperature and solvent viscosity to the solvent conditions
of water at 20°C (T=293.45K; Ny,,=1.002cp):
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Dapw = D(Tao/ T)(M/Ma0,)- )

433
The Svedberg Equation

For a non-interacting macromolecule, the Svedberg equation relates s to Rs and
M, or, alternatively, to Rs, M, and v :

s =M, /(N 61 Rs) = M(1—p,¥)/(N 467N Rs). )

The sedimentation coefficient generally is expressed as sy, after correction
for solvent density and viscosity to the solvent conditions of water at 20°C
(P20w=0.99832 gmL""):

$20w = S{(1 = P20, ¥V)/(1 = PV) }(N/M20,0.) 9)

4.3.3.1 Mean values of M, and s

In the classical Svedberg procedure, M, is determined on the basis of independent
measurements of the sedimentation and diffusion coefficients by s/D=M,/RT,
whereas sedimentation equilibrium is mostly used for this purpose nowadays. For
heterogeneous systems, sedimentation equilibrium measures mean (weight
average) buoyant molar masses M, at each position, and globally within the cell.
Mean sedimentation coefficients s can also be measured, and in a quite easy way,
as will be detailed below. They also represent weight average values. Thus, with ¢
in weight units:

M,= Z(ciMb,i) /Zci (10)
E:Z(cisi)/Zci (11)

Changes in M, as a function of sample concentration and the amount of bound
constituents form the basis for the formulation of possible association schemes
by modeling the values of the association numbers and constants, in conjunction
with an analysis of the sedimentation coefficients for the different species present
in solution. For a recent example concerning analysis of sedimentation equilib-
rium data for heterogeneous association of soluble proteins, see Ref. [48]. An
analysis of the concentration dependencies of M, and 5 is very often used to esti-
mate dissociation constants and number of subunits in multimeric complexes of
membrane proteins (e.g., Refs. [9, 49)).

4.3.4
Non-Ideality

For concentrated solutions, typically above 1 mgmL™, weak particle-particle inter-
actions can lead to non-ideality of the solutions. For concentrations typically up to
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100mgmL™, s and D and apparent molar mass M,,, can be described by linear
approximations as

s=s°(1-kic+...) (12)
D=D(1+kpc+..)) (13)
1/Mp,=1/M+2Ax+..., (14)

where s° and D° are the coefficients corresponding to the particle at infinite dilu-
tion, and A, is the second virial coefficient. The analysis of non-ideal solutions by
sedimentation velocity experiments is described in Ref. [50]. Rosenbuch et al. have
reported s-value dependencies on centrifugal field — possibly related to detergent
compressibility — for two detergent-solubilized membrane proteins [23].

4.4
Membrane Proteins: Measurement of R, M,, M, and v

4.4.1
Composition and Molar Mass

For a protein of molar mass Mp, considering the binding of detergent and lipids
in terms of gram per gram protein to be 8 and &, the molar mass of the protein—
detergent complex is:

M7I<:Mp(1+6D+6]_) (15)

The binding of other molecules (chlorophyll, plastoquinone, etc.) can be treated
in the same way [51, 52]. Detergent binding was found to be related to the hydro-
phobic area of the protein [53]. The amount of bound detergent varies widely
depending on the type of protein and, to a lesser extent, on the type of detergent.
As an example, bacteriorhodopsin was measured to bind 2.4 g octaethylene glycol
monododecyl ether (Cy,Eg) g™ protein and 4.1g dodecyl-B-D-maltoside (DDM) g™
protein, while Ca*-ATPase, with its large cytosolic domains, binds only 0.5g
Cy,Egg™ protein and 0.73g DDM g' protein [53]. The amount of lipid depends on
the solubilization conditions, as was shown for example for EmrE, where the
amounts of bound lipid were found as 0.13 and 1.28 gg™" protein in two different
protocols of extraction and purification [2]. Detergent binding can be estimated
with the aid of radioactively labeled detergent, if the detergent-solubilized sample
is subjected to gel chromatography in order to isolate it from other components,
such as mixed detergent/lipid micelles and contaminating proteins present in the
sample, before analytical ultracentrifugation. The detergent binding can then be
estimated from the increase in detergent concentration associated with the rele-
vant protein peak. Column chromatography also allows the determination of any
lipid retained by the protein. However, it should be realized that often lipid is only
gradually stripped from the protein during chromatography, a circumstance which
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may lead to a considerable rise in detergent concentration above the baseline, and
overlapping with a much smaller protein peak. In order to achieve an effective
separation, the method also assumes that the size of the solubilized protein is
sufficiently different from that of the mixed lipid—detergent micelles. Therefore,
it is sometimes advisable to remove any lipid material before the gel chromatog-
raphy stage, for example by using ion-exchange chromatography or by two
successive stages of size-exclusion chromatography (SEC). (For procedures of
detergent-binding measurements, see Ref. [53].) Lipid binding measurements can
also be performed on the column fractions, for example by determining phosphate
levels for phospholipids, or by thin-layer chromatography (TLC) [53, 54]. As an
alternative, the (detergent + lipid)-content can be estimated from the ratio of the
number of fringes and absorbance at 280nm of the detergent-solubilized protein
boundary in sedimentation velocity experiments, under the assumption that the
protein boundary does not overlap with that of the detergent micelle (see Sections
4.6.5 and 4.6.6.1).

4,472
Values of v

Partial specific volumes are thermodynamically precisely defined as the volume
occupied by a weight unit of component in solution — that is, as the inverse of
component density. With respect to detergents, the partial specific volume may be
slightly different below and above the critical micelle concentration (CMC) [16]. ¥
can be measured with a precise density-meter (Anton PAAR) from the change in
density related to the variation in the concentration of the dry component (the
solvent composition must remain unchanged). The density increment (dp/dc) is
then given by:

(0p/9c) =1~ po¥ (16)

vV can also be estimated from the variation of the buoyant molar mass estimated
with sedimentation equilibrium or sedimentation velocity performed in H,0 and
D,0 solvents (see Sections 4.5.5 and 4.6.6.3), but in this case the slight increase
of M, related to hydrogen—deuterium exchange must be considered [55-57].

In practice, the partial specific volume v* for a protein—detergent-lipid complex
is most often estimated on the basis of the partial specific volumes of the protein-
(Ve), detergent-(Vp) and lipid (Vi) moieties, respectively, according to:

V‘k:(VP+SDVD+8LVL)/(1+8D+8L) (].7)

where &, and §; denote the amount of bound detergent and lipid, respectively, in
terms of grams per gram protein. The contribution of water is generally not
expressed, being infinitesimally small in dilute aqueous buffer (see also Sections
4.4.3 and 4.5.4). Values of the partial specific volumes for proteins, detergents, and
lipids can in general be estimated from chemical composition [58]. For proteins,
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a typical value is 0.74mLg™", and it can be calculated from the amino-acid composi-
tion, using the program Sednterp [59]. For detergent micelles, vp can be below or
above 1, leading to positive and negative buoyancy terms in water for (1—p,Vp),
and thus to a tendency for either sedimentation or flotation of the protein complex
upon centrifugation in water. The partial specific volumes of detergents depend
on the type and bulk of the polar head and hydrocarbon chain length. In Section
4.5.4, we consider examples of detergents with the same density as that of the
medium, leading to (1-peVp)=0, and no effect on buoyancy; reported values of
Vp for n-octyl-B-D-glucoside (OG) and DDM are in the range 0.81 to 0.86mLg™,
whilst for LAPAO and dodecyldimethyl-N-amineoxide (DDAO) they are in the
range 1.07 to 1.13mLg™". Hence, with the latter detergents the membrane proteins
tend to float during centrifugation. In contrast, deoxycholate (v, =0.778mLg™)
has a density close to that of proteins, which is an advantage in structural analysis
by low-angle angle X-ray scattering [60]. For detergent and bile salts, a number of
values relevant for analytical ultracentrifugation have been compiled [12, 23, 24,
61]. For lipids, vi-values of 0.981 and 0.93mLg™" are reported for egg yolk phos-
phatidylcholine and phosphatidylserine [16, 21, 62]. An average value of 1.02mLg™
is considered appropriate for the lipid moieties of lipoproteins [58].

443
Buoyant Mass for Detergent-Solubilized Membrane Proteins, M,*

M,* can be written as a function of molar mass and partial specific volume of the
protein—detergent-lipid complex, v*, as calculated from Eq. (17):

Mb * = Mv'c(]_ — pOV*):) (18)

From multi-component thermodynamics [24, 63, 64], M,* can be expressed rig-
orously as a function of the molar mass of the protein Mp:

M,* = Mp(dp/dcp), (19)

where (dp/dcy), indicates the change in the solution density related to the concen-
tration of protein (not to that of the complex), and also reflects the interactions of
the protein with all components of the solution. M,* is measured by reference to
a protein-free dialysate, in which all components except protein have the same
chemical potential as in the protein solution. Density measurements under such
conditions are extremely difficult to perform, due to the large size of the detergent
micelles and the very long times required for equilibration. Knowledge is also
required of the absolute concentration in protein. Such measurements have been
made, however, with proteins that are large when compared to the micelle, or fol-
lowing the use of affinity columns where the detergent concentration can be
equilibrated, for example in the case of His-tagged proteins [2, 24, 65]. In these
cases, the two sets of experimental values, with (dp/dcp), obtained from density
measurements, and M,* from analytical ultracentrifugation, can be combined to
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derive the molar mass M; of the protein within the protein—detergent complexes,
without any hypothesis concerning the detergent and lipid binding.

Another approach is to calculate the density increment (dp/dcp), from the
protein—detergent-lipid composition.

(9p/dcp)y=(1+8p+01)— Po(Ve + dpVp + 8.71) (20)

In this case, M,* can be written as the sum of separate contributions of the
protein-, detergent-, and lipid moieties to the buoyant molar mass:

M,* = Mp(1 = poVp) + 8pMp(1 = po¥p) + 6. Mp(1—poVy) (21)

Thus, any component i whose buoyant term (1—poV;) is null does not contribute
to the buoyant molar mass of the complex. This is the case for some detergents
in water, such as CgE,(vp=0.997mLg™). Lipids, with a density close to water,
contribute in a limited way also. Ordinarily, the hydration term Ow(1—poVw) for
bound water does not affect the buoyant molar mass of particle in dilute aqueous
buffer, but this is not the case in a sucrose gradient where this term can contribute
significantly [16]. Solvent density variation will be discussed further in Section
4.5.4.

Note that an operational partial specific volume ¢’, which relates M, qympier to Mp
in the given experimental condition, is often used to replace by one term all the
partial specific volumes given in Eq. (21) [16]:

M,* = Mp(1-pot’) (22)

4.4.4
Stokes Radius, Frictional Ratio

For homogenous samples, Rs can be obtained from boundary spreading in sedi-
mentation velocity experiments (see below) or extracted from measurements of
M, and s. In principle, dynamic light-scattering experiments could also provide Rg
values but, because of the presence of the detergent micelle of a similar size as
the protein—detergent complex, the determination will be hazardous for detergent-
solubilized proteins. Calibrated SEC can provide estimates of Rs, provided that
there is an absence of interactions with the matrix or dissociation of an oligomeric
state on the column. However, with some detergents, such as C;,Eg and deoxycho-
late, overestimation of the size has been noted [66].

R; is often compared to a minimum radius value, R,,;,, calculated for a sphere
having the anhydrous volume of the particle (MV/N,). For the specific case of
membrane protein associated with detergent and lipids:

Riin = [(3Mp(Vp + 8pVp + 8.V, ) / (4TIN L )] (23)

The frictional ratio f/f,., links the actual values of Rs to the minimum values
Rmin:
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RS/Rmin = ﬂfmin (24)

It should be noted that water hydration contributes to the hydrodynamic dimen-
sions. Equation (23) does not consider bound water (typically 0.3gg™), but values
of f/fuin include the effect of hydration, in addition to surface rugosity and devia-
tions from spherical symmetry. Experimentally, the values of f/f,.,=1.2-1.3 that
characterize compact and moderately hydrated proteins are also found for some
solubilized membrane proteins. However, there are examples of f/f,,;, with values
as low as 1.18, such as for the membrane proteins FhuA and BmrA, where bound
DDM indicates a very compact structure of these protein—detergent complexes [54,
67]. However, high values have been found in a number of other cases: typically,
f]fin="1.43 for the reaction center in Cy,Eg, or 1.6 for the Ca**-ATPase in deoxycho-
late (for a list of f/f,.., values see Table 4 in Ref. [22]). It should be noted that high
values of f/f., indicate, in principle, strongly anisotropic shapes: thus, for non-
hydrated and mathematically defined ellipsoids with axial ratios of 4 and 10, the
values of f/f,., increase from a factor of 1.17 to 1.5 as compared to a sphere of
the same mass [18]. Hydrodynamic bead modeling represents a general method
to model arbitrary shapes for particles represented as a rigid assembly of non-
overlapping spherical elements of any size [68, 69]. In all cases, interpretation of
[flfuin in terms of shape requires the evaluation of the error on its determination.

445
The Example of the Membrane Protein BmrA

In order to demonstrate what can be achieved by the analytical ultracentrifugation
of detergent-solubilized membrane proteins, as performed in practice, herein are
presented data acquired with a bacterial membrane protein, BmrA from Bacillus
subtilis, a2 member of the multidrug resistance (MDR) ABC transporter family.
Although biophysical evidence for a dimeric (and possibly tetrameric) organization
of this half ABC transporter (which contains only six putative transmembrane
segments) has been obtained after reconstitution in a lipid bilayer environment,
the precise oligomeric order in a detergent-solubilized state has not been addressed
until recently by analytical ultracentrifugation [54]. Here, BmrA was purified by
affinity chromatography after heterologous expression in E. coli membranes and
solubilization with retention of high ATPase activity by 0.05% DDM. Subse-
quently, SEC was used to estimate the Stokes radius of the complex (5.6nm).
Furthermore, DDM binding (1.5gg™ protein) was measured using radiolabeled
DDM, and the phospholipid content (0.07 gg™ protein) by TLC analysis of BmrA.
Both, the SEC elution profile and sedimentation velocity at 44 000rpm (~140000g)
in the ultracentrifuge indicated the essential homogeneity of the DDM-solubilized
membrane protein, for which a sedimentation coefficient (sy,.) of 8.9S was
obtained. In combination, these data provide a buoyant molar mass of 47kDa.
Sedimentation equilibrium profiles, obtained at 7000rpm (3500g) and three dif-
ferent protein concentrations over a period of four days indicated the absence of
reversible and irreversible aggregation, and provided a virtually identical value of
50kDa, corresponding to molar masses for the complex of 334kDa and for the
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Table 4.1 BmrA structural parameters as deduced from size-
exclusion chromatography (SEC), detergent and
phospholipids assay and analytical ultracentrifugation.

0.05% (or 0.02% C;;E5
0.01%) DDM Main species

SEC data (1a) Rs (nm) 5.6 + 0.4 ~5.6
SEC data (1b) S(g+g’)  1.5+06 1.5
Phospholipids assay (2) S (gxg?) 0.07 £ 0.02 0.07®
Sedimentation velocity data (3) S20w (S) 89+03 7+0.2
Sedimentation equilibrium data (4) M,* (kDa) 50 + 4.5

Protein sequence (5) M; (kDa) 66.254 66.254
Combining (1a and 3) M,* (kDa) 469+ 1.9 29.7+1.4
Combining (1a, 1b, 2 and 3) M* (kDa) 314 + 15 420 + 20
Combining (1a, 1b, 2 and 3) M, (kDa) 110 + 20 146 + 20
Combining (1b, 2 and 4) M* (kDa) 334 + 30

Combining (1b, 2 and 4) M, (kDa) 117 + 20

Combining (1b, 2 and 5 as a dimer) M* (kDa) 340 + 80 340 + 80
Combining (1a, 1b, 2 and 5 as a dimer) ffruin 1.18 + 0.08 1.14 + 0.08

Modified from Ref. [54].
(@) Values are assumed, based on the values obtained with DDM.

protein within the complex of 117 kDa. The data in Table 4.1 show how the various
measurements obtained by analytical ultracentrifugation can be combined to
provide a consistent picture of the size and mass of the detergent-solubilized
protein, leading to the unequivocal conclusion of a dimeric organization of BmrA
in the complex.

For the C;,Eg-solubilized protein, in addition to the dimer, identified from the
value of sy, for the main species (Table 4.1), both the SEC profile and the sedi-
mentation boundary formed in sedimentation velocity experiments indicated the
formation of unspecific aggregates with higher s,,, values than corresponding to
the dimer. The maximum activity was threefold lower than in the presence of
DDM. In conclusion, the data implicate the dimer of BmrA as the minimal func-
tional unit of BmrA compatible with activity and probably also with transport
competence, while self-association in C,,E;g is the consequence of inactivation and
secondary, irreversible aggregation. It should be noted, however, that the limita-
tion of analytical ultracentrifugation is that, due to the different environments
presented to BmrA by a lipid membrane and a detergent, the data do not defini-
tively rule out the possibility that, in the native membrane, BmrA could exist in a
higher supramolecular state than a dimer. In conclusion, this example illustrates
the interest of analytical ultracentrifugation both as an independent method and
its coupling with other methods such as SEC (see also Ref. [67]). It also demon-
strates the benefits of data collection in several detergents for an optimal physico-
chemical characterization.
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4.5
Sedimentation Equilibrium Data Analysis

4.5.1
Equation of Sedimentation Equilibrium and Comments on the Experimental Set-Up

At sedimentation equilibrium, the signal in the ultracentrifuge a(r) is a
linear combination of the signals from the concentrations of each individual
species:

a(r) = elc(r) = coel exp[®, M, /2RT|(r* — 13) (25)

where ¢, is the concentration at an arbitrary reference radial position r, (often
chosen to be close to the meniscus). The attainment of sedimentation equilibrium
allows us to obtain in a thermodynamically rigorous way the buoyant molar
masses of macromolecules in solution. For the more general case of heteroge-
neous and/or interacting dilute systems, the equilibrium sedimentation condition
can be written as the sum of the exponential terms of each species, as in Eq. (25).
The interpretation of such expressions must be analyzed within the context of
explicit models.

Of course, analysis of the data requires that a true equilibrium state has been
obtained — which excludes unstable systems leading to irreversible aggregation or
proteolysis, for example, on the time scale of the experiments (typically one or
more days). The analysis assumes the measured signal to be proportional to the
concentration of the macromolecular species. Large absorbances must therefore
be avoided to ensure the linearity in the response of the optics; furthermore,
unstable small solutes that can absorb light in a time-dependent manner must
also be avoided. A detailed data analysis is usually not trivial, as sedimentation
equilibrium profiles have a limited content of information with respect to hetero-
geneity, because they must be decomposed in terms of contributions from expo-
nentials corresponding to the different species present in the sample. The
equilibration time is heavily dependent on sample volume, and may require a
couple of days for a medium-sized column. However, for a sufficiently stable
system it is advantageous to use as large a column as possible, as this leads to a
significant increase in the information content of the data [36].

For chemical equilibria, there are additional conditions linking the buoyant
molar masses and the concentrations at reference r, for the various species. For
the example of a monomer—dimer equilibrium with an association constant K,,
the conditions are: Myimer=2M ponomer AN Co gimer= KuCo, monomer> SPECies in equilibrium
or mixtures or non-interacting species (of same molar masses) cannot be distin-
guished if a single equilibrium condition experiment is performed. As an example,
a monomer—dimer equilibrium and a non-interacting mixture of monomers
and dimers cannot be distinguished from a single sedimentation profile: in
both cases, they give rise to two exponential terms in Eq. (25). However, they can
be distinguished by using a set of experiments performed at different loading
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concentrations, which is why a typical protocol for sedimentation equilibrium
experiments uses three such concentrations.

4.5.2
Simulation of Sedimentation Equilibrium for a Mixture of Particles

The theoretical sedimentation profiles of DDM micelles and various detergent—
protein complexes with different molar masses and detergent binding are illus-
trated in Fig. 4.2. Under the conditions of the simulation, smaller particles (e.g.,
detergent monomer) would be almost homogeneously distributed, a behavior that
would often be analyzed as a constant baseline contribution. On the other hand,
larger particles (such as very aggregated material) would be essentially pelleted.
Thus, the analysis of a sedimentation equilibrium experiment can “miss” both
small and large particles. Consequently, typical protocols would use three angular
velocities, in order to “reveal” the different species in solution: the larger particles
at lower angular velocity, and small particles at a larger angular velocity. In general,
on completion of the experiment the angular velocity would be increased to a
maximum for a couple of hours in order to estimate experimentally the level of
the baseline.

In the centrifuged samples, detergent micelles are present together with
detergent-solubilized membrane proteins, and will redistribute in a similar fashion
as protein complexes, depending upon the buoyant properties of the detergent.

Concentration (mg/mL)
.5.4'
i,
'L(
T

N Mw‘“f’"-”ﬁ‘w'-
Y e
69 7.0 7.1 72
radius (cm)

Fig. 4.2 Sedimentation equilibrium for four
types of particle. Simulation was carried out
at 10000 rpm in water at 20°C after 26 h for
four types of particle, each with a loading
concentration of 0.5 mgmL™. The curves
correspond to a DDM micelle of 60000 g mol™
(red) and three detergent—protein complexes
of respectively 150000g mol™ (blue) with &,

of 4gg™ (i.e., 120000 g mol™ detergent
associated to 30000g mol™ protein),

180000 gmol™ (pink) with 8, of 1gg™

(i-e., 90000 g mol™ detergent associated to
90000gmol™ protein) and 600000 g mol™
(green), with also a 8 of 1gg™". The details of
the particles are listed in Table 4.2.
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Because of the poor control with the exact detergent concentration in the different
sample compartments (in the reference solvent as well as in the dilution series),
and because of the intrinsic complex behavior of detergents (equilibrium between
monomer and micelle), interference optics are not used for sedimentation equi-
librium experiments. The analysis of solubilized proteins is greatly simplified
when their contribution is masked. Most detergents do not absorb at 280nm and
so will not be detected at this wavelength with absorbance optics (unless they
contain absorbing impurities which, unfortunately, is often the case). In the oppo-
site situation (e.g., when using Triton X-100), one way to avoid the problem is to
follow the protein via a prosthetic group; for example, bacteriorhodopsin can be
followed by the absorption of retinal at 555nm [43].

The detergent—protein complexes will sediment according to their buoyant
molar masses, which include the detergent contribution. In the example given in
Fig. 4.2, the complex of 30000gmol™" detergent associated with 120000 gmol™
protein and the complex of 90000 g mol™ detergent associated with 90000 g mol™
protein have buoyant molar masses of 30200 and 40300 gmol™, respectively, and
are hardly distinguishable one from another. In other words, it would be difficult
to distinguish a monomer with a large amount of bound detergent from a trimer
of the same protein where hydrophobic association of the transmembrane seg-
ments might give rise to the binding of a much smaller amount of detergent.
Nevertheless, for a mixture of these two species, the unequal repartition of differ-
ent particles as a function of the radial position, with a larger proportion of the
heaviest species being present at larger radii, can be made apparent in the careful
analysis of the experimental data. Finally, the large species of 600000gmol™ is
under-represented in the conditions of Fig. 4.2, as the angular velocity is too large
for a proper analysis.

453
Analysis of Data

Methods of data analysis for sedimentation equilibrium can be divided into two
general forms. The first form is model-independent, and is based on the measure-
ment of dlnc/dr’, using for example the program SEGAL [70]. At each radial posi-
tion, dlnc/dr” gives an estimate of the mean buoyant molar mass, which increases
with ¢ and rin the case of heterogeneous and/or interacting systems. Traditionally,
before the advent of computer facilities, this was the way to determine buoyant
molar masses by sedimentation equilibrium. Although this approach is highly
versatile, the applications are limited by the quality of the data acquired: hence,
this type of analysis is often made as a first step before a more complex analysis,
or when homogeneous samples are used.

The second (and most commonly used) form of data analysis is performed
within the framework of a model (or of different models of increasing complexity
that are successively applied), such as a single ideal species, reversible and irrevers-
ible association, and mixtures of species that can either float or sediment. The
analysis is made globally on a number of different files obtained at different
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concentrations, and if necessary with different optics to cover the largest concen-
tration range and velocities. A careful inspection of deviations between modeled
and experimental data (residuals) allows the acceptation/rejection of models, or
discrimination to be made between them. Different packages exist (e.g., see the
RASMB web site [29]; these are also reviewed in Ref. [35]). For example, SEDPHAT
[71] allows a global analysis of profiles to be obtained with different samples and
experimental conditions, the selection of parameters that are either fixed or fitted,
mass conservation (which is useful in the case of heterogeneous or associating
systems), and systematic noise evaluation as well as a combined analysis of sedi-
mentation velocity with sedimentation equilibrium profiles.

4.5.4
Matching of Surfactant and Solvent Densities

Even when there is no reliable estimate of (dp/dcy), or detergent binding available
[Egs. (19) and (20)], it is still possible to measure M; and to obtain other interesting
data if the solution conditions are well chosen, either in terms of detergent type
or solution density.

In dilute aqueous buffers, C4E4(Vp=0.997mLg™) has the same density as the
solvent; that is, the term (1—p,Vp) is null in Eq. (21). Thus, the detergent micelles
neither sediment nor float, and their concentration — apart from the result of the
interaction with the macromolecules — does not change within the cell in the
ultracentrifuge. In addition, the detergent does not contribute to the buoyant
molar mass of the particle, the behavior of which — despite not knowing the value
of &p — can be interpreted in terms of protein association state and dissociation
constant. A less-expensive detergent octyl-POE (which has a heterogeneous
polyethylene content; vp=0.99mLg™) is often used in preference to the less-
denaturing CgEs; however, it should be noted that in general these short-chain
detergents are rather deleterious towards the enzymatic activity of especially the
larger-sized membrane proteins [72]. However, for such cases C;,Es with a density
0f0.973 cm® g™ may be used [12] (see also Section 4.4.2). The contribution of lipids,
if any, is often neglected, but should be discussed for each specific case. Under
these conditions, sedimentation equilibrium allows the characterization of the
protein-association state and equilibrium association constant [25, 73].

For the same purpose, detergents with Vp between 0.9 and 1mLg™ can be
matched effectively in H,0/D,0 mixtures; for example, C,-sulfobetain and dodec-
ylphosphocholine (DPC) can be density-matched at densities between 1.0 and
1.11gmL™" [25, 74]. The effect of deuterium exchange must be evaluated in par-
ticular for compounds with partial specific values close to 1 [56, 57]. D,0" can, in
principle, be used to extend the range to Vv, above 0.82mLg™ and p, up to
1.21gmL™, although commercial samples may be very expensive and also be of
very poor (in particular optical) quality. The present authors recently used D,0"
for the characterization of new amphiphilic polymers designed to stabilize mem-
brane proteins [57, 75], and also to determine the association state of bacteriorho-
dopsin within the complex [76].
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More generally, masking the contribution of a component by changing the
density of the solvent, can be achieved by adding a co-solute, such as sucrose,
nicodenz, or salts. However, it must be realized, as mentioned previously, that this
will change the buoyancy terms of bound water and lipids — an effect which may
be far from negligible when the solvent density is different from that of water.
One way of overcoming the hydration term is to work at a solvent density which
corresponds to the experimentally determined matched density of the detergent
micelle [77, 78]. This type of approximation is likely to be justifiable for membrane
proteins that are entirely embedded in membranes with no cytoplasmic or extra-
cytoplasmic regions, but it is not feasible for proteins with a large extramembra-
nous regions, such as the Ca**-ATPase.

4.5.5
Determining the Association States and Dissociation Constant in the Presence of
Non-Density-Matched Detergent

Sedimentation equilibrium profiles obtained in different H,0/D,0 mixtures can
be used in contrast variation experiments for the determination of M* and v*. A
global analysis of the data provides a new and interesting perspective, with the
potential to obtain precise results even in the absence of density matching of the
detergent [79]. Alternatively (see Section 4.4.3 and references therein), the measure-
ment of (dp/dcp), allows determination of the molar mass of the protein, and thus
the association states and dissociation constants from sedimentation equilibrium
experiments, even when the detergent is not density-matched by the solvent. The
experimental determination of (dp/dcp), should be facilitated by the expanding
progress in overexpressing tagged proteins purified in large amounts through tag-
affinity chromatography. Beyond these new possibilities, a note of caution must be
placed on the possible dependency of the association constant in the presence of
varying amounts of detergent, as considered in the following section.

4.5.6
Dependency of Association Constants on Detergent Concentration

It is well known that, for the classical detergents used to study membrane proteins,
detergent monomers are in equilibrium with micelles and with solubilized mem-
brane proteins or hydrophobic peptides. The thermodynamic treatment of such
an equilibrium was first derived by Tanford [80]. Initially, it was considered that
each membrane protein would bind the equivalent of a single micelle of detergent,
but measurements performed with different detergents and several proteins
showed this not to be the case [53], except perhaps for small hydrophobic peptides
[12]. The current view is that the detergent forms a monolayer on the hydrophobic
surface of the protein. Membrane proteins have a natural tendency to autoassoci-
ate as a function of protein concentration in detergent solution, and sometimes
also in their native membrane. This tendency is obviously increased at lower
detergent concentrations, near or below the CMC of the detergent, whereas high
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detergent concentrations and low protein concentrations favor monomer forma-
tion (see Refs. [12, 81]). This tendency is also strongly dependent on the type of
detergent; for example, long-chain detergents (C;—Cig) or the presence of residual
lipids favor dimer and oligomer formation, so that it is always difficult to infer the
state of association in the native membrane from the state of association in deter-
gent solution (see the discussion in Ref. [8] and the example of BmrA protein
presented in Section 4.5.4 [54]).

Different approaches have been followed to rationalize the effect of detergent
concentrations and types on monomer/dimer/higher oligomer equilibria from the
measurement of association constants (or AG and other thermodynamic con-
stants) obtained using analytical ultracentrifugation or other techniques (e.g.,
using Wyman formalism [81]; or volume considerations that may be relevant in
the lipidic phase of a membrane [82, 83]). The example [81] of human plasma
paraoxonase, an enzyme which requires the use of detergent to isolate it from
high-density lipoprotein (HDL), is particularly illustrative of the potential of ana-
lytical ultracentrifugation. Here, sedimentation velocity measurements showed
one or two overlapping ¢(s) peaks, with mean s-values that were increased when
the loading protein concentration was raised at a given detergent concentration,
or when the detergent concentration was reduced at a given protein concentration.
An analysis indicated an association—dissociation process for the protein (in this
case a monomer/dimer equilibrium) that was modulated by both the detergent
and protein concentrations. The detergent used was Cy,Eg, which is almost density-
matched (see Section 4.4.4), and this allowed the determination from sedimenta-
tion equilibrium experiments of the monomer/dimer equilibrium constant for
different samples. Decreasing the detergent concentration shifted the equilibrium
towards the formation of dimers. This shift was linked to a relative decrease in
detergent binding, which changed from 100 to 50 molecules per monomer in the
dimeric complex. A similar decrease in detergent binding was also found by oligo-
meric association of sarcoplasmic Ca**-ATPase in C,,E; [53, 84, 85].

4.6
Sedimentation Velocity Data Analysis

The potential of sedimentation velocity has increased dramatically during the past
few years, in relation to the increased possibility of data treatment. During the
1990s, both time-derivative methods [86] (which eliminated systematic noise from
the data) and the Van Holde Weischet method [87] (qualifying sample heterogene-
ity) utilized these new opportunities for the global fitting of sedimentation profiles
obtained at different times.

4.6.1
Numerical Solutions of the Lamm Equation

During the past few years, further progress has been made by the use of simulated
data. Following the pioneering studies of Claverie [88-90], numerical solutions of
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x(s, D, 1,t) of the Lamm equation [Eq. (3)] can now be obtained in routine manner.
Three program packages have been developed that use numerical solutions of this
equation for the analysis of sedimentation velocity (and sedimentation equilib-
rium) data: by Peter Schuck with SEDFIT/SEDPHAT [71]; by Boris Demeler with
ULTRASCAN [91], and Walter Stafford with SEDANAL [92], with the latter system
using differences between scans. These procedures allow the simulation of sedi-
mentation velocity profiles corresponding to any s/ D/q condition. These simulated
profiles are used for data analysis; moreover, the programs have opened the pos-
sibility of describing, in a global analysis, the behavior of complex macromolecular
systems. In general, they consider the entire sedimentation process without
restriction such that data acquisition is made on a large time scale (typically
overnight) in order to obtain the maximum information available for data treat-
ment. Of these programs, SEDFIT and SEDPHAT (see below) are particularly
versatile.

4.6.2
Analysis in Terms of Non-Interacting Species: Principle

The analysis of sedimentation velocity profiles can be made by considering a
limited number of species (typically one to three non-interacting species; see
Section 6.4 for how a model-independent c(s) analysis can help to establish the
validity of the hypothesis). In that case, the experimental sedimentation velocity
profiles are analyzed as a linear combination of the Lamm equation:

a(r,t)=Y.x(s, D,r,1) (26)

This allows the determination, for each species, of s and D. This analysis can
include a compound that is floating in addition to one that is sedimenting. Then,
by using the Svedberg equation [Eq. (8)], the buoyant molar mass, M, and Ry can
be obtained and interpreted in terms of particle composition (see Section 4.4). The
limitation of this approach is that the underlying hypothesis — which concerns
the number of species considered in the analysis as well as the assumption that
the particles are not interacting — must be strictly correct. If this is not the case — for
example, if we fail to take into account a minor heterogeneity — then the D and
related Rs, M, and M-values obtained will be notably wrong.

4.6.3
Analysis in Terms of Non-Interacting Species: Applications to Detergent and the
Membrane Protein EmrE

In solutions of detergent-solubilized protein(s), detergent is exchanged between
the monomer and micellar forms of the detergent and complex(es). For membrane
proteins, the validity of analysis of sedimentation velocity data in terms of s and
D thus needs to be tested as the species are not truly non-interacting. Sedimenta-
tion velocity measurements on detergent solutions of DDM and C,,E; have led to
aggregation numbers of 130+4 and 118+8, respectively, which are compatible
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with literature data obtained by sedimentation equilibrium or other biophysical
techniques [93]. For EmrE in 2% DDM, M,* from s and D differs by 8% from
that derived by s and Rg, and by 1% from that calculated from the composition
[3]. Thus, a very good check on the validity of the sedimentation velocity
analysis of detergent-solubilized membrane proteins was obtained in these
experiments.

4.6.4
c(s) Analysis: Principle

The analysis of sedimentation velocity data in terms of a continuous distribution
of sedimentation coefficients c(s), as proposed by Peter Schuck in 2000 [94], con-
stitutes a major advance for the analysis of sedimentation velocity experiments,
which is extremely powerful and is widely used [95, 96]. The sample is described
as an assembly of non-interacting particles; for example, by N=200 particles,
defined by their minimum and maximum s-values. These particles are assumed
to have the same density and general shape factors — that is, the same v and f/f,.;,
characteristic values. This allows each s-value to be mathematically linked to a
unique D-value. Thus, for N particles defined by s and related D(s) values, N sets
of sedimentation velocity profiles are simulated, corresponding to the experimen-
tal geometry and centrifugal conditions of the sedimentation profiles under analy-
sis. The signal a(r, t) in the ultracentrifuge at position r and time ¢t is described
as a linear combination of the signals (s, D(s), r, t) related to each individual
species.

a(r,t)= [c(s)x(s, D(s), 7, Hyds (27)

The program calculates the best distribution of sets of simulated profiles model-
ing the experimental data, taking advantage of a systematic noise evaluation pro-
cedure [97]. This provides a distribution of sedimentation coefficients, named c(s)
(actually a signal distribution a(s) would be a more exact designation, as the dis-
tribution is given in absorbance or fringe numbers). A regularization procedure
is generally applied particularly for complex species distributions, which provides
a more regular ¢(s) distribution.

The c(s) analysis is in general a robust method to describe samples in terms of
sedimentation coefficients, as only the details of the ¢(s) distribution are sensitive
to the hypothesis. This is because the sedimentation profiles are mainly deter-
mined by the values of s, and in a minor way by the value of D. The considered
D-values are most often good approximations of the actual values, which allows
diffusion to be nicely deconvoluted from sedimentation. Even assemblies of par-
ticles the sizes of which vary within a large range — including small particles which
diffuse extensively — are analyzed, and even particles of similar size can be resolved
at quite high resolution. For example, non-interacting monomers and dimers are
very easily resolved.
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4.6.5
Sedimentation Velocity Simulation and c(s) Analysis for a Hypothetical Sample of
Membrane Proteins

To demonstrate how the ¢(s) analysis operates, we have simulated sedimentation
velocity profiles corresponding to a hypothetical mixture of four particles, each at
0.5mgmL", representative of detergent and the membrane proteins presented in
Table 4.2, as already simulated under sedimentation equilibrium conditions in
Fig. 4.2. In the upper part of Panels A and B of Fig. 4.3 are shown the sedimenta-
tion velocity profiles for absorbance optics and interference optics, respectively,
simulated with reasonable absorption coefficient and dn/dc values for each of the
partners (see Table 4.2). The “small” detergent micelle (s=2.9S) is only detectable
by interference optics, and cannot be readily discerned by visual inspection,
because it is characterized by sedimentation velocity boundaries that broaden sig-
nificantly by diffusion. Because the two smaller protein—detergent complexes are
similar in size and mass, the presence of the two components is hardly distin-
guished in the raw data. In contrast, the largest particles of 600000gmol™ are

Table 4.2 Examples (characteristics) of four particles
representative of detergent (I) and membrane proteins

(1-1v).

1 11 1 v
M (kDa) 60 150 180 600
3 (gg™) - 4 1 1
M, (kDa) 60 120 90 300
M, (kDa) 0 30 90 300
M, (kDa) 11.2 30.2 40.3 134.3
Rs (nm) 34 45 48 7.1
s (S) 2.9 5.9 7.4 16.6
¢ (mgmL™) 0.25 0.25 0.25 0.25
A 0.00 0.06 0.15 0.15
AJ 0.59 0.64 0.71 0.71
AJJA . 10.6 47 47

My, and M, represent the molar masses of the detergent and
protein, respectively, within the complexes. Partial specific
volumes of 0.815 (corresponding to that of DDM) and
0.74mLg™, Eg 4 values of 0 for the detergent and 1M "' cm™
for the proteins, dn/dc values of 0.133 and 0.186mLg™, were
considered for detergent and protein partners, respectively.
s-values are calculated with f/f,.;,,=1.25; py=0.99832gmL",
N=1.002cp (i.e., typical values for globular compact particles
in water at 20°C). ¢ is the total concentration.

A and AJ are calculated for an optical path length of 12mm.
The simulations of Figs. 4.2 and 4.3 were made with standard
deviation for the noise of 0.01.
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Fig. 4.3 Sedimentation velocity and c(s) analysis of a mixture
of four particles. Panel A shows Absorbance; Panel B shows
Interference. Simulation was carried out for 20 profiles every
30min at 42000rpm (~130000g) for a mixture of the four
particles described in Table 4.2. ¢(s) analysis was made
considering 200 particles of s between 0.2 and 20S,
v=0.77mLg™, f/f°=1.25, and with a confidence level of 0.68.

easily differentiated from the smaller particles. The data in Fig. 4.3 illustrate the
potential of sedimentation velocity for the study of multicomponent highly hetero-
geneous systems. The results of the ¢(s) analysis are shown in the lower panels of
Fig. 4.3. The ¢(s) analysis — by deconvoluting even in an approximate manner the
diffusion processes from sedimentation processes — resolves all of the species,
whichever the optical systems of detection (except for the detergent micelles in
absorbance, of course, as they are not “seen” in this case). This is particularly
remarkable when considering the low signal-to-noise ratio in absorbance optics.



4.6 Sedimentation Velocity Data Analysis

It should be noted, however, that by using interference optics the two peaks cor-
responding to s=5.9S and 7.4S are perfectly well resolved, which is not the case
for absorbance optics. The position and area under the peaks provide values of the
mean s-values and of the initial concentration of the related species, as measured
in signal units. The relative proportions of the different species vary significantly
in Panels A and B, corresponding to the absorbance or fringe shifts, respectively,
as the detergent and protein contents are different for the different species (see
Table 4.2). Thus, the data in Fig. 4.3 illustrates how the acquisition of joint absor-
bance and interference scans can be used to estimate surfactant binding (together
with that of lipid, if present).

4.6.6
Example of Characterization of a Membrane Protein by Sedimentation Velocity

4.6.6.1 Association State of Na*-K*-ATPase Expressed in Pichia pastoris and of
Sarcoplasmic Ca®*-ATPase

As examples to illustrate how ¢(s) analysis can be used to unravel membrane
protein function, we shall consider experiments aimed at characterizing the func-
tional unit of Na*,K*-ATPase [4] and Ca**-ATPase [84, 85]. In this study, the Na*,K*-
transporting enzyme was heterologously expressed in yeast (Pichia pastoris). After
purification from the yeast membranes by affinity chromatography, the protein
was solubilized by DDM and fractionated into two peaks by SEC. This was achieved
with an eluant containing a DDM/phosphatidylserine mixture (since the presence
of this lipid together with detergent was necessary to maintain the ATPase in an
active state).

Two successive fractions from SEC of the peak with the smallest size were sub-
jected to sedimentation velocity study. By visual inspection, the sedimentation
boundary appeared homogenous, but ¢(s) analysis by absorption and interference
fringes indicated that, in addition to the main component with an s, ,-value of
10.2+0.15S, small amounts of both a smaller and a larger component were present.
For the main species the same sedimentation rate was obtained at three different
concentrations, and thus these experiments did not provide any evidence of auto-
association of the enzymatically active ATPase. Sedimentation velocity using inter-
ference optics showed a very high ratio J/A=21 for the smallest species, which
was interpreted to represent lipid—detergent complexes possibly in combination
with a small peptide. For the main species, after chromatography, J/A=6 indicated
a total of 1.4g of lipid and/or detergent per gram protein. SEC with radiolabeled
detergent gave a ratio of 0.5g of detergent per gram protein, and a Rs value of
6.5nm (which would correspond to the size of a soluble globular protein of
450kDa). For a globular compact complex with 0.5 g detergent and 0.9g lipid (the
maximum value compatible with J/A) per gram protein, it was possible to calculate
Rs and s,9,-values of 6.3+0.2nm and 10.5+0.5S, respectively, for a monomer;
whereas, the corresponding values for a dimer would be 7.9+ 0.2nm and 15.9£0.9S.
The experimental and calculated values thus unequivocally indicate the mono-
meric o,B-form as a minimal structural and functional unit of Na*,K*-ATPase [4].
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There was little evidence for higher-order oligomers, except in the void volume of
SEC. These may be related to the presence of Na*,K*-ATPase dimers or tetramers,
as proposed from other studies (see e.g. Refs. [98-100]). Thus issue was also raised
of whether different pools of Na* K"-ATPase are present in many membrane
systems, a topic which is hotly debated on the basis of various biophysical and
cellular biology experiments.

In previous studies on sarcoplasmic reticulum Ca*-ATPase [84, 85], the C;,E,-
solubilized enzyme was shown, by SEC, to associate irreversibly during enzymatic
inactivation. Examination of the sedimentation boundary in the analytical ultra-
centrifuge indicated the conversion of Ca**-ATPase from a monomeric to a dimeric
state, together with heavier and rapidly sedimenting aggregates. Ca’*-ATPase solu-
bilized with retention of enzyme activity was also found to self-associate at high
protein and low detergent concentrations; however, in contrast to the irreversibly
aggregated and inactive Ca®*-ATPase, this association was fully reversible. Given
the high concentration of Ca’*-ATPase in the sarcoplasmic reticulum membrane,
the conclusion is almost inescapable that the transport protein is present in an
oligomeric state in the membranous state, as is also experimentally indicated by
an increased tendency for dimer formation in Cj,Eglipid mixtures [12]. Yet,
detailed investigation of the functional properties indicates that the monomeric
form is functionally fully competent with respect to its enzymatic and transport
properties [1, 101], in agreement with 3-D structural evidence for the presence of
a central Ca®*-conducting pathway in the monomer [102, 103].

4.6.6.2 Complex Behavior in Solution of New Amphiphilic Compounds

Although detergents are generally used to solubilize membrane proteins in
aqueous buffers, they often lead to irreversible protein inactivation. This may be
due to removal of the lipid phase, and in some cases of essential lipids, when the
detergent concentration is much higher than the CMC (or aggregation) during
inactivation, or when the detergent concentration is close to, or lower than the
CMC. In order to overcome these problems, new surfactants compounds are being
designed [104-107]. The c(s) analysis has proved to be very powerful for the char-
acterization of these new surfactants and the complexes they form with membrane
proteins. For example, a homologue to DDM detergent with hemifluorinated
chains forms large and heterogeneous assemblies (most likely cylindrical micelles),
the size of which increases with concentration. This homologue also stabilizes the
b¢f dimer even at high surfactant concentrations [52]. Another example is that of
the amphiphilic polymer A8-35 which, despite the variable length of the chains
and the random distribution of hydrophobic groups along them, was found
to self-organize into well-defined assemblies [75] and to define also compact
homogeneous particles with bacteriorhodopsin [76]. In the case of the Ca™-
ATPase- A8-35 complexes however, some heterogeneity was noted by analytical
ultracentrifugation [108].

4.6.6.3 The su/sp Method
The comparison of ¢(s) obtained in D,0 and H,0 solutions can provide informa-
tion on the partial specific volume of a complex if the association state and mac-
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romolecule conformation (thus R;) are the same in the two solvents. The accuracy,
advantages, and limits of the method have been studied in detail, using model
macromolecules (DNA, protein, and polysaccharide). This approach was also used
for acidic polymers to describe their effective charge [57]. The values of the partial
specific volumes of detergents obtained in this way are identical to those obtained
from density measurements [93]. This method has the potential to determine the
partial specific volume v* of protein—detergent complexes (which is linked to the
particle composition: see Section 4.4.2) within heterogeneous samples.

4.6.7
General Potentials of the c(s) Analysis per se as a Prelude to
more Sophisticated Analysis

The ¢(s) analysis method offers the possibility to characterize sample homogeneity
or heterogeneity in a very efficient and versatile manner. For a ligand that absorbs
where the protein does not, sedimentation velocity offers a particularly elegant
means of characterizing the binding process (e.g., see the binding of vitamin B,
to the vitamin B,, receptor BtuB followed by sedimentation velocity at 358 nm
[109]). The effects of solvent composition, aging, macromolecule concentration
and so forth, are easily described in terms of a continuous size distribution, ¢(s).
Because s is related to mass and size, the ¢(s) analysis may detect changes in the
conformation or interaction between macromolecules. The s-values can be com-
pared to theoretical values and exclude certain hypotheses (as considered in Section
4.6.6.1). The c(s) analysis primarily provides information on homogeneity, number
of species and their possible associations. This is essential information prior to a
more detailed analysis, which, implicitly or not, is generally made in the frame-
work of a model: for example, the analysis in terms s and D-values, and thus of
M, and R (Section 4.6.2), requires a limited number of non-interacting species.
Recent procedures in SEDPHAT [71] allow a combined analysis with a description
in terms of ¢(s) distribution for one or two intervals of s-values, in addition to a
description in terms of a limited number of discrete non-interacting species. This
opens the possibility of characterizing macromolecules in terms of s and D, even
in the presence of contaminants. From the concentration dependency of ¢(s), it
can be checked if one peak in the ¢(s) analysis corresponds to one species or to
different species in interaction, this being a prerequisite for a detailed analysis in
terms of discrete species. It is for this reason that sedimentation velocity is per-
formed routinely with three samples at different concentrations. Shifts in mean
s-values or changes in the relative proportions of the different species in solution
indicate interactions between the species. The concentration dependency of mean
s-values can be analyzed with equations derived from Eq. (12) in terms of s-values
for different oligomers and dissociation constants (see e.g. Ref. [9]).

Applied until now only to soluble proteins, more sophisticated programs can be
used to characterize the equilibrium and dynamic properties of association—dis-
sociation processes [48, 110]. New approaches of data analysis tend to analyze
globally data from sedimentation velocity, sedimentation equilibrium and possibly
other techniques related to the same macromolecular parameters (M, and Rs) such
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as dynamic light scattering. They also tend to analyze data obtained at various
concentrations, with different optics, in solvents of different densities, in order to
describe the hydrodynamics and thermodynamics of interacting systems. For
mixtures of different species having different optical signatures — as generally
occur in detergents and proteins — a “multi-wavelength analysis” was recently
proposed to describe sedimentation velocity data obtained with different optical
detection (different wavelengths and/or interference) to the distribution of com-
ponents in molar units as a function of s [111].

4.7
Analytical Ultracentrifugation and SANS/SAXS

Detergent-solubilized membrane proteins can be subjected to rather detailed
structural study by using small-angle X-ray scattering (SAXS) and small-angle
neutron-scattering (SANS) techniques (see also Chapter 9). Today, not only new
synchrotron X-ray and high neutron flux reactors, but also new possibilities of data
analysis [112] are becoming available to determine ab initio from such studies the
low-resolution solution structures for detergent-solubilized proteins [113]. Previ-
ous examples of the use of SAXS and SANS for detergent-solubilized membrane
proteins are cited in Ref. [12]. Whilst the combination of analytical ultracentrifuga-
tion and SANS/SAXS is highly desirable and informative, it should be noted that
scattering techniques place stringent requirements on the monodispersity of
samples, which must first be checked with analytical ultracentrifugation to test the
effect of detergent (type and concentration) and protein concentration on mono-
dispersity (as scattering intensities are weak, rather high protein concentrations
of 5-10mgmL™" are required). An early example of combined analytical ultracen-
trifugation and SAXS was a study on sarcoplasmic reticulum Ca’*-ATPase, solu-
bilized in monomeric form with deoxycholate, a detergent which has several
distinct advantages for structural study by SAXS, namely moderate binding and a
density close to that of proteins [60]. In a completely different approach, the con-
tribution of the protein component to X-ray scattering was minimized by variation
of the sucrose concentration of the medium in a study on the DDAO-rhodopsin
complex [114]. The same protein was analyzed by SANS after solubilization with
partially deuterated alkylpolyoxyethylene glycol detergent, so that the contribution
of the detergent to scattering could be minimized by addition of D,O to the
medium [115]. In these three studies analytical ultracentrifugation was used with
success prior to the SAXS/SANS analysis.

4.8
Conclusions

The movement of macromolecules in a centrifugal field forms the basis for analy-
tical ultracentrifugation, by both sedimentation velocity and sedimentation
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equilibration analysis. During recent years an improved design of analytical ultra-
centrifuges and computational treatment of the data have led to significant
advances in terms of multicomponent analysis, including the characterization of
reversible associations. In this chapter, these developments have been reviewed in
relation to their applications to membrane proteins, extracted from the membra-
nous environment as detergent-solubilized complexes. Prior to ultracentrifugal
analysis these complexes are often purified by affinity- and/or SEC chromatogra-
phy, with the retention of modest amounts of lipid. With such preparations, con-
sideration must be made as to how to correct for the effects of bound detergent
on molecular mass and size (Stokes radius). Consideration was also given to the
problems arising from the coexistence of detergent micelles of similar size, includ-
ing their effect on monomer/oligomer equilibria. On the basis of selected exam-
ples, it was demonstrated how a careful analysis of functionally intact preparations
can provide information on the quaternary organization that it is impossible or
difficult to obtain from studies of membrane proteins in their membranous
environment.
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Probing Membrane Protein Interactions with Real-Time
Biosensor Technology

Iva Navratilova, David G. Myszka and Rebecca L. Rich

5.1
Introduction

The release of the first commercially viable biosensor technology (Biacore) in 1990
by the biosensor division of Pharmacia revolutionized the study of molecular
interactions. For the first time, the binding interactions of biomolecules could be
studied routinely in real time and without labeling requirements. In the interven-
ing years, biosensor technology has become a standard tool for life science and
drug discovery research. Characterizing monoclonal antibody activity and screen-
ing for small molecule binders to target proteins are just two examples of the
success that biosensor technology has achieved in studying soluble molecular
systems. Today, improvements in biosensor technology and methodology are
launching a new wave of biosensor applications centered on the study of interac-
tions of molecules with, and embedded in, membrane surfaces. In this chapter, a
brief review is provided of the fundamentals of biosensor analysis, and recent
advances in the applications of biosensor technology related to membrane systems
are detailed.

There are a number of commercial biosensor technologies available, or soon to
be released. While many of these systems use different detection methods, the
basics of the assay remain the same. Most of these systems monitor mass or
refractive index changes near the sensor surface as complexes form and break
down over time. By far the most abundant and popular technology is Biacore, with
more than 1000 primary publications cited per year using these systems [1, 2].
Biacore instruments use a detector based on surface plasmon resonance (SPR).
Regardless of the detection method, the fundamentals of the assay involve attach-
ing one of the binding partners to the sensor surface and flowing the other partner
over the surface to study their interactions (Fig. 5.1A). Complex formation and
dissociation is monitored in real time to generate a binding response, as shown
in Fig. 5.1B. A key advantage of biosensor technology is that the amount of
complex is measured in the presence of free material. This allows binding con-
stants to be measured without perturbing the reaction equilibrium. This is in
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a) b) Equilibrium

Azsociation

Dissociation

Bageline Ragenaration

—

Time
Fig. 5.1 The basics of a biosensor analysis. (A) Biosensor
assay design. One reactant is immobilized on a surface and
its partner is flowed across the surface. (B) The main features
of biosensor response data collected in one binding cycle.

contrast to separation assays such as radioligand binding methods which require
washing steps to separate reactants and products before quantitation — and also
makes them less effective in determining weak interactions. Another advantage
of the biosensor is that the reactants do not need to be purified. Using tagged
systems, for example, it is possible to capture target proteins out of crude cell
supernatants or lysates. Moreover, the binding partner in solution (typically
referred to as the analyte) can even be detected in contaminated samples. How
these features make biosensor technology an ideal tool to characterize membrane-
associated systems will be discussed later in the chapter.

Historically, critics of biosensor technology have argued that the immobilization
of a target molecule onto the sensor surface will change its binding properties.
Unfortunately, what these critics do not realize is that the vast majority of experi-
ments are not performed with the target adsorbed directly onto a flat surface.
Instead, the target is suspended in solution on a non-crosslinked hydrogel (most
often dextran) that coats the sensor chip surface. It has been shown by several
groups that the binding constants, when properly measured, from the biosensor
do in fact match those obtained from solution-based methods [1, 3-7]. The pre-
ponderance of evidence suggests that, in fact, biosensor technology can be used
as a biophysical tool. It can also be argued that biosensor technology also affords
a unique opportunity for studying membrane-associated systems precisely because
it employs the use of a surface. As discussed below, in fact a variety of ways exist
to configure biosensor assays to mimic both soluble and membrane-associated
systems.

The goal of the chapter is not to burden the reader with details on how the dif-
ferent commercial biosensor systems work. Frankly, too many commercial instru-
ments exist today to provide a comprehensive review of all systems, but some of
the latest developments in biosensor technology are highlighted in Refs. [8-11].
In addition, several recent review articles illustrate how biosensor technology is
being applied to membrane studies [12-15]. In particular, the review by Cooper
provides a comprehensive overview of biosensor and complementary technologies
that are applicable for studying diverse membrane proteins [12]. Building on these
previously published reviews, herein is summarized the evolution of biosensor-
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based membrane studies, with emphasis being placed on the most recent develop-
ments. In addition, given that the focus of this book is membrane systems and
not sensor technology per se, the analyses of membrane systems described here
use only commercially available systems, although the techniques should be
readily adaptable to non-commercial biosensor technologies. For ease of reading,
this chapter is divided into four main areas of application, namely receptor extra-
cellular domains, soluble proteins binding membrane surfaces, targets embedded
in membrane surfaces, and solubilized membrane proteins.

5.2
Interactions of Extracellular Domains

Some of the earliest applications of biosensor technology involved the characteriza-
tion of ligand-receptor interactions. Much information was gained from studies
of the extracellular domains of membrane-associated receptors. Not only was it
possible to monitor the binding of a ligand with its receptor, but the conforma-
tional freedom of the hydrogel on the biosensor surface allowed the ligand-
receptor complexes to assemble in a manner similar to how they would form
within a lipid membrane. This important feature of biosensor technology is
exemplified by ligand-binding studies of growth hormone, erythropoietin, and
interleukin-2 (IL-2).

James Wells’ research group’s analysis of human growth hormone (hGH) and
its receptor elegantly illustrate the range of information that can be obtained from
biosensor measurements. These investigators showed that hGH could crosslink
two receptor domains on the sensor surface (Fig. 5.2) [16], and that the stoichiom-
etry of the receptor-hormone complex was hGH concentration-dependent. In
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Fig. 5.2 Human growth hormone (hGH) binding to its
receptor (hGHbp). (A) Cartoon of hGH binding to two
receptor subunits immobilized on the sensor chip surface.

(B) Responses for wild-type (WT) and mutant hGH binding to
the immobilized receptor. (Reproduced from Ref. [16], with
permission from Elsevier; © 1993.)
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continuing their biosensor-based analyses, the Wells group probed the functional
activity of the receptor’s binding interface by determining how its hGH affinity
was altered by single amino acid substitutions [17]. By mapping which residues
in the hormone-receptor binding interface were critical for complex formation,
Wells introduced the concept of binding energy “hotspots”. Together, these studies
showed how the biosensor could be used in progressive stages to characterize a
biomolecular interaction, from the initial verification of binding partners and
stoichiometry determination to the detailed mapping of the binding interface.

By using the biosensor, erythropoietin (EPO) binding to engineered Fc-
constructs of its transmembrane receptor were characterized [18]. By constructing
a soluble, covalently homodimerized form of the receptor (EPOR), in which extra-
cellular receptor regions were fused to Fc domains (Fig. 5.3A), it was possible to
determine the stoichiometry, kinetics, and affinity of the EPO-EPOR interaction.
The EPOR-Fc chimera was reproducibly captured on Protein A-coated sensor
chips, and a concentration series of EPO was flowed across the captured EPOR
(Fig. 5.3B). By using this approach, the levels of both EPOR capture and EPO
binding could be quantitated. Since the intensities of the responses shown in Fig.
5.3B were proportional to the molecular masses of EPOR and EPO, the stoichi-
ometry of this interaction could be determined: each dimeric EPOR-Fc bound one
EPO ligand. This stoichiometry was consistent with data from isothermal titration
calorimetry and analytical ultracentrifugation measurements. In addition, the
kinetics and affinity of the ligand-receptor interaction could be determined (Fig.
5.3C). The affinity, 3 pM, determined from the biosensor analysis, was consistent
with affinities from cellular proliferation assays.

Taking receptor subunit assembly a step further, the biosensor chip was used
as a mimic of the cell surface to demonstrate that it is possible to create mixed
receptor surfaces using the oo and 3 subunits of the IL-2 receptor [19, 20]. As shown
in Fig. 5.4A, the IL-2 ligand would form a trimeric complex on the mixed receptor
surfaces. Data shown in Fig. 5.4B-D show that IL-2 bound to the individual o and
B monomer surfaces with rapid dissociation rates and lower affinities compared
to the off dimer surface. Another important feature of the biosensor is that it
allowed order-of-addition experiments to be performed, and for the formation
of a quaternary complex between o, B, and 7y in the presence of IL-2 ligand to
be characterized (Fig. 5.4E). These findings (summarised in Fig. 5.4f) clearly
illustrated that the sensor surface itself could serve as an excellent model of the
constraining properties imposed by a membrane surface: the contained volume
and flexibility of the dextran layer provides the opportunity to assemble receptor
complexes in a space resembling the two-dimensional plane of a membrane
surface.

53
Interactions of Soluble Proteins with Lipid Layers

A major leap forward into membrane surface applications occurred with Biacore’s
introduction of the HPA and L1 sensor chips (Fig. 5.5). The HPA chip contains a
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Fig. 5.3 Erythopoietin (EPO) binding to densities. Experimental data (black lines)
its receptor. (A) Cartoons of in-vivo and of five repeat injections of each Epo
engineered Epo-receptor complexes. (B) concentration were fitted globally to a partially

Responses for EPOR-Fc capture on a Protein  mass transport-limited 1:1 interaction model
A chip (1) and the subsequent binding of 0—  (red lines) to obtain k,=8.09x10"M™'s™,
2nM EPO (2) injected across the surface. (C) kq=2.44x10"s™, and Kp=3.01 pM. (Panels B
Kinetic analysis of EPO binding to EPOR-Fc and C reproduced from Ref. [18], with
captured at high (left) and low (right) permission from Academic Press; © 2000.)

self-assembled hydrophobic monolayer to which lipids spontaneously fuse to
create a lipid monolayer. Numerous groups have used the HPA chip to create
monolayers impregnated with specific lipid groups to study protein binding [21—
24]. The challenge with the HPA chip is that the surface is a little difficult to work
with. First, the surface is extremely hydrophobic, which can encourage significant
non-specific binding if it is not uniformly coated with lipids. Second, lipids
adsorbed to this surface are not particularly stable. Indeed, they can be easily
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Fig. 5.4 Biosensor-based characterization of ~ Kp=150nM. (F) Summary of IL-2/IL-2R
interleukin-2 (IL-2) interaction with the three  interactions examined using the biosensor. In

IL-2 receptor (IL-2R) subunits o, B, and v. panels (B) and (C), the binding responses
(A) Cartoon of the two steps involved in (black lines) are superimposed with the fit
complex assembly. (B) Kinetic analysis of IL-2  (red lines) of a partially mass transport-
binding to immobilized IL-2R, to yield limited 1:1 interaction model. In panels
k,=1.1x10"M"s™, k4=0.30s"', and (D) and (E), the binding responses are
Ko=28nM. (C) Kinetic analysis of IL-2 superimposed with the fit of interaction
binding to immobilized IL-2R; to yield models described in Refs. [19] and [20],
k,=5.8x10°M™"s™, k4=0.0.31s7", and respectively. [The data shown in panels
Ko=530nM. (D) Kinetic analysis of IL-2 (B)-(D) are reproduced from Ref. [19]; data

binding to immobilized heterodimeric IL-2R,s  in panel (E) are reproduced from Ref. [20],

to yield k,=1.7x10°M™'s™, k4=0.018s"', and  with permission from the Protein Society
Ko=1.1nM. (E) Kinetic analysis of IL-2R, (© 1996) and the American Chemical Society
binding to immobilized IL-2/IL-2R,; to yield (© 2002), respectively.]

k,=3.4x10°M7"s7, ky=5.1x107s"", and
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Fig. 5.5 Cartoons of a self-assembled monolayer (SAM)
prepared on an HPA chip (left) and the bilayer formed by
micelle deposition and intact liposomes present on an L1
chip (right).

removed from the surface with the slightest air bubble flowing through the system;
this exposes patches of the hydrophobic surface underneath the lipid layer and
results in increased and uncontrollable non-specific binding. By using a different
approach to construct lipid layers, the L1 chip contains alkane groups immobilized
to the standard hydrogel surface [25]. These surfaces can be used to create stable
lipid surfaces from either micelle or liposome preparations. While micelles rou-
tinely form a continuous bilayer on the L1 chip surface, several groups have shown
that vesicles and liposomes can either remain intact or can be modified to form a
fused bilayer, depending on the preparation conditions [12, 25, 26].

Some of the early studies of lipid membrane surfaces involved using the biosen-
sor to examine how drugs can partition into liposome and bilayer surfaces [27, 28].
The biosensor allowed the characterization of how strongly a given drug would
interact with the lipid surface. Thus, drug binding was shown to correlate linearly
with the density of lipid deposited on the chip surface, such that compounds could
be ranked based on their propensity to bind to lipid membranes. From these
analyses, a high correlation was found between drugs that bind with high affinity
to liposome surfaces and those that lead to a physiological effect called phospho-
lipidosis [28]. In addition, determining how drugs interact with lipids yields critical
baseline information that is required before the binding of drugs to proteins
embedded in a lipid background was investigated. Overall, the formation of lipo-
some and bilayer surfaces was found to be both straightforward and reproducible
using the L1 chip. Thus, based on experience, the present authors recommend
that, for most membrane studies, the L1 chip should be utilized in preference to
the HPA chip.

The L1 chip is an ideal scaffold for capturing liposomes that have been seeded
with different binding components in order to assess the binding of proteins to
target molecules presented in a membrane environment. This approach has been
used to identify the membrane-binding region of the protein the dysfunction of
which results in maturity-onset obesity in mice (Fig. 5.6A) [29]. Many other
research groups have taken advantage of the robustness and reliability of the L1
chip to explore a wide range of protein—-membrane interactions. Recent examples
include the screening by Amon et al. of sugar- and lipid-modified T-cell antigen
receptor peptides binding to model membranes correlated with the peptides’
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Fig. 5.6 Protein-lipid interactions. (A)
Responses for tubby C-terminal domain
protein binding to various phosphoinositide-
containing lipid bilayers. (Reproduced from
Ref. [29] with permission from the American
Academy for Advancement of Sciences; ©
2001.) (B) Responses for a T-cell antigen
receptor transmembrane sequence-derived
peptide and its sugar- and lipid-conjugates
binding to a model membrane. (Reproduced
from Ref. [30] with permission from Elsevier;
© 2006.) (C) Responses for two anthrolysin
O constructs and the yeast oxysterol binding
protein Osh4 binding to model membranes

containing cholesterol (left) and ergosterol
(right). (Reproduced from Ref. [31], with
permission from John Wiley & Sons; © 2006.
(D) Left: responses for PI3K-C20.C2 domain
binding to lipid layers containing a variety of
phosphoinositides. Center: Responses for 2 to
60nM PI3K-C20. PX binding to a PtdIns(4,5)
P, lipid surface. Right: Equilibrium analysis
of the PI3K-C20: PX/PtdIns(4,5)P, lipid
interaction, which yielded Kp=25nM.
(Reproduced from Ref. [32], with permission
from the American Society for Biochemistry
and Molecular Biology; © 2006.)
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in-vivo retardation of arthritis progression (Fig. 5.6B) [30]. Likewise, when Cocklin
et al. studied the binding of the Bacillus anthracis hemolysin anthrolysin O (a
potential anthrax virulence factor) to various model membranes, cholesterol was
found to be essential for this protein-membrane interaction (Fig. 5.6C) [31].
Finally, Stahelin et al. conducted a specificity and affinity analysis of Phox homol-
ogy (PX) domains binding to phosphoinositide-containing membranes, and estab-
lished that the PX domain-containing protein’s penetration of membranes was
enhanced by a single phosphoinositide (Fig. 5.6D) [32].

5.4
Interactions of Proteins Embedded in Lipid Layers

The ability to reproducibly and stably capture liposomes onto the L1 chip surface
allows the next step to be taken in membrane surface applications, namely to
characterize the binding of analytes to proteins embedded in the liposomes. The
challenge at this point is how to acquire the lipo/protein vesicles initially, since
although the biosensor is a label-free, real-time technology, it is not exceptionally
sensitive. In order to detect the binding of an analyte to a lipo/protein surface, the
number of binding sites on the surface must be relatively high. Typically, the
amount of active sites in the lipo/protein should most likely be 1000-fold higher
than would be needed for fluorescence detection assays. Moreover, as most biosen-
sor detection systems are mass-based, the need for large amounts of target protein
only increases as the size of the analyte decreases.

Several approaches are available to deal with the lipo/protein content and con-
centration issue. If the receptor of interest can be highly overexpressed, then one
approach would be to harvest cellular membranes through blebs [33] and to
capture them directly onto an L1 surface. This approach should succeed if the
target analyte was relatively large such that the overall expression level required to
detect binding would not have to be exceptionally high. For example, if the analyte
was a monoclonal antibody, the bleb approach most likely succeed. However, in
cases where expression levels are not exceptionally high, the use of alternative
expression systems may prove beneficial. As an example, Doms and coworkers
have taken advantage of viral packaging systems to produce viral pseudoparticles
containing membrane-embedded receptors and have used these to study the
binding of protein analytes [34].

5.4.1
On-Surface Reconstitution of G-Protein-Coupled Receptor

One of the most novel approaches to creating lipo/protein surfaces has been that
derived by Biacore’s in-house group. In 2002, Karlsson and Lofas showed that it
was possible to immobilize rhodopsin on an L1 surface and then reconstruct a
lipid membrane environment around the receptor (Fig. 5.7) [35]. Using a specially
modified biosensor that included an internal light source, it was shown that the

129



130 | 5 Probing Membrane Protein Interactions with Real-Time Biosensor Technology

Fig. 5.7 Cartoon of the steps involved in on-surface
reconstitution: rhodopsin was solubilized and immobilized on
the chip surface, and a mixed micelle preparation, which
fused to form the lipid layer, was flowed across the
immobilized receptor.

surface-tethered rhodopsin could interact with transducin in solution. Whilst this
approach was exceedingly elegant, it suffered from the requirement for a highly
purified and highly active G-protein-coupled receptor (GPCR). Thus, the method
could not be applied to typical membrane-associated receptors, which are often
less abundant and less stable than rhodopsin.
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5.4.2
Capture/Reconstitution of GPCRs

In realizing the potential of Biacore’s approach to studying membrane-associated
systems, the on-surface reconstitution was expanded to include a method referred
to as “capture/reconstitution” (Fig. 5.8A) [36]. The scheme is started by engineer-
ing the receptor of interest to contain a specific peptide tag on the C-terminus of
the protein. Fortunately, cloning and expression technologies are readily available
today, which make this requirement less of a burden. When the tagged receptor
had been expressed, the approach involved solubilizing the membranes and cap-
turing the receptor onto the biosensor surface using a specific recognition mole-
cule. Great success was achieved using a monoclonal antibody called 1D4, which
recognized a nine-amino acid C-terminal tag. The advantage of this capturing
approach was that the receptor was both purified and concentrated onto the sensor
surface. The capturing step was then followed by an injection of lipids to recon-
stitute a bilayer (Fig. 5.8B), as performed previously by Karlsson and Léfas with
rhodopsin. By using this approach, it was possible to demonstrate the binding of
conformationally sensitive monoclonal antibodies and a chemokine ligand to the
GPCRs, CXCR4 and CCRS5 (Fig. 5.8C and D). Although control studies indicated
that the receptor activity appeared less sensitive to the presence of the reconstituted
lipid layer, the suggestion was clear that it might be possible to monitor the
binding activity of some GPCRs in their solubilized state.

5.5
Interactions of Membrane-Solubilized Proteins

There are two main issues regarding the reconstitution of lipid layers around
surface-tethered receptors. The first problem is that the reconstitution step takes
time, which would lead to limited throughput when running screening assays.
The second and more pressing problem is that analytes (particularly small mole-
cules) may bind to the lipid layer as well as to the target receptor, such that the
responses for the target/analyte interaction could be masked by the signal from
analyte binding to the lipid layer. However, by tethering detergent-solubilized
receptor to the surface, analyte binding to the background lipid layer could be
minimized, and the assay speeded up by removing the reconstitution step.
Again, using rhodopsin as a model system, several research groups have dem-
onstrated the viability of using the solubilization approach to prepare GPCR sur-
faces. For example, Komolov et al. captured solubilized dark-adapted rhodopsin
through its N-terminal carbohydrate moiety onto a concanavalin A-coated sensor
surface and tested the receptor’s ability to bind transducin in the absence and
presence of light (Fig. 5.9A) [37]. As shown in Fig. 5.9B, light initiated transducin
binding to the rhodopsin, and this interaction could be disrupted by the addition
of guanosine triphosphate (GTP), indicating that the solubilized receptor had
retained activity. In complementing these studies, both Northup [38] and Rebois
et al. [39] provided protocols for the covalent coupling of concanavalin A to
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Fig. 5.8 Capture/reconstitution of G-protein-  surfaces. (C) Binding of three

coupled receptors. (A) Cartoon of the steps conformation-dependent antibodies and

involved in the capture/reconstitution two negative-control antibodies to CXCR4
method: tagged receptors are cloned/ captured/reconstituted on a L1 chip surface.
expressed, solubilized, captured on a 1D4 (D) SDF-1 binding to CXCR4 captured/
antibody-coated sensor chip, and then reconstituted on a L1 chip surface. (Panels B—

reconstituted in a lipid layer by the injection D reproduced from Ref. [36], with permission
of mixed micelles. (B) Sensorgrams depicting from Elsevier; © 2003.)
the assembly of CXCR4, CCR5, and control
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Fig. 5.9 (A) Cartoon of rhodopsin (Rho) exposed to light (t=0-180s); (3) slow
capture on a concanavalin A-coated sensor dissociation of G, from light-activated Rho;
chip and the receptor’s subsequent light- (4) disruption of the G,/Rho complex by GTP.

induced interaction with transducin (G,). (B)  (Reproduced from Ref. [37], with permission
Sensorgram of G, binding to rhodopsin: (1) from the American Chemical Society; ©
minimal G, binding to Rho in the absence of ~ 2006.)

light (t=-100-05s); (2) G, binding to Rho

surfaces, for solubilizing and capturing high densities [~5000-10000response
units (RU)] of rhodopsin, and characterizing the receptor’s interactions with G-
protein subunits.

While biosensors have traditionally been used to investigate interactions in high
resolution to obtain kinetic information, the technology can also be applied in a
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screening mode to optimize a GPCR preparation prior to its detailed characteriza-
tion. For example, biosensors are uniquely suited to screen recombinant clones
for GPCR expression levels and to identify buffer conditions that maintain the
isolated receptor’s stability and activity. Zeder-Lutz et al. developed a biosensor-
based method to improve recombinant GPCR expression [40]. By using a Pichia
pastoris expression vector, this group produced 11 GPCRs that were C-terminally
biotinylated and N-terminally FLAG and His,,-tagged. Biosensors assays were
incorporated into a methodology that quickly quantitated GPCR expression level
by screening crude extracts from six to twelve clones of each receptor. In order to
compare expression levels in the clone panel, the extracts were flowed across
streptavidin-coated sensor chips, after which anti-FLAG and anti-His antibodies
were flowed across the captured GPCRs. Antibody binding responses correlated
with the GPCR expression level in each clone, and the best-expressing clones were
selected for further investigation. Further downstream in the preparation of active
GPCR isolates, it was realized that the biosensor could be used as an exceptionally
powerful tool to screen receptor solubilization conditions, once it was found that
the binding activity of solubilized receptors could be monitored without the recon-
stitution of lipid bilayers.

It is not difficult to imagine that some conditions may solubilize a large propor-
tion of the receptor but render most of it inactive, whereas other conditions may
solubilize only a small proportion but maintain high activity. Unfortunately, tech-
nologies such as radioligand assays, which are used routinely to study membrane-
associated systems, are unable to quantitate the fraction of inactive material in a
preparation. In contrast, one of the most powerful features of the biosensor
approach is that the amount of receptor captured on the biosensor surface can be
quantitated, as can the amount of analyte that it is capable of binding. In this way,
it is possible to measure directly how much receptor is present, and how active it
is. Because the biosensor quantitates the total amount of receptor present and then
assesses the degree of activity, the effects of various solubilization conditions can
be compared both rapidly and quantitatively.

A further advantage of the Biacore biosensors is that the majority are fully auto-
mated. In fact, the autosampler itself may be used to set up solubilization trials,
thus standardizing the amount of time that cells are exposed to each solubilization
condition [41]. In a typical screening experiment, approximately 4 x 10° canine
thymocyte cells overexpressing a receptor of interest were placed into a 4-mL vial
with solubilization buffer, but no detergent. The autosampler was then pro-
grammed to suspend the cells and transfer 100 pL of cell suspension into 100pL
of the solubilizing detergent. The autosampler was commanded to mix the sample
and, after a selected time period, to inject the crude mixture directly over the sensor
surface coated with capturing mAb. When the receptor had been captured, the
autosampler then injected the analyte (a conformationally sensitive monoclonal
antibody or native ligand) used to test for receptor activity.

By using this approach it was possible to screen a large panel of solubilization
conditions efficiently and to assess how each condition affected receptor activity.
How the choice of two detergents affected receptor activity in relation to
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conformational antibody binding is illustrated in Fig. 5.10A, while the effect of
different detergent/lipid/cholesterol combinations on CCRS5 activity is shown in
Fig. 5.10B. The optimal buffer condition from these screens was used to establish
how the two receptors bound native protein partners and small-molecule inhibi-
tors (Fig. 5.10C and D). The ability of the biosensor to rapidly identify conditions
that effectively solubilized the receptor, while maintaining its activity, represents
a quantum leap forward in membrane receptor research.

Structural studies of membrane-associated receptors, however, require receptor
fractions that are highly stable and active. Hence, the next common step in recep-
tor optimization is the extraction of active material using affinity purification. The
biosensor can also be used as a complement to affinity chromatography to improve
receptor activity. As illustrated in Fig. 5.11, the biosensor technology was used to
design a chromatography assay to isolate active receptor fraction from the crude
solubilized milieu [42]. When crude solubilized CCRS5 was passed over a gp120
surface, active CCRS5 bound, inactive material washed through, and enriched
CCRS5 could be eluted with TAK-779 (Fig. 5.11A). The biosensor played an impor-
tant role in identifying the suitable regeneration condition as well as fractions
containing enriched CCRS. As shown in Fig. 5.11B, fractions 4 to 6 contained the
most active receptor. Figure 5.11C shows the elution profiles determined by the
biosensor and absorbance (Ajgonm), and also illustrates the importance of using the
biosensor to monitor receptor activity. If only the absorbance profile of TAK-779
had been used to identify fractions of interest, most of the receptor fractions would
have been missed as the majority of TAK-779 eluted from the column prior to
TAK-779/CCR5 complexes. This biosensor assay was also rapid, with the entire
panel of column fractions being screened in little over 1h; moreover, those frac-
tions which contained active CCR5 were also identified. In contrast, other confir-
mation assays such as Western blot would not only have taken days to obtain but
would also have failed to reveal the receptor activity in each fraction. The efficacy
of this biosensor-based affinity purification strategy is demonstrated graphically
in Fig. 5.11D, with gp120:CD4 binding to the purified CCR5 more than threefold
that with unpurified CCRS.

Typically, crystallographic efforts have used a “shotgun” approach to determin-
ing the buffer conditions best suited for crystal growth, without considering how
buffer components affect receptor stability and activity. However, when using the
biosensor it is possible to identify those conditions which maintain receptor
activity and — as importantly — those which destroy it. For example, by using the
activity-enriched CCRS preparation developed in Fig. 5.11, gp120:CD4 binding to
CCRS diluted into a panel of standard crystallization buffers was tested [43]. In
this screen, the receptor retained activity most often when it was stored in buffers
containing high-molecular-weight polyethylene glycols (PEGs). This screening
provides valuable information for crystallization trials, in that whilst those condi-
tions which best maintain activity may not necessarily promote crystallization,
those that disrupt receptor activity are not worthy of further investigation.

Taken together, the findings of these recent investigations demonstrate the
important role that biosensors can play in optimizing receptor solubilization
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conditions. In addition, such studies highlight the qualitative applications of bio-
sensors that are often overlooked when the technology is most often used as a
biophysical tool for kinetic analyses. Clearly, biosensors provide an opportunity to
screen for receptor expression levels, to identify solubilization and crystallization
buffer components that maintain receptor activity, and to isolate activity-enriched
receptor fractions via affinity chromatography. Moreover, when suitable mem-
brane targets are available, the biosensor can also excel in its more traditional role

as a kinetic analysis tool.
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5.6
Summary

In the past, membrane protein characterization has been hampered by difficulties
associated with obtaining sufficient amounts of active material required for struc-
tural and functional analyses. Except for rhodopsin, GPCRs are produced naturally
atlow levels, and quite often represent the major challenge to expression in recom-
binant systems. An added challenge is to maintain the integrity of a membrane
protein once removed from its native lipid environment. With regards to future
progress, biosensor technology clearly can — and should - play a significant role
in the examination of membrane-associated systems. Indeed, the ability to create
—both readily and reproducibly — membrane environments on a chip surface offers
unique opportunities to monitor the interaction of analytes with lipid surfaces.
Also, the possibility of capturing lipo/protein vesicles offers exciting opportunities
to design customized surfaces. As technology advances, biosensors will undoubt-
edly be applied at all stages of membrane protein research, from initial production
through isolation to detailed biophysical characterization. It is, in fact, difficult
to imagine biosensor technology — which is inherently surface-based — having a
more appropriate area of application than in the study of membrane-associated
systems.
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6
Atomic Force Microscopy: High-Resolution Imaging of
Structure and Assembly of Membrane Proteins

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

6.1
Atomic Force Microscopy

6.1.1
Sample Preparation

For membrane protein atomic force microscopy (AFM) analysis, it is possible to
use as samples two-dimensional (2-D) crystals, densely packed membrane protein
reconstitutions, and/or native membranes. Protocols to form highly ordered 2-D
crystals and/or reconstitutions at high membrane protein density are readily
available (Kiihlbrandt, 1992; Rigaud et al., 1997, 2000; Stahlberg et al., 2001).
Native membranes are obtained from cells disrupted by passage through a French
pressure cell, while lysates are loaded onto sucrose gradients and centrifuged at
high speed for several hours. Membranes sediment to their specific density, due
to their specific protein content within the sucrose gradient, and are well separated
from the cytoplasmic fractions. Membrane samples can often be derived from
intermediate purification steps of membrane protein purification procedures
(Scheuring and Sturgis, 2005; Buzhynskyy et al., 2007). Sucrose is removed from
the membrane samples by dialysis against a sucrose-free buffer. In general, for
AFM analysis, membranes are maintained at 4°C.

6.1.2
Equipment and Experimental Procedure

For contact mode imaging, it is recommended to use mica as support, freshly
cleaved before each experiment (Schabert and Engel, 1994). Immediately after
cleavage, 40pL of an adsorption buffer is pipetted onto the mica surface, after
which a few microliters of membrane solution are injected into the adsorption
buffer drop. After membrane adsorption (which may take between a few minutes
and a few hours, depending on membrane concentration and exposed charges on
the protein surfaces), the sample is rinsed with 10 volumes of a recording buffer.
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For imaging, buffers that contain 10mM Tris—HCI, pH 7.5 and variable KCl-
content (0mM to 500 mM) should be prepared to allow the optimization of imaging
conditions during experiments. The acquisition of the data presented in this
chapter was performed with a commercial Nanoscope-E contact-mode AFM (from
Digital Instruments, Santa Barbara, CA, USA) equipped with a low-noise laser,
and a 160 pm scanner (J-scanner) using oxide-sharpened Si;N, cantilevers with a
length of 100pm (k=0.1Nm™; Olympus Ltd., Tokyo, Japan). However, today a
variety of commercial atomic force microscopes and cantilevers allow the acquisi-
tion of high-resolution topographs of biological samples in buffer solution. For
imaging, minimal loading forces of ~100pN were applied at scan frequencies of
4 to 6Hz using optimized feedback parameters. The piezo precision can be
determined by analyzing bacteriorhodopsin membrane protein 2-D crystals
(lattice dimensions: a=b=62.5, y=120°).

6.1.3
Experimental Rationales

The key elements of an atomic force microscope (Binnig et al., 1986) are the can-
tilever with a pyramidal-shaped tip that touches the sample, an optical system
consisting of a laser and a multi-faced photo-diode that allows detection of canti-
lever deflection, a piezo-electric scanner that translates the sample relative to the
tip in x, y, z directions, and a computer that drives the microscope and stores the
surface contours (Fig. 6.1A).

A topograph is recorded by raster scanning the sample below the tip, which is
attached to the flexible cantilever, while the feedback loop drives the piezo in
z-dimension compensating for the difference between the deflection value set by
the user and the measured deflection, in order to keep the cantilever deflection
(i-e., the force) constant. The mica support, the tip and the sample are permanently
immersed in buffer solution throughout the experiment (Fig. 6.1B). The optical
system resolves cantilever deflections of 0.1nm, which corresponds to a force dif-
ference of typically 10 to 50pN. With modern instruments, stable contact mode
operation is possible at forces of ~100pN, provided that the sample is in aqueous
solution with optimized ionic strength (Miiller et al., 1999b).

Tight sample adsorption is an important parameter for contact-mode AFM
imaging. Operating the microscope in contact mode induces friction forces, and
therefore samples need to adhere well to freshly cleaved mica supports. As dem-
onstrated using a variety of biological samples with different surface charge densi-
ties (Butt, 1992), sample adsorption is controlled by the nature and concentration
of electrolytes in the buffer solution. Immobilization therefore requires buffer
conditions in which the Debye layer thickness is minimized to allow adsorption
by attractive van der Waals forces (Miiller et al., 1997). An adsorption buffer con-
taining 10mM Tris—HCI, pH 7.6, 150mM KCl, 25 mM MgCl, was often successful.
Non-flatly adsorbed membranes, or not completely collapsed vesicles, can present
multiple technical problems, such that forces applied by the atomic force micro-
scope tip might be wrongly estimated. Not-tightly-attached membranes can be
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Fig. 6.1 A schematic representation of the The user interacts over a computer with the
atomic force microscope set-up. (A) A laser  controller, feeds in the scanning parameters,
beam is focused and deflected on the rear- and reads out the piezo movements

side of the microscope cantilever, monitoring  corresponding to the image, to and from the
the relative position of the cantilever on a controller. The faster the feedback loop reacts,

multifield detector. This signal is processed by the more precise is the surface contouring of
the controller that drives the piezo in x- and  the sample. B) A close-up view of the fluid

y-dimensions and compensates for the cell. The sample is deposited on mica, which
cantilever deflection through movements in is glued to a Teflon plate (to protect the
z-dimension. This compensation of the tip piezo), which in turn is glued to a magnetic

deflection by z-movement of the piezo, which plate. The tip and sample are permanently
in turn will influence the tip deflection at each immerged in buffer solution during the
position (xy), is termed the feedback loop. measurements.

vertically “squeezed” by the tip; as a consequence, this “squeezing” of the object
contributes to the apparent spring constant, and the feedback loop monitoring and
compensating for the tip deflection will not drive the piezo appropriately to gain
a highly contrasted image. Furthermore, membranes that are not tightly attached
can provoke “smeared” images, most likely due to a faint displacement of the
sample during scanning.

High-resolution contact-mode imaging involves electrostatic and van der Waals
interactions between the sample and the tip (Israelachvili, 1991). For imaging, the
electrolyte should be selected to balance electrostatic repulsions and van der Waals
attraction. These forces can be quantitatively described and their integration evalu-
ated in force-distance curves, allowing optimization of the recording conditions
and to adjust the forces applied to the cantilever to ~100pN (Miiller et al., 1999b).
For high-resolution contact-mode AFM imaging a buffer containing 10mM
Tris—HCI, pH 7.6, 150mM KCl is a good starting point for subsequent buffer
optimization during the experiment (Scheuring et al., 2005b).

Alternatively, the atomic force microscope can be operated in oscillating mode
— that is, when the cantilever oscillates in resonance frequency, and the tip inter-
acts with the sample solely at the end of its downward movement, which reduces
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the contact time and the friction forces compared to contact-mode AFM (Zhong
et al., 1993; Hansma et al., 1994). Compared to contact-mode AFM, oscillating-
mode AFM has the advantage of allowing imaging surfaces of macromolecules,
even when they are only weakly attached to the support. Oscillating-mode AFM
can provide well-resolved images of individual molecules (Goldsbury et al., 1999),
of 2-D crystals (Moller et al., 1999), and of native membranes (Bahatyrova et al.,
2004). The resolution acquired by oscillating-mode AFM remained, however,
slightly inferior compared to contact-mode imaging, and the majority of high-
resolution images were acquired using contact mode (Miller et al., 2006). In par-
ticular, those membranes which represent large, 2-D objects that can easily be
adsorbed to AFM supports, are ideal for contact-mode imaging. Hence, the focus
of this chapter is on contact-mode AFM imaging.

Problems related to AFM imaging may concern the imaging of strongly protrud-
ing protein structures. The feedback loop is more challenged when contouring
strongly corrugated surfaces, but the mobility of those is also increased (Scheuring
et al., 2003a). For both reasons, it is generally expected that the contouring preci-
sion will decrease with increasing height of surface-protruding structures. When
strongly protruding globular domains are imaged, the tip geometry, in a first
approximation a hemisphere convolutes the topography significantly: although the
height measurement of a strongly protruding domain can be precise, the diameter
may appear enlarged due to tip convolution, and hence it seems unreasonable to
interpret structural details of large globular topographies (Scheuring et al., 2003b).
As a consequence of the tip convolution and the feedback loop system, the imaging
resolution within one AFM topograph is not identical on all image areas. A weakly
protruding particle may be highly resolved, while a globular structure in proximity
is strongly subjected to tip convolution and to non-precision of contouring. The
problem becomes more pronounced when the tip geometry deviates from the
shape of a perfect hemisphere, a phenomenon referred to as “asymmetric tip” or
“double tip”. This effect makes difficult the analysis of non-oligomeric molecules
(in particular in native membranes, where no regular lattice or crystallographic
symmetry can be used to estimate tip symmetry) or of molecules of which no
alternative structural information is available. The situation becomes more complex
if there is a need to consider particular physico-chemical surface properties
interfering at each tip-sample contact position (Israelachvili, 1991; Israelachvili
and Wennerstrom, 1996).

Another crucial limitation for high-resolution AFM is related to the tip radius.
It must be stressed that only very sharp tips with almost nanometer-sized asperity
can acquire topographs at resolution of ~10A. Based on the image analysis of
barrel-shaped molecules with small diameters, such as LH2 (Scheuring et al.,
2001, 2003a, 2004a; Gongalves et al., 2005a,b; Scheuring and Sturgis, 2005), a
high-resolution tip radius of (2.5nm is estimated (Scheuring et al., 2005b). The
finding of a tip with such a sharp apex can be considered as another limitation of
high-resolution AFM imaging.

In principle, the atomic force microscope can provide atomic resolution on
solid crystalline surfaces such as mica or graphite (Binnig et al., 1986, 1987). For
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membranes in buffer solution, imaging resolution of ~10A is most probably
limited due to protein fluctuation at room temperature. In contact-mode, high-
resolution AFM, the images are acquired at scan speeds of about 1nmms™. It
seems reasonable to assume, that some protein fluctuation is averaged during this
time scale, thus limiting the acquisition of more detailed structural information.

6.2
Combined Imaging and Force Measurements by AFM

Force—distance measurements using the atomic force microscope measure inter-
and intra-molecular forces with high sensitivity. Attaching a molecule between the
atomic force microscope tip and the surface allows the application of well-defined
forces and measuring of the rupture of molecular bonds (Florin et al., 1994; Moy
et al., 1994), or conformational changes in polymeric molecules (Rief et al., 1997).
Fitting the worm-like-chain (WLC) model to force-distance curves measured on
single molecules allows the determination of the polymer-specific parameters that
describe their pure entropic elasticity at low forces and their enthalpic contribution
at higher stretching forces (Bustamante et al., 1994; Marko and Siggia, 1994).
Hence, the atomic force microscope may be used as a tool to study the transition
from a folded protein into its stretched amino acid chain - that is, of protein
unfolding (Rief et al., 1997; Oberhauser et al., 1998, 1999; Marszalek et al., 1999;
Mehta et al., 1999; Fisher et al., 2000). The first protein for which unfolding was
investigated by AFM was the muscle protein titin (Rief et al., 1997). From the
elasticity measured for the unfolded amino acid strand, a persistence length of
0.4nm was determined, and this served as a reference for other protein unfolding
experiments. Force measurements on proteins can be performed in a controlled
manner when the protein under investigation is specifically coupled to the atomic
force microscope tip. When a specific interaction is employed, the force acts on a
defined point on the protein. However, such coupling interfered with high-resolu-
tion imaging, as the release of the extracted proteins from the tip is a major
problem. In contrast, the use of unspecific anchoring of the protein to the tip of
the atomic force microscope allows repeated imaging and force measurements to
be made over a long time period. In order to non-specifically anchor a membrane
protein to the atomic force microscope tip, the tip is usually kept in contact with
the protein surface for 0.1s to 1s at a loading force of between 100pN and 1nN
in order to allow the proteins to adhere. Upon retraction of the tip, forces are
applied to the adhered protein and measured as a function of the separation dis-
tance (Oesterhelt et al., 2000).

6.2.1
Imaging and Force Measurement of a Bacterial Surface Layer (S-Layer)

The surface layers (S-layers) represent the outermost cell wall layer of many bac-
teria and Archaea (Baumeister et al., 1989; Sleytr et al., 1993), and are regular 2-D
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protein networks (Baumeister et al., 1988). These layers withstand non-physiologi-
cal pH, radiation, temperature, proteolysis, pressure and detergent treatment
(Engelhardt and Peters, 1998), thus protecting the cell from such hostile factors.
Moreover, they serve as molecular sieves as well as in phage recognition (Sleytr
et al., 1997).

PS2 is the protein that forms the S-layer of Corynebacterium glutamicum (Peyret
et al., 1993; Chami et al., 1995, 1997). The native S-layer of C. glutamicum was
tightly adsorbed to the mica AFM support and imaged under native conditions.
The S-layer revealed a unit cell dimensions of a=b=16.0+0.2nm and y=60+1°
(Fig. 6.2A). High-resolution imaging and force spectroscopy measurements pro-
vided information about the molecular architecture and the mechanical properties
of the S-layer assembly (Scheuring et al., 2002).

On the S-layer, a large number of force-distance curves were acquired, and
reproducibly force—distance curves were found with strong rupture peaks of
~270pN interspersed by faint rupture peaks of ~70pN (Fig. 6.2B). These force—
distance curves represented the unzipping of a S-layer hexamer, as reported
previously by high-resolution imaging (Fig. 6.2A) and after (Fig. 6.2C) force mea-
surements (Scheuring et al., 2002). The fact that three times two subunits were
pulled concomitantly out of the S-layer, rather than six individual subunits (Miiller
et al., 1999a), inferred a cooperativity between subunits in the C. glutamicum S-
layer assembly that explained the extraordinary stability of the S-layer protein
network.

When force spectroscopy measurements were applied to polytopic membrane
proteins (Oesterhelt et al., 2000), the technique proved to be sufficiently sensitive
to detect forces between transmembrane helices (Janovjak et al., 2003), and trace
occupation or vacancy of active sites within transporters (Kedrov et al., 2005).

Fig. 6.2 Imaging and unzipping of and the strong rupture peaks of the even
Corynebacterium glutamicum S-layer proteins ~ numbered subunits by red arrows. The
(adapted from Scheuring et al., 2002). C. glutamicum S-layer revealed a cooperative
(A) Medium-resolution AFM topograph of stabilization of dimeric units within the layer
an intact S-layer patch. (B) Three examples assembly. (C) The same membrane as

of highly reproducible unzipping force— shown in (A) but imaged after recording an
separation curves of S-layer hexamers. The unzipping event. An individual S-layer

weak unzipping peaks of the odd-numbered  hexamer was removed by the atomic force
S-layer subunits are indicated by white arrows, microscope tip.
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6.3
High-Resolution Imaging by AFM

6.3.1
High-Resolution AFM of Aquaporin-Z (AQPZ)

Aquaporins are ubiquitous membrane channels which occur in bacteria, fungi,
plants, and animals. They are highly specific for water or small and uncharged
hydrophilic solutes, and are involved in osmoregulation. Hydropathy analysis of
the first sequenced members of this family indicated six membrane spans and
two unusually long loops (Gorin et al., 1984; Agre et al., 1993; Jung et al., 1994).
Meanwhile, almost 200 genes have been sequenced, including 10 in human,
almost all of which have the highly conserved NPA motifs within these loops
(Heymann and Engel, 2000). Approximately half of these channel proteins are
exclusively water-selective. Other channels facilitate the passage of small hydro-
philic molecules such as glycerol or urea (Agre, 2004). The first aquaporin struc-
ture to be solved was AQP1, by electron crystallography from highly ordered 2-D
crystals (Murata et al., 2000), and the structure provided many answers concerning
water selectivity within the channel. Later, the structure of a member of the glyc-
erol facilitator family was solved, namely GlpF from Escherichia coli (Fu et al.,
2000). Since then, additional AQP1 (Sui et al., 2001), AQPO (Gonen et al., 2004b,
2005; Harries et al., 2004), AQP4 (Hiraki et al., 1981), AqgpM (Lee et al., 2005), and
SoPIP2;1 (Tornroth-Horsefield et al., 2006) structures have been presented from
a variety of electron and X-ray crystallography studies.

In E. coli, a water channel — AqpZ - has been identified by homology cloning
(Calamita et al., 1998), with 2-D crystals of sizes ranging up to 5 pm having been
assembled from AqpZ tetramers (Ringler et al., 1999). The sidedness of AqpZ
was determined by imaging 2-D crystals reconstituted from AqpZ bearing an N-
terminal poly histidine tag, and imaging the identical 2-D crystals after proteolysis
of the N-terminus (Scheuring et al., 1999). The lateral and vertical resolutions of
the images were determined to be 8 A and 1A, respectively (Fig. 6.3A). At this
resolution and the high signal-to-noise ratio, individual surface-protruding loops
on each monomer of the AqpZ tetramer are contoured. In lacking any aquaporin
high-resolution structure at that date (Scheuring et al., 1999), the average topog-
raphy (Fig. 6.3B) was compared with the sequence-based structure prediction of
AqpZ. Three protrusions were found on the periplasmic surface of the AqpZ
monomer, one close to the fourfold symmetry axis, and one small and one elon-
gated protrusion at the periphery, that were assigned to surface-protruding loops
(Scheuring et al., 1999). The structure of AqpZ was solved at 2.5 A resolution using
X-ray crystallography (Savage et al., 2003). The AFM topography was seen to
compare well to the molecular surface representation of the AqpZ structure (Fig.
6.3C). On the periplasmic surface, topographical features corresponding to the
loop A peaking at Pro30 (ranging from Ala26 to Gly35), the end of helix 3 and
beginning of the loop C peaking at Thr107 (ranging from Gly105 to Asp110), and
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Fig. 6.3 High-resolution AFM analysis of close to the fourfold axis, denoted A. (C)
Escherichia coli waterchannel aquaporin-Z Surface representation of the atomic structure
(AqpZ) (adapted from Scheuring et al., 1999). of AgqpZ (Savage et al., 2003). The surface

(A) High-resolution AFM topograph of an topography found in the high-resolution AFM

AgpZ 2-D crystal. (B) Average topography of  analysis (B) compares favorably with all major
the extracellular surface of the AqpZ tetramer, surface-protruding structures of the atomic
showing three protrusions per AqpZ structure, loop A and the beginning, C,,
monomer, two peripheral C; and C,, and one  and the end, C,, of loop C.

the long domain on the periphery of the tetramer (ranging from Ser114 to Ser130),
the entire loop C ranges from Gly105 to Ser130, were reliably contoured.

6.3.2
High-Resolution AFM of Aquaporin-0 (AQPO0)

High-resolution topographs (Fig. 6.4A) of the extracellular surface of junctional
AQPO revealed three topographical features per monomer, two on the periphery
and one central. Comparison of the topography average (Fig. 6.4B) with the surface
representation (Fig. 6.4C) of the atomic structure of the junctional AQPO (Gonen
etal., 2004b, 2005) allowed an assignment to be made that the predominant protru-
sion on the periphery C; comprised the first amino acids of loop C (ranging from
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Fig. 6.4 High-resolution AFM analysis of per AQPO monomer, two peripheral C; and
junctional aquaporin-0 (AQPO) in native sheep C,, and one close to the fourfold axis, denoted
lens fiber cell membranes (adapted from A. (C) Surface representation of the atomic
Buzhynskyy et al., 2007). (A) High-resolution  structure of AQPO (Gonen et al., 2004b,

AFM topograph of junctional AQPO in a 2005). The surface topography found in the
tetragonal array. Molecules at the array edge  high-resolution topography (B) compares

are slightly disordered with respect to the favorably with all major surface-protruding

AQPO array lattice. (B) Average topography of structures of the atomic structure, loop A and
the AQPO tetramer, showing three protrusions the beginning, C,, and the end, C,, of loop C.

Pro109 to Val112). Loop C then descends towards the channel and forms a second
protrusion C, (ranging from His122 to Val125), with the entire loop C ranging from
Thr108 to Ser126. These two features are well resolved in the topography average
and compared favorably with the AQPO structure (Gonen et al., 2004b, 2005;
Harries et al., 2004) surface representation (Buzhynskyy et al., 2007).

The extracellular loop A connecting helices 1 and 2 peaks at Pro36 (ranging from
Ser31 to His40) was identified as the conformational switch to change the protein
from a water channel to a junctional adhesion protein (Gonen et al., 2005). The
central protrusion in the AFM topography compares favorably with the junctional
AQPO conformation (Buzhynskyy et al., 2007), and no topographical feature
was detected at the position of the a-loop in the non-junctional AQPO structure
(Harries et al., 2004).
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6.3.3
Comparison Between AQPZ and AQPO Topographies

The structures of AqpZ (1RC2; Savage et al., 2003), junctional AQPO (2B60;
Gonen et al., 2005) and non-junctional AQPO (1YMG; Harries et al., 2004) are very
similar. Aquaporin amino acid sequences are highly conserved, assuring faithful
water channeling, while the least-preserved regions are the membrane-exposed
loops. Loop A comprises 10 amino acids in both AqpZ and AQPO, while loop C
comprises 26 amino acids in AqpZ and 19 amino acids in AQPO. However, the
structures of these loops are different in AqpZ and AQPO. These differences are
accurately contoured in the high-resolution AFM topographs in both proteins (cf.
Fig. 6.3B and C with Fig. 6.4B and C). This means on the one hand that the atomic
force microscope is capable of contour folding differences between homologous
proteins with high accuracy, but on the other hand that it is very difficult to inter-
pret structural features without knowledge derived from other techniques, for
example loop C in AQPO which folds back towards the membrane in the middle
of its sequence (Fig. 6.4B and C).

6.3.4
The Supramolecular Assembly of Photosynthetic Complexes in Native Membranes
of Rhodospirillum photometricum by AFM

The supramolecular organization of the photosynthetic apparatus of Rhodospirillum
(Rsp.) photometricum, was studied in detail and yielded striking novel findings con-
cerning antenna heterogeneity, antenna domain formation, and complex assembly
(Scheuring et al., 2004a,b; Scheuring and Sturgis, 2005). The majority of LH2
assemble in nonameric rings with ~50 A diameter (Fig. 6.5A). However, on closer
examination LH2 of various sizes were found within native membranes. Diameter
distribution and image processing analysis showed heterogeneity of the LH2
complex stoichiometry around the general nonameric assembly (~70%), with
smaller octamers (~15%) and larger decamers (~15%). This finding was qualita-
tively corroborated by examination of individual complexes in raw data images
(Scheuring etal., 2004a). It seems probable that LH2 stoichiometry heterogeneity is
an inherent feature of LH2, as it has also been observed in Phaeospirillum (Phsp.)
molischianum (Gongalves et al., 2005a) and Rhodospirillum palustris (Scheuring etal.,
2006). In contrast to the heterogeneity found for LH2 complexes, the reaction center
(RC)-LH1 core complexes appeared uniform in size: monomeric RC surrounded
by a closed elliptical LH1,, assembly, with long and short axes of 95 A and 85 A, fol-
lowing the long RC axis (Fig. 6.5A). Analysis of the distribution of the photosynthetic
complexes of Rsp. photometricum showed significant clustering of both antenna
complexes and core complexes. Membranes, with domains densely packed with
photosynthetic proteins and protein-free lipid bilayers were found. Complex cluster-
ing is a functional demand, as each light-harvesting component that segregates
away from the system is non-functional as it cannot pass its harvested energy to a
neighboring complex and eventually to the RC (Scheuring et al., 2004a).
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Fig. 6.5 High-resolution AFM analysis of LH1 surrounding the RC) is ~3.5. No fixed
photosynthetic membranes of Rhodospirillum ~ assembly pattern between LH2 and core
(Rsp.) photometricum (adapted from complexes was found. (B) Structural

Scheuring and Sturgis, 2005; Scheuring et al., models of supramolecular assemblies of
2007). (A) High-resolution AFM topograph of photosynthetic complexes corresponding to
a high-light-adapted photosynthetic the assemblies 1 and 2 outlined in the
membrane of Rsp. photometricum. The ratio of topograph shown in (A).

LH2 complexes to core complexes (containing

There is no fixed structural assembly of LH2 and core complexes: core com-
plexes completely surrounded by LH2 (Fig. 6.5A and B; 1) and core complexes
making multiple core—core contacts (Fig. 6.5A and B; 2) were found (Scheuring
et al.,, 2004a; Scheuring and Sturgis, 2005). However, detailed pair correlation
function analysis showed that the most frequent assembly was two core complexes
separated by an intercalated LH2 (Scheuring and Sturgis, 2005). The supramolecu-
lar assembly of the photosynthetic complexes in Rsp. photometricum membranes
from cells grown under different light intensities were studied and compared. In
membranes from low-light-adapted cells, increased quantities of peripheral LH2
were found. Additional LH2 were not randomly inserted into the membrane but
rather formed para-crystalline hexagonally packed antenna domains. Core com-
plexes remained in domains, in which they were locally much higher concentrated
(LH2 rings/core complex=~3.5) than the average density under low-light cell
growth (LH2 rings/core complex=~7). Indeed, these domains in the low-light-
adapted membranes resembled the high-light-adapted membranes in terms of
protein composition and complex distribution (Scheuring and Sturgis, 2005). This
indicated that complex assembly followed an eutectic phase behavior with an ideal
LH2 rings/core complex ratio ~3.5 independent of the growth conditions, and
additional LH2 being synthesized under low-light conditions, were integrated in
specialized antenna domains (Scheuring and Sturgis, 2005). The LH2 packing in
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antenna domains was evidenced to be rigid and possibly to exclude quinone/
quinol diffusion (Scheuring and Sturgis, 2006). Reaction centers that are grouped
together, independent of the growth conditions, and formation of antenna domains
under low-light conditions, prevent photo-damage under high-light conditions and
ensure efficient photon capture under low-light conditions (Scheuring and Sturgis,
2005). These high-resolution AFM topographs have shown the supramolecular
assembly of the bacterial photosynthetic complexes in native membranes in detail
(Fig. 6.5A). In these images, the translational and rotational degrees of freedom
of the complexes in multiprotein assemblies was determined (Scheuring et al.,
2007), in order to build realistic atomic models of supramolecular assemblies by
docking high-resolution structures into the topographs (Fig. 6.5B).

6.3.5
AQPO-Connexon Junction Platforms in Native Sheep Lens Membranes

Eye lens membranes contain mainly two membrane proteins, the lens-specific
aquaporin-0 (AQPO) and gap junction connexins. AQPO, a water channel in lens
cortex cell membranes, is a junctional adhesion molecule in mature lens core
membranes without water channel function (Gonen etal., 2004a,b, 2005). Although
connexons of adjacent cells equally form junctions, these feature a pore sufficiently
large to allow the passage of metabolites and ions. The native assembly of AQPO
and connexons in core lens membranes were analyzed using high-resolution AFM
(Buzhynskyy et al., 2007). AQPO and connexons together formed junctional micro-
domains in planar lipid bilayers in native core membranes where AQPO formed
2-D arrays surrounded by connexons.

In medium-resolution topographs (Fig. 6.6A), strongly protruding protein
structures at the edges of the AQPO junction patches were found. These protrud-
ing structures eventually entered the patches, if the patches consisted of differ-
ently oriented AQPO lattices. High-resolution topographs revealed submolecular
structure on the AQPO surface (see Section 6.3.2) and the flower-shaped structure
with the central channel of the connexons (Fig. 6.6B). In agreement with the
structural analysis of connexons (Unger et al., 1997) the molecules were ~80A in
size, with a top ring diameter of ~40A and a central cavity of ~20A. These con-
nexons lined up at the peripheries of AQPO junction patches. A particularly stun-
ning structure was represented by five individual connexons that lined up and
terminated an AQPO patch (Fig. 6.6B; arrows). The center-to-center distances
between these five connexon rings were (from left to the right) ~105A, ~95A,
~103A, and ~85A. Since, connexon rings in contact have a center-to-center dis-
tance of 77A (Unger et al., 1997), it was concluded that theses connexons must
partially register with the AQPO lattice and/or be interspaced by AQPO subunits
and lipids. Even when connexons were grouped, they did not form hexagonal
lattices (Fig. 6.6B), in contrast to connexons from other tissues (Kistler et al.,
1994). These AQP0O-connexon junction microdomains in the membranes assure
adhesion and nutrition exchange between neighboring stacked lens fiber cells
(Buzhynskyy et al., 2007).
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25nm

Fig. 6.6 High-resolution analysis of an AQPO- of the junction microdomains towards the

connexon junction microdomain (adapted lipid bilayer. Connexons are non-ordered,
from Buzhynskyy et al., 2007). (A) Medium- interspersed by AQPO and lipid. (B) High-
resolution AFM topograph of an AQPO- resolution AFM topograph of a connexon seal
connexon junction microdomain within a at a patch edge (the arrows indicate five

large lipid membrane. Connexons line up individual connexons).

between the AQPO patches and at the edges

6.4
Conclusions

High-resolution AFM imaging can be combined with force measurements to
provide structural and mechanical information about a protein assembly (Section
6.2.1). High-resolution topographs of membranes proteins reveal sufficient struc-
tural details to characterize the fold of surface-protruding domains of approxi-
mately five amino acids in size (Sections 6.3.1-6.3.3). The supramolecular assembly
of membrane proteins can be studied in specialized native membranes from pro-
karyotic (Section 6.3.4) and eukaryotic cells (Section 6.3.5). The imaged structures
of individual proteins compare favorably with atomic structures (Sections 6.3.1
and 6.3.2) and the imaged supramolecular assemblies of membrane proteins can
successfully be docked by atomic structures (Section 6.3.4).

6.5
Feasibilities, Limitations, and Outlook

Overall, the atomic force microscope represents a fairly poor screening technique.
The first problem is that scanners which are precise enough to be used for high-
resolution image acquisition are limited in their full scan range ability to some-
what more than 100 pm?, thereby providing an analysis of only a limited number
of membranes per experiment. This problem may be overcome by the precise
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adjustment of sample quantity used per experiment, in order to ensure that as
many membranes as possible are adsorbed per unit area, without them stacking
or aggregating. A second problem is that AFM imaging requires tightly adsorbed
membranes. Adsorption is related to surface-exposed charges, and can be trig-
gered by ionic strength in the adsorption buffer solution (Miiller et al., 1997). This
is not always trivial, as sample nativeness must also be considered as a determin-
ing factor for adsorption buffer conditions during screening. Although vesicular
samples can be imaged, the procedure is technically more demanding than when
imaging sheet-like membranes. In case artificial reconstitutions are imaged, the
size and shape of the membranes may be influenced through the sample prepara-
tion procedure. Normally, when imaging native membranes the size and shape of
the membrane sample can scarcely be influenced. However, the smaller the mem-
branes, the more vesicular is the preparation, and the trickier the AFM imaging
becomes (Gongalves et al., 2005a), most likely because the surface tension of small
vesicles hampers the flattening and adsorption of the spherical object to the
support. This problem may be resolved by extensive adsorption buffer screening,
in order to identify conditions where small vesicles tightly adsorb and open upon
support adsorption. Another possibility is to use the tip as a nano-dissector to open
vesicles mechanically (Scheuring et al., 2004b), although both approaches are
invasive. Attempts may also be made to create larger membranes from small ves-
icles by vesicle fusion, either through detergent addition (Bahatyrova et al., 2004)
or freeze—thawing cycles (Scheuring et al., 2005a). However, these procedures
are generally undesirable as they may significantly alter the native complex
assembly.

Clearly, the “trump card” of AFM is the outstanding signal-to-noise ratio, which
manifests as a capability of imaging single molecules. This feature renders AFM,
to date, the unique technique for visualizing non-ordered supramolecular mem-
brane protein assemblies in native membranes, where techniques that imply
averaging or ensemble measurements fail (Buzhynskyy et al., 2007; Scheuring,
2006).

Currently, a number of technical developments suggest that AFM will strengthen
its abilities for the analysis of membrane proteins in the near future. The initial
improvement is that atomic force microscope tips with nano-tubes may provide
improved reproducibility of high-resolution image acquisition and higher resolu-
tion (Cheung et al., 2000). The second improvement is that fast-scanning AFMs
capable of acquiring images at rates sufficient to track the motion of individual
molecules, may allow the visualization of flexible and diffusing molecules, and of
enzymatic activity (Viani et al., 2000; Ando et al., 2001).
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Molecular Dynamics Studies of Membrane Proteins:
Outer Membrane Proteins and Transporters

Syma Khalid, John Holyoake and Mark S. P. Sansom

7.1
Introduction

Structural biology [especially X-ray diffraction (XRD), and to a lesser extent cryo-
electron microscopy] provides high-resolution — but essentially static — structures
of membrane proteins. Molecular dynamics (MD) simulations enable us to extend
such structural data by exploring the conformational dynamics of membrane pro-
teins in a lipid bilayer environment. In this chapter, such simulations are illus-
trated via their application to two major classes of membrane (transport) proteins:
(i) B-barrel proteins from the outer membranes of Gram-negative bacteria [1];
and (ii) o-helical membrane transport proteins (www.tcdb.org). To facilitate this
discussion, focus is centered on examples from the authors’ own laboratory and
related studies. For more general reviews of membrane protein simulations, the
reader is referred to Refs. [2, 3]. All discussion of simulations of channel proteins
and aquaporins has been omitted, as these are treated elsewhere and have been
the subject of a number of recent reviews (e.g., Refs. [4, 5]).

The focus here is on simulations from a functional perspective — that is, as an
aid to the present understanding of structure—function relationships of membrane
proteins. Attention is restricted to atomistic simulations, in which protein, lipid,
and water atoms are all treated explicitly. The recent years have also seen advances
in the use of continuum solvent models [6] and coarse-grained [7, 8] simulations
to study membrane protein insertion into bilayers, and of atomistic simulations
[9, 10] to explore lipid—protein interactions.

7.1.1
Molecular Dynamics Simulations

Molecular dynamics simulations describe the dynamics of a membrane protein
on a 10- to 50-ns timescale. The components of the simulation system (protein,
lipids, water, etc.) and their interactions are described by a suitable molecular
mechanics forcefield. This enables the potential energy of the system to be
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calculated as a function of the atomic coordinates of the component atoms.
Numerical integration of Newton’s equations of motions for every atom in the
system enables the positions of the atoms to be recorded every, for example 1ps
(107"%s), yielding a trajectory (i.e., a movie) of the protein, lipid, and water mole-
cules. Analysis of the trajectory in terms of, for example, protein conformational
drift and fluctuations, protein-ligand and protein-lipid interactions, may then be
performed offline.

Molecular dynamics simulations therefore provide a useful complement to
experimental approaches (such as XRD and cryoelectron microscopy) which
provide static, time-, and spatially-averaged structures for membrane proteins at
low temperatures. Molecular dynamics simulations can yield a picture of the
dynamics of a membrane protein in a lipid bilayer environment at physiologically
relevant temperatures. Such simulations of membrane proteins are a relatively
recent addition to an established history of MD simulations of proteins in general
[11, 12]. A membrane protein system studied by MD would typically consist of a
protein embedded in a lipid bilayer [13] with water molecules and ions on either
side (Fig. 7.1). Typically, such a system would consist of between ~50000 and
100000 atoms. Earlier simulations of membrane proteins [14, 15] were somewhat
restricted in their timescale by computational considerations. However, continued
advances in computational power and the development of more scalable (i.e., par-
allelizable) simulation algorithms have now enabled longer atomistic simulations
to be performed. By using modest computational resources (e.g., a small linux
cluster) and current simulation codes, simulation times of the order of 10ns can
be achieved in within a few weeks. Thus, multiple simulations can be performed
to, for example, compare the dynamical behavior of proteins with/without bound
ligands or of wild-type and mutant proteins.

Fig. 7.1 Examples of membrane protein molecular dynamics
simulations for OprF (a homology model of a simple bacterial
outer membrane protein [41]) and LacY, a bacterial inner
membrane transport protein [87]. In both cases, the protein is
shown embedded in a phospholipid (DMPC) bilayer.
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7.2
Outer Membrane Proteins

The outer membrane (OM) of Gram-negative bacteria serves as a protective barrier
against the external environment, and controls the influx and efflux of solutes.
Outer membrane proteins (OMPs) confer a variety of functions on the membrane,
including passive and active transport, host/pathogen recognition, signal trans-
duction, and enzymatic catalysis. It has been predicted that 2 to 3% of the genes
in Gram-negative bacteria encode OMPs [16, 17]. In contrast to the o-helical nature
of inner membrane proteins [18], most OMPs have a B-barrel architecture [1, 19,
20]. The barrels are composed of anti-parallel B-strands that are connected by short
turns on the periplasmic side of the membrane, and by more extended loops on
the extracellular side. The OM is asymmetric in nature. The inner leaflet (i.e., that
facing the periplasmic space) is similar in phospholipid composition to the inner
(cytosolic) membrane. In contrast, the outer leaflet is composed of complex lipo-
polysaccharides (LPS) [21]. These are anionic oligosaccharides crosslinked by diva-
lent cations with multiple saturated fatty acid tails. The structure of LPS varies
substantially from species to species, and can be modified within a single cell in
response to changes in the local environment. The low baseline permeability of
the OM is due to the combination of highly charged sugars and tightly ordered
hydrocarbon chains, enabling it to protect the cell against toxic agents. Although
some modeling and simulation studies of LPS have been conducted [22, 23], these
have yet to be combined with simulations of OMPs.

In order to enable the influx and efflux of solutes across the OM, it is rendered
selectively permeable to molecules smaller than ~600 Da by the presence of porins
[24, 25]. In addition to non-specific porins, solute-specific porins (e.g., for sugars
[26, 27] and for phosphate [28]), and a number of other OMPs with varying trans-
port functions are also found in bacterial OMs. The non-porin OMPs range in
function from the transport of specific solutes (e.g., transport of siderophores by
TonB-coupled OMPs [29]), through to peptide autotransport [30]. There also are a
number of OMP enzymes which do not perform a transport role. Other OMPs
play a role in target cell recognition by pathogenic bacteria. A summary of earlier
simulation studies is provided in Ref. [31]. In this chapter, attention will be focused
on simulations of OMPs involved in transport, and on simulations of related
OMPs in different environments.

7.2.1
OmpA

The small and relatively simple protein OmpA has provided something of a testbed
for simulations of more complex OMPs. The structure of the N-terminal trans-
membrane (TM) domain of OmpA has been solved by XRD [32, 33] and by NMR
(the latter in detergent micelles) [34, 35]. OmpA is a small, monomeric protein
composed of an N-terminal, eight-stranded B-barrel (the TM domain) and a globu-
lar C-terminal located in the periplasm. The -barrel is connected by large loops
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on the extracellular side that point away from the barrel, and by short turns on the
periplasmic side. In the crystal structure, the B-barrel does not form a single con-
tinuous channel extending from one mouth of to the other, but rather several
cavities are formed, separated by polar and charged side chains pointing into the
[-barrel interior.

Despite the absence of a continuous pore in the X-ray structure, several
functional studies have shown that OmpA forms low-conductance pores when
reconstituted into planar lipid bilayers [36-38]. A combination of modeling and
simulation studies of the OmpA N-terminal domain in a dimyristoylphosphatidyl-
choline (DMPC) bilayer [39] suggested that small conformational changes in
charged side chains within the center of the B-barrel could provide a gate which
controlled the transition between the closed OmpA pore seen in the crystal struc-
ture and an open-pore state that corresponds to the 60pS conductance pores
observed experimentally. These simulations revealed a degree of flexibility in the
side chains lining the aqueous cavities within the -barrel. The proposed gate was
an R138-E52 salt bridge, which was stable throughout the 5ns simulation, and
prevented the passage of, for example, water molecules along the pore. An alterna-
tive gate conformation, in which the R138 side chain was oriented towards the
side chain of E128 rather than E52, yielded an open conformation of the pore.
Simulations of this putative open state revealed that water molecules were able to
diffuse along the full length of the B-barrel on a nanosecond timescale. The radius
profile of the resultant pore was shown to be in agreement with experimental
conductance data. Thus, it was suggested that that changes in rotameric state of
the R138 side chain could provide gating mechanism, switching OmpA between
a closed and open pore state (Fig. 7.2). This model has received support from
recent mutagenesis and functional studies of OmpA [40].

The results of recent studies have suggested that the gating mechanism pro-
posed for OmpA may be extended to OmpA homologues from other bacterial
species. For example, aqueous cavities formed by pore-occluding residues in the
barrel were seen in a homology model of OprF, the main OMP of Pseudomonas
aeruginosa. Molecular dynamics simulations of the OprF model (see Fig. 7.1) dis-
played remarkably similar dynamics to OmpA [41]. Water molecules failed to pass
from one mouth of the barrel to the other in any of the six simulations reported.
In particular, a persistent internal salt bridge formed by E8-K121, prevented water
permeation in all of the simulations, and was identified as a likely gate, analogous
to the R138-E52 salt bridge in OmpaA.

Modeling and simulation studies of an OmpA homologue have also been used
to demonstrate that computational approaches may be applied to more complex,
multidomain OMPs, rather than just to TM B-barrels [42]. PmOmpA is a two-
domain OMP from Pasteurella multocida; the N-terminal domain of PmOmpaA is
a homologue of the transmembrane B-barrel domain of OmpA from Escherichia
coli, whilst the C-terminal domain of PmOmpA is a homologue of the extra-
membrane Neisseria meningitidis RmpM C-terminal domain. This enabled a model
of a complete two-domain PmOmpA to be constructed and its conformational
dynamics to be explored via MD simulations. A degree of water penetration into
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closed open
Fig. 7.2 Closed and open conformations of molecule; green=pore radius approximately
OmpA, as revealed by molecular dynamics that of a water molecule; and blue=pore
simulations. The pore-lining surface is drawn  radius greater than that of a water molecule.
using HOLE [1117], color-coded such that: The arrow indicates the charged residue
red=pore radius less than that of a water cluster, which forms the gate.

the interior of the B-barrel suggested the formation of a TM pore. The PmOmpA
model was conformationally stable over a 20-ns simulation, but substantial flexibil-
ity was observed in the short linker region between the N- and the C-terminal
domains. The C-terminal domain was observed to interact with the lipid bilayer
headgroups.

7.2.2
Simulations of OMPs in Diverse Environments

Most OMP simulations have been performed in phospholipid bilayers, as a first
approximation to the in-vivo environment. However, simulations of OMPs have
proved useful in exploring the relationship between conformational dynamics and
diverse experimental environments. For example, OmpA has been studied experi-
mentally in lipid bilayers (e.g., functional pore studies [38] and electron paramag-
netic resonance (EPR) spectroscopy [43]), in detergent micelles (NMR studies [34]),
and in crystals containing the protein plus a small number of bound detergent
molecules [33]. Comparisons of MD simulations in these three environments
(Fig. 7.3) have revealed differences in the conformational dynamics of the
protein.

The dynamics of OmpA in a DMPC lipid bilayer and in a detergent (dodecylphos-
phocholine; DPC) micelle were compared for 10-ns MD simulations [44]. A greater
flexibility of the protein (~1.5x from Ca atom fluctuations) was seen in the micelle
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a) b) c)

Fig. 7.3 An outer membrane protein (OmpA) simulated in
three different environments. (A) A phospholipid bilayer [39];
(B) a detergent micelle [44]; (C) a crystal unit cell [45].

environment compared to the lipid bilayer. The increased mobility probably arises
from the reduced packing constraints in the micellar environment, although the
slight differences in the hydrophobic chain properties of the detergents and lipids
may also contribute. A functional consequence of the OmpA /micelle simulations
was that in this environment side chain conformational rearrangements led to the
formation of a continuous pore through the center of the OmpA barrel. This rein-
forced the proposal (see above) of a gating mechanism for OmpA pores involving
breaking and reformation of salt bridges within the B-barrel.

OmpA has also been used in simulations of a membrane protein in a crystal
[45]. The simulation unit cell contained four protein molecules, plus detergent
molecules and water. A good correlation was observed between simulated protein
conformational fluctuations and experimental estimates (as derived from crystal-
lographic B factors). The behavior of the detergent molecules in a unit cell revealed
the interactions important in the formation and stabilization of the OmpA crystal.
In particular, the detergent molecules formed a dynamic, extended micellar
structure spreading over adjacent OmpA monomers within the crystal. The OmpA
B-barrel in the crystalline environment was found to be more flexible than in a
phospholipid bilayer, and similar in flexibility to in a micellar environment.

A number of OMP structures (e.g., OmpA [34], OmpX [46], and PagP [47]) have
been determined by NMR as well as by X-ray crystallography. Often, these struc-
tures exhibit conformational differences, but MD simulations may play a key role
in exploring the dynamics of these structures to identify any significant differ-
ences. A comparison of the OmpA, OmpX and PagP X-ray and NMR structure of
the TM domain by a set of 15-ns simulations of the protein embedded in DMPC
bilayers showed a dependence of simulation behavior on the “quality” of the initial
structure [48]. The overall mobilities of the residues were qualitatively similar for
the corresponding X-ray and NMR structures. However, all three proteins were
generally more mobile in the simulated based on NMR structures.
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Changes in OMP conformational dynamics have also been used in predictions
of function. For example, OpcA is an adhesion protein from N. meningitidis which
forms a 10-stranded B-barrel [49]. The X-ray structure reveals the (-barrel to be
rather wide (mean radius ~0.2nm) and water-filled; however, extracellular loop L2
traverses the barrel axis and this prevents formation of a continuous pore. OpcA
was crystallized in the presence of Zn** ions, three of which are identified in the
X-ray structure — one in the central cavity and two in the loops on the extracellular
surface. Molecular dynamics simulations of OpcA in a DMPC bilayer in the
absence of bound Zn** [50] revealed a striking increase in the flexibility of the loop
regions. The largest conformational changes were seen in loop L2, which resulted
in opening of the putative pore. Thus, the Zn* ions binding loops L2 and L4
together in the crystal structure may hold the protein into a non-physiological
conformation. The conformational changes observed in the MD studies also
suggest that the ligand (proteoglycan) binding site formed by the extracellular
loops may be quite dynamic, which in turn suggests an induced-fit mechanism of
binding. Thus, these simulations have not only provided evidence suggesting a
non-physiological conformation of the OpcA protein in the crystal structure, but
have also shed light on the mechanism of ligand binding.

7.2.3
Porins

One of the first MD simulations of an OMP [51] was of the E. coli porin OmpF
embedded in a palmitoyl-oleoyl-phosphatidylethanolamine (POPE) bilayer.
Although, by current standards this simulation was short (1ns), it provided valu-
able insights into the functional dynamics of OmpF. In particular, reduced mobil-
ity of the water molecules within the protein pore relative to bulk solvent was
observed. This slowing of water diffusion within pores agreed with earlier empiri-
cal approaches [52], and has since been observed in a number of simulations of
OM channels. Further MD simulations of OmpF have provided insights into the
origin of its cation selectivity [53, 54]. Whilst single potassium ions were free to
permeate the pore, chloride ions could only pass the constriction zone when paired
with potassium ions. Steered MD simulations [55] have been used to simulate the
transport of dipolar molecules through OmpF. More recently, MD studies of
OmpF have revealed the influence of side chain protonation states on the confor-
mational dynamics of the protein [56]. In particular, varying the protonation state
of a key side chain (D312) substantially influenced the cross-sectional area profile
of the pore. This further emphasizes the importance of electrostatic interactions
within the central core of the B-barrel domains of OMPs.

7.2.4
More Complex Outer Membrane Transporters

While most OMPs are B-barrels, the size and shape of these B-barrels can vary
substantially. A feature of some of the more complex OMPs is the presence of
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additional domains located within the B-barrel. For example, the TonB-dependent
transporter family contain a globular “plug” or “cork” domain within the p-barrel
[57]. Furthermore, the two structures of bacterial autotransporters [30] reveal
o-helices located within their B-barrels [58, 59]. Simulation studies enable the
conformational dynamics of interactions between the B-barrel and the “inserted”
domain to be probed. This is important given that several proposed transport
mechanisms invoke a degree of repacking of these domains relative to one another
30].

7.2.4.1 TonB-Dependent Transporters

Passive diffusion is not the only mechanism of transport across the OM. Rather,
a number of ions and their chelates are transported actively via a complex mecha-
nism involving outer membrane transporters coupled to a periplasmic protein
(TonB), which in turn is coupled to an energy-transducing protein complex in the
inner membrane [29]. Thus, TonB-dependent transporters in the outer membrane
mediate high-affinity binding and active transport of iron-chelating siderophores
or vitamin By, (in the case of BtuB) into the periplasm. The crystal structures of
a number of TonB-dependent transporters, with and without bound ligand,
are known (see http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html for a
summary listing). All of these structures are 22-stranded B-barrels with a globular
“cork” domain within the barrel that occludes the pore. Their mechanism of solute
transport is thought to be a multistep process involving several conformational
changes. Some insights into aspects of this mechanism were achieved through
MD simulations of the ligand-free and iron/siderophores-bound states of the
transporter FhuA embedded in a DMPC bilayer [60].

Two functionally important findings were identified from these simulations.
First, substantial conformational changes were observed in loop L8 which, as the
most mobile of the extracellular loops, exhibited a binding-state dependency in its
flexibility. When the ligand is bound, L8 blocks access to the binding site, effec-
tively “closing” it. A similar loop rearrangement when ligand is bound was seen
in the crystal structure of the ferric citrate receptor, FecA [61, 62]. The second key
finding concerns the dynamics of the water molecules within FhuA. The water
permeability of FhuA was reduced by the presence of the plug domain within the
pore. These results support the view that translocation of the siderophore, either
actively or passively requires a substantial conformational change in the plug
domain.

Simulations of a number of TonB transporters (FepA [63], FecA [61, 62], BtuB
[64], and FpvA [65]) have been performed and compared in terms of, for example,
lipid—protein interactions (S. Khalid and M. S. P. Sansom, unpublished results).
Although a simple phospholipid (DMPC) was used during the simulations, it
forms relatively long-lasting interactions at sites homologous to that which binds
Lipid A in the crystal structure of FhuA [66]. This supports the findings of other
studies, which suggest that simulations are able to reveal lipid binding sites on
OMPs [67] and other membrane proteins [10].
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7.2.4.2 Autotransporters

OM autotransporters may be divided into two subfamilies: conventional autotrans-
porters, and trimeric autotransporters. Typically, autotransporters are expressed
as precursor proteins with three basic functional domains: an N-terminal signal
peptide, an internal passenger domain, and a C-terminal translocator domain (a
B-barrel TM domain). The structures of two outer membrane autotransporters
have been determined [58, 59]. A key feature of both proteins is the presence of
o-helices within the B-barrel. NalP from N. meningitidis is a conventional auto-
transporter; it is a 10-stranded B-barrel, with a single helix attached located cen-
trally within the hydrophilic B-barrel interior. In contrast, HiA from Haemophilus
influenzae is a trimeric autotransporter in which three monomers each contribute
four B-strands and one o-helix to form a 12-stranded B-barrel surrounding three
o-helices.

Molecular dynamics simulations in a DMPC bilayer were used to compare the
intact TM domain of NalP with the same domain from which the central the
central helix was removed [68] (Fig. 7.4). Both, the intact and the helix-removed
TM domains were conformationally stable on a 10-ns timescale, although removal
of the central o-helix resulted in a degree of narrowing of the pore at both mouths
of the B-barrel. This narrowing of the pore was largely a consequence of the
increased flexibility of the loops and turns in the absence of the o-helix. At the
extracellular mouth, loops L2 and L5 folded in part into the pore region. In par-
ticular, a persistent H-bond was detected between residues Y1017 and E873. In
the presence of the o-helix, the reduced mobility of the loops prevented formation
of this H-bond, resulting in a slightly wider pore. The reduced dimensions of the
pore at the mouths of the B-barrel did not prevent entry of water into the pore
region. Indeed, water molecules were seen to enter the pore when the helix was
removed, an observation that suggests a plug-like role for the helix. Estimations
of the conductance based on the pore radius profile were in good agreement with
experimental values. Overall, these simulations support a (auto)transport role for
the monomeric form of NalP.

Fig. 7.4 Snapshots from simulations of the outer membrane
autotransporter protein NalP [68], viewed along the bilayer
normal. (A) The intact protein; (B) taken from a simulation of
the B-barrel with the central a-helix removed.
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As noted above, HiA is a trimeric autotransporter where, in contrast to NalP,
the loops connecting the helices to the B-strands are large, extending over one-third
of the way into the interior of the B-barrel. Molecular dynamics simulations of HiA
(S. Khalid and M. S. P. Sansom, in preparation) have revealed a degree of B-barrel
distortion when the helices were removed from the barrel interior. Further distor-
tion was observed when the loops connecting the helices to the barrel were also
removed. Thus, in agreement with experimental studies [59], simulations of HiA
suggest that these loops play a key role in maintaining the structure of the trimeric
B-barrel. A glycine residue from each loop, located near the center of the barrel,
forms two H-bonds to the corresponding glycine residue from the two other loops.
Thus, the triangular arrangement of glycines is stabilized by six H-bonds which,
in turn, help to stabilize a rather flexible trimeric B-barrel.

7243 TolC

A different type of OM transport systems is provided by the TolC family of pro-
teins, which play a key role in the type I secretion of toxins, small peptides and
drug molecules by Gram-negative bacteria [69]. Type I secretion involves a tripar-
tite arrangement of proteins in an efflux complex. The complex comprises TolC
(located in the outer membrane and extending into the periplasmic space), a peri-
splasmic “adaptor” protein, and an inner membrane efflux pump protein. This
arrangement of the three proteins enables the direct passage of the solute from
the cytoplasm to the external medium. This is supported by the X-ray structures
of TolC [70] and of its homologues OprM [71] and VceC [72], of the inner mem-
brane protein, AcrB [73, 74], and of the adaptor protein, AcrA [75] and its homo-
logue MexA [76, 77]. Taken together, TolC, AcrB and AcrA are capable of forming
a extended (length ~260 A) molecular tunnel.

Focusing on the outer membrane component, TolC is a cylindrical trimer with
a TM PB-barrel domain and a periplasmic o-helical domain. The TM region of
TolC is a 12-stranded B-barrel, whilst the periplasmic domain is composed of
12 a-helices. The main barrier to the export solutes appears to be at the periplasmic
mouth. Thus, the X-ray structure of the TM region shows the B-barrel to be in an
open conformation, whereas the pore is closed at its periplasmic mouth. Gating
of TolC is therefore a key aspect of the function of the efflux complex, although it
remains incompletely understood. A mechanism of opening has been proposed
that involves a twisting motion of the helices accompanied by the disruption of
H-bonds and electrostatic interactions [70].

Extended MD simulations of TolC embedded within a DMPC lipid bilayer have
been performed to explore the intrinsic flexibility of the protein [78] (Fig. 7.5).
Multiple 20-ns simulations of TolC were performed; these included simulations
of the isolated TM (i.e., B-barrel) domain, of the intact TolC protein, and of OprM
(a TolC homologue from P. aeruginosa). These simulations revealed that the extra-
cellular loop regions of TolC exhibited substantial flexibility. During the simula-
tions, inward collapse of the loops resulted in closure of the pore at its extracellular
mouth. A network of H-bonds between residues located on the loops leads to a
constriction of the pore, reducing the pore radius to <2A. A comparable role of
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o
Fig. 7.5 Molecular dynamics (MD) face. The cylindrical conformation is seen
simulations of the outer membrane drug in the X-ray structure of TolC, whereas a

efflux system protein TolC [78]. (A) TolCina  triangular prism conformation is seen in the
DMPC bilayer, showing the TM domain (dark 20-ns snapshot from the MD simulations, and
gray) and the periplasmic domain (pale gray). also in the X-ray structure of the homologous
(B) Conformational changes in the TM B- protein OprM.

barrel of TolC, viewed from the extracellular

loops in gating has been also been suggested based on recent X-ray structures of
OmpG at different pH values [79].

In addition to closure of the TM pore by the extracellular loops, changes in the
cross-sectional conformation of the B-barrel domain of TolC are seen in the
simulations. Comparing X-ray structures shows that the B-barrel domain of TolC
is cylindrical in cross-section, whereas that of its homologue, OprM, is closer to
a triangular prism. During simulations of TolC in a lipid bilayer, the B-barrel
switches from a cylindrical to a prism conformation, whilst retaining the overall
pore. This conformational change is more marked in the simulation of the intact
protein in comparison with the simulation of the isolated TM domain. Thus, the
intact TolC switches to a conformation similar to that of its homologue OprM.
The more pronounced change in the intact TolC suggests that the transition
between the cylindrical and prism conformations may be coupled to the presence
of the periplasmic domain.
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The o-helical domains of both TolC and OprM protrude ~100A into the peri-
plasmic space, where they interact with the inner membrane transport protein
(e.g., AcrB). The X-ray structure of TolC shows an internal pore in the tunnel wide
enough to allow unimpeded passage of the solute. However, the MD simulations
have shown that the dynamics of this region may be rather complex, involving
both a global contraction (“breathing”) of the pore and an iris-like motion of the
whole protein.

Overall, these simulations have shown that the conformational dynamics of
TolC are rather more complex than was anticipated. In particular, models in which
the gating of TolC is restricted to an iris-like motion at the periplasmic mouth
appears to be a little too simple. The intrinsic flexibility of TolC during simulations
suggests that such as motion is combined with a twisting motion of the upper half
of the periplasmic tunnel. The extracellular mouth appears to act as a gating region
in which the mobility of the loops plays a key role. Thus, MD simulations have
revealed a complex range of conformational dynamics in TolC, suggesting that it
may be gated at both ends of the molecule, with complex “breathing” motions in
the intermediate domains.

7.3
Cytoplasmic Membrane Transport Proteins

The other group of membrane transport proteins for which a significant number
of simulation studies have been carried out are the o-helical membrane transport
proteins (see www.tcdb.org for a database and classification of transporters). These
include several major classes of membrane proteins, including the MFS proteins
[80-82] and the ATP-binding cassette (ABC) transporters [83-85], for which a
number of X-ray structures have been determined.

At this point, rather than attempt an exhaustive survey of simulations of o-
helical transport proteins, they will be discussed in the context of strategies which
may be employed in simulation studies to explore mechanistically relevant dynamic
behavior of transport proteins. These can be summarized as: simulated state
transitions; extrapolated intrinsic flexibilities; and non-equilibrium simulation
methods. The use of simulations to evaluate models of mammalian transport
proteins based on bacterial transporter structures is also considered.

7.3.1
Simulated State Transitions

Transport mechanisms for MFS and ABC transporter proteins involve cyclic inter-
conversion of a transporter between a set of intermediate states. One complete
cycle results in one round of solute transport. The X-ray structure of a transporter
in general provides a single intermediate state of the complete cycle. Simulations
of state transitions involve changing a structural feature of a given intermediate
state to that found in a proposed adjacent state. Information on the transport
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mechanism is thus provided by the way in which the transporter structure responds
to the perturbation. Simulated state transitions have been used to investigate the
conformational dynamics of members of the two largest transporter superfamilies:
an ABC transporter member, BtuCD (86), and an MFS member, LacY (87).

7.3.1.1 BtuCD

The ABC transporters comprise a large family of ATP-driven transporters, with
diverse functions ranging from nutrient uptake in bacteria to antigen presentation
in the immune system of mammals [83]. Each member consists of two nucleotide
binding domains (NBDs) and two transmembrane domains (TMDs), either as
separate subunits or combined within the same polypeptide chain. The NBDs are
associated with the cytoplasmic face of the TMDs. The NBDs exhibit a high degree
of sequence and structural conservation, and are responsible for the binding and
hydrolysis of ATP that drives the conformational changes involved in transport.
The TMDs form the pathway through the membrane for the solute and, unlike
the NBDs, they show considerable sequence and structural diversity. This probably
reflects the wide range of solutes transported by different members of the ABC
family.

Three bacterial ABC transporter structures have been determined using XRD:
the vitamin B,, transporter, BtuCD [86], the multidrug transporter SAV1866 [85],
and the putative metal-chelate transporter HI1470/1 [88]. Of these, only BtuCD
has so far been the subject of simulation studies. (There have also been simula-
tions of the lipid A exporter MsbA, but as the initial X-ray structures of MsbA
have been retracted [89] these studies will not be discussed further). Interestingly,
comparison of the BtuCD structure and the HI1470/1 structure supports a
switch between an outward-facing (in BtuCD) and an inward-facing (in HI1470/1)
permeation pathway conformation as the basis of the solute transport
mechanism.

BtuCD transports vitamin B,, from the periplasm into the cytosol. Its two TMDs
consist of 10 transmembrane o-helices, with a central vitamin B;, transport
pathway formed by the interface of the two TMDs. The structure has been deter-
mined for an ATP-free semi-open state, with a central cavity sufficient to hold a
B,, molecule and open to the periplasm, but closed to the cytoplasm by a constric-
tion (gate) formed by the TM4-5 loops of each subunit.

A simulation study of the coupling of nucleotide binding to a putative confor-
mational changes of BtuCD was carried out by Tieleman et al. [90]. In this study,
a simulation following docking of MgATP into each NBD of the ATP-free X-ray
structure was used to represent a state transition from the semi-open ATP-free
state to the/an MgATP-bound closed state. The presence of MgATP bound to the
NBDs caused a clear difference in behavior compared to an equivalent MgATP-free
simulation. MgATP was seen progressively to draw the two NBDs together. Sig-
nificantly, tight binding across the dimer interface was seen for only one MgATP
molecule, while the binding site of the other MgATP opened (however, see below).
Movement of the NBDs was coupled to conformational changes in the TMDs,
with consequent closure of the periplasmic end of the channel. Changes in the
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translocation pathway occurred in a manner likely to move vitamin B, toward the
cytoplasmic exit.

More recently, simulations of BtuCD have been compared with simulations of
BtuD (i.e., just the NBD dimer) and of BtuCDF (i.e., of the ABC transporter BtuCD
docked with the periplasmic binding protein BtuF [91]). These simulations [92]
suggest a somewhat more complex picture than envisaged by the previous study.
Thus, MD simulations of the BtuCD and BtuCDF complexes (both in a lipid
bilayer), and of the isolated BtuD and BtuF proteins (in water) have been used to
explore the conformational dynamics of this complex transport system. As in the
previous simulation study, the presence of bound ATP induces closure of the
NBDs. This occurred in a symmetrical fashion, but only in the BtuD dimer,
and not in BtuCD. It seems that ATP constrains the flexibility of the NBDs in
BtuCD, such that their closure may only occur upon binding of BtuF to the
complex. Upon the introduction of BtuF, and concomitant with NBD association,
one ATP-binding site displays a closure, while the opposite site remains relatively
unchanged. This asymmetry may reflect an initial step in the “alternating hydro-
lysis” mechanism and is consistent with measurements of nucleotide-binding
stoichiometries.

Taken together, these studies demonstrate the ability of MD simulations to
explore the dynamic properties of the BtuCD structure (Fig. 7.6A) in relation to
mechanisms proposed on the basis of biochemical studies. Indeed, both studies
support an asymmetrical ATP-binding mechanism, though the details differ. This

- 3 -
Fig. 7.6 Domain motions observed in simulations of
membrane transport proteins. (A) The ABC transporter BtuCD
(based on [90]). (B) The MFS protein LacY (based on [93]). In

each case the arrows indicate the approximate direction of the
domain motions observed in the simulations.
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provides a basis on which to interpret further experimental data, with iterative
contributions from computational and biochemical investigations.

7.3.1.2 LacY

State transition simulations [93] have also been used to study the coupling of
proton translocation to lactose translocation in the proton/lactose symporter
lactose permease (LacY). LacY is the archetypal member of the major facilitator
superfamily (MFS), a group of transporters second in number of members to only
the ABC transporters [80]. Members of this superfamily share a common fold, as
indicated by sequence-based predictions and the three currently available crystal
structures of MFS members, LacY [87], GIpT [94] and EmrD [95]. Despite low
sequence identities (<15%), these structures have the same arrangement of helices,
with each being composed of two domains of 6TM helices in each. X-ray crystal-
lography has provided a hint of two states of MFS transporters: LacY and GlpT
were crystallized in an inward-facing conformation, allowing intracellular access
to their central solute binding site; while EmrD is in a closed conformation (similar
to that seen in cryoelectron microscopy of OxIT [96]). However, as the X-ray struc-
tures alone cannot provide information on the conformational dynamics of inter-
conversion between these states, it is here that simulation studies of LacY have
provided valuable insights.

In bacteria, LacY uses the energy associated with movement of a proton down
its electrochemical gradient to drive the accumulation of lactose. Extensive bio-
chemical studies have identified six residues essential to function. E325 and R302
are directly involved in proton translocation, H322 and E269 couple proton trans-
location and sugar binding, whilst R144 and E126 are required for substrate
binding. Detailed transport mechanisms have been proposed and refined based
on biochemical data and more recently the X-ray structures [82, 97].

The X-ray structure of LacY represents the inwardly open, ligand-bound, E325-
protonated state of a conformationally “locked” C154G mutant of LacY. Schulten
et al. [93] performed simulations of this state (E2697/E325"), and of two adjacent
states that mimic proton transfers, namely E269"/E325~ and Apo/E2697/E325".
Except for the Apo/E2697/E325 simulation, bound galactose was included at the
binding site in these simulations, docked onto the thiodigalactoside (TDG) mole-
cule resolved in the X-ray structure. These simulations revealed mechanistically
significant differences. The E2697/E325" simulation remained in a conformation
close to that of the X-ray structure. A salt bridge was observed between R144 and
E269. Furthermore, E269 interacted strongly with the galactose molecule. Proton-
ation of E269 as in simulation E269"/E325" resulted in a dramatic difference in
behavior. The R144-E269 salt bridge was broken, while the galactose remained in
the binding site, but shifted towards the periplasmic (closed) gate. Most signifi-
cantly, protonation of E269 triggered a substantial closure of the intracellular
entrance. In contrast, simulation Apo/E2697/E325” exhibited similar behavior to
the E2697/E325" simulation. Together, these simulations provide important
information on the translocation mechanism of LacY. Closure of the intracellular
entrance was achieved by motions of TM4 and TM5, which is noteworthy given
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the location of the inactivating C154G mutation in TM5. Furthermore, the greater
flexibility of the N-terminal domain reported in this study is consistent with the
findings of previous studies [98]. The significant closure of the intracellular
entrance shows that, while the overall transport cycle occurs on a millisecond time
scale, key conformational events may be captured by simulations of substantially
shorted time scales. Simulations such as these represent a means of testing trans-
port cycles based on biochemical data.

A second recent set of simulations [99] explored the conformational dynamics of
LacY by starting with simulations of the state captured in the crystal and moving
“outwards” to approximations of subsequent steps in the translocation mechanism.
Integral to this study was a cautious methodical approach by which simulations were
extended from more conservative initial configurations to more exploratory configu-
rations. At each stage, multiple simulations were performed to validate the repro-
ducibility of the observations. Furthermore, bias from initial system configuration
was removed by the use of multiple systems, varying in the size of lipid bilayer.

In total, 10 different simulations were performed with all of the “locked” C154G
mutant of LacY. Simulations varied in the presence/absence of bound ligand
(TDG) and in the protonation state of the E325 side chain. They also differed in
the initial configuration of the lipid bilayer, and repeat (random velocity seed)
simulations were performed. The initial TDG-bound, E325-protonated simula-
tions confirmed the overall stability of the conformation seen in the LacY crystal
structure, with little drift in structure from the crystal structure. Such a result lends
confidence to the quality of the structure and the simulation protocol.

Observations of the dynamic behavior of the LacY structure in response to
removal of the bound ligand can provide information about the conformational
events involved in the translocation cycle, albeit limited by the relatively short time
scales available to atomistic MD simulations. Such apo (i.e., no bound solute)
simulations therefore represent a crude approximation to the events after ligand
dissociation into the cell. All of the apo simulations exhibited similar behavior in
which there was a significant and reproducible closure of the intracellular entrance
to the ligand-binding cavity (Fig. 7.6B). This closure might be considered surpris-
ing given the short time of the simulations compared to the turnover rate of the
protein. However, it is likely that individual conformational transitions may occur
on such time scales. Of greater interest is the way in which this closure occurs.
Rather than the conformational changes involved in translocation being rigid-body
domain movements, in which the intra-domain structure remains relatively static,
substantial intra-domain movements of o-helices TM5 and TM11 were seen to be
involved in the closure. This echoes the involvement of TMS5 in the earlier simula-
tions by Schulten and colleagues (see above).

7.3.2
Intrinsic Flexibilities

Although equilibrium MD simulations of membrane proteins are limited in terms
of the extent to which conformational events observed in the accessible time scales
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are directly related to transport processes, the patterns of intrinsic flexibility seen
in such simulations may be extrapolated to provide information on the larger (and
presumably slower) conformational events involved in the function of a transport
protein. An example of this is provided by a simulation study of the functional
implications of the intrinsic flexibility of the protein translocation channel
SecY [100].

The biosynthesis of secreted and membrane proteins involves the transport
of the nascent polypeptide across the endoplasmic reticulum in eukaryotes, or
across the cytoplasmic membrane in prokaryotes. Such proteins are targeted to
the membrane by a signal peptide at the start of their sequence. After targeting,
the protein is transported across the membrane through a protein-conducting
channel. This channel is a conserved heterotrimeric, oy complex, called SecY
in eubacteria and archaea, and Sec6l in eukaryotes. The o subunit (SecY in
eubacteria and archaea; Sec6lo. in mammals) forms a central membrane-
spanning channel. Biochemical studies suggest that lateral opening of this
channel allows release of nascent hydrophobic transmembrane segments into
the membrane.

The structure of SecYEP from the archaea Methanococcus jannaschii has been
determined using XRD [101]. The structure indicates that a single complex can
serve as a functional channel; this complex consists of 12 TM helices in total, 10
provided by the o subunit, SecY, and one each from the two remaining subunits.
SecY has two linked halves, each of five consecutive TM helices (TM1-5 and TM6-
10), arranged with twofold pseudo-symmetry. A large, funnel-shaped cavity is
apparent, open to the cytoplasm, and constricted at the middle of the membrane.
This indicates that the structure is in a closed conformation. A plug structure
formed from TM2a causes the constriction. “Outward” displacement of this helical
plug is proposed to open the channel for polypeptide translocation. A ring of
hydrophobic residues may form a flexible hydrophobic gate (or “gasket”) to prevent
small molecule and ion leakage during polypeptide translocation. Flexibility is
required to accommodate the passage of different polypeptide sequences of varying
bulk. On the basis of the X-ray structure, it was proposed that the lateral gate
required for TM segment release was between TM helices M2b and M7, and
involved a clamshell-like opening motion.

Motions of an isolated SecY subunit in equilibrium MD simulations provided
some information on SecY gating [100]. Despite time scales that were too short to
observe full conformational transitions of the plug, or of the lateral gate, the
dominant intrinsic motions as revealed by principal component analysis (PCA)
support the “plug and clamshell” model of SecY channel gating. The first eigenvec-
tor motion of the plug was out of the pore, away from the intracellular cytoplasmic
side. The proposed lateral gate helices M2b and M7 exhibited motions away
from each other, consistent with an opening of the lateral gate. Furthermore, the
simulation demonstrated that water molecules were able to approach the hydro-
phobic pore ring, but were unable to cross it, confirming that this gate (Fig. 7.7)
could prevent leakage of water and ions in the absence of a translocating
polypeptide.
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Fig. 7.7 Simulation of the SecY protein translocation pore
[100]: a snapshot (at 6ns) showing the pore-lining surface.
The pore ring which acts as a hydrophobic gate is indicated
by the horizontal arrow.

7.3.3
Non-Equilibrium Methods

Transporter/membrane protein function may also be investigated by non-equilib-
rium simulations in which conformational events are forced, using for example
steered MD simulations [102]. A steered MD study of polypeptide translocation in
SecY [103] explored the forced passage of a deca-alanine helix and of an alanine/
leucine (AL19) helix through the protein-translocating channel. The o-helical pep-
tides were positioned at the cytoplasmic mouth and “pulled” through the channel
in <2ns. Movement of the peptide led to the displacement of the M2a plug out of
the channel. The plug moved as a structured body, exploiting the flexibility of the
connecting coil region. After plug displacement, the channel was open, but
the passage of water molecules was restricted (and ion permeation prevented) by
the behavior of the hydrophobic pore ring (see above). Indeed, the pore ring was
seen to be flexible, expanding to accommodate the translocating deca-alanine helix,
and thus providing an elastic, yet tight, seal. Equilibrium simulations starting from
the perturbed SecY structure, subsequent to the peptide translocation, demon-
strated the ability of the plug region to return to a position near that seen in the
X-ray structure.

73.4
Homology Models

The structures of bacterial membrane transport proteins may also be used as tem-
plates for homology models of their mammalian counterparts. A number of studies
of, for example, mammalian K channels, have demonstrated that simulations
based on homology models may be used to test the conformational stability of the
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Fig. 7.8 Simulation of a homology model of a mammalian
MFS protein (the glucose transporter GLUT1) based on the
structure of the bacterial transporter GlpT [108]. Snapshots
taken at the start and end of a 15-ns MD simulation. The
approximate location of the lipid bilayer (omitted for clarity) is
indicated by the horizontal lines.

model (albeit on a limited time scale) and to explore the relationship between con-
formational dynamics and function in the mammalian channel protein [104, 105].

Several studies have been conducted (e.g., [106, 107]) using bacterial MFS trans-
porter structures (mainly LacY and GlpT) as templates for homology models of
mammalian MFS proteins. Before employing such models, for example in muta-
tional or docking studies, it is essential to develop a measure of their quality. A
recent study [108] indicated that simulation studies may be used as a tool to aid
in the evaluation of MFS homology models. Two MFS members (NupG, a bacterial
nucleoside transporter; and GLUT1, a human glucose transporter) were modeled
using GlpT and LacY, respectively, as templates. In addition, control models were
created with shuffled sequences, to mimic “poor quality” homology models. These
models, and the template crystal structures, were compared in 15-ns duration MD
simulations in DMPC bilayers (Fig. 7.8). Comparison of the behavior of modeled
structures with the crystal structures in these MD simulations provided a metric
for model quality, based on conformational drift and loss of o-helicity in TM
domains. Combined with studies of docking of the inhibitor forskolin to GLUT1
and to a control model, the simulations suggested that it might be possible to
identify accurate homology models, despite low sequence identity between target
sequences and templates.

7.4
Conclusions

These studies have provided a snapshot of the current status of biomolecular
simulations of membrane proteins. It is evident that such simulations can now
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be performed with a reasonable degree of accuracy, and can provide insights into
the relationship between membrane protein structure and function. Indeed, we
are now at the stage where one might consider simulations as a standard tool for
analysis of new membrane protein structures. Thus, they will continue to provide
valuable information on mechanisms of membrane proteins, although limitations
of sampling and time scale remain. As more structures and simulations emerge,
sampling issues [109] may be addressed by comparative simulation studies, an
approach which has been explored, for example, in membrane protein-lipid inter-
actions [9]. In terms of time scales, both coarse-grained simulations [8] and elastic
network models [110] offer promise for addressing longer time scale events, albeit
more approximately. By integrating such approaches with atomistic simulations,
a more integrative computational biology of membrane proteins will emerge.
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Understanding Structure and Function of Membrane Proteins
Using Free Energy Calculations

Christophe Chipot and Klaus Schulten

8.1
Introduction

Computational investigations of membrane proteins have greatly benefited
from the spectacular increase in computational power witnessed in recent
years. In particular, distributing the work load on arrays of processors of mas-
sively parallel architectures, molecular dynamics (MD) simulations [1, 2] have
played an important role in this research area by handling large assemblies
of atoms formed by the protein and its lipid environment — viz. on the order
of 10° to 10° particles [3-5]. They have contributed to the understanding of
the molecular mechanisms whereby these proteins function, whenever their
three-dimensional structure was available. In the absence of a well-resolved
structure, MD simulations have also helped interpreting inferences accrued
from experimental sources, such as structure-activity relationships, or site-
directed mutagenesis.

Although MD simulations can offer a detailed, atomic picture of membrane
proteins, they span time scales over which relevant biophysical phenomena cannot
be easily captured. This can be readily understood by considering the infinitesimal
time step utilized to integrate numerically the equations of motion — viz. on the
order of 10™%s, whereas most significant biological processes in membrane pro-
teins occur over the 107 to 107°s time scale. Moreover, equilibrium MD simula-
tions are plagued by Boltzmann sampling, which favors low-energy configurations,
thereby precluding the exploration of regions of phase space separated by appre-
ciable free energy barriers. Noteworthily, whereas the parallelization of MD codes
has opened new horizons for exploring complex, sizeable biological systems, it
has only moderately increased the time scales over which these systems can be
investigated. This explains why coarse-grained approaches [6-8] have recently
become fashionable in the field of theoretical and computational biophysics,
removing the fine atomic detail to retain only the quintessential structural features
of the molecular assemblies.

In spite of the fact that MD simulations per se are not capable of capturing
rare events characterized by significant free energy barriers, they can be used,
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nonetheless, to generate ensembles of configurations from which free energy
differences can be determined. In a nutshell, free energy calculations can be clas-
sified into three categories: (i) the free energy is estimated from probability distri-
butions; (ii) free energy is computed directly; and (iii) the free energy derivative is
evaluated over some reaction coordinate and further integrated (strictly speaking,
reference should be made to the more general vocabulary order parameter, for
which a reaction coordinate constitutes a special case). It is remarkable that most
of these approaches are rooted in a few basic ideas, which have been known for
several years and were contributed by such pioneers in the field as John Kirkwood
[9, 10], Robert Zwanzig [11], Benjamin Widom [12], John Valleau [13], and Charles
Bennett [14]. For the purpose of this chapter, the above distinction will be nar-
rowed down to two categories, free energy methods aimed at: (i) modeling point
mutations; and (ii) determination of the free energy change along a well-delineated
reaction coordinate.

In the first section of this chapter, the methodology and the theoretical
foundations of free energy calculations are described from a practical perspec-
tive. Next, selected applications of these simulations to membrane proteins are
presented, distinguishing between in-silico site-directed mutagenesis experi-
ments, assisted transport processes across the biological membrane, and rec-
ognition and association of transmembrane segments in lipid environments.
The chapter closes with a retrospective view and an outlook on the evolution
of free energy calculations, and how the latter can help dissecting molecular
mechanisms in membrane proteins through a link between function and
energetics.

8.2
Theoretical Underpinnings of Free Energy Calculations

In this section, the physical principles underlying free energy calculations are
outlined. The important results are provided without detailed demonstration. The
reader is referred to the specialized literature for further information [15].

8.2.1
Alchemical Transformations

Just like the proverbial alchemist, hoping to transmute lead into gold, the modeler
may wish to modify biological systems in silico by means of computational site-
directed mutagenesis experiments. In order to perform such so-called “alchemical
transformations”, definition of a reference state, 0, and a target state, 1, is crucial.
These alternate states are described respectively by Hamiltonian ,(x, p,) and
Hamiltonian %, (x, p,), such that #,(x, p,) = #o(x, px) + AK (X, p,), where {x} denotes
the atomic coordinates of the system, and {p,} its conjugated momenta. A¥(x, p,)
can be viewed as a perturbation between the initial and the final states of the
transformation. The free energy difference between states 0 and 1 can be expressed
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in terms of a ratio of the corresponding partition functions, which after appropri-
ate substitution, reads:

3=~ e g3t ) !

Here, (- - -), stands for an ensemble average over configurations representative
of the reference system. P = 1/ky T, where kg is the Boltzmann constant and T is
the temperature of the system. Equation (1) is the fundamental free energy per-
turbation (FEP) formula [11], which embodies a remarkable result: Free energy
differences may be determined by sampling only equilibrium configurations of the
initial state, 0. In principle, this equation is “exact”, in the sense that it is expected
to converge regardless of A¥(x, p,), which would obviously be true in the limit of
infinite sampling. In practice, however, validity of the perturbation formula [Eq.
(1)] only holds for sufficiently small changes between 0 and 1.

8.2.1.1 What is Usually Implied by Small Changes?

The answer is often misconstrued, as the free energies characteristic of the refer-
ence and the target states need not necessarily be close. It is, however, pivotal that
the corresponding configurational ensembles overlap appropriately to guarantee
the desired accuracy [16, 17] (see Fig. 8.1). By and large, single-step transforma-
tions between utterly different states only rarely fulfill this requirement. To cir-
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Fig. 8.1 Condition of overlapping ensembles  formula will converge towards the correct free
in the perturbation theory. The energy difference (b). Qualitative, possibly
thermodynamic ensembles representative of  quantitative information about the accuracy
the reference, 0, and the target, 1, states do of the calculation may be inferred from an

not overlap. Equation (1) will not converge incomplete overlap of the thermodynamic
towards the expected free energy difference ensembles, highlighted here in the hatched
(a). In idealistic scenarios, low-energy region (c). Disparate reference and target
configurations of the target state are also systems may be connected by means of an
configurations of the reference state. The intermediate state that satisfies the criterion
ensemble of configurations characteristic of mutual overlap between contiguous

of state 1 is a subset of the ensemble ensembles (d).

representative of state 0. The perturbation
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cumvent this difficulty, the reaction pathway connecting state 0 and state 1 may
be broken down into a number of intermediate, non-physical states, satisfying the
requirement of mutual overlap of the ensembles between any two contiguous
states [18]. To achieve this goal, the Hamiltonian is expressed as a function of a
reaction coordinate, or “coupling parameter”, A, that controls the transformation
[9]. Conventionally, A varies between 0 and 1 when the system goes from the refer-
ence state to the target state.

The interval separating the intermediate states, k, of the transformation between
the reference and the target systems — which corresponds to selected fixed values
of the coupling parameter, A — is often referred to as the “window”. The total free
energy change over the complete reaction pathway now reads:

AA= _%Zlﬂexp[—m%k,m(xr P M)y @
k

where ¥, ,.1(x, ps A) stands for the difference in the Hamiltonian between adjacent
intermediates k and k + 1; and (- - -) denotes the equilibrium average in intermedi-
ate k. Assessing an ideal number of intermediates, N — 2, between state 0 and
state 1 evidently depends upon the nature of the system that undergoes the trans-
formation. The condition of overlapping ensembles should be kept in mind when
setting N, remembering that the choice of dA = A;,; — A, ought to correspond to a
finite perturbation of the system. A natural choice may consist in defining a
number of windows that guarantees reasonably similar free energy changes
between contiguous substates. It follows from this criterion that the width of the
consecutive windows connecting state 0 to state 1 may be uneven.

8.2.1.2 How is the Coupling Parameter Defined?

In practice, A may correspond to a variety of order parameters — possibly true
reaction coordinates. In the special example of “alchemical transformations”, it
can be used to scale the interaction of the perturbed system with its environment.
Performing in silico point mutations requires the definition of molecular topolo-
gies that describe the reference and the target states of the transformation. Alterna-
tive schemes can be employed towards this end. In the single-topology paradigm,
a topology common to states 0 and 1 is sought (see Fig. 8.2), and the non-bonded
terms of the perturbed moieties — that is, the charges and the van der Waals
parameters — are expressed, in general, as a linear function of A. For instance, the
charge, q()), is written as a linear combination of the reference and the target
states, that is Aq; + (1 — A)qo. In the dual-topology paradigm, however, the topolo-
gies representative of the reference and the target states are defined concomitantly,
but never interact mutually throughout the simulation. The interaction energy of
these topologies with their surroundings, #(x, px; A), is usually scaled linearly
with A, so that #(x, px; A) = A, (x, px) + (1 — A)(x, px). This paradigm is prone
to singularities when A approaches 0 or 1, which can be partially circumvented by
introducing soft-core potentials [19].
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Fig. 8.2 Comparison of single-and dual-
topology paradigms in the case of an alanine
to serine “alchemical transformation”. In the
single-topology approach, a topology common
to alanine and serine is sought. The hydrogen
of the hydroxyl moiety is defined as a ghost
atom, which will be grown subsequently as A
varies from 0 to 1. At the same time, the non-
bonded parameters of the aliphatic carbon of

the alanine side chain are transformed into

those of an oxygen atom, while the C—H bond
length is extended to that characteristic of a
C-0O chemical bond (a). In the dual-topology
approach, the topologies of both alanine and
serine coexist, albeit never interact with each
other. The interaction energy of these
topologies with their environment is scaled as
A goes from 0 to 1 (b).

Although the perturbation formula [Eq. (1)] had been established over 50 years
ago [11], pioneering “alchemical transformations” in chemically relevant mole-
cular systems had to wait for the availability of sufficient computational power. In
1984, employing a rudimentary, simplistic model, Tembe and McCammon dem-
onstrated that FEP calculations could be applied successfully to model ligand—
receptor assemblies [20]. To a large extent, this seminal work paved the road
towards the determination of protein-ligand binding affinities based on thermo-
dynamic perturbation theory. The first genuine in-silico point mutation on a con-
crete chemical system was the transformation of methanol into ethane by Jorgensen
and Ravimohan, in 1985 [21]. Though impressive at the time, the agreement
between the computationally and the experimentally determined relative solvation
free energies aroused only moderate interest. Kollman, however, rapidly realized
the remarkable potential of these calculations for predicting, essentially from first
principles, the propensity of chemical species to interact and associate. In 1987,
Kollman and coworkers filed a series of reports that opened new vistas for the
modeling of site-directed mutagenesis experiments [22, 23]. Using the FEP
machinery, these authors computed the free energy changes associated with the
point mutations of the side chains of naturally occurring amino acids, as well as
relative binding affinities in protein—inhibitor complexes.
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8.2.1.3 Thermodynamic Integration

Closely related to the perturbation formula, thermodynamic integration (TI)
restates the free energy difference between the reference and the target states as
an integral, in which the integrand is an ensemble average [9, 24]:

AA= j;<w>k dr 3)

Here, (- - ), denotes an ensemble average over configurations representative of
the transformation at A. The criterion of an appropriate overlap of the thermody-
namic ensembles, which is stringent in the FEP approach, is of somewhat lesser
importance in the TI method. Convergence of the simulation is governed princi-
pally by the smoothness of free energy as a function of the coupling parameter.
“Alchemical transformations” can be performed equivalently using either FEP or
TI. Conceptual differences in Egs. (1) or (2), and (3) suggest that these calculations
will possess distinct convergence properties.

Interestingly enough, assuming that the variation of the kinetic energy between
the reference, 0, and the target, 1, states can be neglected, the derivative of AA
with respect to some reaction coordinate, &, is equal to (V1 (x)), that is, in other
words, —(F): — i.e., the average of the force exerted along &. This rationalizes the
vocabulary of potential of mean force (PMF) used to characterize the free energy
measured along a given reaction coordinate. Strictly speaking, the PMF refers to
the reversible work involved in the process of moving two tagged particles from
an infinite to a relative separation [25]. Shortly, it will be seen that this concept
has been extended to a variety of reaction coordinates other than a simplistic
interatomic distance.

822
Free Energy Changes Along a Reaction Coordinate

In sharp contrast to “alchemical transformations”, in which one chemical species
is transmuted into an alternate one by altering the interaction energy, methods
targeted at the determination of free energy profiles AA(E) rely on the knowledge
of the probability P(€) to find the system along a reaction coordinate &:

AA(E) = —%ln@(i) +AA, (4)

where AA, is a constant. As has been commented on in the Introduction of this
chapter, MD is plagued by Boltzmann sampling, which favors sampling of the
low-energy regions of phase space. It follows that over realistic simulations, explo-
ration of rugged free energy surfaces will be largely incomplete, emphasizing free
energy minima at the expense of barriers. As a result, the free energy change of
Eq. (4) is expected to be inaccurate, because P () is truncated. Returning to the
idea of reference and target systems, the efficiency of such free energy calculations
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can be greatly improved by sampling the reference ensemble sufficiently broadly
to ascertain that meaningful information about the low-energy configurations of
the target ensembles is acquired.

In 1977, Torrie and Valleau devised such an approach by introducing in their
simulations non-Boltzmann weights, V(x), that are removed subsequently to yield
an unbiased probability distribution [26]. If P(&) is the probability distribution
resulting from these simulations, the actual free energy profile is not given by Eq.
(4), but rather by:

AAE) = —%ln@(i) FTe(x)+ AA, )

This approach, which became rapidly popular, is known as umbrella sampling
(US) and has been applied successfully to a host of problems featuring a variety
of reaction coordinates. The success of this method depends to a large extent on
the initial choice of the external biases, ¥¢(x), that have to foresee the locations of
maxima and minima in AA(E). Ideally, V¢ (x) should be equal to —~AA(E), thereby
ensuring that the system would not “feel” the ruggedness of the free energy
surface as it diffuses along &, and yield uniform probability distributions. This
evidently would imply an a priori knowledge of the free energy behavior in the
direction of the reaction coordinate, which is seldom the case. Whereas guessing
the shape of V¢(x) is usually possible for related, well-documented systems, it
becomes an intricate task in the event of qualitatively new problems.

8.2.2.1 Umbrella Sampling or Stratification?
To increase further the efficiency of US calculations, it is tempting to break down
the reaction path into mutually overlapping “windows” or ranges of values of & —
the vocabulary “window” bears evidently different meanings in US and FEP/TI
methodologies, albeit the underlying idea of the approach is to express the total
free energy difference as a sum of free energy differences between intermediate
states. Overlap of adjacent windows is required for pasting the corresponding free
energy profiles into one complete PMF over the entire reaction path. Such a chain
of configurational energies can be obtained employing the so-called multistage
sampling proposed in 1972 by Valleau and Card [27], which connects the reference
and the target states when the low-energy regions of the latter overlap poorly.
Sampling is generally confined in the window of interest by means of additional
external biases consisting of substantial energy penalties. Individual free energy
profiles are subsequently pasted together using, for instance, the self-consistent
weighted histogram analysis method (WHAM) [28]. The temptation may be great
to stratify further the free energy calculation by defining very narrow windows and
assume Boltzmann sampling therein, thus obviating the need of guessing what
V(x) should be. Whereas this scheme is expected to yield a reasonable local con-
vergence, it is anticipated to suffer from large systematic errors arising from inac-
curate matching of the many individual free energy profiles.

Returning to Egs. (1) and (3), one might wonder legitimately why FEP and TI
cannot be used for computing free energy profiles, the coupling parameter, 2,
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embracing a variety of possible reaction coordinates. In reality, a number of PMFs
have been determined based on Egs. (1) and (3), until the approach was eventually
proven flawed [29, 30]. For instance, in the simple case of two tagged particles at
infinite separation and moving toward each other, the flaw is rooted in the errone-
ous assumption that A and the Cartesian coordinates, {x}, of the system in #(x,
px; A) are independent. Such is obviously not the case, as {x} varies as A is changed
from an infinite to a relative separation.

8.2.2.2 Adaptive Biasing Force

To guarantee the independence of the Cartesian coordinates and the reaction
coordinate, a transformation of the metric is required in the calculation of the first
derivative of Eq. (4). After back-transformation into Cartesian coordinates, the
derivative of the free energy with respect to & can be expressed as a sum of con-
figurational averages at constant & [31]

dAE) _ <8°V(x>> 1 <aln|1|> =—(E),. (©)
S g

e\ e /. B\ ot

Here, |]] is the Jacobian of the transformation. In practice, the instantaneous
component of the force along &, F;, is accrued in bins of finite size, providing an
estimate of dA(E)/dE. After a predefined number of observables of the instanta-
neous force are accumulated, the adaptive biasing force (ABF) [32] is applied to the
system — that is, —(F:):V,& — thereby yielding a Hamiltonian in which no average
force is exerted along &. As a result, all values of the reaction coordinate, either
contrained or unconstrained [33], are sampled with an equal probability which, in
turn, improves dramatically the accuracy of the free energy estimates. Evolution of
the system along & is fully reversible and governed mainly by its self-diffusion
properties. It is apparent from the present description that this method is signifi-
cantly more effective than US and its subsequent incarnations, because no a priori
knowledge of the free energy hypersurface is required to define the necessary
weights that guarantee uniform sampling along &. Often misconstrued, it should
be underlined that, whereas ABF without a doubt improves sampling significantly
along the reaction coordinate, the efficiency is plagued (as in any other free energy
method), by any orthogonal, slowly relaxing degrees of freedom.

8.2.2.3 Non-Equilibrium Simulations for Equilibrium Free Energies

An alternative route to explore processes that span appreciable time scales, usually
not amenable to MD simulations, consists of driving the system out of equilib-
rium. This can be achieved using the so-called steered MD approach, in which an
external force is exerted onto the system to force it to drift along the desired direc-
tion of Cartesian space [34, 35]. Compared to US and ABF free energy calculations,
SMD simulations apply either a constant or a time-varying force that yield signifi-
cant deviations from equilibrium conditions. In constant-force (¢f) SMD simula-
tions, a constant force on the order of 10 to 10°N, is exerted onto a subset of
atoms, in addition to the conservative forces of the potential energy function. This
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is distinct from constant-velocity (cv) SMD simulations, which mimic the action
of a mobile cantilever acting on a substrate in atomic force microscopy (AFM)
experiments. A subset of atoms are tethered harmonically to a given point in
space that is moved at constant velocity along a well-delineated direction, which
can be viewed as a reaction coordinate. In AFM experiments, the spring constant
of the cantilever is equal to ca. 10° N m™, which, on the atomic scale, translates
to rather large thermal fluctuations in the position of the attached substrate. In
contrast, SMD utilize spring constants about two orders of magnitude stiffer,
thereby providing a sharper spatial resolution and more detailed information
about the interactions at play. Unfortunately, the time scales explored by cv-SMD
simulations are substantially shorter than those characteristic of AFM experi-
ments, viz. typically by a factor of 10’ to 10° In order to cover large stretches of
the reaction path, high pulling velocities are required of ca. 10°ms™. This, in turn,
generates a sizeable amount of irreversible work, w, often difficult to relate to
equilibrium properties. It will be seen that meaningful information about the
thermodynamics of the process may, nevertheless, be inferred from such non-
equilibrium processes.

The second law of thermodynamics states that the average work, (w), involved
in the irreversible transformation over a reaction coordinate, &(t) — connecting a
reference state, 0, at §(0), and a target state, 1, at §(1) — is greater than, or equal to
the free energy difference for that particular transformation (i.e., AA < (w)). The
difference between the average work and the free energy accounts for dissipation
effects in the course of the irreversible process. Jarzynski demonstrated, however,
that even for non-equilibrium paths, the latter inequality can be turned into an
equality [36]:

(exp[-Pw(1)]) = exp(-BAA) )

The left-hand side of Eq. (7) consists of a combination of an ensemble average
over a set of initial conditions and a path average over MD trajectory realizations.
The various initial conditions are selected according to the equilibrium Boltzmann
probability in the reference state. The path average samples all possible
realizations of dynamic paths obtained using an explicitly time-dependent
Hamiltonian.

In sharp contrast to stochastic dynamics, deterministic dynamics implies that
only one unique trajectory is generated for a given set of initial conditions, thereby
obviating the need for path averaging. A fundamental difficulty concealed in Eq.
(7) arises from the paucity of meaningful trajectories that correspond to small
values of w, albeit contributing significantly to the left-hand term. Not too surpris-
ingly, accurate estimates of AA generally require appreciable ensembles of appro-
priately sampled trajectories, and are, therefore, plagued by statistical errors. Yet,
it can be shown that within the relevant pulling regime, employing stiff springs,
w follows a Gaussian distribution and a truncation at the second order of the
Jarzynski identity may be sufficient to yield accurate free energy differences
37, 38].
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8.3
Point Mutations in Membrane Proteins

8.3.1
Why Have Free Energy Calculations Been Applied only Sparingly to
Membrane Proteins?

A partial answer to this question can be found in the overwhelming length of the
trajectory necessary to assume safely that the calculation has converged. Assessing
the convergence properties and the error associated to a free energy calculation
constitute a challenging task on account of the many possible sources of errors
that are likely to affect the results differently. The systematic error arising from
the choice of the force field parameters will undoubtedly affect the results of the
simulation, but this contribution can be largely concealed by the statistical error
due to insufficient sampling. Moreover, under the hypothetical assumption of an
optimally designed potential energy function, quasi non-ergodicity scenarios that
stem from slowly relaxing degrees of freedom constitute a common pitfall towards
fully converged simulations [39]. Not too surprisingly, such scenarios are very
common in membrane proteins, where the slowest motions can span the 107 to
107s time scale. There are evidently other reasons accounting for the scarcity of
free energy calculations in membrane proteins. Compared to the plethora of
globular proteins, the three-dimensional structures of which have been made
available, only about a hundred unique membrane proteins can be found in data-
bases with a reasonable resolution. Furthermore, whereas MD simulations of
globular proteins involve only aqueous environments, which may be modeled by
means of continuum electrostatic approaches, computational investigation of
membrane proteins requires the inclusion of fully hydrated lipid bilayers that are
not described satisfactorily by implicit solvation models. The resulting large molec-
ular assemblies, on the order of 10° to 10° atoms, cannot be examined by MD
simulations beyond the 10”s time scale, which can be a serious limitation to
achieve converged free energies. Free energy calculations have, nonetheless, been
endeavored in integral membrane proteins to answer specific questions about
their structure and function. In this section, a number of relevant applications of
FEP and TI methodologies to “alchemical transformations” in these complex bio-
logical systems are reviewed.

One of the very first spectacular applications of thermodynamic perturbation
theory to membrane proteins is the calculation of relative binding affinities of a
series of monovalent cations towards gramicidin by Roux et al. [40]. The calcula-
tions were carried out in 1995, when MD simulations of lipid bilayers were still
limited to subnanosecond time scales and the membrane environment had to be
mimicked by an ensemble of neutral Lennard—Jones particles. This computational
investigation suggested that doubly occupied states are more favorable for large
cations, viz. Cs*, than for small ones, viz. Li".

The translocation of water molecules from the bulk aqueous environment
to specific binding sites of the bacteriorhodopsin transmembrane channel was
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investigated during the following year by the same group [41]. FEP and TI methods
were employed to estimate the hydration free energy of well-delineated moieties,
from which probabilities of occupancy of the bacteriorhodopsin channel were
inferred. A possible continuous, 12 A-long column of water molecules was inves-
tigated between the proton donor, the side chain of Asp®, and its acceptor, the
retinal Schiff base.

In the same year, Roux revisited the paradigmatic transmembrane channel of
gramicidin, using a model formed by poly-L,D-alanine B-helices [42]. The affinity
of potassium and chloride ions towards the model channel was probed, employing
FEP calculations. These simulations revealed that the interior of the transmem-
brane protein interacted favorably with the cation, but unfavorably so with the
anion. This result may be rationalized by the unbalanced stabilization effect of
amino groups on Cl” ions and of carbonyl groups on K* ions, the latter significantly
more effective.

83.2
Gaining New Insights into Potassium Channels

Resolution of the pore domain of the KcsA potassium channel by MacKinnon and
coworkers [43] imparted a new momentum in applications of MD simulations, in
general, and free energy calculations, in particular, to large membrane proteins.
In 2000, Bernéche and Roux delved into the ionization state of a key residue close
to the selectivity filter of KscA, viz. Glu’, the atomic coordinates of which were
undetermined [44]. These authors proposed that this amino acid is protonated and
forms a strong hydrogen bond with the nearby Asp® residue, which does not
induce any noteworthy deviation with respect to the original crystal structure. Two
years later, they revisited this interaction and showed that the selectivity filter may
be disrupted considerably when the Glu™ and Asp® amino acids are ionized in
each monomer of the homotetrameric structure of KcsA [45]. Employing a com-
bination of finite-difference Poisson—Boltzmann electrostatics and FEP calcula-
tions in an explicit membrane environment, Bernéche and Roux evaluated the pK,
of these two residues, and showed that, in the case of Glu™, it is shifted by about
10pK, units, thus supporting the hypothesis of a protonated state under normal
conditions.

In pursuing their efforts to understand how ion selectivity is controlled in potas-
sium channels, Roux and coworkers applied FEP calculations to KcsA, disrupting
artificially the interaction of the cation K* with the different carbonyl moieties
lining the narrow pore region of the channel [46]. By comparing simulations per-
formed in a fully flexible channel and in a frozen one, nes light was shed on the
dynamic nature of the pore region, which, combined with the intrinsic electrostatic
properties of its constituent carbonyl groups, ensures ionic selectivity — in particu-
lar K* versus Na* ions. Interestingly enough, it was noted that removal of car-
bonyl-carbonyl interactions abolishes selectivity at the center of the narrow pore
region, with which sodium ions may now interact favorably.
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833
Tackling the Assisted Transport of Ammonium Using FEP

In order to investigate the binding affinity and selectivity of the bacterial ammo-
nium transporter of Escherichia coli (AmtB), Luzhkov et al. made use of perturba-
tion theory in an explicit membrane environment [47]. The group measured the
binding free energy of ammonium to the carrier and concluded, in the light of the
apparent pK, that association favors ammonium rather than neutral ammonia.
Point mutation of the highly conserved Asp160 amino acid into asparagine led to
a dramatic reduction in the pK, of the bound NHj and a loss of binding, which
explains why the activity of AmtB is quenched under these circumstances [48]. In
addition, investigation of putative intermediate states involved in the transfer of
water, ammonia and ammonium suggests that the latter remains protonated until
it reaches the interior of the channel.

83.4
How Relevant are Free Energy Calculations in Models of Membrane Proteins?

So far, we have seen that in the realm of membrane proteins, thermodynamic
perturbation theory has been applied essentially to carriers and channels. Recently,
however, Hénin et al. reported in-silico point mutations in a model of a G-protein-
coupled receptor — the human receptor of cholecystokinin 1 (CCK1R) [49]. The
challenge in these FEP calculations was twofold. From a technical perspective,
all-atom MD simulations of membrane assemblies are computationally demand-
ing on account of their size. This, in turn, constitutes an intrinsic limitation for
accessing long, biologically relevant time scales. Whereas this aspect is not expected
to represent an insurmountable obstacle in “alchemical transformations” involv-
ing rapidly relaxing degrees of freedom, it, does however preclude the capture of
slow rearrangements in the membrane protein upon mutation. From a more
fundamental point of view, endeavoring free energy calculations in a model of a
receptor raises questions about the true relevance of costly simulations in the
absence of well-resolved three-dimensional structures. In the particular case of
CCKI1R, site-directed mutagenesis experiments were performed to guide the con-
struction of the in-vacuo model, fine-tuning the orientation of the transmembrane
o-helices and refining the position of the agonist ligand — the nonapeptide CCK9
— in its designated binding pocket. Two criteria should be fulfilled prior to initiat-
ing the FEP calculations. A preliminary, sufficiently long MD simulation of the
GPCR immersed in a fully hydrated lipid bilayer should be carried out to ascertain
that the array of receptor-ligand interactions brought to light in experiment is
preserved over time. In addition, it is crucial that the proposed “alchemical trans-
formations” be applied to residues involved in direct, highly specific interactions.
In this respect, point mutations in the agonist ligand CCK9 of its third, sulfated
tyrosyl residue and its eight, aspartyl residue into alanine are pertinent, because
these amino acids interact strongly with the receptor, in particular through the
formation of salt bridges with arginine residues (see Fig. 8.3). Though the remark-
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a) AGiing

Fig. 8.3 (a) Point mutations in a model of the radioligands. In sharp contrast, the vertical
human receptor of cholecystokinin 1 (CCK1R). transformations can be modeled by means of
Thermodynamic cycle used for the estimation perturbation theory, wherein the interaction
of relative free energies, AAG. The horizontal  of the ligand with its environment, either

transformations of the cycle imply the in the free state or bound to the receptor,
knowledge of an order parameter, along is scaled progressively. Closure of the

which the ligand would diffuse from the thermodynamic cycle imposes that

reference, free state to the target, bound state. AAG = AGEna — AGying = AGhu — AGhs:.

Such order parameters consist of collective (1b) Front view of CCKTR embedded in a fully

variables, the definition of which is seldom hydrated palmitoyloleylphosphatidylcholine
feasible. By and large, direct estimation of (POPE) bilayer. Phosphate and choline groups

AGying is not amenable to free energy are highlighted as orange and green van der
calculations for obvious cost-effectiveness Waals spheres, respectively. The agonist
reasons — this quantity is, however, ligand CCK9 is shown in a space-filling

determined in a routine fashion in the form of representation. Ice blue spheres denote
equilibrium constants, K, using, for instance, counter ions.

able agreement between theory and experiment for the reproduction of the relative
binding constants does not validate per se the present model, it suggests that care-
fully probed models can help provide a reliable structural basis for improving our
understanding of the function of GPCRs and designing new, potent leads.

8.4
Assisted Transport Phenomena Across Membranes

8.4.1
Gramicidin: A Paradigm for Assisted Transport Across Membranes

One of the first free energy profiles determined to improve our understanding of
how membrane proteins convey chemical species across the biological membrane
was proposed as early as 1991 by Roux and Karplus [50, 51]. Turning to a simplistic
representation of gramicidin, formed by a periodic poly-L,D-alanine, these authors
established the PMF for sodium and potassium permeation. The free energy
barrier of ionic conduction was found to be about fourfolds larger for Na* than for
K*. Breaking down the net free energy change into components, the role played
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Fig. 8.4 Free energy calculations and assisted of glycerol in the Escherichia coli facilitator

transport phenomena. (a) Permeation of GlpF embedded in a fully hydrated
potassium ions across gramicidin A palmitoylethanolaminephosphatidylcholine
embedded in a fully hydrated [53] (POPE) bilayer. The four monomeric
dimyristoylphosphatidylcholine (DMPC) channels forming the complete protein
bilayer [52]. K" ions are highlighted as green  structure are displayed using different colors.
van der Waals spheres. Seven water In the cyan, left-hand-side channel, a glycerol
molecules shown in a space-filling molecule shown in a space-filling

representation form the single-file water wire  representation is found near the so-called
that spans the channel. (b) Assisted transport periplasmic vestibule.

by hydration water molecules on the activation free energy was emphasized. Roux
and Karplus further argued that the free energy behavior is primarily dictated by
ancillary, weaker water—water, water—peptide and peptide—peptide interactions,
rather than direct interactions involving the cations. Plasticity of the channel was
hypothesized to be crucial for an immediate, fluid-like response to the presence
of the cation.

In 2004, Roux and coworkers revisited the prototypical case of ionic conduction
through gramicidin A by means of a 100-ns MD simulation [52] (Fig. 8.4). To gain
insight into the mechanism for potassium ion permeation, a two-dimensional free
energy surface was generated, as a function of both relative axial and radial coor-
dinates. From the resulting free energy changes, fine-tuned to account for the
absence of explicit polarization effects in the simulations, single-channel conduc-
tance was inferred and shown to be of unprecedented agreement with experiment.
Deconvolution of the mean force acting along the order parameter reveals a note-
worthy propensity of the water wire to stabilize K* ions and a particular role played
by the orientation of the constituent water molecules on conductivity.

8.4.2
Free Energy Calculations and Potassium Channels

An understanding of how ion channel selectivity requires at its core the elucidation
of how attractive ion—channel and repulsive ion—ion interactions balance out. By
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using US simulations, Bernéche and Roux [54] tackled in 2001 the mechanism of
K" ion conduction in KcsA, for which the structure of the pore had been resolved
two years previously [43]. The free energy calculations endeavored by Bernéche
and Roux brought to light two prevailing states, wherein either two or three
potassium ions occupy the selectivity filter. The highest free energy barrier towards
ion permeation was estimated to be on the order of 2 to 3kcal mol™, which sug-
gests that conduction is limited by self-diffusion in the channel.

Using US simulations, Cohen and Schulten examined the mechanism of anionic
conduction in the voltage-gated CIC channel [55]. In order to fulfill its regulatory
function in vertebrates, this membrane protein selectively assists the transport of
small anions, preventing permeation of other chemical species. Investigation of
the conduction process in CIC was carried out by translocating a chlorine ion
across the channel embedded in a realistic membrane environment. The sug-
gested mechanism implies that a Cl” ion bound to the center of the pore can be
pushed out and replaced by a second ion entering the pore region. Accordingly,
conduction through a two-ion process has a relatively low free energy barrier, in
contrast to a single-ion process that exhibits a high barrier due to the considerable
energy penalty imposed by extraction of a single anion from the pore. These simu-
lations further shed light on the role played by Cl™ ions in blocking undesired
chemical species at the narrowest region of the pore through disruption of the
flow of water molecules across the channel.

In the effervescent research area of voltage-gated potassium channels, Treptow
and Tarek provided recently new insights into the energetics of K* conduction
through the activation gate and the role played by the permeation pathway, using
equilibrium ABF free energy calculations [56]. These authors considered three
distinct pathways, wherein the activation gate of the Shaker and the KV1.2
channels is in a closed, a partially opened and a fully opened conformation, and
demonstrated that ion permeation is unfavorable if the constriction region of the
channel is narrower than ca. 5 A. The energy penalty is proposed to stem from an
incomplete hydration of the potassium ions. Beyond this critical radial threshold,
diffusion of fully hydrated cations is enabled, which is reflected in a flat free energy
profile.

Also recently, Beckstein and Sansom employed US simulations to probe the
hypothesis of a hydrophobic gating mechanism in the nicotinic acetylcholine recep-
tor (nAChR) - a ligand-gated ion channel mediating synaptic neurotransmission
[57). PMF calculations indicated that the constriction region of the pore, a 3 A-
radius hydrophobic gate, is characterized by a free energy barrier of about 6 kcal mol™
towards permeation of sodium ions. This result suggests that hydrophobic pores
may act as functional barriers targeted at limiting ionic conduction.

843
Non-Equilibrium Simulations for Understanding Equilibrium Phenomena

As has been commented on above, the reconciliation of AFM experiments with
SMD simulations is a cumbersome task, essentially because the latter are carried

201



202

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

out much faster than the former. In 1999, Gullingsrud et al. investigated three
distinct approaches for the post-treatment of SMD data and the reconstruction of
PMFs, taking into account the non-equilibrium nature of SMD simulations [58].
The first method consists of a direct application of the WHAM equations men-
tioned previously. The second relies on the use of a van Kampen Q-expansion in
the form of a Gaussian drift, which proved to be an appropriate route for exploiting
SMD information. The third scheme is a minimization of an Onsager—-Machlup
action and appeared to be particularly promising because of its inherent flexibility.
Yet, it is fair to recognize that these approaches were rapidly superseded by the
ground-shaking identity put forth by Chris Jarzynski [36]. Gerhard Hummer and
Attila Szabo employed this relationship between free energy and irreversible work
to reconstruct PMFs in the quasi — equilibrium regime of AFM experiments [59]
— which obviates the need of a friction coefficient, as was the case, for instance,
in the aforementioned Gaussian drift scheme. The theoretical framework for
coupling the Jarzynski identity to SMD numerical experiments was further devel-
oped in 2003 by Park et al., and applied to the in-vacuo helix—coil transition of the
prototypical deca-alanine peptide chain [37].

8.4.4
Deciphering Transport Mechanisms in Aquaporins.

In 2002, Jensen et al. published the first application of the Jarzynski identity
to membrane proteins, dissecting the energetics of glycerol conduction through
E. coli acquaglyceroporin GIpF [53], a 2.2-A structure which had been resolved two
years earlier by Stroud and coworkers [60]. By analyzing the time series derived
from their SMD simulations, Jensen et al. reconstructed the PMF delineating
glycerol conduction in the four channels of the homotetrameric membrane protein.
Among the remarkable features brought to light in this study, two appreciable free
energy barriers emerge in the region formed by the selectivity filter, prefaced by
a rather deep minimum in the periplasmic vestibule, appropriate for efficient
uptake of glycerol.

The NPA motif of GlpF — two loops of aspartate—proline—asparagine near the
center of the channel — can be seen as an effective bulwark against proton transfer
from the periplasm to the cytoplasm. At the qualitative level, an excess of protons
attempting to cross the channel by hopping between water molecules is expected
to run against the intrinsic dual orientation of the water file, induced by the electric
field generated by the core of the membrane protein. Movement of excess protons
through the channel as a single H;0" moiety or a larger protein-water complex is
hindered by a strictly conserved arginine adjacent to the channel. In order to dis-
entangle the mechanism whereby proton exclusion is realized in aquaporins, Ilan
et al. turned to a quantum mechanical—classical, multi-state valence-bond model
to construct the PMF delineating proton transfer in GIpF [61]. Protons were pulled
through the channel irreversibly and the equilibrium free energy change was
recovered by means of the Jarzynski identity. Different valence-bond states were
considered, corresponding to possible proton hydration motifs, viz. the Zundel,
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H;03, versus the Eigen, Hy,Oj, cation. A free energy barrier of sufficient height to
preclude proton transfer is found at the location of the NPA motif.

The unique role played by the NPA motif of GlpF was the object of a related
investigation targeted at identifying the molecular mechanism responsible for
preventing proton translocation across aquaporins. To reach this goal, Chakrabarti
et al. determined the reversible work involved in the transfer of a proton across
the water wire formed in the pore, and the subsequent reorganization of that water
wire [62]. In the absence of protons, the latter step is impeded by the bipolar ori-
entation of water around the NPA motif. On the other hand, proton transfer is
strongly disfavored by an appreciable free energy barrier emerging at the location
of the NPA sequence. As mentioned above, the electric field created by the core
of the channel appears to act against proton translocation from the periplasm to
the cytoplasm.

Aquaporins have been the theater of an active research aimed at understanding
how nature controls, in a selective fashion, the passage of small molecules across
the otherwise impervious biological membrane. By combining non-equilibrium
MD simulations and the Jarzynski equality, Tajkhorshid and coworkers tried to
illuminate the key features that distinguish E. coli AqpZ, a pure water channel,
from GIpF, a channel that allows water and small, linear alcohols (e.g., glycerol)
to translocate from the periplasm to the cytoplasm [63]. Forced passage of glycerol
through AqpZ yields a free energy barrier approximately threefold higher than
that found in GlpF, which stems primarily from steric hindrances in the narrow
region of the selectivity filter. The computed PMFs also highlight differences in
the periplasmic vestibule of the channels, the deeper minimum characteristic of
GIpF being hypothesized to enhance the capture of glycerol [64, 65].

Probing of the mechanism of ion conduction through the tetrameric pore of
aquaporin-1 (Aqpl) represents yet another beautiful illustration where free energy
calculations can help interpret inferences based on experimental data [66]. To
address the much-debated issue that Aqpl can function as an ion channel upon
activation via the cyclic nucleotide cGMP, ion permeation through the tetrameric
pore was simulated. It followed from the latter that the central pore is rapidly
flooded with water molecules — a hydration process largely facilitated by subtle
conformational changes in the pore-lining residues. The rather strong interaction
of cGMP with the arginine-rich D-loop was proposed to act as the trigger that
opens the cytoplasmic gate, a mechanism that is supported by site-directed
mutagenesis.

8.45
Non-Equilibrium Simulations and Potassium Channels

As noted earlier in this section, the conduction of potassium ions by channels is
an intricate problem that can be, at least in part, addressed by free energy calcula-
tions. Treptow and Tarek applied SMD simulations and the Jarzynski identity to
investigate the influence of the sequence of amino acids of the channel on the
ionic conduction properties of the selectivity filter [67]. In the light of the PMFs

203



204

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

obtained for KcsA, KV1.2 and mutant potassium channels, these authors con-
cluded that the free energy barrier towards K' permeation not only depends
intrinsically on the amino acids lining the selectivity filter, but is also modulated
by the distribution of charged residues along the channel sequence. This result
demonstrates the long-range effect of charges on the free energy barrier.

8.5
Recognition and Association in Membrane Proteins

8.5.1
The “Two-Stage” Model

Modeling recognition and association phenomena in membranes constitute yet
another computational challenge, rooted in the time scales spanned by the collec-
tive motions characteristic of lipid bilayers. These appreciable time scales, from
the point of view of theoretical and computational biophysics, can be rationalized
by the slow rearrangement of the lipid chains upon insertion and translation of
protein segments. In this section, focus is centered primarily on the assembly of
simple transmembrane segments into functional entities, rather than on the oligo-
merization of membrane proteins, the description of which is evidently not ame-
nable to statistical simulations. Altough membrane proteins can be structurally
complex, their transmembrane regions, as has been seen so far, are often quite
simple, consisting in general of a bundle of a-helices or a barrel of B-strands. Popot
and Engelman proposed, over 15 years ago, a rather convenient framework for
understanding how transmembrane domains form. In their “two-stage” model
[68], independently stable elements of secondary structure first insert into the lipid
bilayer, prefacing lateral translation and formation of specific interactions, which
result in higher-order, native structures. Whereas the underlying thermodynamics
of the whole process is, by and large, well appreciated, detail of the interactions
that drive recognition and association of transmembrane o-helices remains only
fragmentary. Yet, new insight into recognition and association phenomena can be
gained from simple, paradigmatic models consisting of a few independently folded
transmembrane peptides. Turning to such prototypical systems is legitimate,
granted that a number of membrane proteins retain their main functionalities,
even though a large fraction of their structure has been removed [69]. The dimeric
transmembrane region of glycophorin A (GpA), a glycoprotein ubiquitous to the
human erythrocyte membrane, is a perfect example of such paradigmatic systems.
The membrane-spanning domain of GpA is formed by 40 residues, among which
24 actually adopt an o-helical conformation. It has been hypothesized that
helix-helix association is promoted by specific interactions of seven amino acids
located on one face of each o-helix, which was further demonstrated by NMR
spectroscopy in detergent micelles [70]. The latter investigation revealed that the
two helical segments interact with a right-handed crossing angle of approximately
40° [70, 71].
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Glycophorin A: A Paradigmatic System for Tackling Recognition
and Association in Membranes

The inherent time scale limitations of MD simulations of membrane proteins in
explicit lipid environments — which are intimately related to inadequate compu-
tational power — suggest from the onset that following chronologically the recogni-
tion and association of model peptides such as GpA and measuring accurately
the associated free energy change is still out of reach. This explains for the most
part why the prototypical transmembrane region of GpA has been studied either
as a preassembled dimer in lipid bilayers [72] and in detergent micelles formed
around it [73, 74], or as a dynamic dimerization process in a simpler dielectric
medium [75]. However, none of these computational investigations delved, into
the determination of the free energy profiles characterizing the reversible associa-
tion of the o-helical segments. There are a number of reasons for this. First, the
definition of a non-equivocal order parameter likely to capture the subtle rear-
rangement of the participating side chains as the membrane-spanning segments
move back and forth from each other constitutes by itself a challenging problem.
Second, the choice of an optimum free energy method for addressing the problem
of reversible association of transmembrane o-helices is particularly intricate.
Given the complexity of the problem, a number of conventional approaches are
ruled out, such as US. The latter rather definitive assertion can be easily under-
stood by realizing that for one particular inter-helical distance, the two transmem-
brane segments may be oriented quite differently, so that the forces exerted along
the order parameter — whatever that order parameter might be — may also be very
different. This, in turn, tends to imply that a unique definition of those external
biases of Eq. (5), necessary to attain uniform probability distributions, is simply
impossible. On the other hand, brute application of the perturbation theory
embodied in Eq. (2) raises other conceptual difficulties, concealed in the errone-
ous assumption that the order parameter and the Cartesian coordinates are inde-
pendent variables [76].

A significant step forward was made in 2005 by Hénin et al. towards understand-
ing the recognition and association of transmembrane o-helices [77]. By using the
recently developed ABF approach, these authors estimated the free energy of GpA
o-helix dimerization in a membrane mimetic formed by a lamella of dodecane in
equilibrium with two lamellae of water above and below it. Turning to rudimentary
hydrocarbon media is fully justified by the aforementioned stringent limitations
of MD simulations to capture the slow relaxation of the collective motions in lipid
bilayers [78]. Furthermore, measurements of association constants, K,, for the
transmembrane o-helical segments, either by analytical ultracentrifugation [79] or
fluorescence resonance energy transfer (FRET) [80, 81] is usually carried out in a
variety of micellar environments. For this reason, direct comparison of experimen-
tally and computationally determined 1-M standardized dimerization free energies
[82] is difficult. It remains that ABF simulations illuminate distinct regimes in the
sequence of events of the recognition and association processes. Deconvolution of
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Fig. 8.5 Reversible o-helix dimerization in the transmembrane segments. The deep single
transmembrane domain of glycophorin A. (a) minimum of the PMF characterizes an

Free energy profile delineating the reversible ~ ensemble of native-like structures, wherein
dissociation of the a-helix dimer. The order the two o-helices interact with the signature
parameter, &, is defined as the distance crossing angle of ca. 40° (b).

separating the centers of mass of the two

the complete PMF into free energy components indicates that at large separations,
the upright o-helices are pushed together by the solvent, which is conducive to
the occurrence of preliminary inter-helical contacts. This important step precedes
the formation of native, primarily van der Waals contacts, which is concomitant
with the mutual tilt of the transmembrane segments characteristic of the dimeric
structure (see Fig. 8.5).

8.6
Conclusions

Although the theoretical foundations of free energy calculations were first laid over
50 years ago, their application to membrane proteins has been much more recent.
To a large extent, this situation is due to conceptual and technical considerations,
rather than to methodological ones. This statement does not necessarily imply that
free energy methods have not evolved during the past decades, but rather that the
underlying theory was known long before being applied to non-trivial molecular
systems of both chemical and biological relevance. For instance, the first specta-
cular application of the FEP machinery to a concrete problem of chemistry
was the “alchemical transformation” of methanol into ethane by Jorgensen and
Ravimohan [21], and this paved the road to the computation of differential free
energies of solvation from first principles. Yet, Jorgensen and Ravimohan had to
wait for 30 years since Robert Zwanzig established the perturbation formula in
1954 [11], to harness the computational power required in free energy calculations.
Today, with 20 years of hindsight, point mutation of methanol in bulk water
sounds like a simple task, but at the time it posed a daunting computational chal-
lenge. Today, with the continuously increasing performance of computers, and in
particular, the availability of massively parallel machines, the size—scale limitations
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of statistical simulations have been pushed back to the extent that free energy cal-
culations in membrane assemblies are now about as expensive as they were back
in 1985 for a simple solute immersed in an aqueous medium.

In addition to the technical limitations rooted in the performance/price ratio of
contemporary computers, the development of suitable potential energy functions
for describing lipid environments has also been very recent [83, 84]. Progress in
that direction was admittedly impeded by the limited access of research groups to
large computer facilities. As underlined recently, only long MD simulations are
capable of highlighting conceptual flaws both in the parametrization of the force
field and in the strategy adopted to simulate lipid bilayers [85]. Another reason
accounting for the rather embryonic stage of free energy calculations applied to
membrane proteins lies in the paucity of well-resolved three-dimensional struc-
tures. This is reflected in the glaring imbalance in the number of simulations
performed on globular and integral membrane proteins.

The bolstering results reported herein suggest, nevertheless, that free energy
methods represent a powerful tool for fathoming, at the atomic level, the mecha-
nisms whereby membrane proteins fulfill their cellular function. Recent develop-
ments on the methodological front have opened new vistas for investigating
transport phenomena in membrane channels and carriers. Conjunction of SMD
simulations and the Jarzynski identity [37], or use of the ABF approach [32, 33],
provides promising perspectives for tackling the energetics that characterizes the
assisted translocation of small molecules and ions across the biological mem-
brane. These simulations are particularly appealing, because they complement
experiment by offering a tangible link between the structural modifications that
occur in response to an external perturbation and the associated free energy behav-
ior. Cutting-edge applications of free energy calculations to membrane proteins
are envisioned to increase significantly as new three-dimensional structures
become available.

Summary

Free energy calculations aimed at understanding how membrane proteins func-
tion have recently emerged as a powerful complement to experiment, bridging
structure and energetics. The recent application of these numerical simulations
to large membrane assemblies are based on deeply intertwined factors that range
from the performance of modern computer architectures to the development of
suitable potential energy functions for modeling lipid bilayers. In this chapter, the
theoretical foundations of free energy calculations are summarized, emphasizing
how the methodology has evolved over the past decades, and which biophysical
problems can be addressed by a given class of methods. Recent strategies for
improving the reliability of the simulations, while making them more cost—
effective are outlined. Selected applications of free energy calculations to transport
and recognition—association processes in membrane proteins are reviewed.
Though still in a nascent stage, these calculations are anticipated to play rapidly a
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pivotal, predictive role in deciphering the molecular mechanisms underlying

membrane protein function.
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Neutrons to Study the Structure and Dynamics of
Membrane Proteins

Kathleen Wood and Giuseppe Zaccai

9.1
General Introduction

Neutrons represent a unique probe with which to study matter, as their wave-
lengths and energies make them useful for investigations of both molecular
structure and dynamics. In this chapter, the particularities of neutrons are dis-
cussed which make them suitable for the study of the structural and dynamic
properties of membrane proteins. A diagram representing time and space domains
accessible by neutron scattering is provided in Fig. 9.1. To highlight the power of
the technique the chapter includes examples which focus, whenever possible, on
the Purple Membrane (PM), for which a wealth of experimental data currently
exists.

9.2
Introduction to Neutrons

9.2.1
Production and Properties of the Neutron

The neutron is an elementary particle, which was first discovered in 1932 by J.
Chadwick (Chadwick, 1932a, 1932b). Its importance as a probe for the study of
condensed matter was recognized by the award of a Nobel Prize in 1994 to Shull
and Brockhouse, who were pioneers in the field. As these authors noted in their
Nobel citation, neutrons enable us to know “. .. where atoms are and what atoms
do”. Some basic properties of the neutron are listed in Table 9.1.

Neutrons are produced in reactors through the fission of uranium-235, or in
spallation sources when an accelerated proton beam hits a heavy metal target. As
the neutron mass is relativelylarge, once produced, the kinetic energy of the neutron
can be changed by collision with atomic nuclei in a process called moderation:
the neutrons are bought to equilibrium at the temperature of the atomic nuclei. The
energy of the neutrons is therefore a Maxwellian distribution, corresponding to the
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Fig. 9.1 The complementarity of neutrons with other
biophysical methods: comparison of time and space ranges
accessible to different techniques. Chopper, multi chopper,
backscattering and spin echo denote different types of
neutron spectrometers. (Adapted from www.neutron-eu.net.)
Table 9.1 Properties of the neutron.
Charge 0
Mass 1.00866u=1.675x10"kg
Spin 1/2
Energy (E), temperature (T), frequency (), speed (v) E=k;T=hw=1/2m/"
Momentum (p), wavevector (k) p=mv=hk
Wavelength (1) [k|=2m/A

For a neutron energy of 25meV, T=293K, A~1.8A, k~35A", v~2.2kms™

thermal energy of the particles with which they are moderated. As shown in Table
9.1, a neutron moderated at room temperature has an energy of 25 meV and travels
with a velocity of around 2kms™, a relatively slow speed, it is useful in the design of
certain spectrometers (see below).

9.2.2
Interaction Between Neutrons and Matter

The neutron has a mass similar to that of the proton or hydrogen atom, no charge,
and a spin of 1/2 (see Table 9.1). Unlike X-rays, the neutron interacts negligibly
with an atom’s electronic cloud and predominantly with the nucleus; it is for this
reason that there is an important isotope effect in neutron scattering. The range
of interaction between a neutron and a nucleus is of the order of 10" m. The
nucleus can therefore be considered point-like as the neutron wavelength is five
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orders of magnitude larger, implying that the scattered waves are isotropic (the
scattering does not decrease with the angle, as for X-ray scattering). Scattering by
a nucleus is characterized by a single parameter b, the scattering length. The scat-
tering cross-section is simply 47tb’. A list of scattering lengths and cross sections
for atoms useful in biological studies is provided in Table 9.2 (the terms “incoher-
ent” and “coherent” are explained later in the chapter). In contrast to X-ray and
electron scattering, there is no “pattern” to these values: the heavier elements do
not dominate the scattering, and the scattering power of different isotopes may be
very different. The case of hydrogen ('H) and its heavier isotope deuterium (*H or
D) is of particular interest, for which both coherent and incoherent cross sections
are extremely different. The negative sign of b, in the case of hydrogen is associ-
ated with a change in phase of the scattered neutron wave compared to the scat-
tering by other nuclei.

The weakness of the interaction, as shown by the small values of scattering cross
sections (naming the unit of these as “barn” was clearly ironic), means that the
total scattering from a sample can simply be considered as the sum of the scatter-
ing from all atoms.

A diagram of the scattering process is shown in Fig. 9.2. During a scattering
event, a neutron can exchange both momentum and energy with the sample. k; is

Table 9.2 Neutron scattering cross sections useful for
studying biological samples. (From Sears, 1984.)

Scattering length (107°m) Scattering cross-
section (barns)
(1 barn=10"%m?)

Coherent  Incoherent Coherent Incoherent

'H -3.74 25.2 1.76 79.9
H=D 6.67 4.03 5.60 2.04
C 6.65 0 5.55 0
N 9.37 1.98 11.0 0.49
(6] 5.81 0 4.23 0
S 2.80 0 0.99 0
K Q

. ) RS >

incoming

neutron sample ki

Fig. 9.2 Schematic representation of a scattering event,
conservation of momentum and energy imply: Q= (k—k;) and
ho=E-E.
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the incoming wavevector (its modulus k; is equal to 2r/A, where A is the neutron
wavelength), and k; the final wavevector after the scattering process. Q is defined
as the difference between k¢ and k;. If there is no energy exchange, the modulus
k; is equal to k; and the process is defined as elastic.

9.23
Scattering Law

In a neutron scattering experiment, the number of scattered neutrons is measured
in a certain solid angle d€;, in the direction of the wavevector k; with a final energy
between E;and Eq+dE;and with an incident wavevector k;. This quantity is called
the “double-differential cross section”, d’c/dQdE;

It can be shown that for a system of N identical atoms of equal scattering

length b:

d’c k ke
—_— b’S 1
1Q,d Ef ki (Q ) 1)

where S(Q,m) is called the neutron scattering function.

S(Q ) AN ZJ‘ dt<e - r(O) Q- k(t) > e—tmt (2)

Here, 1;(0) and r,(t) are the positions of atoms j at time zero and k at time t respec-
tively. Measuring S(Q,w) provides the correlations of the positions of the atoms at
different times, and measuring this function allows the microscopic properties of
the system — both spatial and temporal — to be studied.

9.2.4
Coherent and Incoherent scattering

Mathematically, it is simple to divide Eq. (2) into two parts, the so-called “coherent”
and “incoherent” parts.

dZG _ dzcing dzccoh

&)

Coherent scattering provides information about cooperative effects, either struc-
tural (if a sample is crystalline, Bragg peaks will be measured), or dynamic (in a
crystalline sample, certain modes of propagation of waves can be seen). Incoherent
scattering arises because, in standard experiments without polarization, neither
the neutrons nor the nuclei in the sample have homogeneous spin values. The
incoherent part can be thought of as representing the correlation of a single atom
with itself in time: it contains information about single-particle or “self” dynamics.
Each process is characterized by a specific cross-section (Table 9.2).
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The cross-sections listed in Table 9.2 make neutron scattering interesting for
the study of membrane proteins for several reasons:

« The coherent scattering is analyzed in membrane
diffraction, crystallography, reflectivity and small-angle
neutron scattering (SANS) measurements to provide
information at different levels of resolution on the structure
of the sample. The coherent scattering cross sections of
hydrogen and deuterium are of opposite sign, and of about
the same amplitude: if one sample can be labeled with a
deuterated component then, by comparing the scattered
intensities from the same hydrogenated sample, the
structure of the label can be identified, even at low
resolution.

« The difference in contrast between H,0 and D,0 mixes can
be used to “match out” certain components of a system at
low resolution.

« The incoherent scattering is usually analyzed in neutron-
scattering experiments in which the energy transfer is
measured. The incoherent cross-section from hydrogen is
an order of magnitude greater than all others commonly
found in biological samples. Hydrogen atoms are fairly
evenly distributed throughout biological macromolecules,
and their dynamics reflects the groups to which they are
attached; using energy resolved incoherent neutron
scattering measurements therefore allows investigations to
be made of the global dynamics of macromolecules.

As incoherent scattering from deuterium is — in contrast —
extremely low, it is possible, by labeling, to concentrate on
dynamics of different parts of the sample.

Although their energies and wavelengths make neutrons an ideal probe for
condensed matter studies, the low flux available means that experiments are only
feasible with large-scale instruments. A typical flux on a small-angle scattering
instrument is around 10’ neutronscms™, whereas on a spectrometer it is about
10° neutrons cm™s™' [at the Institut Laue Langevin (ILL) in Grenoble, France which,
at the time of writing, is the most intense source in the world]. Coupled with the
low-scattering cross-sections, the low flux implies that experiments are relatively
long and can require large amounts of sample. Although less than 1 mg is necessary
for a SANS experiment, at least 100mg are required for a dynamics experiment,
with typical crystal sizes ranging from 0.01 to 1.0 mm?®. The low flux is compensated
to some extent by large beam dimensions (of the order of centimeters). The follow-
ing examples of studies should provide convincing evidence that the effort of obtain-
ing suitable samples is well justified. In order to reveal the full power of neutron
techniques, however, hydrogen—deuterium (H-D) labeling is necessary, and some
methods for labeling membrane proteins are described later in the chapter.
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Further information relating to neutron scattering, together with links to the
websites of all major neutron scattering centers are available at:
« European Neutron Portal: http://www.neutron-eu.net/
« Neutron Scattering Web: http://www.neutron.anl.gov/

As labeling is now recognized as being of primary importance for biological
samples, specialist laboratories are under development worldwide. For example,
in Grenoble, the ILL-EMBL deuteration laboratory is a user-facility available to all
European laboratories; information on this facility is available at: http://www.ill.
fr/YellowBook/deuteration/index.htm. Similar initiatives are being started at
several other facilities.

9.2.5
Instruments

Neutron diffractometers and SANS instruments essentially count neutrons
as a function of the scattering angle, and display few particularities compared
to X-ray diffraction. For example, at the ILL small-angle measurements are
performed on D11 and D22, membrane diffraction on D16, and reflectometry
on D17.

Neutron spectroscopy instruments use certain specific properties of the neutron,
and measure not only the scattering angle but also changes in energy. Neutron
detectors are devices that can only “count” neutrons but do not resolve their
energy. As the incident and scattered energies must be known, the beam must
first be “prepared” for the measurement by selecting a particular wavelength or
energy, and the energy of the scattered neutron measured. Different methods are
available to determine neutron energies, the two main techniques being time-of-
flight and diffraction from crystals:

« As mentioned earlier, a thermal neutron travels
relatively slowly, such that, in 1935, J. R. Dunning
showed that they could be selected depending on their
velocity by using “choppers”, which are rotating disks
with slits. A first chopper will send a pulse of neutrons
of different speeds, while a second chopper rotating
at a given speed will only allow neutrons of a certain
wavelength (lambda) to pass through. (In reality,
additional choppers are required to remove contamination
from neutrons of other wavelengths). On a time-of-flight
spectrometer, the choppers are used to select a particular
energy, and the time is then measured between when the
neutrons interact with the sample and when they hit the
detectors. By knowing the time-of-flight and the distance, it
is possible to calculate the neutrons’ outgoing energy.
Examples of these types of spectrometer at the ILL include
the IN5 and ING6.
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« Crystals can be used to select a particular wavelength and
therefore energy of neutrons, both to monochromate the
incoming beam and to analyze the scattered intensity. The
so-called “backscattering” spectrometers which use this
method are based on the fact that Bragg’s law is extremely
wavelength selective for diffraction when the scattering
angle is equal to 180°. Generally, in backscattering
spectrometers, it is the incoming energy which is varied,
either by heating the monochromating crystal or by moving
it on a Doppler drive. Examples of these types of
spectrometer at the ILL include the IN10, IN13, and IN16.

9.3
Introduction to Bacteriorhodopsin and the Purple Membrane

Bacteriorhodopsin (BR), and the Purple Membrane (PM) in which it is found, have
provided biophysicists with exceptional models for the study of biological mem-
branes. PM can be purified in relatively large quantities necessary for neutron
scattering from the plasma membrane of the archaeon Halobacterium salinarum,
a halophilic organism that thrives in salt-saturated brines exposed to bright sun-
light. PM is naturally organized as a highly ordered two-dimensional (2-D) lattice,
composed of 75% (wt.%) of a single protein, BR, and 25% of various lipid species.
It remains the natural biological membrane with the best-characterised structure
(here, the term “structure” refers to all of the elements that make it a functional
unit, BR, lipids, and hydration water).

Bacteriorhodopsin itself has become a paradigm for membrane proteins in
general. It folds into a seven-transmembrane helical structure with short intercon-
necting loops (see Fig. 9.3a), and has a molecular mass of approximately 26kDa.
The early structural studies of PM revealed the strength of electron microscopy
for the study of membranes with 2-D organization. The structure (as ascertained
by Unwin and Henderson, 1975) which achieved a resolution of 7A in the plane
and 14A in the membrane normal, showed the helical nature of BR and its
arrangement in trimers within the PM. The projected structure published in 1975
is shown in Fig. 9.3b. The first high-resolution structure of BR was obtained using
cryoelectron microscopy (Henderson et al., 1990), and since then the structure
has been resolved to increasingly better resolution using X-ray crystallography
(Belrhali et al., 1999; Luecke et al., 1999; Lanyi and Schobert, 2006).

The transmembrane helices of BR surround a retinal molecule (shown in red
in Fig. 9.3a) which is covalently bound via a Schiff base to Lys”'. Bacteriorhodopsin
is a nano-machine which functions as a proton pump. Upon absorption of a
photon of “green” light, a change in isomerization of the retinal molecule is
induced. The protein then undergoes a photocycle, which results in a proton being
transported across the cell membrane, from the cytoplasmic to the extracellular
side, thereby converting light energy into an electrochemical proton gradient,
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Fig. 9.3 (a) Bacteriorhodopsin (BR) in a photocycle of BR. The capital letters indicate
schematic bilayer. The structure is taken from the different intermediates, and their indices
Belrhali et al. (1999), PDB entry 1QH)], with are the absorption maxima in nanometers.

the retinal molecule displayed in red. Fig. From Oesterhelt (1998). Approximate

made with Pymol (DeLano, 2002). (b) times for the formation of the different
Projection of purple membrane (PM) “in- intermediates after absorption of a photon are
plane” from the electron microscopy study given.

of Unwin and Henderson (1975). (c) The

which is used for ATP production. The photocycle passes through several inter-
mediates, which are characterized by their absorption maxima. An overview of the
BR photocycle is provided by Oesterhelt (1998), whilst a schematic representation
is shown in Fig. 9.3c. Several photo-intermediates in which structural changes are
seen compared to the ground-state structure have also been resolved by X-ray
crystallography (Schobert et al., 2002; Lanyi and Schobert, 2003, 2006; Kouyama
et al., 2004; Takeda et al., 2004).
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Early neutron experiments suggested that, in order to transport protons, confor-
mational flexibility is essential to BR (Zaccai, 1987), and the PM is a particularly
well-suited model both for structural and dynamic studies and their relation to
biological activity.

9.4
Methods for Labeling

9.4.1
Biosynthetic Labeling

Although the electron microscopy studies of the PM were pioneering in the mem-
brane structure field, neutron diffraction coupled to H-D labeling enabled the
electron density map to be interpreted. In addition to providing complementarity
to electron microscopy during the initial investigations, neutrons have also revealed
information not accessible by other techniques. The elegant labeling techniques
which have been crucial to the neutron studies are briefly outlined at this point
(Zaccai, 2000b).

It was found that, by growing H. salinarum on a standard medium (natural
abundance in hydrogen and deuterium), and by supplementing the organism with
a given deuterated amino acid, it was possible to obtain extremely high levels of
incorporation of the deuterated amino acid, with little spread to other regions of
the membrane (Engelman and Zaccai, 1980). For dynamic studies on specific
regions of the membrane, it was shown that the reverse was also possible, namely
to grow the archaea in a deuterated medium with certain amino acids hydro-
genated (Reat et al., 1998).

It has been shown possible to label specifically the retinal (Jubb et al., 1984),
and the leucine, valine, phenylalanine, tryptophan and methionine residues
(Engelman and Zaccai, 1980; Popot et al., 1989; Reat et al., 1998). Although not
yet achieved, the labeling of other residues is also thought possible: amino acids
expected not to label well include asparagine, glutamine and glutamic acid, as
these are located at the earlier stages of the metabolic pathways and may be
scrambled by H. salinarum, with the label not being directly incorporated.

Although during the 1990s several groups labored intensely to grow crystals of
BR in order to obtain high-resolution structures of the protein, neutrons still
offered unique possibilities for studying the structure of the natural lipids of the
membrane. By growing the cells on a standard medium and by adding deuterated
glucose, deuteration was found to occur exclusively within the sugar moieties of
one of the major glycolipids (Weik et al., 1998a).

94.2
Reconstitution

In 1986, Popot and coworkers (Popot et al., 1986) demonstrated a second approach
to labeling, by first disassociating BR from its lipids and then reconstituting it. It
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was shown to be possible to reassemble different parts of the membrane from dif-
ferently labeled cultures. The lipids and retinal are separated from BR using gel
chromatography, after which, by using a specific ratio of H. salinarum lipids, retinal
and BR, these components could be precipitated with potassium dodecylsulfate to
reform crystalline patches. Popot’s group subsequently showed that the crystalline
patches formed had the same lattice, with unchanged unit cell dimensions, and
with a similar long-range order to the naturally forming membrane patches.

Also in 1986, Trewhella and colleagues (Trewhella et al., 1986) used the recon-
stitution technique described, coupled with H-D labeling, to perform structural
investigations. Chymotrypsin was used to cleave BR into two fragments before
reconstituting it; these two fragments consisted of five and two transmembrane
helices. By comparing the diffraction from a native membrane with that of a
membrane where two of the supposed helices (at this time the helical structure
was not universally accepted) were deuterated, it was possible to localize the frag-
ments in a 2-D map. Samatey et al. (1994) subsequently used both biosynthetic
labeling and reconstitution to establish the rotational orientation of the helices
of BR.

9.5
Neutrons for Structural Studies of Membrane Proteins

9.5.1
Neutron Diffraction

Neutron diffraction measurements on PM furnished structural information on all
three of the membrane’s components, namely BR, lipids, and water. Most such
investigations have included H-D labeling, either by biosynthetic incorporation of
the label, or by using H,0-D,0 exchange.

In a typical experiment, the data are collected from labeled and unlabeled PM,
after which standard crystallographic difference Fourier method or model fit
approaches are used to locate the labels in 2-D projections.

9.5.1.1 Bacteriorhodopsin
Two-dimensional neutron diffraction powder patterns, collected from stacked,
oriented PM with different deuterated amino acids showed at an early stage, before
little was known about membrane proteins, that BR was an “inside-out” protein
(Engelman and Zaccai, 1980), with hydrophobic residues pointing into the lipid
environment. The technique was used to identify the position and orientation of
transmembrane helices when the BR sequence became available, and the distribu-
tion of other amino acids within the structure (Popot et al., 1989; Samatey et al.,
1994).

An early study using deuterium labeling (Jubb et al., 1984) enabled the
authors to position the retinal in the 2-D electron microscopy map. Later, a study
was performed showing that, during the photocycle, the retinal is tilted compared
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to its ground state (Hauss et al., 1994); this involved using retinal molecules
with two different deuteration states, and trapping BR in an intermediate
structure.

Neutron diffraction has also been used to study changes in the structure of BR
at different stages of the photocycle. For example, Dencher et al. (1989) used a low
temperature and guanidine hydrochloride to trap BR in its M intermediate, and
concluded that structural changes had occurred within the protein. Others (Weik
et al., 1998b) used a mutant rather than trapping procedures to perform a similar
study.

9.5.1.2 Lipids

Studies of the glycolipids in PM provided the first structural localization of glyco-
lipids with respect to a transmembrane protein in a natural membrane environ-
ment (Weik et al., 1998a). The difference Fourier maps between labeled (natural
membrane with one type of glycolipid deuterated) and unlabeled samples are
shown in Fig. 9.4. The localization of two lipid molecules in the membrane, called
peak 1 and peak 2, is clearly visible. (The third difference feature seen in Fig. 9.4
is actually weak: the real density is obtained by dividing by three, as it is on a
threefold axis.) An analysis of these results suggested the existence of stacking
interactions between aromatic residues and the sugar moieties, and provided
insight into the possible role of glycolipids in the formation of the 2-D crystal
patches. The neutron diffraction identification of the lipid position also permitted
assignment of the corresponding electron density in the crystal structures
of BR.

Fig. 9.4 Difference Fourier map between labeled (deuterated
glycolipids) and unlabeled purple membrane (PM) samples.
Positive difference contour levels are red which correspond to
the deuterium label. The native membrane is represented in
black. (From Weik et al., 1998.)
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9.5.1.3 Water

Neutrons remain an exceptional probe for studying the structure of hydration
water. By using H,0-D,0 exchange, unique information has been obtained on
the hydration of PM. In contrast to X-rays, neutron scattering at low resolution
enables information to be acquired on the extent and location of hydration, even
when the molecules are disordered. In the case of PM, Zaccai and Gilmore estab-
lished at an early stage that hydration occurred around the lipid head groups, and
that there were no pockets in the membrane that would allow for a bulk water
channel (Zaccai and Gilmore, 1979). This was followed by several other hydration
studies. For example, it was found that in contrast to the BR interior, the hydration
around the lipid head groups was modulated by the relative humidity in the mem-
brane atmosphere (Rogan and Zaccai, 1981). A more precise study of water mole-
cules located several in the proton pathway, which was a step towards the elucidation
of its mechanism (Papadopoulos et al., 1990). Neutron diffraction experiments on
PM as a function of relative humidity and temperature helped relate the hydration
structure to photocycle activity, and also suggested the importance of dynamics
for function (Zaccai, 1987).

The studies conducted by Dencher et al. (1989) and by Weik et al. (1998b) also
employed H,0-D,0 exchange to study hydration structure as well as structural
changes. The results of both studies demonstrated minimal change in hydration
between the ground and M states, thereby supporting the idea that, contrary to
certain models, structural changes are not correlated with major hydration changes
within BR.

95.2
Low-Resolution Studies

9.5.2.1 Small-Angle Neutron Scattering of Membrane Proteins in D-Vesicles

In a small-angle scattering experiment, as low resolution is examined, the mea-
sured intensity depends on the contrast between the scattering particle and its
solvent. In the case of neutron scattering, it is possible to change the contrast using
different proportions of D,O in the solvent, or by labeling different parts of the
diffusing particle. The neutron-scattering densities of different components of
membranes, as a function of the percentage of D,0 in their solvent, are illustrated
graphically in Fig. 9.5. The contrast here is the difference between scattering
density of the particle and its solvent. For example, the data in Fig. 9.5 show that
at 0% D,0 (100% H,0), the contrast between protein and water is approximately
2.5x10"cm™, whereas the contrast from a deuterated protein at 0% D,0 is much
larger (approximately 7x10'cm™).

At certain points on the graph, the scattering lengths for some components are
equal to the scattering length of the solvent; therefore, there is no contrast between
the two, and no scattering, and this permits the “matching-out” of different com-
ponents. For example, for a sample containing a membrane protein embedded in
a lipid bilayer, at 40% D,O, the protein will be effectively “invisible”, and it is
possible to examine the bilayer. Contrast variation studies using SANS can be
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Fig. 9.5 Neutron-scattering densities of various biological
molecules as a function of the percent of D,O in their solvent.

particularly useful in determining how the complexes of different components are
formed.

Hunt et al. (1997) subsequently showed that contrast matching could be used
to study BR in deuterated phospholipid vesicles. In this type of experiment, the
first step is to determine at what point the vesicles are effectively “matched out”.
A component can be matched out if it can be considered to be homogeneous in
scattering density at the resolution of the study. This is the case for deuterated
phospholipid molecules, but not for the unlabeled molecule in which the head
groups have higher scattering density than the fatty acid chains. The matching
point is found by measuring the scattering from the phospholipids only at
different concentrations of H,0-D,O, and interpolating the measurements
to determine the value of the intensity at Q=0. This type of measurement for
the phospholipid vesicles, as used by Hunt and coworkers, is shown in Fig. 9.6a.
Here, it can be seen that, for the type of phospholipid used in this study,
when there is 94% D,0 in the solvent the vesicles are not seen. The scattering
profile of phospholipids with BR incorporated is then measured at 94% D,0. Two
important pieces of information can be gained very simply from this
measurement:

« From the value of the intensity at Q =0, the molecular mass
of the protein can be estimated.
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Fig. 9.6 (a) Estimated value of scattered intensity at Q=0 for
phospholipid vesicles as a function of percentage of D,O
solvent content. (b) Logarithm of the scattered intensity for
bacteriorhodopsin (BR) in vesicles plotted as a function of Q,
at 94% D,0. (From Hunt et al., 1997.)

- By plotting the logarithm of the intensity as a function of
wavevector squared (Fig. 9.6b), it is possible to determine a
radius of gyration of BR, equal to three times the negative
slope.

The values obtained provide information on the aggregation state of the protein
in the vesicle, and also its global shape. The study described here proved that it
was possible to perform SANS measurements on membrane proteins and to
determine structural parameters; however, this type of experiment remains
challenging.
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SANS represents an extremely useful technique to study structural changes
when a component of the solvent is changed (e.g., studying the effect of a change
in pH, salt concentration, etc.). Gilbert and co-workers (Gilbert et al., 1999) used
contrast variation and SANS in combination to study the effect of the addition of
the pore-forming toxin pneumolysin on the thickness of vesicles. As the vesicles
may be considered as models for the cell membrane, the results were interpreted
in the context of understanding how the toxin causes perforation of the
membrane.

9.5.2.2 Low-Resolution Single-Crystal Studies

The efforts which are being made to grow membrane-protein crystals for
X-ray diffraction studies are yielding fascinating results that are rich in
atomic detail. A neutron crystallographic study can complement such studies
by providing information on a component which is not seen due to disorder,
although this has not yet been achieved for BR crystals. At the time when the
first membrane protein crystals were produced using detergents, Roth and
coworkers (Roth et al., 1989) performed a neutron crystallographic study of a bacte-
rial photosynthetic reaction center to determine the detergent structure, as only
one molecule of detergent was sufficiently well-ordered to be seen in the X-ray
structure.

The achievements of Roth et al. (1989) were made possible with H,0/D,0 con-
trast variation studies, similar to those of SANS. The crystals are measured at
several H,0/D,0 contents, with the contrast between the detergent, reaction
center and the solvent differing. A particular phasing protocol is then followed, to
calculate a low-resolution structure. At around 40% D,O the average protein is
hardly visible, and the detergent is most clearly seen. The packing of the detergent
in the crystal (Fig. 9.7a) was found to be concentrated in rings around the trans-
membrane helices of the reaction center (Fig. 9.7b).

An understanding of the protein—detergent interaction can provide a model for
the interaction between the lipid bilayer and the protein in vivo. It is also of great
importance for understanding the process of crystallization of membrane proteins.
A similar type of investigation was also performed on several other crystals. By
studying OmpF porin structures, Pebay-Peyroula et al. (1995) again displayed the
detergent covering the hydrophobic moieties of the protein, and found rings of
aromatic residues delimiting the detergent-binding zone, thus supporting the idea
of the importance of these residues in the stability of membrane proteins in their
natural lipid bilayers. The ability to observe the distribution of detergent in two
different crystalline forms of OmpF (tetragonal and trigonal) pointed to different
interactions dictating the crystallization process, gaining insight into the crystalli-
zation processes of membrane proteins (Penel et al., 1998). A schematic represen-
tation of the distribution is shown in Fig. 9.8.

9.5.2.3 Reflectivity
Just as when light traverses media of different refractive indices, a neutron beam
is in part refracted and in part reflected at an interface between media of different
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Fig. 9.7 (a) View of the packing of detergent rings in a crystal
of bacterial photosynthetic reaction center. (b) The reaction
center molecule (the backbone is represented in green,

and Trp, Arg and His residues in red) surrounded by the
detergent, represented in blue. (From Roth et al., 1989.)

scattering length density. In the case of a single layer in the beam (Fig. 9.9a), an
interference pattern is observed between the neutrons reflected from the first and
second borders of the layer. An example of an interference pattern for a free-
standing film is shown in Fig. 9.9b. The interference pattern contains information
about the thickness of the layer and its scattering density distribution.

The fact that reflectivity contains information about layered samples, and that
only extremely small amounts of sample are required, has very quickly made the
technique popular not only for the study of membranes but also for monitoring
the interaction of proteins with membranes.

Two types of scattering can be distinguished in a reflectivity measurement,
namely specular and off-specular. When the incident and scattered beam angles
are identical and the beams are in the same plane (as in Fig. 9.9a), the scattering
is termed “specular”. If the layer is homogeneous in scattering density along the
surface, then this is the only type of scattering that will occur. If, however, in the
plane of the layer there are differences in scattering density (e.g., a membrane in
which proteins are imbedded), then a second type of scattering occurs, for which
the angles are different; this is termed “off-specular” scattering. Although this
contains information about the in-plane structure (which may be of great interest
in the study of membrane proteins), the difficulties associated with sample prepa-
ration and data interpretation means that analyses of this type of scattering remain
a challenge for future membrane studies.

The analysis of specular scattering provides information about the thickness of
the different components of the layer (which have different scattering length densi-
ties). A single reflectivity curve can by fitted by a family of scattering density pro-
files. An example of a bilayer membrane is shown in Fig. 9.9c (from Krueger
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Fig. 9.8 Schematic representation of two different crystal
forms of OmpF porin from Escherichia coli. In the P4, form,
the crystal is formed by hydrophilic protein—protein and
detergent—detergent interactions. In the P321 form, the crystal
is stabilized by hydrophobic protein—protein interactions.
(From Penel et al., 1998.)

et al., 2001), and a model of the bilayer can then be built up with a resolution of
the order of Angstroms. Such studies are becoming increasingly biomimetic, with
improvements in the way that the bilayer is prepared (Vacklin et al., 2005a). Apart
from determining the structure of membranes, the specular reflection technique
is also very effective for studying protein—-membrane interactions. For example,
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Fig. 9.9 (a) Schematic representation of a (From Majkrzak et al., 2006.) (c) Family of
reflectivity experiment on a single thin film, scattering length density profiles obtained
represented by the hashed box; incident, from fits to the neutron reflectivity data
reflected and refracted beams are shown as shown in the inset, all the profiles fit the data
arrows. An interference pattern is observed equally well. The different chemical groups
between the beams represented by dashed of the sample are indicated. (From Krueger

arrows. (b) Specular neutron reflectivity fora et al., 2001.)
free standing film of 100 nm-thick nickel

Johnson et al. (2005) used a combination of X-ray and neutron reflectivity to reveal
structural information for the binding of a neural cell adhesion molecule to a
membrane. Likewise, a study of venom phospholipidase A, revealed how the
originally water-soluble protein became adsorbed to the membrane (Vacklin et al.,
2005b).
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Fig. 9.9 Continued

The reflectivity technique is developing quickly and exciting results are expected
within the next few years.

9.6
Neutrons for Dynamical Studies of Membrane Proteins

9.6.1
Energy-Resolved Experiments

As mentioned earlier the measurement of scattered neutrons as a function of
momentum and energy transfer provides information on the molecular dynamics
of a sample. The discussion here focuses on incoherent scattering measurements.
As the incoherent cross section of hydrogen is an order of magnitude larger than
all others, the scattering is dominated by hydrogens, which reflect the dynamics
of the groups to which they are attached.

A schematic representation of scattered spectra is given in Fig. 9.10; the com-
prehension of this figure is important, as it incorporates all of the key elements
of energy-resolved neutron scattering. In the figure, the scattering is represented
at two temperatures, T; and T,, where T; is the lower temperature. As can be seen,
compared to diffraction an extra dimension of intensity is measured: the intensity
is recorded both as a function of the wavevector Q and of the energy transfer, E.
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Fig. 9.10 Schematic representation of scattering intensities as
a function of wave-vector (Q) and energy transfer (E) at two
temperatures, T, and T,.

If a neutron interacts with an immobile atom, its momentum changes, but its
energy is conserved. At very low temperature (e.g., 20K), all atomic motion can
be considered to be frozen out, with the atoms immobile (this corresponds to T;
in Fig. 9.10). All of the neutrons scattered by the sample are scattered elastically,
(|ki|=1|kd), and an “elastic peak”, centered at zero energy transfer, is measured at
all Q-values. For an ideal spectrometer, the elastic peak is a Dirac function, whereas
for a real spectrometer the elastic peak has a certain form and width, which is
referred to as the instrument’s resolution.

At higher temperatures, the atoms begin to move so that the elastic peak begins
to diminish in height, and two other types of scattering are observed: quasi-elastic
and inelastic, which increase as a function of temperature (temperature T, in Fig.
9.10). The total scattering is generally normalized to unity, and the sum of elastic,
quasi-elastic and inelastic is equal to one at all temperatures.

Quasielastic broadening is due to diffusive processes within the sample. The
quasielastic peak is centered at zero energy transfer, and its width is inversely
proportional to the relaxation time. Different models are used to interpret this
broadening.

Inelastic scattering arises from the vibrations of individual atoms at defined
frequencies. Details of the information that can be gathered from these three types
of scattering in the case of the PM model will be discussed after some brief points
have been made with regards to the accessible time and space scales.

9.6.1.1 Time and Space Scales

The narrower the energy resolution, the more easily it will be possible to distin-
guish quasi-elastic broadening from an elastic peak. Just as Q-space corresponds
in reciprocal fashion to real space, energy corresponds in reciprocal fashion to
time. The energy and Q-values accessible to a spectrometer correspond to a window
in space and time. A time-of flight spectrometer typically has an energy resolution
(the width of the measured elastic peak at half-maximum) that can be varied
between 50 and 250 peV, with a trade-off for better energy resolution always being
lower flux. This corresponds to times of 2 to 10 ps. Backscattering spectrometers
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have narrower energy resolutions (~1peV) corresponding to longer times
(~1mns).

It is worth noting that these are the time scales also accessible to molecular
dynamics simulations, and the combination of these two approaches has been
particularly fruitful, both for the development of atomic force fields used for
molecular dynamics simulations, and for the interpretation of neutron scattering
data. A typical study using this combination of techniques was conducted by
Hayward et al. (2003).

9.6.2
Elastic Scattering and Atomic Mean Square Displacements

Performing full-energy scans with sufficient statistical accuracy to be able to inter-
pret the observed scattering through complete models describing the atomic
motion can often be prohibitive in terms of measuring time for biological samples.
A relatively rapid method of characterizing a sample is, therefore, simply to
measure the elastic intensity as a function of temperature. During such as experi-
ment the scattered neutrons’ energy is recorded, but only at the elastic peak,
thereby significantly reducing the experimental time. It is possible to extract, from
the way that the logarithm of the elastic intensity decreases as a function of Q?,
an atomic mean square displacement (MSD); this corresponds to the mean fluc-
tuation that an atom undergoes in the time and space window as defined by the
instrument’s energy resolution and Q-range.

Following the dynamics—function hypothesis proposal by Zaccai (1987), MSD-
values were first calculated for dry PM (0.02g D,O g BR) and for wet PM
(0.55gg™) (Ferrand et al., 1993); the MSD-values are shown in Fig. 9.11. At low
temperature, both the dry and wet samples behave like harmonic solids, with their
MSDs as a function of temperature staying linear. However, at about 230K, the
MSDs become very different, with the wet sample now exploring a much larger
conformational space, whilst the dry sample does not. On a functional level, the
photocycle is slowed down by several orders of magnitude in the dry sample. It
was postulated, therefore, that the membrane requires these larger conformational
motions in order to function correctly.

Using labeling techniques, a similar type of dynamic study was then further
extended to concentrate on different parts of the membrane. Reat et al. (1998)
produced a completely deuterated PM in which the retinal, tryptophan and methio-
nine residues were all hydrogenated. The tryptophan and methionine residues are
mainly located in the retinal-binding pocket. The MSDs of the two samples are
shown in Fig. 9.12 (both are hydrated to 0.45g D,0 g' PM). An investigation of
the dynamics of such a sample furthered the understanding of how the pump
functions, with the core of BR being found significantly stiffer than the remainder
of the membrane. The result was correlated to the function, with the “valve” of
the pump (corresponding to the Schiff base proton changing its accessibility from
one side of the membrane to the other) being held in a stiff local environment
while the remainder of the protein was softer.
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Subsequently, Zaccai (2000a) introduced a “force constant analysis” to describe
this “stiffness” and “softness” of proteins in a more quantitative manner. The force
constant is proportional to the inverse of the slope of the MSD as a function of
temperature, and is expressed in Newtons m™". Examples of the force constant
analysis in the case of the labeled PM from the study by Reat and colleagues (Reat
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et al., 1998) are illustrated graphically in Fig. 9.12, where the force constant is
denoted k. It should be noted that in this figure the force constant at high tem-
perature is much lower for the unlabeled sample than for the labeled sample,
which translates into a “stiffer” potential that governs atomic motions.

9.6.3
Quasi-Elastic Scattering

Quasi-elastic scattering is rich in information and, in the case of simple systems,
it can be modeled to establish microscopic properties. In the case of biological
membranes, fitting models to this scattering is of course more limited in its exten-
sion because of their complexity. Nonetheless, Fitter and coworkers have shown
in several studies the validity of this approach, having successfully modeled the
diffusive behavior of the hydrogen atoms in PM, by fitting the quasielastic data
with several Lorentzian functions (Fitter et al., 1996, 1997). The model involved
dividing the hydrogen atoms into several classes, methyl group rotation (three-site
jump) and two-site jumps. These authors also found diffusive motions to be highly
hydration-dependent, and examined the differences in these motions both parallel
and perpendicular to the plane of the membrane.

9.6.4
Inelastic Scattering

Peaks can be identified in a neutron-scattering spectrum at specific energies,
referred to as “inelastic scattering”. Such peaks are due to energy exchange with
atomic vibrations at precise frequencies within the sample. Notably, inelastic
measurements have been used in the development of molecular dynamics
simulations.

Ferrand and coworkers (Ferrand et al., 1993) measured incoherent inelastic
spectra of dry and hydrated PM; the spectra are illustrated in Fig. 9.13. The mea-
surements show that, in the wet sample and at higher temperatures, the protein
vibrations shift to lower frequencies, corresponding to larger time scales.

9.6.5
Other Types of Measurement

In the present chapter, attention has been focused on the better established
techniques, it should be noted that two other types of measurement are
used:
« All studies presented so far have been based on measuring

the “self” dynamics of atoms through the study of

incoherent neutron scattering. Neutrons represent a

powerful means of studying the collective dynamics

(phonons) of an ordered sample using coherent neutron

scattering. These types of measurement have been
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Fig. 9.13 Temperature dependence of the incoherent inelastic
scattering, in dry (a) and wet (b) purple membrane (PM). The
intensity in this part of the spectra increases with increasing
temperature (the lowest intensity corresponds to 100K).
(From Ferrand et al., 1993.)

fundamental in condensed matter studies using so-called
“triple-axis” spectrometer. A lack of suitable samples has
meant the technique has only recently been applied to
biological samples: Rheinstadter and coworkers
(Rheinstadter et al., 2004) studied the dispersion relation of
phonons in lipid samples, and further reports of this type of
study are expected.

« The studies cited throughout this chapter have been
performed on neutron instruments that explore
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movements on the ps—ns timescale (time-of-flight and
backscattering spectrometers). Currently, a different type of
spectrometer — neutron spin echo — is being used to study
biological macromolecules on a timescale which reaches
~100ns. A first report in which dispersion in aligned
bilayers was examined has been published (Rheinstadter

et al., 2006).

As mentioned above, neutrons are of particular interest in the study of
water. Here, although focus has centered on the structure of hydration
water, neutrons have also been instrumental in understanding the microscopic
dynamic properties of the liquid without which, as most people agree, life would
not be possible. By studying PM in D,0 and H,O and correctly subtracting the
signal from the membrane, it has been possible to deduce the diffusion coefficient
for water in contact with PM (Lechner et al., 1994). Other investigations were
related to the behavior of water confined near PM (Lechner et al., 1998; Weik
et al., 2005).

9.7
Take-Home Message

Although neutron scattering often requires strong efforts in sample preparation,
it is ultimately able to provide (often) unique information that is not accessible by
other means:
« In studies of low-resolution structures it is possible,
by using deuterium labeling, to identify disordered
components such as detergent/lipid and water molecules.
As membrane proteins cannot generally function in the
absence of either element, an understanding of the
interaction between a protein and its environment can be
considered as important as knowing the protein structure in
atomic detail.
« In aiming to understand the complex dynamic picture of
membrane proteins, it will surely be necessary to combine
many techniques. For this, neutron scattering can play a
role, as the time and space scales accessed are often not
available with other methods. Moreover, neutron scattering
is especially well-suited for combination with molecular
dynamics simulations.

The future of neutron scattering is bright, with the construction of a new gen-
eration of sources in America and Japan underway, and a European source cur-
rently under discussion.
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10
Circular Dichroism: Folding and Conformational
Changes of Membrane Proteins

Nadege Jamin and Jean-Jacques Lacapere

10.1
Introduction

Circular dichroism (CD) is an absorption spectroscopy method that utilizes the
differential absorption of right- and left-circularly polarized light by chiral mole-
cules. Most biological molecules, including proteins, are chiral molecules and
therefore can be studied by using CD. The theory of CD and its applications to
biochemistry have been described and discussed in many excellent books and
review articles (e.g., Refs. [1-3]). In this chapter, attention will be focused on the
applications of CD to membrane proteins.
The chromophores of interest in proteins are:
« below 240nm, the peptide groups in the far-UV
« between 260 and 320nm, in the near UV, the aromatic
residues (Phe, Tyr and Trp)
the disulfide groups (about 260 nm)
« above 350nm, extrinsic chromophores such as heme
groups, chlorophyll, and flavins.

As a consequence, a variety of types of information are obtained from CD data
obtained from the different spectral regions analyzed, and especially of the second-
ary structure composition from the far-UV region, the tertiary structure fingerprint
from the near-UV region, and information regarding the environments of the
bound cofactors or ligands. In contrast to nuclear magnetic resonance (NMR) or
X-ray crystallography — both of which provide high-resolution data — CD is a low-
resolution spectroscopy that describes overall structural features. Other spectro-
scopic techniques, such as infrared (IR) or Raman also provide structural
information (see Chapters 11 and 12).

In general, membrane proteins (MPs) solubilized in detergent micelles do not
present any particular difficulties, and CD spectra are recorded as for soluble pro-
teins. In the presence of lipids, however, various complications caused by artifacts
such as light scattering and absorption flattening can be observed, especially when
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the proteins are present as large membrane fragments or are inserted into lipo-
somes. The first-mentioned artifact of light scattering arises when the size of the
membrane fragments is comparable to the wavelength of far-UV light. If both
right- and left-circular polarized light are scattered to different degrees, then the
differential scattering will appear as CD [4]. This effect can be overcome by moving
the sample cell close to the detector collecting much of the scattered light.

The second artifact, of absorption flattening, is caused by the inhomogeneous
distribution of the protein in the detergent micelles or lipid vesicles. For example,
the protein may be concentrated in the micelles or vesicles, and absent from the
surrounding solvent or specific/unspecific aggregation of proteins, often as a
result of the sample preparation method. This inhomogeneous distribution gives
rise to an apparent reduction of the CD in regions of high absorption. The flatten-
ing effect can be eliminated by incorporating the membrane protein in small
unilamellar vesicles at a lipid/protein ratio sufficiently high that, on average, there
is only one protein molecule per vesicle [5, 6]. However, this environment may
differ greatly from the native environment, and therefore it is important for CD
recording and analysis to establish an environment where the protein is both fully
functional and in a dispersed state.

10.2
Secondary Structure Composition

One of the most prevalent applications of CD spectroscopy is in determining the
secondary structure contents of the protein by analysis of the far-UV spectra. In
this region, the CD bands arise mainly from the peptide groups, and are sensitive
to the backbone conformations; this is illustrated in Fig. 10.1, which shows the
different shapes and magnitudes of CD spectra corresponding to different second-
ary structures such as o-helix, B-sheet, or unordered structure. The determination
of the secondary structure contents can be made with simple and quick experi-
ments, using a relatively small amount of protein. It serves as a common check
of the folded state of the protein, although it cannot be concluded from this analy-
sis whether the protein has a native tertiary fold or is a molten globule. Indeed,
this state reflects a compact protein form which conserves most of its secondary
structure, but lacks some or all of the tertiary interactions typical of native globular
proteins. Information regarding tertiary interactions may be provided by an analy-
sis of the near-UV spectra (see below) or by using others techniques (see also
Chapters 11 and 12).

The current methods of analysis of protein secondary structure from CD data
are empirical. In fact, they compare the spectrum of the protein with an unknown
secondary structure content with the spectra of a set of reference proteins with
known three-dimensional (3-D) structure obtained via X-ray crystallography. These
analysis are based on the following assumptions:

« the solution and solid-state structure are equivalent
« the protein CD spectrum is expressed as a linear
combination of individual secondary structure component



10.2 Secondary Structure Composition

70 A

50

30
/

\
10 - / N

Ellipticity

-10 ’ -~
AN N
_30_/ . r 4

-50
170 190 210 230 250

Wavelength, nm

Fig. 10.1 Far-UV spectra associated with various types of
secondary structure. Solid line, o-helix; long dashed line,
B-sheet; short dashed line, unordered structure. The vertical
dotted lines represent the low wavelength limit obtained for
conventional CD spectra. Lower limits are only reached with
synchrotron radiation circular dichroism (SRCD).

spectra and the contribution from the tertiary structure is
negligible

« the geometric variability of the secondary structural
elements is not taken into account

« the contributions from aromatic residues and disulfide
bonds are negligible.

The assignment of secondary structures from X-ray structures is not straight-
forward, however, as it involves several parameters leading thus to different sec-
ondary structure contents depending on the algorithm used [7]. The secondary
structure contents of membrane protein as defined in protein database (PDB) files
might provide significantly different values from that obtained using different
algorithms [8]. As an example, Fig. 10.2 shows clearly a difference of at least 5%
between the secondary structure content of the various structure of sarcoplasmic
reticulum Ca-ATPase as described in the PDB file (Fig. 10.2, left panel) or as
obtained using the DSSP (Definition of Secondary Structure of Proteins) algo-
rithm [9] (Fig. 10.2, right panel). The DSSP algorithm is used to define the second-
ary structure of the reference proteins sets. Depending on the reference proteins
sets, five to six classes of secondary structure are defined: six classes including
distorted and regular helix, distorted and regular sheet, turn and unordered [10];
six classes including helix, 3,o-helix, sheet, turn, polyproline-II helix, unordered;
or five classes including helix, sheet, polyproline-II helix, turn, unordered.

The methods used to fit the experimental data with the data from the reference
proteins data sets differ either in the algorithms or the implementation of variable
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reticulum Ca-ATPase. Left: o-helical and TWPE, 1XP5 and 1WPG correspond to
B-sheet structures descriptions from the calcium-free, calcium-bound, AMPPCP-bound,
Protein Database (PDB) files. Right: ADP-bound, F4-bound reaction intermediates
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selection, or both. The most commonly used methods are implemented in the
computer programs CONTINLL, SELCON3 and CDSSTR [11, 12].

The accuracy of this analysis will depend on the one hand, on the number and
variety of proteins encompassing different secondary structures and folds and
constituting these reference data sets and, on the other hand, on the correct mag-
nitude of the spectra which relies on the correct determination of the protein
concentration, the exact cell pathlength and the calibration of the dichrograph.

The use of reference data sets including only soluble protein for the analysis of
CD spectra of membrane proteins has been questioned [7, 13]. Recently, Sreerama
et al. (2004) [14] have shown that the inclusion of 13 membrane proteins in the
available soluble protein reference sets increases the performance of the analysis
both for soluble and membrane proteins, which suggests that the important point
is the number and variety of proteins of the database. Today, only the reference
databases, SMP50 and SMP56, as found in the CDPro program package [12],
include spectroscopic data from membrane proteins, a total of 13 membrane pro-
teins over 50 and 56 proteins. The data sets SMP50 and SMP56 differ from each
other by the low wavelength cut-offs (185 and 190 nm, respectively). The set of the
13 membrane proteins is not optimal as it is dominated by o-helical proteins.
Indeed, only four over 13 membrane proteins (porins) are mainly B-structures (50
to 60% [-sheet, less than 7% [-helix) and the nine other membrane proteins are
mainly a-structures (44-76% o-helix, less than 7% B-sheet except for Ca-ATPase).
Therefore, increasing the number and variety of membrane proteins in the data-
base is necessary for improving the accuracy of this method to membrane protein.
A new reference database, which includes CD data from 74 soluble proteins, has
been very recently proposed covering both secondary structure and fold space and
also using spectral data from synchrotron radiation circular dichroism (SRCD)
spectroscopy — that is, spectral data down to 170 to 175nm [15]. In practice, it is
recommended to use different algorithms and reference data sets as provided by
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CDPro or DICHROWEB packages [12, 16] to find a reliable estimate of the second-
ary structure contents.

The parameters that affect the magnitude of the spectra are the protein concen-
tration, the cell pathlength and, the calibration of the dichrograph.

The inaccurate determination of protein concentration is the major factor that
contributes to poor estimates of secondary structure. For example, during a recent
data analysis it was found that a 10% error in concentration of mouse translocator
protein (previously named peripheral-type benzodiazepine receptor; PBR)
(mTSPO) in dodecyl-phosphocholine (DPC) micelles led to an error of 10% of
o-helical structure over 50+5% o-helix, and that this error must be added to the
error due to the use of limited reference proteins data sets. It is recommended
that the protein concentration be determined in the most accurately possible
manner (+5% or less), using one or several methods [17]. Indeed, membrane pro-
teins preparations usually contain detergents and lipids that may affect classical
protein concentration determination using colorimetric measurements. A very
commonly used method for proteins containing Tyr and Trp measures absorbance
at 280nm and calculates the protein concentration with an absorption coefficient
determined from the amino acid composition [18].

The pathlength of cells above 1 mm (used for conventional circular dichroism)
are usually accurately determined by the manufacturer, but for micrometer-length
cells (as used for SRCD) the pathlength should be determined [19].

Misalignment or miscalibration of the monochromator of the dichrograph
represent another source of magnitude errors, and modified procedures for
calibration have recently been proposed [19, 20].

Due to the inaccuracy of the secondary structure estimation derived from CD
spectra in the far-UV region, the most common application of far-UV CD is deter-
mination of the quality of the refolding process of native extracted or recombinant
expressed protein, the detection of conformational changes as a result of environ-
mental changes, ligand binding, or mutations. For example, the CD spectra and
channel activities of different preparations of the voltage-dependent anion-
selective channels (VDAC) have been compared [21]. Purified VDAC from Neuros-
pora crassa (ncVDAC) or Saccharomyces cerevisiae mitochondria (scVDAC) exhibit
different CD spectrum in non-denaturing detergent [1% lauryldimethylamine
oxide (LDAO), pH 7]. The CD spectrum of ncVDAC had characteristics of higher
B-sheet content than the CD spectrum of scVDAC. Moreover, bacterially expressed
His6-containing scVDAC displayed CD spectrum intermediate between that of
mitochondrial ncVDAc and scVDAC. The reasons for such differences are still
unexplained.

The detergent environment of a membrane protein is an important factor for
its folding and secondary structure. As an example, Fig. 10.3 shows the spectrum
of recombinant mTSPO solubilized in various detergent micelles. Recombinant
mTSPO, which is mostly found in the inclusion bodies of bacteria, is obtained by
sodium dodecylsulfate (SDS) solubilization [22]. The samples of recombinant
mTSPO solubilized in the other detergent micelles (Fig. 10.3) were obtained by
detergent exchange during purification process. The overall shape of the CD
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Fig. 10.3 Far-UV circular dichroism (CD)
spectra of recombinant mTSPO solubilized in
detergent micelles of sodium dodecylsulfate
(sds), sarcosyl, dodecylmaltoside (ddm), and
dodecyl-phosphocholine (dpc). Spectra were
recorded on station CD12.1 at the SRS
(Daresbury). The temperature was 20°C, the
cell path length 10 or 20 pm, the protein

5.1 mgmL™, and the detergent concentrations
from 1 to 5%. In order to avoid beam light
damage, three spectra and three baselines
(one scan each) using three independent
loaded cells were recorded. Spectra were
averaged, baseline-corrected and smoothed
using a Savitsky—Golay filter included in
CDtool package [44].

concentrations ranged from 1.7 to

spectra of the recombinant protein in the different detergents suggests a predomi-
nant o-helical structure with difference in o-helicity depending on the detergent
used. Such variations of membrane proteins CD spectra depending on the type of
micelles have already been observed for the small multidrug transporters, SugE
and TehA [23]. The analysis of the CD data has been performed using three algo-
rithms, SELCON3, CONTINLL and CDSSTR, as proposed by the CDPro and
DICHROWEB packages and six protein reference datasets. The results of such an
analysis are reported Table 10.1 for the samples in DPC micelles. The nrmsd
(normalized root mean square deviation) is a fit parameter which measures the
difference between the experimental and calculated spectra. Nrmsd values lower
than 0.1 indicate close agreement between experimental and calculated spectra.
The data in Table 10.1 indicate similar values of nrmsd for a given program using
different reference proteins sets. Despite SELCON3 yielding similar secondary
structure contents as CONTINLL and CDSSTR, the calculated and experimental
spectra show higher deviation. Similar estimations of secondary structures con-
tents are obtained with the different programs. Therefore, in the absence of struc-
tural information, a reliable estimate could be given by averaging solutions from
different reference sets and different programs. The analysis of the spectra yielded
an estimate of 50+5% (DPC), 43+4% (SDS), 28+4% (sarcosyl) and 26+7%
(dodecylmaltoside, DDM) o-helical structure (Table 10.2). It should be mentioned
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Tab. 10.1 Secondary structure fractions of mTSPO in DPC detergent micelles determined from CD spectrum.

Database ~ Program o- iz Turn/%  Unordered/%  nrmsd®  nrmsd®
helix/  strand/% CDPro DICHROWEB

SP29 CONTINLL 48 11 20 21 0.03 (0.08)
CDSSTR 50 10 19 21 0.03 (0.02)
SELCON3 49 12 19 20 ® 0.07

SP37 CONTINLL 46 13 19 22 0.03 (0.006)
CDSSTR 49 13 17 21 0.03 (0.02)
SELCON3 48 12 18 22 ) 0.07

SP43 CONTINLL 51 7 17 25 0.01 ®
CDSSTR 53 10 14 23 0.02 (0.02)
SELCON3 50 10 15 25 ® 0.05

SP175 CONTINLL 45 13 11 31 ® 0.07
CDSSTR 46 13 11 30 ® 0.02

SMP50 CONTIN 51 7 17 25 0.02 ®)
CDSSTR 52 9 17 22 0.03 ®

SMP56 CONTIN 53 6 15 26 0.02 ®
CDSSTR 55 7 14 24 0.03 ®

Mean 50+5 9+4 164 25+5

value

The analysis of CD data was performed using three algorithms: CONTINLL, CDSSTR and SELCON3 included

either in the CDPro and DICHROWEB packages. The reference proteins datasets used were SP29 (29 soluble

proteins, 178-260nm), SP37 (37 soluble proteins, 185-240nm), SP43 (43 soluble proteins, 190-240nm), SP175

(74 soluble proteins, 175-240nm), SMP50 (SP37 soluble proteins, 13 membrane proteins, 185-240nm), and

SMP56 (SP43 soluble proteins, 13 membrane proteins, 190-240nm).

Notes: (i) Both packages gave very similar estimations of secondary structure even if not giving identical nrmsd

values; (ii) graphical representations are often useful to check the quality of the fit. Values of secondary structure

shown in this table are related to nrmsd values not between parentheses.

Mean values were obtained by averaging all data shown in the table; error values were calculated using minima

and maxima.

(a) nrmsd: Normalized root-mean-square deviation; this is used as a measure of the goodness of fit between the
experimental spectrum and the calculated secondary structure.

(b) Analysis not performed.

DPC, dodecyl-phosphocholine; mTSPO, mouse translocator protein.

that this analysis yields similar estimations of the secondary structures (o-helix,
B-sheet, turns and unordered structures) in sarcosyl and DDM, although the
spectra are quite different. This may actually reflect the difficulties of the different
algorithms in estimating the content of B- and other structures as a result of the
spectral variability of these structures and/or the lack of representative data in the
reference sets.

Although conformational changes of membrane proteins are functionally
important, they may not involve secondary structure changes. CD experiments
performed with Ca-ATPase in different conformational states did not reveal any
major secondary structural changes [24, 25]. In fact, the recent published crystal
structures of Ca-ATPase indicate that, although important conformational changes
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Tab. 10.2 Secondary structure fractions of mTSPO in various
detergent micelles determined from CD spectra.

Detergent % or-helix % P-strand % Turn % Unordered
SDS 43+4 10+4 19+6 28+7
DPC 50+5 9+4 16+4 2545
Sarcosyl 28+4 256 18+6 2945
DDM 26+7 27+9 175 30+9

The analysis of CD spectra was performed as shown in Table 10.1 and the data averaged.
DDM, dodecylmaltoside; DPC, dodecyl-phosphocholine; mTSPO, mouse translocator protein;
Sarcosyl, sodium dodecanoyl sarcosine; SDS, sodium dodecylsulfate.

occur, these involve essentially large domain movements [26], with almost no
secondary structural changes (see Fig. 10.2). Indeed, careful analysis of secondary
structure composition of the various atomic structures of the Ca-ATPase available
in the PDB using the DSSP program shows that maximal changes are lower than
5%.

10.3
Tertiary Structure Fingerprint

The near-UV CD spectra arise from the contributions of all the aromatic side-
chains (Tyr, Trp, Phe) as well as disulfide bonds (near 260nm) and non-protein
cofactors or ligands if present. Trp give rise to a peak near 290nm and fine-
structured bands between 290 and 310nm, Tyr a peak between 275 and 282nm,
and Phe a sharp fine structure between 255 and 270nm [27].

The interpretation of the spectral bands in the near-UV is complicated by the
numerous factors than can affect their shape. These include the number of each
aromatic side chain, their mobility and environment (hydrogen bonds, polar
groups, polarizability), and the presence of nearby aromatic residues (exciton
coupling for aromatic side chains separated by a distance less than 1nm). An
increased flexibility of the protein will give rise to a signal of lower intensity. For
example, a molten globule state will be characterized by very weak near-UV CD
signals as a result of the high mobility of aromatic side chains. Proteins with a
great number of aromatic residues can display a small near-UV CD signal as a
result of the addition of both negative and positive contributions of the numerous
aromatic side chains. At present, the development of CD theory is insufficient to
allow any detailed interpretation of the near-UV spectra in structural terms, and
so the analysis of the near-UV CD spectra remains qualitative.

In order to assess the contribution of the different side chains, mutation experi-
ments that do not affect the tertiary fold could be performed — for example, Trp
into Phe, and Cys into Ser mutations [27]. By using mutagenesis, Baneres et al.
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[28] proposed the assignment of a disulfide bond band in the near-UV CD spectra
of the recombinant 5-HT), receptor, a G-protein-coupled receptor (GPCR). The CD
spectrum in the near-UV included a broad negative band centered at 265nm (see
Fig. 1. in Ref. [28]). These authors succeeded in assigning this band to the disulfide
bond (Cys93-Cys184) as the mutation of either each cysteine or both by a serine
led to a large decrease of a band around 265 nm, without any major other alteration
of the CD spectrum.

Large variations of the near-UV CD spectra can be observed as a consequence
of changes in the environment of the aromatic side chains. An example of such a
variation is given by the present authors’ study on the mTSPO. The mTSPO is
composed of a large number of aromatic residues: 6 Phe, 10 Tyr, and 12 Trp. The
near-UV CD spectra of mTSPO solubilized in four different detergent micelles
SDS, Sarcosyl, DDM and DPC, are reported in Fig. 10.4. In the presence of SDS
micelles, the CD spectrum shows a large positive band from about 255 to 305 nm,
whereas in the presence of DDM or DPC micelles the magnitude of the CD spectra
is smaller and its shape different, with minima centered at about 270nm and
shoulder bands around 285 to 295 nm. These spectral variations suggest different
environments of Phe and Tyr residues (between about 260 and 280nm) as well as
of the Trp residues (between about 290 and 305 nm). Therefore, the four different
detergent micelles induce very large spectral variations as a result of difference in
the environments of all type of aromatic side chains: Phe, Tyr and Trp.

Using near-UV CD and NMR spectroscopies, Taylor et al. [29] demonstrated
that the integral membrane colicin E1 immunity protein (ImmE1) has a compact

100
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Fig. 10.4 Near-UV circular dichroism (CD) spectrophotometer. The temperature was

spectra of recombinant mTSPO solubilized in  20°C, the cell path length 5mm, and the
detergent micelles of sodium dodecylsulfate  protein and detergent concentrations were to
(sds), sarcosyl, dodecylmaltoside (ddm) and ~ 1.0mgmL™" and 1%, respectively. Sixteen
dodecyl-phosphocholine (dpc). Spectra were  spectra were recorded, averaged, and
recorded with a JobinYvon CD6 baseline-corrected for each detergent.
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folded conformation in a chloroform/methanol/water solvent system. Mutants of
Cys residues predicted to be located in the transmembrane domains were con-
structed by substitution with either Ala or Trp. All of the Cys to Trp mutants
showed a positive CD signal at 290nm, implying that the Trp residues were in a
constrained environment. Some of the double mutants Cys to Ala and Cys to Trp
showed a decrease of the signal in the region 270 to 285 nm, suggesting that some
of the Tyr side chains had lost their constrained environment. Moreover, the
in-vivo activity of all these mutants was tested and revealed a correlation between
the amplitude of the CD signal in the region 270 to 285nm and the in-vivo activity
of ImmE1: the largest amplitude was correlated with the greatest activity.

It should be noted that the signals in the near-UV region are smaller than in
the far-UV region. Therefore, recording near-UV CD spectra is more demanding
in terms of the amount of purified membrane protein required; hence, such
studies have been less frequently performed.

10.4
Extrinsic Chromophores

CD in the near-UV, visible and near-IR can provide information about the environ-
ments of the protein cofactors or bound ligands. Generally, the free cofactor or
ligand has very weak or no CD spectrum, and acquires chirality upon binding to
the protein. For example, the chromophore of bacteriorhodopsin (BR), retinal,
acquires chirality due to its asymmetric environment, whereas it is an optically
inactive molecule. Although the origin of this CD effect has been the subject of
numerous studies, the situation remains not fully understood [30]. The CD of
retinal has been used to follow the stability of the BR complexes within the crystal
[31]. Another example concerns the pigments rings present in the light-harvesting
complexes which exhibit visible and near-IR CD. In this case, the sign of the CD
bands and their amplitudes depends on the orientation of the pigments within the
protein complex, and has been recently modeled [32, 33]. The shape of these bands
is used to follow the selective release, removal and reconstitution of the light-
harvesting pigments from the complexes [34].

10.5
Conformational Changes upon Ligand Binding

Conformational changes upon ligand binding are an essential part of the mecha-
nism of the action and regulation of membrane proteins. These changes can be
probed by variations of the far-and/or near-UV CD spectrum. Selected examples
of such conformational changes are presented below.

The sodium channel is a multimolecular complex that possesses a large o-
subunit, composed of approximately 2000 amino acids, forming the channel’s pore
and gating machinery and containing the principal drug-binding sites. This
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o-subunit is composed of four highly homologous domains, each with six pre-
dicted transmembrane domains assembled in a clockwise pattern around the
central pore. The sodium channel may have different conformational states
depending on its activation level. Neurotoxins and drugs that modify channel
function have been shown to bind preferentially to specific conformational states.
CD was used to examine the conformational changes associated with the binding
of two ligands of the inactivated and activated forms of the open states, lamotrigine
and batrachotoxin, respectively [35]. The sodium channel from Electrophorus elec-
tricus was purified from electric eel membranes and solubilized in mixed lipid/
detergent micelles for CD experiments. Analysis of the far-UV spectrum revealed
a 55% o-helical secondary structure — a higher content than was predicted (40%).
The addition of a large excess of lamotrigine in order to shift the equilibrium
towards the conformation of the open, inactivated state led to an increase of ~9%
in helix content, as shown by the CD spectrum. The addition of an amount of
batrachotoxin sufficient to cause steady-state activation of the sodium channel, led
to a 6% increase in helical content. The differences between the CD spectra in the
presence of lamotrigine and batrachotoxin were greater than the standard devia-
tions of the measurements, and thus reflected different channel conformations
upon binding of these two molecules. Furthermore, the addition of both lamotrig-
ine and batrachotoxin caused a 13% increase in o-helical content, which suggested
that the addition of both molecules which bind to distinct and overlapping sites
causes a further increase of helical structure.

Ligand binding may not induce changes in the secondary structure (see the
example above of Ca-ATPase with various bound ligands), but does cause changes
in the tertiary structure. If these conformational changes were to involve direct or
indirect alterations in the environments of aromatic residues or disulfide bonds,
they may be studied by near-UV spectra. For example, changes in the tertiary
structure of a GPCR in the presence of agonists and antagonists binding has been
monitored by near-UV CD. It has been suggested that GPCRs exist in at least three
conformational states: a Rg state corresponding to a totally inactive state; an R
state (without) ligand that can activate G-proteins; and a R* state which corre-
sponds to an active state stabilized by an agonist. The interactions between a GPCR
(the serotonin 5-HT4a5 receptor) and agonists and antagonists have been studied
using near-UV CD [28]. The differences between signals of bound receptor and
the sums of the free receptor and free ligand signals report on the induced con-
formational changes of the receptor upon ligand binding. The difference spectra
upon binding to a full agonist, an inverse agonist, a neutral antagonist and a partial
agonist, essentially included a broad band centered at 265 nm of different sign and
intensity depending on the presence of the ligand. This band was identified as
being due to the unique disulfide bridge that connects the extracellular tip of the
transmembrane domain 3 and the extracellular loop e2. The sign of the band at
265nm is related to the handedness of the disulfide bridge, and therefore to the
conformation of the e2 loop. The difference spectra upon binding the different
ligands therefore reflect different conformations of the e2 loop upon receptor
activation.
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10.6
Folding/Unfolding

The process of recombinant membrane protein folding is poorly understood as a
result of the technical difficulties encountered when monitoring this process, and
of the few examples. The key questions here are related to secondary and tertiary
structures, such as the relationship between the formation of these structures and
the membrane insertion, or the relationship between the formation of secondary
and tertiary structures. At present, no method is available for determining at high
resolution a tertiary structure under the conditions of folding. However, numerous
experimental techniques have been used to monitor the folding kinetics of mem-
brane proteins in vitro, including far-UV CD coupled with stopped-flow to acquire
secondary structural information about the transient forms observed during the
folding process [36].

Bacteriorhodopsin is one of the most studied membrane proteins, and serves
as a model for o-helical membrane protein folding (for a review, see Ref. [37]).
Bacteriorhodopsin is a transmembrane protein that binds a retinal chromophore
covalently. CD spectra indicate that the native protein has an o-helical content of
about 74%, equivalent to about seven transmembrane helices, while the unfolded
protein has an a-helical content of about 42%, equivalent to about four transmem-
brane helices [38]. Therefore, about 70 amino acids (equivalent to three transmem-
brane helices) change conformation during this refolding process. To trigger the
folding reaction, the partially denatured membrane protein is mixed with the
renaturing detergents or lipids, thus diluting the denaturant. As a result of this
mixing, some difficulties must be overcome in using CD, notably changes in the
size and shape of the micelles and vesicles that can occur over time. Moreover, it
is necessary to follow conformational changes not only at a single wavelength but
over a large spectral range, because of the pitfalls in measuring membrane protein
CD. The changes in far-UV spectra during refolding have been monitored at 195
and 224nm [38] to account for changes in both the content of o-helical and disor-
dered structures. Far-UV CD has been used in combination with time-resolved
fluorescence and absorption spectroscopy to follow the refolding kinetics. The
refolding of the SDS-denatured state of bacteriorhodopsin (bO) in DMPC/DHPC
micelles in the presence of retinal (R) occurs according to the simplified following
reaction scheme in which retinal binds after a rate-limiting step. bO is the dena-
tured SDS state (that cannot bind retinal), and I1 and I2 are intermediates that
form prior to retinal binding (I and bR forms).

bO I I, ==1, ——bR

The CD data revealed monoexponential kinetics with an apparent rate constant
of 0.077s™" at pH 8 at both 195 and 224nm. The CD amplitude variations of the
195- and 224-nm bands during this slow phase account for about 30 amino acids
(at least one transmembrane helix) undergoing a conformational change from
disordered to o-helical conformation. The remaining 40 amino acids fold to
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o helices during the 20-s experimental dead time. A comparison with fluorescence
data indicated that this slow phase corresponds to formation of the I, intermediate
which binds retinal. The rate-limiting folding of I, has been suggested to reflect
either the folding and insertion of parts of helices F and G, or the packing of the
core regions of most of the transmembrane helices, followed by formation of the
helix ends [37]. More recent time-resolved site-specific fluorescent labeling studies
[39] discarded the first suggestion and proposed that I, formation involves
insertion of helix D as well as helix formation at the ends and helix packing.

10.7
Conclusion and Perspectives

Circular dichroism is a convenient spectroscopic method for following the mem-
brane protein folding and conformational changes that occur during the activation
and regulation of these proteins. Conventional dichrographs enable rapid and easy
measurements of secondary structure contents as well as tertiary structure finger-
prints, as long as the membrane proteins possess aromatic residues or disulfide
bonds. It must be mentioned at this point that the amount of proteins required
to perform such experiments is relatively high (0.1-1mgmL™ and 0.5-2mgmL™"
for far-UV and near-UV CD experiments, respectively), especially when knowing
the difficulties encountered in producing recombinant membrane proteins. For
far-UV experiments, conventional instruments cannot record spectra below 185
to 190nm as a result of the high absorbance of the buffer, solvent or sample and
the low intensity of the light sources. As a result of additional bands observed
below 190nm for the different types of secondary structure, the analysis of the
secondary structure contents should be more accurate using data below 190nm
[40]. Circular dichroism using the synchrotron radiation (SRCD) as a light source
allows CD measurements of protein samples in aqueous solution as low as 160 nm
due to the higher intensity of the light source [41]. The other advantages of using
SRCD are due to the high signal-to-noise ratio of the SRCD spectra, which not
only makes the monitoring of small conformational changes possible but also
speeds up the recording. However, the light beam may induce denaturation due
to local heating or degradation due to free-radical formation [42, 43]. Moreover, in
order to record spectra down to 160nm, small pathlength cells (10 pum) are used,
such that concentrated samples are needed (ca. 10mgmL™). This raises the ques-
tion of the sample preparation for such experiments, as such high concentrations
will not only increase the amounts of detergent and lipid required to maintain the
membrane protein in a functional state but also increase the protein—protein
interactions, thereby inducing aggregation.

Far-UV CD is a suitable technique to follow the folding/unfolding of membrane
proteins. However, a purified membrane protein exhibiting native secondary
structure might not have native tertiary fold. Whilst near-UV experiments can
provide structural information about the tertiary fold, more theoretical investiga-
tions are needed in order to interpret the spectra. Ligand binding can be monitored
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using far-UV spectra when secondary structure changes are involved, or near-UV
CD spectra when the environments of the aromatic residues or disulfide bonds
are affected by the binding.
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Membrane Protein Structure and Conformational Change
Probed using Fourier Transform Infrared Spectroscopy
John E. Baenziger and Corrie J. B. daCosta

11.1
Introduction

The difficulties associated with the application of X-ray crystallography and nuclear
magnetic resonance (NMR) spectroscopy to biological membranes still hinder the
structural characterization of integral membrane proteins. These difficulties
have limited the number of high-resolution structures that have been solved. Even
when high-resolution structures are available, they are usually obtained from
proteins solubilized in a detergent-environment, which can compromise the
protein structure and/or lock a protein into a single conformational state. Non-
invasive physical methods that probe both integral membrane protein structure
and conformational change, while the proteins reside in their natural membrane
environment, are thus essential for a complete understanding of membrane
protein function.

Fourier transform infrared (FTIR) spectroscopy is one physical method that is
readily applicable to the structural characterization of integral membrane proteins
in their natural membrane environment. The technique requires only small
amounts of protein (a few micrograms can suffice) and, in most cases, both data
acquisition and interpretation are relatively rapid and simple such that surpris-
ingly detailed insights into membrane protein structure can be obtained.

In this chapter, the application of FTIR spectroscopy to the structural character-
ization of integral membrane proteins is discussed, with attention focused mainly
on data acquisition using the attenuated total reflectance (ATR) technique. First,
the ATR methodology is described, after which details are provided as to how the
technique can be used to probe both the biophysical features of membrane pro-
teins and changes in both side chain and polypeptide backbone structure that
occur during conformational change. Next, nature of the structural information
that can be obtained from FTIR spectra is described. Finally, examples are pro-
vided, primarily from the authors’ own research, on the nicotinic acetylcholine
receptor (NAChR), and how this information can be used to probe features of
membrane protein structure and function.

Biophysical Analysis of Membrane Proteins. Investigating Structure and Function. Edited by Eva Pebay-Peyroula
Copyright © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31677-9

259



260

11 Membrane Protein Structure and Conformational Change Probed using FTIR

11.2
FTIR Spectroscopy

FTIR spectroscopy is a technique that probes the frequencies of molecular vibra-
tions [1]. A non-linear molecule with N atoms exhibits (3N — 6) fundamental
vibrations. Each fundamental vibration involves every atom in the molecule vibrat-
ing at the same frequency although, in reality, the vibrations tend to be localized
to a specific region or functional group, such as the C=0 bond of a polypeptide
backbone. If the fundamental vibration leads to a change in dipole moment (i.e.,
the vibration has a transition dipole), then the molecule will absorb electromag-
netic radiation with a frequency that matches the vibrational frequency of the
fundamental mode. The frequencies of molecular vibrations have the same ener-
gies as radiation in the infrared region of the electromagnetic spectrum.

The frequency and intensity of infrared light that is absorbed upon excitation of
a vibrational mode are both governed by many factors, including the force constant
of the bonded atoms, the masses of the vibrating atoms, and the orientation of the
transition dipole relative to the electric field vector of the infrared light. Bond force
constants are sensitive to the chemistry of the bonded atoms (i.e., double versus
single bonds, protonated versus deprotonated, etc.) and their local environments
(hydrogen bonding versus apolar, etc.). Infrared spectroscopy can thus provide
insight into the local chemistry and environments of functional groups within a
molecule, including the individual amino acid residues within a protein. Unfor-
tunately, even a small protein of 20kDa exhibits approximately 10* fundamental
vibrations. The large number of vibrations leads to extensive band overlap and
thus spectra with broad featureless peaks from which it is difficult to abstract
residue-specific information. Difference methods have been developed that allow
this residue-specific information to be probed and thus residue-specific changes
in structure and environment that occur during protein conformational change to
be examined. Difference spectroscopy has been used extensively to examine con-
formational change in light-activated proteins, such as bacteriorhodopsin (see
below). In this chapter, attention is focused on a general approach for probing
residue-specific vibrational information during membrane protein conformational
change, which is the use of attenuated total reflectance to examine membrane
receptor-ligand interactions.

11.2.1
Attenuated Total Reflectance FTIR Spectroscopy

In the classical FTIR experiment, an aqueous biological sample is sandwiched
between two optically transparent windows separated by a thin Teflon spacer, and
the transmittance/absorbance of infrared light measured (Fig. 11.1a and b). This
approach is straightforward, but its application to membrane proteins is limited
because the strong absorption bands of water ("H,0) overlap with many important
protein vibrations and often saturate the absorption spectrum. In order to mini-
mize this band overlap, most protein FTIR spectra are recorded from samples in
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Fig. 11.1 Schematic diagram depicting the deposited on the surface of an internal
experimental set-up for acquiring FTIR spectra reflection element (IRE, with a refractive

using the transmission (a and b) and index, n,). Infrared radiation enters the IRE,
attenuated total reflectance (ATR) (c and d) where it undergoes total internal reflection,
approaches. During transmission creating a standing wave within the IRE that is
measurements, infrared radiation (red) normal to the IRE surface. This standing wave
passes through an aqueous sample which is  extends beyond the surface of the IRE
sandwiched (with a Teflon spacer) between (evanescent wave), decaying exponentially as
two CaF, windows. For ATR measurements, it moves away from the IRE surface.

samples (with refractive index, n,) are

’H,0, as opposed to 'H,0, buffer. Even with spectra recorded in *H,0, however,
very thin Teflon spacers (~10pum) and relatively high concentrations of protein are
still required to maximize the sample absorption relative to that of *H,0.

The ATR technique represents an alternative for the acquisition of FTIR spectra
of membrane proteins [2—4]. In the ATR experiment, the infrared light is focused
on an optically transparent material, called an internal reflection element (IRE)
(Fig. 11.1c). The light passes transversely through the IRE to strike the internal
surface at an angle 0 above the critical angle, 6. = sin™'n,;, where it undergoes
total internal reflection (1, = n,/n,, n, is the refractive index of the IRE, and n, is
the refractive index of the sample on the IRE surface). Superimposition of the
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incoming and reflected waves at each reflection point yields a standing electro-
magnetic field within the IRE that is normal to the reflecting surface (Fig. 11.1d).
Significantly, this electromagnetic field (E,) penetrates beyond the IRE surface (the
evanescent wave) with its strength (E) decaying exponentially according to:

E=Ee %

where z is the distance perpendicular to the IRE surface, and d, is the penetration
depth of the infrared light defined as follows:

d _ 7\./”1
P onsin?0-nd,

The penetration depth is the distance from the IRE surface at which the intensity
of the evanescent wave has diminished to roughly one-third its value at the IRE
surface (E,). For typical IREs, the penetration depth is between 0.5 and 2.0pm,
depending mainly on the refractive index of the IRE and the angle of incidence
of the infrared light. This penetration depth is sufficient to allow the infrared
light to interact strongly with membranes deposited on the surface of the IRE
3, 4].

There are several advantages to the acquisition of infrared spectra using the ATR
approach. One advantage, relative to spectra recorded using transmission mea-
surements, is that the high concentration of membranes on the ATR surface leads
to a stronger sample absorption relative to that of the buffer. The low penetration
depth of the IR light beyond the IRE also avoids saturation of the absorption signal
from the bulk aqueous solution. In fact, excess buffer beyond the penetration
depth of the evanescent wave is not probed in an ATR experiment. Membrane
protein spectra can thus be recorded in the presence of excess buffer and/or while
flowing buffer over the deposited membrane surface [5, 6]. The latter allows
spectra to be recorded of the same protein sample under different buffer condi-
tions, such as in the presence and absence of a specific ligand or increasing pH,
simply by changing the buffer in the external sample compartment. As discussed
in Section 11.2.2, measuring the differences between spectra of a protein under
two different buffer conditions allows probing of the subtle vibrational alterations
that occur in individual amino acid residues during membrane protein conforma-
tional change (see section 11.2.2).

Another advantage of the ATR technique is that it is ideally suited to exploit the
sensitivity of the absorbance intensity of a given vibration to the orientation of its
transition dipole relative to the electric vector of the incident radiation. By using
polarized infrared light to record spectra from membrane samples oriented on the
surface of a planar IRE, it is possible to define the orientations of functional groups
relative to the bilayer normal [4]. Changes in functional group orientation, such
as the tilting of transmembrane o-helices, during protein conformational change,
can thus be monitored (see section 11.2.3).
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Finally, as there are many different IRE materials, IRE geometries, and com-
mercially available ATR accessories, it is easy to customize an ATR experiment for
almost any application. For example, microsampling accessories allows the rapid
recording of spectra from tiny aliquots of a solution (S5pL or less). The present
authors have used microsampling accessories and FTIR as an analytical tool
to rapidly characterize lipid—protein ratios and detergent levels in solubilized
membrane protein samples for protein crystallization experiments (see Section
11.4.6) 7).

11.2.2
Detecting Changes in Side Chain Structure/Environment During Protein
Conformational Change

The changes in vibrational frequency and/or intensity that occur upon the conver-
sion of a protein from one conformation (state A) to another (state B) usually rep-
resent less than 0.1% of the total protein spectral intensity at a given frequency.
Therefore, a direct comparison of spectra recorded from a protein in states A and
B rarely reveals the vibrational changes that are associated with the conformational
transition (Fig. 11.2a). To detect these subtle differences, the spectrum of state A
must be digitally subtracted from the spectrum of state B (or vice versa) to elimi-
nate the vibrational bands from those residues whose structures are unaffected by

Resting State
(R)

Desensitized 5tate

o

Difference Spectrum
M

1800 1600 1400 1200 1000
a) Wavenumber (cm™)
Fig. 11.2 FTIR monitors membrane protein high fidelity spectra for calculating spectral
conformational change. (a) FTIR spectra of differences, films of the nAChR are deposited
the nAChR recorded in the resting (R, top on a germanium IRE. Spectra in the ligand-
trace) and ligand-bound desensitized (D, free (resting) and ligand bound (desensitized)
middle trace) states are essentially identical states are recorded while alternately flowing
because most residues in the protein are buffer either with or without the ligand of
unaffected by the conformational change. interest (in this case the acetylcholine
Subtle differences between the spectra can be analogue, carbamylcholine), past the nAChR
detected by digitally subtracting the two film. Buffer flow is controlled using a

spectra (lower trace). Note the difference in peristaltic pump (flow rate = 1.5mLmin™)
absorption scales. (b) To obtain sufficiently and an electronic valve (V).
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the change in conformational state. The resulting difference spectrum exhibits the
vibrational bands from only those residues whose structures and/or environments
differ between the two states A and B, and thus provides a spectral map of the
conformational change (Fig. 11.2a).

Accurate spectral differences can only be measured under conditions where
intensity variations from one spectrum to the next (due to thermal fluctuations,
changes in sample concentration, etc.) are much less intense than the changes
in vibrational intensity that result from the protein conformational change itself.
In most cases, this high degree of spectral reproducibility can only be achieved
if the conformational change is triggered while the protein of interest remains
inside an infrared sampling device within the FTIR spectrometer. The ability
to repetitively cycle a protein between two conformational states inside the FTIR
spectrometer is often essential, as successive difference spectra measured
between states A and B must be averaged to achieve a sufficient signal-to-noise
ratio.

FTIR difference spectroscopy was originally developed to monitor the structural
changes that occur in light-activated proteins, such as bacteriorhodopsin and the
photosynthetic reaction center [8-11]. These proteins are particularly well suited
for difference spectroscopy because conformational change can be repetitively
triggered inside the infrared sampling device with a flash of ultraviolet (UV) or
visible light. Difference spectroscopy has detected changes in both the protonation
state and the strength of hydrogen bonding of a number of amino acid side chains
upon light activation of both proteins. In many cases, these subtle changes in
structure and environment have been monitored in real time using time-resolved
FTIR techniques. FTIR studies of the light-induced protein conformational change
remains an active and important area of research.

In order to apply the difference technique to proteins that lack intrinsic activat-
able chromophores, a variety of technically innovative methods have since been
developed. These methods include: (i) the light-induced release of an effecter
ligand from a caged precursor [12]; (ii) stopped- and continuous-flow measure-
ments [13]; (iii) temperature and pressure jump experiments [14, 15]; (iv) equi-
librium electrochemistry [16]; (v) light-induced photo-reduction [17]; and (vi)
attenuated total reflection (ATR) with buffer exchange [5, 18, 19]. For a recent
review of the different methodologies, see Ref. [20].

The ATR approach with buffer flow is the most versatile method for probing
membrane protein conformational change, and can be used to probe the molecu-
lar details of membrane receptor-ligand interactions. Because of the limited pen-
etration of infrared light into a biological membrane film deposited on an IRE
surface, spectra can be recorded in the presence of bulk aqueous solution. Ligands
added to the bulk solution percolate through hydrated membrane films and bind
to proteins located within the lipid multi-bilayers (Fig. 11.2b). In addition, biologi-
cal membranes adhere to hydrophilic IREs, thus allowing the acquisition of repro-
ducible spectra in the presence of flowing bulk solution. The ability to record
reproducible spectra in the presence of flowing buffer provides a convenient
method for triggering ligand-induced conformational change. By alternately
flowing buffer either with or without a ligand of interest past the membrane film,
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the difference between spectra of the ligand-bound and ligand-free states can be
measured, allowing ligand-induced structural change to be probed.

The structural changes associated with the binding of almost any water-soluble
small ligand can be studied using the ATR approach. Ligand binding can be
probed at varying pH and ionic strength. Ligand-induced changes in functional
group orientation can be determined by recording difference spectra with linearly
polarized infrared light. A number of different IRE materials and dimensions are
available, which allows the experimental approach to be optimized for samples
with varying quantities of protein. The difference technique, however, requires the
formation of a stable membrane film on an IRE surface. Rigorous care must also
be taken to avoid variations in flowing buffer temperature, which lead to baseline
distortions. A detailed discussion of the various factors that influence the acquisi-
tion of difference spectra using the ATR technique is available in Ref. [19].

An example of the use of the ATR method of recording difference spectra in the
presence of flowing buffer to monitor the vibrational changes that occur upon
ligand binding to the nAChR is presented in Fig. 11.2a. The difference between
spectra of the nAChR recorded in the presence and absence of the agonist ana-
logue carbamylcholine (referred to as a Carb difference spectrum) exhibits a complex
pattern of positive and negative difference bands (Fig. 11.3a) [21]. These bands
reflect:

a] Agonist Difference Spectrum
W&
b)

_/\\,_\_/“-"‘"\-MLA/\'\_J
C] Ligand-Prateln Interactions g

B WS

Protein Confromational Change
d) g
1800 1600 1400 1200 1000

Wavenumber (cm™)

Fig. 11.3 Agonist-induced changes in nAChR  vibrational shifts that result from the
structure revealed by FTIR. (a) The difference  formation of physical interactions between

between spectra of the Torpedo nAChR Carb and the nAChR, and (c) the vibrational
recorded in the absence and presence of the  shifts that result from the conformational
agonist, Carb exhibit bands due to (b) the change from the resting (R) to the

vibrations of nAChR-bound Carb, (c) the desensitized (D) states.
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« vibrations of nAChR-bound carbamylcholine (Carb) (Fig.
11.3b)

- vibrational changes associated with the formation of physical
interactions, such as hydrogen bonds, etc., between Carb
and neurotransmitter binding site residues (Fig. 11.3c), and

« vibrational changes associated with the resting-to-
desensitized conformational transition (Fig. 11.3d).

Positive difference bands centered near 1663, 1655, 1547, 1430, and 1059cm™
serve as markers of the Carb-induced transition from the resting to the desensi-
tized state [22-27]. The latter marker bands have been used to investigate how
lipids and various drugs influence the ability of the nAChR to undergo the ligand-
induced resting to desensitized state conformational change, as discussed below.

11.23
Probing the Orientation of Functional Groups

The orientation of a functional group in a membrane protein relative to the bilayer
surface can be determined from oriented planar lipid bilayers using linear dichro-
ism ATR measurements [4, 28]. Linear dichroism refers to the differential absorp-
tion of infrared light that is linearly polarized either parallel or perpendicular to
the plane of incidence.

The dichroic ratio, R, of a given absorption band is defined as the ratio of the
integrated absorbance intensity obtained with infrared radiation polarized either
parallel or perpendicular to the plane of incidence (Fig. 11.4). The plane of
incidence is defined by the incoming and reflected infrared beam (xz-plane),
where the x-axis denotes the direction of propagation through the IRE and the
z-axis is perpendicular to the IRE surface. The angle of incidence, 6, is defined as
the angle between the incoming infrared beam and the z-axis. For thick membrane

Fig. 11.4 FTIR can be used to monitor the orientation of
protein functional groups relative to the bilayer normal. Linear
dichroism ATR measurements utilize infrared light that is
polarized either parallel (E,) or perpendicular (E,) to the plane
of incidence (defined by the incoming infrared beam and the
normal to the IRE surface, Z). 8 is the angle of incidence.
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Sfilms (films that extend well beyond d,,) formed on a germanium IRE (n, = 4) with
an angle of incidence 0 = 45° and a sample refractive index n, = 1.44, R can be
interpreted in terms of an order parameter fas follows:

R-2.00
R+1.45

fB)=

where:
FB)=5-Geos’B-1

and [ is the angle between the vibrational transition dipole and the bilayer normal.
A molecule that rotates isotropically (e.g., bulk H,0) within the penetration depth
of the IRE will exhibit an R-value, Risotopic; f 2.00. An R-value of 2.00 is also observed
if the vibrational transition dipole of the molecule is oriented at the “magic angle”
angle of B = 54.7° relative to the IRE surface/z-axis. An R-value greater than 2.00
corresponds to an average tilt angle 3 less than 54.7° relative to the IRE surface/
z-axis, and thus suggests a preferred orientation normal to the bilayer surface. An
R-value less than 2.00 corresponds to an average tilt angle B greater than 54.7°,
and corresponds to a preferred orientation parallel to the bilayer surface.

A mathematical interpretation of linear dichroism data in terms of the structural
orientation of functional groups relative to the bilayer surface is also possible, but
requires knowledge of the angle between the vibrational transition dipole and the
corresponding functional group on the protein. For example, the angle between
the peptide amide I transition dipole and the long axis of an o-helix has been
measured to be 39°, which allows an estimation to be made of the overall net tilt
of o-helices in a protein [29]. A rigorous interpretation of linear dichroism data,
however, requires an estimate of the orientational uniformity of the lipid multi-
bilayers on the IRE surface (the mosaic spread). Anisotropic motion will average
the measured dichroic ratio, R, closer to Riouopic and thus the calculated angle
closer to the magic angle of 54.7°. The motions of membrane lipids, for example,
must be taken into account in the calculation of tilt angles. Finally, the value of
Risomopic depends on the refractive index of the IRE, the angle of incidence of the
infrared light, and the thickness of the membrane film. The use of membrane
films that extend well beyond d, (i.e., thick films) avoids complications in the
interpretation of linear dichroism data. A more in-depth discussion of linear
dichroism data recorded from thick films using the ATR technique may be found
in Ref. [30].

11.3
Vibrational Spectra of Membrane Proteins

Representative infrared spectra recorded from the nAChR dried from 'H,0 and
in H,0 buffer (the latter after buffer subtraction) are presented in Fig. 11.5. These
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Fig. 11.5 Representative FTIR spectra of a carbonyl stretching region and protein amide
membrane protein. Infrared spectra of the I/I” and 11/11" regions. Note that the protein

nAChR recorded in 'H,0 (solid line) and ?H,0 amide Il vibration overlaps with a Lipid CH,
(dashed line). (a) Lipid acyl chain stretching  vibration (scissoring/bending). v, = symmetric
region (2800-3050cm™). (b) Lipid ester stretching; v,; = asymmetric stretching.

two regions of the infrared spectrum exhibit four main features corresponding to
the lipid acyl chain C—H (both the methyl and the methylene symmetric and
asymmetric) stretching vibrations between 3000 and 2800cm™, the lipid C=0
stretching vibrations between 1740 and 1720cm™, the protein amide I vibrations
between 1700 and 1600cm™ (referred to as amide I’ in *H,0), and the protein
amide II vibrations between 1580 and 1520cm™ (these vibrations shift to near
1450 in °H,0, referred to as amide II') [3, 31, 32]. The noted vibrations are relatively
intense because the functional groups that give rise to them are relatively abundant
in membrane protein samples. The noted bands are the most commonly studied
in infrared spectra recorded from membranes, and each can provide some insight
into either membrane or membrane protein structure—function. There are also
many vibrations due to protein side chains that absorb infrared light in the 1800
to 1000cm™ region of the infrared spectrum — the most visible being the tyrosine
ring-stretching vibrations near 1515cm™. Most side-chain vibrations are exqui-
sitely sensitive to local chemistry (e.g., protonated versus deprotonated forms) and
local environment (hydrogen bonding, polarity, etc.), and can be monitored to gain
detailed insight into the nature of protein conformational change.

In the following sections, details are provided of how the four main groups of
infrared vibrations noted above can be analyzed to probe membrane structure—
function. A brief survey is also provided of the main side chain vibrations that can
be studied to shed light on changes in side-chain chemistry and environment
during protein conformational change.

11.3.1
Lipid Vibrations

11.3.1.1 Lipid Ester C=O
The lipid ester carbonyl stretching vibration typically gives rise to two overlapping
bands centered near 1740 and 1730cm™" that reflect non-hydrogen-bonded and
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hydrogen-bonded lipid ester carbonyls, respectively. These two vibrations can be
visualized using resolution enhancement techniques (as shown in Fig. 11.10a).
Membranes with tightly packed lipids have less water penetration into the inter-
facial region between the polar headgroups and the apolar fatty acyl chains. Such
membranes have a lower proportion of hydrogen-bonded ester carbonyls vibrating
near 1730cm™. For example, tightly packed gel-phase membranes composed
of phosphatidylcholine (PC)/phosphatidic acid (PA)/cholesterol (Chol) (3:1:1,
mol:mol: mol) membranes exhibit a lower proportion of hydrogen-bonded ester
carbonyls near 1730cm™ than is observed in the same membranes in the liquid
crystalline phase [30]. The lipid ester carbonyl stretching vibrations provide a
simple qualitative probe of lipid bilayer packing. It has been found that incorpora-
tion of the nAChR into some membranes leads to a change in the physical packing
of the bilayers and to an increase in the proportion of non-hydrogen-bonded
lipid ester carbonyls, which suggests a lateral tightening of the lipid bilayer
(see Fig. 11.10a). Surprisingly, these changes occur in a lipid-specific manner
33, 34].

11.3.1.2 Lipid Methylene C—H

The lipid methylene symmetric stretching vibrations undergo a shift up in fre-
quency with increasing acyl chain disorder (i.e., increasing methylene trans—gauche
isomerizations), and thus provide a sensitive probe of the transition from the
ordered gel phase to the relatively disordered liquid crystalline phase (see Fig.
11.10b).

In addition, the linear dichroism of these lipid vibrations can be used to probe
the orientational uniformity (mosaic spread) of membrane films deposited on
planar IRE surfaces. The lipid methylene C—H stretching transition dipole is ori-
ented in the H—C—H plane, which is perpendicular to the long axis of an all-trans
fatty acyl chain. With a perfectly ordered saturated acyl chain oriented normal to
the bilayer surface in membranes that are parallel to the IRE surface, the expected
dichroism, R, of the methylene stretching vibrations should approach a value of
R=0.85. A membrane film with a methylene stretching dichroism that approaches
0.85 thus indicates a uniformly oriented membrane film parallel to the IRE surface.
Increasing dichroism (i.e., R > 0.85) of this vibration could reflect either a poor
orientational uniformity or an increasing disorder of the lipid acyl chains within
the lipid bilayer due to anisotropic motions [30].

11.3.2
Protein Backbone Vibrations

11.3.2.1 Amide |

The protein amide I band is due primarily to the peptide backbone C=0 stretching
vibration, which is sensitive to hydrogen bonding and thus to protein secondary
structure [35-38]. Both, empirical and theoretical studies have shown that o-helical
amide I vibrations absorb in the 1645 to 1660 cm™ region, while B-sheet vibrations
absorb in the 1625 to 1640cm™ region, with a second weaker vibration near
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Fig. 11.6 FTIR used to elucidate protein
secondary structure. Resolution-enhanced
spectra of intact Torpedo nAChR (top trace),
and Proteinase K-treated nAChR (removes
extramembranous regions of the receptor,
second trace from top). For comparison, also
shown are resolution-enhanced spectra from
myoglobin, lysozyme, and trypsinogen. The
main frequency regions of the amide | bands
typically attributed to o-helix (ot) and B-sheet

(B) are shaded. The relative proportion of
o-helical and B-sheet secondary structure (as
determined by other methods) for each of the
proteins is also indicated. The resolution-
enhanced spectra of the nAChR presented

in Figs. 11.6, 11.7, and 11.9b differ slightly
because they were acquired under different
experimental conditions and thus were not
processed using the same deconvolution
parameters. (Adapted from Ref. [41].)

1680cm™ (Fig. 11.6). Predominantly o-helical proteins give rise to a symmetric
amide I band shape centered near 1650cm™, whereas predominantly B-sheet
proteins give rise to an asymmetric band shape with an intense maximum cen-
tered near 1630 cm™ and a shoulder located near 1680 cm™. Proteins with a mixture
of both types of secondary structure predictably give rise to spectra that are a
combination of the two extremes. The band shapes recorded from predominantly
o-helical or B-sheet proteins tend to be relatively insensitive to solvent ("H,O and
’H,0), although the peak maxima shift down in frequency by 5 to 10cm™ upon
exchange of peptide N—'H for N—*H in *H,0. The band shapes of membrane
proteins with more unordered structures, such as the nAChR, tend to undergo
more substantial changes in band shape upon transfer from 'H,O to ’H,0
buffer.

A simple visual inspection of amide I band shapes can provide rapid, qualitative
insight into the secondary structural content of a protein. Careful analysis of amide
I band profiles can also lead to numerical estimates of the relative content of dif-
ferent secondary structures. The typical approach is to use band narrowing/resolu-
tion enhancement techniques to identify the number and frequencies of the
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component bands (o-helix, B-sheet, turn, etc.) contributing to the broad amide I
contour. This information is then used to curve fit the experimental data and thus
to estimate the relative contribution of each band (each secondary structure
element) to the amide I profile. While curve fitting is conceptually simple, such
an analysis remains highly subjective as there are many curve fit solutions that
will reproduce the experimental data. In order to test the curve fit results, the
resolution-enhanced curve fit spectrum should be compared with the resolution-
enhanced experimental data [39]. This is essential to ensure that reasonable values
for the component band line widths and heights have been chosen. It is also
important to note that resolution-enhancement techniques are very sensitive to
the presence of noise and minute absorptions due to water vapor in the infrared
spectra. Spectra should be analyzed for the presence of water vapor (see Ref. [40])
before applying resolution-enhancement techniques. Finally, it should be noted
that the assignment of amide I component bands to different secondary structures
is based primarily on empirical correlations. Even exclusively o-helical proteins
exhibit weak bands in regions of the spectrum typically attributed to B-sheet [41]
(Fig. 11.6). Hence, care must be taken not to over-interpret the spectral data.

The amide I vibration is sensitive to protein denaturation. Denaturation of both
soluble and integral membrane proteins leads to a decrease in the intensities of
the amide I component bands due to o-helix and B-sheet, and to a corresponding
increase in the intensities of component bands near 1620 and 1680cm™" that have
been attributed to unordered strands involved in intermolecular hydrogen bonds.
The thermal denaturation temperature of the nAChR obtained by monitoring
changes in amide I band shape (roughly 55°C) is consistent with the thermal
denaturation temperature that has been observed for the nAChR using other
physical methods [42] (Fig. 11.7).
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Fig. 11.7 FTIR used to monitor protein denaturation curve with a mid point close to
thermal denaturation. (a) Deconvolved 55°C (nAChR in asolectin membranes). The

spectra of the nAChR recorded with increasing thermal denaturation upon reconstitution into
temperature (25°C to 75°C) exhibit spectral 1-palmitoyl-2-oleoyl-phosphatidylcholine)

changes indicative of thermal denaturation. (POPC) is less cooperative and occurs at a
(b) Percentage change in intensity at a given  slightly lower temperature. (Adapted from Ref.
frequency (1681cm™) as a function of [42].)

temperature gives a cooperative thermal
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Fig. 11.8 FTIR used to monitor protein 750 min after exposure to “H,0). A plot of
hydrogen—deuterium exchange kinetics. (a) amide |l/amide | ratio as a function of time
Spectra of the nAChR reconstituted into shows increased hydrogen exchange when the

asolectin (top) and POPC (bottom) recorded  nAChR is reconstituted into POPC
as a function of time after exposure to ’H,0 ~ membranes. (Adapted from Ref. [42].)
(dotted =3 min; dashed = 24 min; solid =

11.3.2.2 Amide I

The protein amide II band corresponds mainly to the peptide backbone N—H
bending vibration. Although the amide II band shape is sensitive to protein sec-
ondary structure, the amide II band is more commonly used to monitor peptide
hydrogen exchange kinetics. The frequency of this vibration downshifts from near
1545cm™ to 1450 cm™ upon exchange of the peptide N—"H for N—"H. In a typical
experiment, the intensity of the amide II vibration near 1545cm™ is measured
relative to the intensity of the amide I band as a function of time [43] (Fig. 11.8).
It should be noted, however, that in order to compare hydrogen exchange kinetics
from one protein to another, each amide II/amide I band intensity ratio must be
converted into the percentage of hydrogens that have exchanged for deuterium.
This conversion requires accurate measurement of the amide II/amide I band
intensity ratios for a fully protiated and a fully deuterated samples. Note also that
the amide IT band overlaps with a weak vibration of °H,0. Accurate and consistent
subtraction of the absorption bands of *H,0 buffer from the spectra is required
for an accurate measurement of amide II/amide I band intensity ratios.

11.3.3
Protein Side-Chain Vibrations

There are many protein side-chain vibrations which absorb in the 1800 to 1000 cm™
region that can provide insight into the chemistry and local environment of indi-
vidual residues. For example, the C=0 and C—O stretching vibrations of proton-
ated aspartic and glutamic acid residues vibrate in the 1710 to 1790cm™" and 1120
to 1250cm™ regions, respectively. The frequency of the C=0 stretching vibration
shifts down in frequency by as much as 25cm™ with hydrogen bonding, and can
thus be used to monitor changes in hydrogen bond strength during conforma-
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tional change. In addition, the asymmetric and symmetric stretching vibrations
of deprotonated aspartate and glutamate side chains vibrate near 1580cm™ and
1400cm™, respectively. Changes in the protonation states of aspartic acid and
glutamic acid side chains are easily detected in FTIR spectra using difference
techniques (see Section 11.2.2).

A list of the most intense protein side chain vibrations and their frequencies in
both 'H,0 and *H,0 (where available) is provided in Table 11.1. Side chains with
distinct chemical properties give rise to characteristic vibrations; for example, the
vibrations of aliphatic amino acid side chains are generally weaker and of lesser
utility. It should be noted that the vibrational frequencies of most side-chain vibra-
tions will change depending on the local environment; hence, the frequency—func-
tional group correlations listed in Table 11.1 are useful only as a guide. Either
site-directed mutagenesis or site-directed isotope labeling is usually required to
assign vibrational shifts detected in difference spectra to individual amino acid
side chains. FTIR difference techniques combined with molecular biology can
provide residue-specific information regarding protein conformational change. A
more comprehensive discussion of side-chain vibrations is presented by Barth
[44].

11.4
Applications of FTIR To Membrane Proteins

11.4.1
Testing Protein Structural Models and Validating the Structures of Mutant Proteins

FTIR spectroscopy has been used extensively to probe membrane protein second-
ary structure, in order to test structural models. A poignant example comes from
studies on the nAChR, the prototypic member of a super-family of ligand-gated
ion channels that are central to inter-neuronal communication. Low-resolution
electron microscopy images and biophysical data originally suggested that the
nAChR exhibits a novel transmembrane fold composed of an inner ring of five
o-helical segments encircled by a lipid-facing ring of transmembrane B-strands
[45, 46]. To test this model, the structure of the nAChR was examined before
and after proteolysis, the latter to remove the extramembranous regions of the
receptor.

The intact nAChR exhibits a broad amide I band shape with major component
bands centered at 1655 and 1630cm™ indicative of o-helix and B-sheet structures,
respectively. The relative intensities of the two main component bands suggest
that the nAChR has a mixed o-helix/B-sheet structure (see Fig. 11.6). Curve fitting
supports this contention, showing that the nAChR contains ~40% o-helix, which
is sufficient to account for the entire transmembrane domain of the nAChR (~25%
of the total protein mass) [39], as well as a significant proportion of the extramem-
branous domains. The residual amide II band intensity suggests that between
20 and 30% of the nAChR peptide hydrogens are resistant to peptide hydrogen/
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Table 11.1 Absorption frequencies and molar extinction
coefficients of prominent side-chain vibrations in both "H,0

and ?H,0.@:®)

Amino acid 'H,0 ’H,0
Position (cm™)  Ein M7 cm™ Position (cm™)  Ein M7em™

1. Aspartic acid

Asp protonated

v(C=0) 1716-1788 (280) 1713-1775 (290)

V4(C=0) 1120-1253 (100-200) 1270-1322

§(COH) 1264-1450 955-1058

Asp deprotonated

V.,(CO0") 1574-1579 (290-380) 1584 (820)

V4(COO") 1402 (256) 1404

2. Glutamic acid

Glu protonated

v (C=0) 1712-1788 (220) 1706-1775 (280)

v4(C—0) 1120-1253 (100-200) 1270-1322

(COH) 1264-1450 955-1058

Glu deprotonated

V.(COO") 1556-1660 (450-470) 1567 (830)

V4(COO") 1404 (316) 1407

3. Asparagine

Asn, v(C=0) 1677-1678 (310-330) 1648 (570)

Asn, 5(NH,) 1612-1622 (140-160)

4. Glutamine

v(C=0) 1668-1687 (360-380) 1635-1654 (550)

S(NH,) 1586-1610 (220-240) 1163

Vv(CN) 1410 1409

5. Lysine

8.s(NH;") 1626-1629 (60-130) 1201

8,(NH") 1526-1527 (70-100) 1170

6. Arginine

V.s(CN;Hs") 1672-1673 (420-490) 1608 (460)

Vy(CN;HyY) 1633-1636 (300-340) 1586 (500)

7. Histidine

HisH,"

v(C C), v(CC) 1631 (250) 1600

8(CH), v(CN), 3(NH) 1199 1239

V(CN), 8(CH) 1094 1110

HisH

v(C=C), v(CC) 1575-1594 (70) 1569-1575

v(C=N), §(CH) 1490 1485

(CH), v(CN), §(NH) 1229 1223

V(CN), 8(CH) 1090-1106 1096-1107
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Amino acid 'H,0 ’H,0
Position (cm™) Ein M em™ Position (cm™) Ein Mem™

8. Tyrosine

Tyr-OH

v(C—C), 8(CH) 1614-1621 (85-150) 1612-1618 (~160)

v(C—C) 1594-1602 (70-100) 1590-1591 (<50)

v(C—C), 8(CH) 1516-1518 (340-430) 1513-1517 (500)

v(C-0), v(CC) 1235-1270 (200) 1248-1265 (150)

§(COH) 1169-1260 (200)

Tyr-O~

v(C—C) 1599-1602 (160) 1603 (350)

v(C—C), 8(CH) 1498-1500 (700) 1498-1500 (650)

v(C—0) v(CC) 1269-1273 (580)

9. Tryptophan

V(CC), v(C=C) 1622 1618

v(CC), 8(CH) 1496

8(CH), v(CC), v(CN) 1462 1455 (200)

3(NH), v(CC), (CH)  1412-1435 1382

v(CC), V(CN), §(CH)  1352-1361

V(CC), v(CN) 1334-1342 1334 (100)

8(NH), v(CN), §(CH) 1276

8(CH), v(CC) 1245

v(CC) 1203

8(CH)v(NC) 1092

V(NC), 8(CH), v(CC) 1064

v(CC), 8(CH) 1012-1016 1012

10. Phenylalanine

v(C—C) 1494 (80)

11. Serine

v(C—0) 1030

12. Threonine

v(C—0) 1075-1150

13. Cysteine

v(S—H) 2551 1849

14. Aliphatic

8.(CH,) 1445-1480

8,(CH,) 1375 or 1368 + 1385 for adjacent CH; in Val, Leu

8(CH,) 1425-1475

3(CH) 1315-1350

Yo(CH,) 1170-1382

%(CH)) 1063-1295

15. Proline

V(CN) 1400-1465

a v = stretching vibration; v,, = asymmetric stretching vibration; v, = symmetric stretching
vibration; 8 = in-plane bending; v, = wagging vibration; y, = twisting vibration; vy, = rocking

vibration.

b Data from Ref. [44].
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deuterium exchange after three days in °H,0. Significantly, substantial a-helical
amide I component band intensity remains at 1655 cm™ after three days’ exposure
to “H,0, but undergoes a 5 to 10cm™ downshift in frequency under conditions
that enhance further peptide N—"H/N—"H exchange [47, 48]. These findings show
that there exist a percentage of exchange resistant residues in o-helices within the
nAChR. Linear dichroism also shows that these exchange-resistant o-helices have
a predominant orientation parallel to the bilayer normal suggesting, in contrast to
the proposed model, that the transmembrane domain is composed entirely of
o-helices.

Treatment of the nAChR with Proteinase K to remove the extramembranous
domains, provided further evidence for an o-helical transmembrane domain.
Proteolysis leads to a dramatic increase in the o-helical content of the nAChR,
further suggesting that the transmembrane domain is formed exclusively from
o-helical structures and, consequently, that the extramembranous domain con-
tains extensive B-sheet (see Fig. 11.6). Again, linear dichroism measurements
showed that the remaining o-helical structures in the transmembrane domain are
preferentially oriented parallel to the bilayer normal. No definitive evidence was
found for the existence of transmembrane B-strands. These findings supported an
exclusively o-helical transmembrane domain, which was later confirmed by a
higher-resolution structural model [49].

Of note, FTIR can be used as a rapid tool for the validation of the structures of
expressed proteins. As described in Section 11.4.6, microsampling ATR accesso-
ries can be used to record spectra from small volumes of a membrane protein
solution (5-10pL is sufficient) [7]. Within a few minutes, the amide I band of a
protein can be analyzed qualitatively to assess the structural integrity of a newly
purified membrane protein or to provide secondary structural estimates of a newly
cloned protein with an unknown fold.

11.4.2
Lipid—Protein Interactions

One advantage of FTIR spectroscopy is that the structural properties of both mem-
brane lipids and membrane proteins can be probed in a single sample using the
same technique. Previously, FTIR has been used to characterize lipid-protein
interactions at the nAChR, with surprising results.

FTIR difference spectroscopy was first used to examine how lipids influence the
ability of the nAChR to undergo the resting to desensitized conformational change
in response to the binding of the agonist, carbamylcholine (Carb). Figure 11.9a
shows Carb difference spectra recorded from the nAChR reconstituted into phos-
phatidylcholine (PC) membranes with and without the anionic lipid, phosphatidic
acid (PA). For comparison, the top trace was recorded from the nAChR in PC/PA/
Cholesterol (Chol) membranes, a membrane that supports a functional nAChR.
The bottom trace obtained from the nAChR in PC membranes is similar to Carb
difference spectrum recorded from the nAChR in PC/PA/Chol, but while
the receptor is exposed to the local anesthetic, procaine, which stabilizes a non-
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Fig. 11.9 FTIR used to probe the structure
and functional ability of the nAChR in
different membrane environments. (a) Carb
difference spectra recorded from the nAChR
reconstituted into membranes composed of
POPC/POPA (1-palmitoyl-2-oleoyl-PA) /Chol
3:1:1, POPC/POPA 3:2, and POPC (top to
bottom). The shaded areas denote band
intensity in the amide | and Il regions which
reflects the resting to desensitized
conformational change (see Fig. 11.3). This
intensity is absent in the Carb difference
spectra recorded from the nAChR in POPC
membranes, indicating that the nAChR cannot
undergo agonist-induced conformational
change. (b) Resolution-enhanced amide |
band of the nAChR in POPC/POPA/Chol

Wavenumber (cm)

3:1:1, POPC/POPA 3:2, and POPC (top to
bottom). The a-helical component band is
weaker in the spectra recorded from the
nAChR in POPC, most likely due to enhanced
hydrogen—deuterium exchange of the
transmembrane o-helices after three days’
exposure to H,0 and a concomitant 5 to 10
wavenumber downshift in frequency of the
a-helical component band. (c) The increased
hydrogen—deuterium exchange of the nAChR
in POPC membranes is shown by the lower
residual amide Il band intensity in non-
deconvolved spectra recorded from the
nAChR in POPC (lowest trace). The residual
intensity at 1547cm™ is due to vibrations of
unexchanged peptide N 'H. (Adapted from
Ref. [33])

functional desensitized state that does not undergo conformational change upon
Carb binding (second from bottom trace in Fig. 11.11b). The similarity of the two
difference spectra suggests that the nAChR in PC membranes is stabilized in a
conformation that cannot respond to agonist binding. Increasing levels of PA in
PC membranes shift an increasing proportion of nAChRs into a functional state
that responds to Carb binding by undergoing the resting to desensitized confor-
mational transition [23, 33].

Absorbance spectra of the nAChR in each lipid environment were recorded to
validate the structure of the purified protein. Surprisingly, the spectra exhibit
subtle changes in amide I band shape that are particularly evident if the spectra
of the nAChR recorded in PC/PA/Chol are compared to PC-alone membranes
(Fig. 11.9b). Some have attributed these changes in amide I band shape to lipid-
induced changes in nAChR secondary [50], although subsequent analysis showed
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that the variations in amide I band shapes are due entirely to varying rates/extent
of peptide hydrogen exchange in the different lipid environments (Fig. 11.9¢c) [33,
51]. It has also been shown that the thermal denaturation of the nAChR in PC
membranes is less cooperative and occurs at a slightly lower temperature than the
thermal denaturation of the nAChR in membranes that stabilize a functional
nAChR (see Fig. 11.7). The hydrogen exchange kinetics are also faster when the
nAChR is reconstituted into membranes composed of PC (Fig. 11.8). The latter
two findings suggest that the non-functional nAChR in PC membranes has a less
compact tertiary structure than the nAChR in functional PC/PA/Chol membranes.
With a new atomic-resolution model of the nAChR, these biophysical observations
may lead to an insight into the mechanisms by which lipids influence the structure
and function of the nAChR.

An interesting finding of these preliminary FTIR analyses is that lipids not only
affect nAChR structure and function, but also that the nAChR influences the physi-
cal properties of the lipid bilayer (Fig. 11.10). Incorporation of the nAChR into
membranes containing the anionic lipid PA leads to an increase in the gel to liquid-
crystal-phase transition of the lipid bilayer, as well as a lateral tightening of the
bilayer. The latter effect is indicated by a decrease in the proportion of hydrogen-
bonded ester carbonyls, which reflects a diminished water penetration into the
bilayer interfacial region [33]. Incorporation of the nAChR into membranes con-
taining the anionic lipid, phosphatidylserine, reveal different and unique changes
in bilayer structure [34]. The surprising observation that the nAChR influences the
packing of its membrane environment in a lipid-specific manner suggests that the
nAChR may play a role in modulating the structure and/or composition of its lipid
microenvironment. The biological implications of these findings for nAChR func-
tion in vivo remain to be defined.

11.4.3
Receptor—Drug Interactions

FTIR difference spectroscopy can also be used to monitor the changes in the
structure of membrane receptors upon the binding of a variety of agonists and
antagonists. The mechanisms by which local anesthetics interact with the nAChR
have been studied using a combination of FTIR difference spectroscopy and a
classical pharmacological approach. In this experiment, the nAChR is first prein-
cubated with a given concentration of the local anesthetic. The effects of the local
anesthetic on the ability of the agonist Carb to trigger nAChR conformational
change are then monitored — in this case using FTIR difference spectroscopy
24].

The stacked plot in Fig. 11.11a shows Carb difference spectra recorded in the
presence of increasing concentrations of the local anesthetic, procaine. Such
increases diminish the intensities of difference bands in the amide I and II regions
that are indicative of nAChR conformational change, suggesting that procaine
stabilizes the nAChR in a non-functional desensitized state. The difference spectra
also exhibit a number of negative vibrational bands, including one at 1605cm™,
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carbonyls (less water penetration into the
bilayer due to a tighter lateral packing),
whereas incorporation of the nAChR into
POPC membranes has little effect. (b) The
lipid acyl chain methylene C H stretching
vibration shifts up abruptly in frequency upon
transition from the gel to the liquid crystal
phase. Incorporation of the nAChR (solid
circles) into POPC/POPA/Chol 3:1:1 (top)
and POPC/POPA 3:2 (middle) membranes
leads to an increase in the gel-to-liquid crystal
phase-transition temperature compared to
bilayers lacking the nAChR (open circles).
Incorporation of the nAChR into POPC
(bottom) membranes has little effect on the
phase transition. (Adapted from Ref. [33].)

that correspond to the vibrations of procaine itself. As procaine binds to the neu-
rotransmitter binding site over the studied concentration range, the negative
procaine vibrations were attributed to the displacement of procaine from the
neurotransmitter binding site upon the addition of Carb. Procaine also diminishes
the intensity of two bands near 1620 and 1515 cm™ that reflect vibrational changes
associated with Carb-neurotransmitter binding site physical interactions. The
1515cm™ vibration likely reflects the formation of cation-rt electron interactions
between Carb and a tyrosine in the agonist binding site. The 1620cm™ vibration
could reflect similar interactions with a binding site tryptophan. Procaine likely
reduces the intensities of these vibrations by forming similar interactions with
these neurotransmitter binding site residues prior to the addition of Carb. It
should be noted that the changes in the difference spectrum upon the addition of
procaine follow a dose-dependent relationship with ECs,s that match the expected
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Fig. 11.11 FTIR used to elucidate the binding
of drugs and structural changes induced by
drug action at the nAChR. (a) Carb difference
spectra recorded from the nAChR in egg
PC/1,2-dioleoylPA/Chol membranes in the
presence of increasing concentrations of the
local anesthetic, procaine. For clarity, three
representative difference spectra are shown
in (b). The lowest spectrum in (b) is an
absorption spectrum of procaine itself.
Procaine reduces the intensities of
conformationally sensitive amide | and amide
Il vibrations at 1655 and 1545cm™, which
reflect the resting to desensitized
conformational change. The reduced
intensities of these vibrations suggest that the
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drug stabilizes the nAChR in a desensitized
state. The drug also reduces the intensities of
vibrations near 1620 and 1515cm™ that reflect
Carb—nAChR physical interactions. These
vibrational intensities are reduced because
procaine binds to the Carb binding site and
mimics these interactions with the nAChR
prior to Carb binding. Carb binding results in
the displacement of procaine from the Carb
binding site, and thus the appearance of a
negative vibration (due to procaine) near
1610cm™. (c) Spectral changes at a given
frequency occur in a dose-dependent manner
at concentrations of procaine consistent with
its known Kp for binding.

EC;sps for procaine action at the nAChR. These results demonstrate that classical
pharmacological studies can be carried out using FTIR spectroscopy. The advan-
tage of FTIR, however, is that the technique monitors directly the drug-induced
structural changes in the target receptor and can provide residue-specific informa-

tion regarding the nature of receptor—drug interactions.
Studies of other local anesthetics have revealed more complex effects on nAChR
conformation than have been detected using standard pharmacological approaches.

Difference spectra suggest the existence of novel conformational states, some of
which may play a significant role in how nAChR function is modulated in vivo

[24, 25].
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11.4.4
Chemistry of Receptor-Ligand Interactions

Some absorption bands in the Carb difference spectrum reflect vibrational changes
that result from the formation of physical interactions between Carb and neu-
rotransmitter binding site residues. These bands provide insight into the chemis-
try of Carb-nAChR interactions. In order to probe these interactions in more
detail, Carb difference spectra were recorded from a desensitized nAChR film that
was incubated continuously with the agonist analogue, tetramethylamine (TMA).
In other words, the difference was measured between a desensitized nAChR to
which either TMA or Carb was bound (Fig. 11.12) [52].

Carb ()

TMA (D)

e Carb ()
Anionic
subsite

Esterophilic
subsite

Fig. 11.12 FTIR used to elucidate the detailed
chemistry of nAChR-ligand interactions.

(a) Chemical structures of the two agonists
carbamylcholine (Carb) and
tetramethylammonium (TMA), which both
contain a quaternary amine. (b) The agonist
binding site on the nAChR for Carb is thought
to have an anionic subsite (blue) for the
charged amine (composed of aromatic -
electrons) and an esterophilic subsite (green)
that binds the ester carbonyl. Carb difference
spectra exhibit features indicative of (1) the
agonist itself (asterisk), (2) the resting to
desensitized conformational change (light
shading), and (3) Carb—nAChR physical
interactions (top trace in (c)). TMA difference
spectra exhibit the features similar to those
observed in the Carb difference spectrum due
to the agonist, in this case TMA (not shown
in this region), the resting to desensitized
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Ligand free (R
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TRA (D)
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conformational change, and agonist-nAChR
interactions (middle trace in (c)). A Carb-
minus-TMA difference spectrum does not
exhibit peaks due to the conformational
change as both ligands stabilize the
desensitized state (lower trace in (c)). Bands
due to the physical interactions between the
quaternary amine and the anionic subsite are
also absent as both ligands form these
interactions. The spectrum exhibits a peak
due to the vibration of the ester carbonyl of
Carb (asterisk) and two positive/negative
couples (labeled +, =) which reflect vibrations
of residues in the esterophilic subsite. The
shift in frequencies of these two vibrations
reflect the formation of physical interactions
between the ester carbonyl of Carb and
esterophilic subsite residues in the nAChR
that are absent with bound TMA.
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The resulting difference spectrum (referred to as a Carb-minus-TMA difference
spectrum; see lowest trace/schematic in Fig. 11.12c) is simpler than a typical Carb
difference spectrum. Bands due to the resting to desensitized conformational
change are absent, as the nAChR is stabilized in a desensitized state in the pres-
ence of both Carb and TMA. Similarly, bands that reflect the physical interactions
between the quaternary amide of Carb and the nAChR are absent, as these inter-
actions form with both ligands. In the presented region, the Carb-minus-TMA
difference spectrum exhibits a positive band due the ester carbonyl of Carb (aster-
isks). The difference spectrum also exhibits two negative/positive coupled peaks
that reflect shifts in the vibrational frequencies of protein vibrations upon Carb,
versus TMA binding. In other words, the peaks reflect the shifts in the vibrational
spectrum of an amino acid side chain(s) that occur upon formation of a physical
interaction between the side chain and the ester functional group on Carb. Specifi-
cally, the two negative peaks reflect the vibrations of the amino acid side chain(s)
in the absence of a bound ester group, while the two positive peaks reflect the
vibrations of the amino acid side chain(s) bound to the ester group. Carb-minus-
TMA difference spectra recorded in *H,0 and at alternative pH values suggest
preliminary assignment of the bands and provide insight into the nature of the
physical interactions that occur between the ester carbonyl of Carb and the nAChR
[52].

11.45
Changes in Orientation of Functional Groups During Conformational Change

Membrane films deposited on planar IREs exhibit a strong orientational prefer-
ence parallel to the IRE surface [30]. Oriented planar films of the nAChR and linear
dichroism FTIR spectroscopy was used to examine whether or not the transmem-
brane o-helices undergo a change in orientation upon desensitization of the
nAChR. Carb-difference spectra recorded using either parallel or perpendicular
polarized infrared light reveal subtle (but reproducible) variations in the intensities
of several vibrations relative to Carb difference spectra recorded with unpolarized
infrared light (Fig. 11.13). Of particular interest are the amide I and II difference
bands near 1655 and 1545cm™, respectively, that reflect changes in structure of
the polypeptide backbone upon desensitization. In Carb difference spectra recorded
with unpolarized infrared light, the amide I and II difference bands have similar
vibrational intensities. In contrast, the amide I vibration near 1655cm™ is less
intense than the amide I1 vibration centered near 1545 cm™ in the Carb difference
spectrum recorded using parallel polarized infrared light, whereas the relative
intensities of the two vibrations are reversed in difference spectra recorded using
perpendicular polarized infrared light [30].

Whilst a detailed discussion of the polarized difference spectra cannot be pre-
sented here, the data suggest several important features regarding the nature of
the conformational change that occurs upon desensitization. First, the difference
spectra indicate that there is a change in the conformation of the polypeptide
backbone upon desensitization that involves a slight change in orientation relative
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Fig. 11.13 FTIR used to probe the changes
in transmembrane o-helix orientation upon
nAChR desensitization. (a) Carb difference
spectra recorded from the nAChR in 'H,0O

1800

the lower trace, with the parallel polarized
Carb difference spectrum represented as a
solid line and the perpendicular polarized
spectrum as a dashed line. The varying

(top) and ’H,O (bottom) buffer. In the latter,
the nAChR was exposed to *H,0 for 72h prior
to data acquisition. Similar spectra in H,0
are observed after minutes exposure of the
nAChR to ?H,0 [52]. (b) Carb difference
spectra recorded in 'H,O with infrared light
polarized either parallel (top trace) or
perpendicular (middle trace) to the plane of
incidence (see Fig. 11.4). The two polarized

relative intensities of the amide | (1655cm™)
and amide 1l (1545cm™) difference bands
suggests a slight tilt in the polypeptide
backbone upon desensitization. The fact that
the amide | and Il difference bands undergo
large downshifts in frequency within minutes
of exposure of the nAChR to ?H,0 (lower
trace in (a) and Ref. [52]) suggests that this
tilt does not involve transmembrane

Carb difference spectra are superimposed in  o-helices.

to the bilayer normal as well as a change in the actual structure (i.e., a change in
¢, @ angles, possibly leading to different hydrogen bonding of the polypeptide
backbone). Second, the differences in intensity of the amide I and II vibrations
between the data acquired with parallel versus perpendicular polarized infrared
light are very small, indicating that if the detected vibrational changes in amide I
and II band intensity are due to transmembrane o-helices, the change in net tilt
is at most a few degrees for one of the o-helices in each subunit. Finally, Carb
difference spectra recorded in 2H,0 show that the amide I and II difference bands
centered near 1655 and 1545 cm™" undergo a large downshift in frequency in dif-
ference spectra recorded in *H,0 buffer. These downshifts in frequency occur
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within minutes of exposure of the nAChR to *H,0 [53], and thus must reflect
vibrational changes in highly solvent accessible regions of the polypeptide back-
bone. Although the possibility that pore-lining transmembrane o-helices exchange
their peptide hydrogens rapidly with solvent cannot be ruled out, the most likely
interpretation of these data is that changes in conformation and orientation of
loop/random structures are being detected, and not a change in the orientation of
exchange-resistant transmembrane o-helices (see Section 11.4.2). It is likely that
desensitization involves mainly a change in conformation/orientation of a solvent-
accessible loop that lines one surface of the ligand binding site [30].

11.4.6
A Tool in the Crystallization of Integral Membrane Proteins

The structural characterization of integral membrane proteins by both X-ray crys-
tallography usually requires the solubilization of the proteins from the lipid bilayer
using detergent. Finding suitable conditions that lead to the formation of stable
protein—detergent or protein-lipid-detergent complexes, however, can be a daunt-
ing task.

Both, the level of endogenous lipid and the concentration/physical properties of
the detergent are important factors that affect the solubilization of membrane
proteins and thus ultimately their crystallization [54]. Some proteins crystallize in
the presence of a number of specifically bound lipids, whereas others only crystal-
lize in minimal lipid [55, 56]. Sufficient detergent must be present first to remove
the protein from its membrane environment, and then to prevent the formation
of non-specific protein—protein aggregates or precipitates. Excessive detergent,
however, can potentially lead to both protein denaturation and the formation of
protein-free micelles, both of which may interfere with crystal formation. Although
membrane proteins are ideally crystallized in the presence of a minimal amounts
of detergent and lipid, each protein likely has a select detergent concentration and
lipid—protein ratio under which structural integrity and monodispersity are both
maintained, and thus under which crystallization is favorable.

An initial step in the structural characterization of a membrane protein requires
an understanding of how lipid—protein and detergent-protein ratios influence
both the structural stability and solubility of the protein. FTIR spectroscopy has
been used to monitor lipid—protein ratios and detergent concentrations in mem-
brane protein solutions [57, 58]. An important advance was the commercial avail-
ability of a single-bounce diamond ATR accessory, which allows spectra to be
recorded from detergent-solubilized membrane protein solutions using sample
volumes of only 5 to 10 puL. This quick and simple method allows for rapid spectral
acquisition from small aliquots, and has allowed the monitoring of both lipid—
protein ratios and detergent concentrations of samples at all stages of the purifica-
tion protocol.

For monitoring lipid—protein ratios, spectra can be recorded from dried solu-
tions containing a constant known concentration of the protein lysozyme and
increasing levels of the phospholipid POPC, thereby generating a standard curve.
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As shown in Fig. 11.14a, the relative area of the lipid C=0 and the protein amide
I band is directly related to the lipid—protein ratio (note that the molar lipid—protein
ratio has been scaled for the nAChR, a 300kDa protein). The technique is able to

detect, accurately, lipid—protein ratios down to approximately five molecules of
lipid per molecule of a 300-kDa protein.

In order to measure detergent concentrations, spectra can be recorded from
solutions with increasing concentrations of a detergent such as n-octyl-B-D-
glucoside. The area of the detergent vibration in the 1200 to 950cm™ region cor-
relates in a linear fashion with the concentration of the detergent (Fig. 11.14b),
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showing that the infrared technique is a viable approach for measuring detergent
concentrations in aqueous solutions. It should be noted that accurate spectra of
this and other detergents have been recorded to well below their critical micellar
concentrations (CMC) (for octylglucoside this is ~19-25 mM, but for dodecylmalto-
side the CMC is only 0.18 mM [54]).

11.5
Conclusions and Future Directions

The information provided in this chapter illustrates the potential of ATR FTIR
spectroscopy for the structural characterization of integral membrane proteins.
The ability to monitor the structure of the nAChR in a membrane environment
has provided important insights into the receptor’s structure in the context of dif-
ferent lipids. The presented spectra also highlight both the extremely high signal-
to-noise ratio and reproducibility that can be obtained in ligand-induced difference
spectra recorded using the ATR approach. Difference spectra have shed light on
the nature of nAChR conformational changes, and also on the detailed chemistry
of nAChR-ligand interactions. These data have provided new insights into the
mechanisms of both lipid and drug action at the nAChR. In addition, micro-
sampling ATR accessories have allowed FTIR to be used as an analytical tool for
analyzing membrane protein samples prior to crystallization.

The studies described here of ligand-induced nAChR conformational change,
however, are only in their infancy. The inability to express mutant nAChRs in
sufficient quantities for FTIR has, to date, prevented the assignment of bands
observed in the Carb difference spectra to structural changes in specific residues.
Today, the use of the micro-sampling methods are bringing the spectroscopic
requirements in line with current expression capabilities (e.g., see Ref. [59]). The
ability to combine modern molecular biological approaches with FTIR difference
techniques will open up a whole new avenue of investigation, and should lead to
detailed insight into the nature of localized structural change in the nAChR that
occur upon ligand binding. In the near future, it will be possible to study receptors
from neuronal sources, which are of important clinical and pharmacological inter-
est, as well as a host of other integral membrane proteins.

Finally, one of the most exciting applications of FTIR difference spectroscopy
involves the monitoring of protein conformational change in real time. Rapid-scan
spectrometers are able to record spectra in the millisecond to second time scale
[60], while step-scan methods can extend the measurement of spectral differences
into the micro-second time regime [61]. Both of these time-resolved methods have
been coupled to difference spectroscopy to follow protein conformational change
for light-activated proteins, such as bacteriorhodopsin, in the milli- to micro-
second time regimes. The light-sensitive chromophore in bacteriorhodopsin pro-
vides an intrinsic tool for the simultaneous and repetitive activation of an entire
population of receptors, thereby allowing conformational changes to be monitored
simultaneously using either approach. The ATR method of data acquisition is
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compatible with time-resolved FTIR measurements using a caged ligand approach
(see Ref. [62]). The uniform release of a ligand from its caged precursor with a
flash of visible light will allow the kinetics of ligand-induced conformational
change to be studied with a fast time-resolution, whilst ATR with buffer flow will
allow signal averaging of flash-induced kinetic experiments. Continued technical
advances should extend the ATR difference approach to other membrane proteins,
leading to more sophisticated studies examining ligand-induced changes in mem-
brane protein conformation.

Today, the number of membrane protein structures which have been solved at
or near atomic resolution is increasing at a rapid pace. FTIR, which can be used
to probe dynamic changes in membrane protein structure at the single amino acid
residue level, is poised to fill a unique niche that will help lead to a detailed under-
standing of membrane protein function.
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12
Resonance Raman Spectroscopy of a Light-Harvesting Protein

Andrew Aaron Pascal and Bruno Robert

12.1
Introduction

The aim of this chapter is to show how vibrational techniques, such as resonance
Raman spectroscopy, may be used as complementary methods to characterize
crystallized proteins, in particular those which contain chromophores. Details will
be addressed in the case of the major light-harvesting protein from higher plants,
for which resonance Raman could be used to show that the conformation of this
protein was different in the crystal from that it adopts in solution. It has been
shown that the crystallization of LHCII induces a dramatic change in its function,
most likely associated with this conformational modification. It seems that this
protein, the role of which is to harvest and transfer light energy with high effi-
ciency, possesses an ability to dissipate this energy within the crystal. Based on
these findings, it was concluded that this protein also plays a role in higher plant
photoprotection. Following a brief introduction on resonance Raman spectros-
copy, the vital importance of photoprotection mechanisms for higher plants will
be described in some detail, and an explanation provided of how a study on crystal-
lized LHCII, combining resonance Raman and fluorescence, led to a completely
new concept for the regulation of energy flux in photosynthetic organisms.

12.2
Principles of Resonance Raman Spectroscopy

The Raman effect is the change of frequency observed when monochromatic
light is scattered by polyatomic molecules. During Raman scattering, energy is
exchanged between the incoming photon and the scattering molecule. As the
energy levels of the latter are discrete, and if the frequency of the incident light is
Vv, and that of the scattered light is v,, the energy h*Av=h*(v,-v,) must correspond
to that of a transition between energy levels of the scattering molecules (Fig. 12.1).
Raman spectroscopy thus yields information on the energy of the vibrational
levels of a given electronic state usually the ground state, although this can be any
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Fig. 12.1 Principle of resonance Raman spectroscopy: energy
levels involved in the Raman scattering phenomenon. (A)
From left to right: anti-Stokes Raman scattering, Rayleigh
scattering, Stokes Raman scattering. (B) Raman (left) and
resonance Raman (right).

excited electronic state if the latter has been populated before Raman scattering
(by a first laser pulse, for instance). The vibrational levels of a particular molecule
depend intimately on its structure — that is, on the nature of its constituent atoms,
on the bonds between these atoms, and on its molecular symmetry. Raman spec-
troscopy can thus be used as an analytical method for determining the chemical
structure of molecules. As a molecular spectroscopy, Raman may also provide
indications on the conformation of the scattering molecules, and/or on the inter-
molecular interactions that they form with their immediate surrounding, such as
H-bonds. The Raman effect is, however, a very low-probability process, and as a
consequence a major drawback of Raman spectroscopy is that the signal measured
is usually very weak, and can be blurred by traces of fluorescing molecules present
in the sample. On the other hand, as Raman-active molecular vibrations are those
which involve changes in molecular polarizability, the Raman signal of water
seldom interferes with that of the biological molecules being studied. This consti-
tutes an important advantage for the Raman technique over, for example, infrared
absorption spectroscopy.

In classical Raman spectroscopy, the signal only depends on the frequency v,
of the light used for inducing the Raman effect as scattering — that is, its intensity
varies according to the fourth power of this frequency v,'. However, when this
frequency matches an electronic transition of the irradiated molecule, an enhance-
ment of a subset of Raman-active modes is observed which may reach six orders
of magnitude: this is the resonance effect. In resonance Raman spectroscopy, it is
thus possible to selectively observe a molecule in a complex medium, by matching
the energy of the exciting photons with the absorption transition of this molecule.
This unique property explains why resonance Raman is widely used for studying
the interactions assumed by, or the conformation of, chromophores such as
hemes, iron-sulfur clusters, chlorophylls and carotenoid molecules within pro-
teins, as it selectively yields the contributions of these chromophores, without
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interference with the signal of the protein (for a review, see Ref. [1]). In resonance
conditions, only a fraction of the vibrational modes of the scattering molecule are
enhanced. In the simplest case, when only one electronic state is involved in the
resonance phenomenon, the resonance Raman signal arises from those vibra-
tional modes involving nuclei motions which correspond to distortions experi-
enced by the molecule during transition between the ground- and the excited state
used for inducing the resonance [2]. This intra-mode selection may be considered
as a limitation; for example, if a domain of the molecule is not involved in the
electronic transition, resonance Raman will not yield any information about this
domain. However, for most biological chromophores the functional part of the
molecule consists of those atoms which are conjugated with the electronic transi-
tion. Resonance Raman will therefore yield selective information on these biologi-
cally active submolecular structures and, from that point of view, the intra-mode
selection may be considered as a clear advantage of this technique. Moreover, the
analysis of the resonance Raman-active modes observed upon excitation with a
given electronic transition will thus yield information about this transition. They
may be used, for example, to attribute the molecule to which this transition
belongs (in a complex, biological medium), or they may provide information on
the nature of the excited state. This was used in particular, for attributing the
electronic absorption transition in light-harvesting complexes from higher plants
[3]. In short, in resonance Raman, the position of bands in the spectra will yield
information about the vibrational structure of the ground electronic state involved
in the transition used for inducing the resonance, whilst the intensity of these
peaks will yield information about the excited electronic state involved in this
transition.

123
Primary Processes in Photosynthesis

Photosynthesis comprises the molecular events which allow a large class of organ-
isms (plants, but also algae and bacteria) to live from the use of solar energy. It is
traditionally divided into two phases: (i) the primary processes, during which the
energy of the incoming solar photons is transduced into chemical potential energy,
in the form of both ATP and reducing power; and (ii) the secondary processes,
during which this stored energy is used to produce metabolites (such as sugars)
from CO,. The primary processes start with the absorption of an incoming photon
by a specialized chromophore, which consequently reaches an excited state. This
first energy conversion — from light energy to excitation energy — is the only end-
ergonic step of photosynthesis. This light-harvesting molecule is generally located
within a protein, which binds many chromophores, and maintains them all at
fixed relative distances and geometries. Consequently, immediately upon absorp-
tion of a photon there occurs a rapid (sub-picosecond) equilibrium between the
different chromophores in this so-called antenna (or light-harvesting) protein (e.g.,
see Ref. [4]). The antenna system of photosynthetic organisms generally involves
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a complex network of such chromophore-bearing proteins, within the photosyn-
thetic membrane and (in some cases) at the perimembrane interface. The antenna
proteins are interconnected in such a way that the excitation energy may be
rapidly transferred between them — within a few picoseconds — and quite often in
a vectorized way, until it reaches another class of specialized protein, the reaction
center.

Reaction centers are also membrane proteins, containing a chain of electron
transporters, closely connected to a chromophore structure called the primary
electron donor. Upon excitation, the primary donor becomes oxidized, providing an
electron which is quickly transferred along the transport chain from one side of
the membrane to the other. During this stabilizing step, the energy is thus trans-
duced from excitation energy into chemical potential energy. The electron donor
is subsequently reduced by secondary donors located on the other side of the
photosynthetic membrane. The terminal acceptor in the reaction center transfers
the electron either to stored reducing power, in the form of NADH or NADPH,
or to establish, at the level of cytochrome bc, or bef, a gradient of protons through
this membrane, which will be used by the ATPase to produce ATP. This general
description of the primary processes is valid for all photosynthetic organisms on
Earth. However, depending on the organism considered, quite large variations
may be observed in the composition of the macromolecules involved. Although
all photosystems are built according to the same principles, they exhibit large dif-
ferences in the redox potentials generated, and thus in the molecules they may
reduce/oxidize. Photosynthetic organisms have adapted to the different ecotopes
that they have colonized, mainly by adapting their light-harvesting system, the
architecture and composition of which may thus exhibit dramatic variations from
one organism to another. The structure and function of a light-harvesting protein
from higher plants is outlined in the following section, after which the organiza-
tion of the photosynthetic apparatus of higher plants will be described in more
detail.

12.4
Photosynthesis in Plants

Photosynthesis in plants involves two photosystems working most of the time in
series, namely photosystems I and II. In the thylakoid membrane, photosystem
I is found in the granal stacks, formed from appressed regions of the membrane,
whilst photosystem [ is mainly found in the lamellae (non-appressed regions).

Photosystem I generates reducing power by transferring electrons from plasto-
cyanin to ferredoxin. The reducing power created is strong enough so that ferre-
doxin is able to reduce NADP* into NADPH. The resulting oxidized plastocyanin
is reduced by cytochrome bgf, itself receiving the electron from photosystem II (for
a review on oxygenic photosynthesis, see Ref. [5]).

Photosystem II is among the most fascinating biological macromolecules, as it
is able to extract electrons from water, to reduce a plastoquinone molecule. Once
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four electrons have been extracted from two water molecules, molecular oxygen
is created at the level of the so-called oxygen-evolving complex of photosystem II,
and this is the origin of all the molecular oxygen on Earth. The oxygen-evolving
complex uses a cluster of four manganese atoms to store the oxidizing power.
However, in order to oxidize this cluster, very highly oxidizing species must be
created upon photosystem II excitation. The primary electron donor in photosys-
tem II is a chlorophyll species called P, and the redox potential of the couple
Peso/Peso” is greater than 1V. The housing of such a species in a protein is clearly
a challenge, as it is able to oxidize any amino acid side chain in its vicinity. This
is actually what happens, as the electron transfer from Pg," to the manganese
cluster occurs via a tyrosine. Because of the danger inherent to the photogenera-
tion of such an oxidant, many secondary electron donors exist in photosystem II
to avoid damage in case the system were unable to quickly reduce Pgg,". Although
no less than three different chemical species (a chlorophyll, a carotenoid and a
cytochrome) are present in photosystem II to reduce Pgg," in case of malfunction-
ing [6, 7], the subunit which bears Pg, has one of the fastest turnover rates
observed in biology [8]. This fact alone illustrates, in a very straightforward manner,
how difficult it is to maintain this system in a proper working state, and how dif-
ficult it is to avoid oxidative stress, at this level of the photosynthesis process.

125
The Light-Harvesting System of Plants

Plants synthesize complex light-harvesting systems for both photosystem I and II.
Photosystem I is principally composed of two large polypeptides which bind, as
well as the cofactors involved in electron transfer, about 100 antenna chlorophylls
and 22 carotenoid molecules [9], which form an inner antenna system. In contrast,
the electron transfer chain of photosystem II resides in a much smaller subunit
which binds only a very limited number of chlorophylls (six, four of which are
involved in primary electron transfer). However, this subunit is in very close
contact with the antenna proteins CP43 and CP47 which bind a large number (40)
of antenna chlorophylls. In cyanobacteria, for example, these subunits are the only
membrane antenna system of photosystem II [10]. The ensemble photosystem II
reaction center + CP47 and CP43 is also called the photosystem II core. In plants it
has been shown, mainly by electron microscopy, that this photosystem II core is
associated in a defined way in the thylakoid membrane with a number of antenna
proteins, namely CP29, CP26 and CP24, and a number of LHCII proteins) [11,
12]. CP24, 26, and 29 (also called minor plant antenna proteins), and LHCII are
members of the CAB protein family, which also comprises the LHCI proteins and
a number of others, some synthesized during greening, some involved in photo-
protection (see below). In photosystem I, the equivalent antenna system comprises
four LHCI proteins, organized around the large PSI subunits. Finally, a peripheral
antenna system exists in plants, constituted of LHCII proteins which are function-
ally connected to photosystem I or photosystem II, but do not form with these
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photosystems membrane protein architectures, or at least, these architectures have
not yet been demonstrated. Depending on the quality of the light, a number of
LHCII is able to functionally migrate from photosystem II to photosystem I, in
order to keep the balance between the excitation energy delivered to these two
photosystems. This phenomenon — which is also known as state-transitions — con-
cerns a limited amount of LHCII antenna in plants (about 20%) [13], but may
become very important in some organisms (e.g., in Chlamydomonas reinhardtii, a
unicellular green algae, no less than 80% of the LHCII protein may functionally
migrate from one photosystem to another [14]).

12.6
Protection against Oxidative Stress: Light-Harvesting Regulation in Plants

Plants, as terrestrial, non-motile organisms, must cope with a wide range of illu-
mination conditions, which fluctuate with differing time scales (weather and shade
conditions can vary seasonally, daily, hourly and even within minutes or seconds).
They must be able to adapt to the light context, in order to keep their photosyn-
thetic system in the best working conditions, and this is achieved by a very complex
control of the light-harvesting process. This control may be achieved at the level
of the organism (leaf motions, for instance, may reduce the amount of incoming
photons by orders of magnitude), at a cellular level (depending on the illumination
conditions, chloroplasts align parallel or perpendicular to the incoming light) or
within the photosynthetic membrane. In the latter process, although the amount
of antenna protein may vary in the long term, for seasonal adaptation, there is no
way to adapt the antenna/photosystem stoichiometry instantaneously to account
for rapid variation of illumination conditions. A small content of antenna proteins
would fit high-illumination conditions, but this would result, in lower light, in
an imbalance of the cell energetics. By contrast, a large antenna system would
ensure the bioenergetics of the plant in dim light, but would induce stress in
high-illumination conditions. If the plant absorbs more light that can be trans-
formed into chemical potential energy, the photosynthetic system becomes satu-
rated, and a number of harmful processes may occur, due to the presence of an
excess of excitation energy. On one hand, saturating photosystem II generates
highly oxidizing chemical species, which will react with the surrounding macro-
molecule, impairing its photosynthetic ability and resulting in subsequent oxida-
tive damage for the photosynthetic organism. On the other, excitation energy in
the photosynthetic membrane is mostly present in the form of lower excited
singlet states of chlorophyll molecules. These singlet states usually relax in a few
nanoseconds through electronic fluorescence, but they may also be converted, with
a low but significant yield, into chlorophyll triplet states [15]. Direct relaxation of
this triplet state to the ground electronic state is forbidden, and its intrinsic lifetime
is thus much longer than that of the singlet state (micro to milliseconds). Triplet
states may also be produced in photosystems upon charge recombination, when
the electrons cannot be transferred along the transport chain. These chlorophyll
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Fig. 12.2 Molecular structure of photosynthetic cofactors
bound to LHCII. Left: Chlorophyll molecules: chlorophyll b
possesses a formyl group in position 3, instead of a methyl
group for chlorophyll a. Right: Carotenoid molecules. From
top: 9-cis neoxanthin, lutein, violaxanthin, zeaxanthin.

triplet states represent a direct danger, as they may react with oxygen (and molecu-
lar oxygen is produced by photosystem II) to form oxygen singlet 'O,, which is
one of the most destructive reactive species of oxygen for living organisms. In
photosynthetic plant proteins, the formation of singlet oxygen is limited by the
presence of carotenoid molecules [16] (Fig. 12.2). These cofactors, in addition to
acting as light-harvesters, play a photoprotective role as chlorophyll triplet state
quenchers: the triplet state of carotenoid molecules is lower in energy than that
of the chlorophylls or of singlet oxygen, and these molecules may thus quench
both the chlorophyll triplet state and 'O,. However, this mechanism alone does
not seem sufficient to protect the photosynthetic membrane from damage induced
by high illumination.

As a summary, an antenna system of a given size cannot function optimally in
every light environment, particularly when illumination conditions vary rapidly.
As a result, plant antenna proteins have evolved the ability to quench excess excita-
tion energy into heat, and to regulate the amount of energy delivered to photosys-
tem II by a subtle balance between energy harvesting and quenching. This
phenomenon, termed non-photochemical quenching (NPQ) — as opposed to the
photochemical quenching implicit to the normal function of the photosystem —
was discovered more than two decades ago in whole plants (for reviews, see Refs.
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[17, 18]). Indeed, when leaves are suddenly illuminated, a rapid fall is observed in
their intrinsic fluorescence. This was attributed to the formation of energy traps
in the photosynthetic membrane, which quench the excitation in high light condi-
tions. A drop in the fluorescence yield is observed, accompanied by an alteration
of the fluorescence spectrum, which broadens and shifts to the red. Although this
phenomenon was observed many years ago, the molecular mechanisms involved
are still not fully understood. This is due, in particular, to the fact that it disappears
upon isolation of the photosynthetic membrane, and even simple chloroplast
purification results in a significant reduction of the size of the NPQ. Molecular
studies of the NPQ phenomenon thus often require the use of intact leaves as
biological material. Chloroplast acidification studies showed that the transmem-
brane ApH triggers excitation energy quenching [17]. However, the NPQ mecha-
nism, being essential for plant survival, comprises a number of molecular
mechanisms. Almost 20 years ago it was shown that the NPQ build-up is accom-
panied by a change in the chemical composition of the plant antenna system [19].
A specific carotenoid present in the antenna, violaxanthin, is doubly de-epoxidized
by a specialized enzyme, violaxanthin de-epoxidase, to form zeaxanthin. As zea-
xanthin is a carotenoid molecule with a longer conjugated chain than violaxanthin,
it was proposed to be the energy quencher, accepting the excitation energy residing
on the lower singlet state of chlorophyll through its forbidden, optically silent S1
state [20]. This is often referred to as the “molecular gear-shift” mechanism.
However, detailed studies on the relationship between non-photochemical
quenching and zeaxanthin formation revealed a more complex situation. First,
although the rise of NPQ appears to correlate with violaxanthin de-epoxidation,
there are significant deviations during the first seconds of strong illumination.
Second — and more importantly — when illumination returns to normal after a short
period of high light, NPQ relaxes in seconds while the re-epoxidation of zeaxanthin
can take up to several hours. On the other hand, the presence of zeaxanthin favors
the “quenched” state of the photosynthetic membrane, thus acting as a “memory”
[21]. If the plant has been submitted to strong illumination a few minutes earlier,
then its response to a second period of high light is faster and the quenching is
more efficient, due to the presence of protein-bound zeaxanthin already in the
photosynthetic membrane. This observation led to the hypothesis that NPQ involves
a protein conformational change, induced by the transmembrane ApH, and which
is favored by the presence of zeaxanthin. It is of note that the rapid recovery of the
plant from the quenched state to the normal, light-harvesting state is only observed
after short periods of strong illumination (a few minutes). When plants are exposed
to strong illumination for longer times, zeaxanthin accumulates in the photosyn-
thetic membrane, and NPQ does not relax as quickly. Under these conditions, NPQ
relaxation becomes dependent on zeaxanthin epoxidation, and it appears that a
different mechanism is implicated which may eventually involve the molecular
gearshift mechanism. Finally, recent progress in plant molecular biology has
allowed the production of random plant mutants, which were screened on the basis
of their intrinsic leaf fluorescence during strong illumination (plants deficient
in the NPQ mechanism should still fluoresce in strong illumination conditions,
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whilst the wild-type does not). Among the mutants impaired in the NPQ mecha-
nisms, one is deficient in the synthesis of a small subunit of photosystem II, PsbS.
In the absence of this subunit, the extent of NPQ is dramatically reduced [22]. PsbS
is distantly related to the LHC proteins, and it was proposed that it binds zeaxanthin
[23]. However, its role remains as yet unclear — it could be, for instance, the sensor
of the transmembrane pH [24].

From the description above, it appears that there are still many open questions
concerning the molecular mechanisms underlying NPQ. Among these, the chemi-
cal nature of the quencher is still a matter of controversy. To date, only a few
experiments have provided direct information on this molecular species, and there
is still no agreement on their validity. A number of cofactors could play the role
of the quencher, including chlorophyll molecules, chlorophyll dimers, and carot-
enoids either through their cation state, through charge transfer states, or through
their lower singlet excited state (e.g., see Ref. [25]). Besides the chemical nature of
the quencher, until recently, there was no general agreement on the precise nature
of the proteins involved in the NPQ mechanism, although it has become increas-
ingly obvious that at least a sizeable part of the quenching occurs in the major
LHCII antenna protein (see below).

During the late 1980s, it was noted that the fluorescence yield of the major
antenna protein from photosystem II, LHCII, depends heavily on its level of asso-
ciation. When this protein is in its trimeric state, it possesses a fluorescence yield
of almost 100%, and its fluorescence lifetime is approximately 4ns. However,
upon detergent removal, its fluorescence yield decreases progressively to 10% or
even lower, corresponding to a fluorescence lifetime of about 200 ps. It was further
noted that the difference between the fluorescence spectra of trimeric and aggre-
gated LHCII exhibits many similarities with the difference between the in-vivo
fluorescence of non-quenched and quenched leaves [26]. In particular, upon
association-induced quenching, the fluorescence maximum shifts to the red, in
precisely the same way as that observed for NPQ in vivo (see Fig. 12.6). These
experiments, which mainly were conducted by the group of Peter Horton, showed
that the association of LHCII proteins promotes the formation of an excitation
energy trap. However, their relevance to understanding the NPQ mechanism has
been questioned for many years. From these studies it was proposed that LHCII
association induces a conformational change in the protein, which in turn pro-
motes the appearance of a quenching species. Resonance Raman spectroscopy was
applied to this in-vitro system as early as 1993 in order to test the conformational
change hypothesis [27].

12.7
Raman studies of LHCII

As an antenna protein, LHCII binds two classes of chromophores — carotenoids
and chlorophylls. Each monomer of LHCII binds as carotenoids two luteins,
one neoxanthin, and (more weakly) one carotenoid from the xanthophyll cycle
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(zeaxanthin or violaxanthin); plus eight molecules of chlorophyll a and six chloro-
phylls b. On such a complex system it is obviously difficult, even with the most
selective techniques, to obtain information on the individual pigments. Carotenoid
and chlorophyll molecules do not exhibit electronic transitions in the same spectral
range: chlorophyll molecules display two intense electronic transitions in the blue
(410-450nm) and the red (620-700nm) regions of the spectrum, whilst carot-
enoids, which act as complementary light-harvesters, absorb mainly in the blue—
greenrange (450-510nm). Hence, it is possible to observe the signals of chlorophyll
or carotenoid molecules selectively, by choosing the appropriate excitation wave-
length. Similarly, as the Soret electronic transition of chlorophyll b is somewhat
red-shifted relative to chlorophyll a (440 versus 420nm), selectivity between
these two classes of molecule is also possible, at least to a certain extent [28]
(Fig. 12.3).

Resonance Raman spectra of chlorophyll molecules comprise more than 60
bands, most of them arising from combinations of the vibrational modes of the
conjugated macrocycle. The spectral region which has up to now been used the
most in biological studies corresponds to the highest frequency region (1620-
1710cm™). Bands contributing in this region arise from the stretching modes of
the conjugated carbonyl groups of chlorophylls a (keto) and b (formyl and keto)
[28]. Because these modes involve an oxygen atom, their frequency is higher than
the other modes of the molecule, and they combine only poorly with them. The

Absorption (a.u.)
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Fig. 12.3 Electronic absorption of LHCII (recorded at 77K). In
this spectrum, the main contributions to electronic transitions
arise from (from left to right): the Soret electronic transitions
from chlorophyll a and chlorophyll b molecules (420-450nm);
the Sy — S, transitions of the carotenoid molecules (460
510nm); and the Q, transitions of chlorophyll b molecules
(650nm) and of chlorophyll a molecules (668-680nm).
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Fig. 12.4 Resonance Raman spectra of isolated carotenoid
molecules, recorded at resonance (488 nm) excitation. Top:
lutein spectrum, bottom: 9-cis neoxanthin. The different
spectral regions are denoted v, to v,. In the v, the 9-cis
conformation of neoxanthin induces the presence of new
bands, which are symmetry-forbidden in the all-trans
conformation.

frequency of the conjugated carbonyl depends tightly on the intermolecular inter-
actions (H-bonds) in which these groups are involved, and the analysis of this
spectral region thus allows a precise diagnostic of how the chlorophyll molecules
interact with their environment. For instance, the formyl group of a chlorophyll b
molecule vibrates at approximately 1660 cm™ when free from intermolecular inter-
actions, and it may shift down to 1620cm™ upon H-bond formation [28].

Resonance Raman spectra of carotenoid molecules display four main groups of
intense bands, which provide information on the conformation and configuration
of these molecules (Fig. 12.4) (for a review, see Ref. [29]). The v, band around
1530cm™ arises from the stretching vibrations of the C=C bonds of the carot-
enoid. Its position is sensitive to the length of the conjugated system of the scat-
tering carotenoid, and to its molecular conformation (trans/cis). The v, bands
mainly arise from the stretching modes of the C—C bonds. The structure of this
complex cluster also depends on the molecular conformation of the scattering
carotenoid. Another important region of these spectra is the so-called v, band
(around 960cm™); this arises from out-of-plane wagging motions of the C—H
groups of these molecules which, for reasons of symmetry, are not coupled with
the electronic transition of perfectly planar carotenoid molecules. This band will
thus tightly depend on the molecular configuration of the carotenoid, gaining
intensity when the molecule is distorted out of the plane.

One of the major problems in applying resonance Raman to the LHCII is to
determine which resonance conditions will lead to observing contributions of a
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given molecule. Among the carotenoid molecules, those of the xanthophyll cycle
may be easily lost during purification, or indeed washed off afterwards. It is thus
possible to study LHCII both with and without these carotenoids, in order to
determine at which wavelength they contribute, as well as their Raman contribu-
tion [30]. However, as the protein environment may influence the electronic
properties of carotenoid, it is impossible to predict where the lutein and neoxan-
thin absorb in this protein. When bound to LHCII, neoxanthin adopts a 9-cis
conformation. This is expected to affect both its v; and v, resonance Raman
bands (Fig. 12.4). Scanning the Raman excitation through the carotenoid elec-
tronic transition induces net frequency changes of the v, band, from that expected
for 9-cis neoxanthin to that expected for all-trans lutein, indicating that the con-
tribution of these carotenoids dominates the resonance Raman spectra alternately
[3]. From such experiments, the precise position of the absorption transitions of
each carotenoid could thus be easily deduced, as they must correspond to the
excitation wavelengths where that carotenoid dominates the resonance Raman
spectra. For instance, it could be concluded that one lutein, called lutein 2, pos-
sesses a red-shifted electronic absorption, with a 0-0 transition peaking at 510nm,
while the other lutein contributes at 495nm. Once it is known which bound
carotenoid dominates the resonance Raman spectrum obtained at a given
wavelength, precise molecular information can then be obtained selectively
for each of these molecules. In such spectra, the intensity and structure of the
v, band tightly depends on the configuration of the carotenoids. Thus, it is pos-
sible to evaluate to what extent these molecules are distorted from the planar by
their protein-binding pockets. It was shown that the red-shift, in the absorption
transition of lutein 2 is caused by the LHCII trimer formation. It could be con-
cluded, from the analysis of the v, region, that this lutein was distorted upon
trimerization. Resonance Raman thus allows the selective observation of the
three main carotenoids of LHCII, the blue and red lutein molecules, and neo-
xanthin [3].

Once the conditions of selective observation, by resonance Raman, of each of
these molecules was determined, the molecular processes involved in LHCII
aggregation (and thus eventually underlying the quenching mechanism) were
studied (see Fig. 12.7). It was shown that further association of trimeric LHCII
into small oligomers induces a distortion of a carotenoid molecule (Fig. 12.7). This
distortion is more easily seen at wavelengths where the contribution of neoxanthin
is expected to dominate the spectra [3]. Thus, it was concluded that, upon LHCII
association, neoxanthin becomes distorted, and that this distortion probably
reflects changes in the conformation of the protein binding site of this molecule.
The structure of the LHCII is thus highly plastic and dependent on its state of
self-association. By using excitation wavelengths that enhance chlorophyll a or b
contributions, clear differences in the resonance Raman spectra of LHCII trimers
and oligomers were observed [27]. These changes showed that the H-bonding state
of the formyl carbonyl of at least one, and most likely two, molecules of chlorophyll
b change during the LHCII association, as well as that of at least one chlorophyll
a keto carbonyl (see Fig. 12.8). The self-association of LHCII thus induces a change
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in the binding sites of at least three of its cofactors. However, at that stage, a major
question remained unsolved: were these changes in pigment interactions an arti-
fact of the association process itself, or were they caused by conformational changes
within LHCII trimers upon association? If the cofactors involved were bound to
the periphery of LHCII, then the changes observed could merely represent new
(possibly artifactual) interactions with the neighboring trimer. Only the precise
study of LHCII crystals could help to answer this question.

12.8
Crystallographic Structure of LHCII

The LHCII structure has been the object of intense studies conducted for more
than 15 years. In 1994, an initial structure of pea LHCII was obtained from elec-
tron diffraction of two-dimensional (2-D) crystals [31]. This provided a general
description of the LHCII fold, which contains three transmembrane o-helices (A,
B, and C), as well as the positioning of a large number of chromophores. However,
because of the limited resolution, it was impossible in this structure to distinguish
chlorophyll a from chlorophyll b, as well as to position the binding site of the
neoxanthin molecule. This incomplete structure was nevertheless the only one
available for almost ten years, and it proved extremely useful for improving our
understanding of the LHCII function and in directing ongoing research. In 2004,
a three-dimensional (3-D) structure of spinach LHCII was obtained using X-ray
crystallography by Chang’s group in Beijing, at 2.7 A resolution [32]. Since then,
a second structure has been obtained by Kuhlbrandt’s group, at a slightly better
resolution, which largely confirmed the LHCII description deduced from Chang’s
crystals [33]. The LHCII crystal structure first allowed a precise determination of
the stoichiometry of the chlorophyll bound to this protein, and no less than eight
chlorophyll a and six 6 chlorophyll b could be determined in the atomic model
(compared to 12 chlorophyll in the first, 2-D, LHCII structure) (Fig. 12.5). These
chlorophylls are organized into two layers, one on the stromal side and one on the
lumenal side of the protein. As predicted from the first structure, the two luteins
bound to LHCII form a cross-brace in the very heart of the protein, in the groove
of the supercoil formed by the two major helices (A and B). 9-cis neoxanthin is
bound near helix C, close to a chlorophyll b-rich domain of LHCII, in a cleft formed
by hydrophobic amino acids, and the rings and phytyl tails of chlorophyll b mole-
cules. Approximately one-third of this molecule sticks out of the protein. The
fourth carotenoid found in this structure, violaxanthin, is bound at the monomer/
monomer interface, with a 1:1 violaxanthin:LHCII monomer stoichiometry. The
overall structure of LHCII reveals an extremely complex network of cofactors, with
a number of strongly-interacting chlorophyll molecules, forming chlorophyll a/a,
b/a, and b/b pairs (Fig. 12.5). Extensive calculations performed on this structure
have given an evaluation of the interaction energies between these pairs, and sug-
gested which of these pigments participate in the different excitation energy levels
of the LHCII protein [34].
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Fig. 12.5 Structure of LHCII. (a) LHCIl monomer, viewed
from the side (perpendicular to the membrane plane).
(b) LHCII trimer, viewed in the plane of the membrane.
For clarity, only the bound pigments are displayed in this
structure, together with the protein backbone as a ribbon.

Besides its value to the study of LHCII, this investigation also allowed the
description of a novel type of membrane protein crystal. In the crystals obtained
by the Beijing team, LHCII is organized in icosahedral proteoliposomes, contain-
ing 20 LHCII trimers, oriented radially towards the center [32]. Contacts in the
crystal between these icosahedral units are ensured by polar interactions involving
the hydrophilic stromal domain of LHCII. Altogether, these crystals are thus
constituted from the regular packing of LHCII proteoliposomes, with few
protein—protein interactions between liposomes. As the inner diameter of these
proteoliposomes is rather small (160 A), the angle between adjacent trimers in this
unit is large, and the molecular contacts between trimers is thus limited to a small
region of their lumenal surfaces involving mainly digalactosyldiacylglycerol mole-
cules. The only cofactors near this region are two weakly interacting chlorophyll
a/b pairs. As described above, the properties of LHCII trimers depend heavily on
their association state, being highly fluorescent when isolated, and highly quenched
when forming large aggregates. It was thus interesting to study the properties of
LHCII in these crystals, to determine whether they were fluorescent or quenched.
Considering the limited nature of the interactions in the crystal, they were expected
to be highly fluorescent rather than quenched.

12.9
Properties of LHCII in Crystal

When the fluorescence emission spectra of LHCII crystals were first obtained [35],
they displayed — somewhat surprisingly — a main electronic transition dramatically
shifted to the red as compared to that of LHCII trimers, peaking at 700nm (680 nm
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Fig. 12.6 Fluorescence properties of LHCII at 77 K. Lower
panel: Fluorescence emission spectrum of LHCII trimers in
solution (thin line=second derivative of spectrum). Upper
panel: Fluorescence emission spectrum of LHCII in crystals
(thin line=second derivative), compared to fluorescence
emission spectrum of quenched LHCII oligomers (dotted
line).

for LHCII trimers). Altogether, this fluorescent pattern is reminiscent of that of
highly aggregated, quenched LHCII (Fig. 12.6). It is however, from this single
result, impossible to draw conclusions with regards to the quenching state of
LHCII in crystals. Indeed, because of the extremely high concentration of LHCII
in these crystals, it is very difficult to determine its fluorescence yield.

The most direct way to determine the quenching state of a fluorescent protein
is to measure its fluorescence lifetime, as this yields much more accurate informa-
tion. This was achieved by performing fluorescence lifetime imaging (FLIM) of
LHCII single crystals. FLIM is an imaging, confocal-based method which yields
an estimation of the fluorescence lifetime with a resolution as high as 50 ps, with
a spatial resolution of about 0.5 pm. The use of FLIM in a crystal is particularly
important, as it allows discrimination between those proteins belonging to the
crystal and those which are eventually left in the mother liquor, and also eventually
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between domains in the crystals, in case, for instance, some degradation is observed
at the crystal edges. FLIM performed on single crystals of LHCII trimers led to an
unambiguous determination of the quenching state of the proteins. The fluores-
cence lifetimes were found to be homogeneous over whole crystals, and were
determined as 0.89ns, compared to 4ns for isolated LHCII trimers, and 0.65ns
for associated LHCII. From this result, it was thus concluded that, although the
LHCII in the crystals are largely in their trimeric state, they were highly quenched
— almost as much as in the LHCII aggregates [35].

When resonance Raman spectroscopy was performed on LHCII in its crystal-
lized state, the neoxanthin conformation was seen to be even more distorted than
in the associated LHCII (Fig. 12.7). At the same time, selective excitation of chlo-
rophyll b (at 441.6nm) showed that at least one (and probably two) chlorophyll b
are involved in new H-bonds with their protein environment upon crystal forma-
tion (Fig. 12.8). As none of the contacts between LHCII trimers can account for
these changes in conformation/intermolecular interactions, it was concluded that
LHCII trimers possess the intrinsic ability to undergo conformational change, and
that this conformational change was promoting the observed changes in cofactor
properties — including the appearance of excitation quenchers. It was thus con-
cluded that, more generally, aggregation-induced quenching is not a direct result
of aggregation, but rather that both aggregation and crystallization select out or
in some way induce the new protein conformation. That is, the LHCII protein
behaves as a molecular switch, being able to shift from a state where it efficiently
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Fig. 12.7 Resonance Raman spectra LHCII oligomerization, indicating distortion
(488.0nm excitation, favoring neoxanthin of the neoxanthin molecule. In crystals, this

contribution) in the v, region, sensitive to out- band is even more intense than in self-
of-plane deviation of the carotenoid molecule associated LHCII, which is evidence of a net
of (bottom to top): LHCII trimers, oligomers, difference in structure between LHCII in
and LHCII in crystals. The intensity of the solution and in crystals, at the level of the
950cm™ Raman contribution increases upon  neoxanthin binding site.
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interaction formyl carbonyl (vibrating at
1670cm™) enters into H-bonding interactions
(and downshifts to 1639cm™). In LHCII
crystals, the 1639cm™ band is even more
prominent, and is associated with a second
new contribution at 1625cm™. This indicates
that, during the crystallization process, the
formyl group of one (and probably two)
chlorophyll b enter into H-bonding
interactions, indicating structural changes in
the binding pockets of these molecules or
reorganization of the chlorophyll b pairs.

harvests energy to a state where it is able to dissipate the excitation energy. The
structure of LHCII in crystals thus reflects the molecular organization of this
protein in its quenching form. It was further proposed that these conformational
changes are responsible for the appearance of non-photochemical quenching in
higher plant membranes in vivo.

12.10
Recent Developments and Perspectives

The LHCII conformational change mechanism for NPQ in vivo has been chal-
lenged by a number of alternative hypotheses. Among these, it was proposed that
while interactions between neighboring LHCII in the crystal were weak, the
quenching could be due to the large number of proteins connected in the crystal-
line state (R. van Grondelle, personal communication). Indeed, in this situation,
only a few LHCII in a quenching state are necessary to provide efficient quenching
to the whole crystal. During the past year, resonance Raman experiments have
been conducted on chloroplasts and whole leaves, in order test for the same con-
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formational changes in LHCII occurring in vivo. In parallel resonance Raman
experiments were conducted on different-sized aggregates to relate the amount of
quenching with the resonance Raman signal observed. The conclusion of these
experiments is quite clear: in vivo, upon NPQ induction, a resonance Raman signal
corresponding to the conformational change of LHCII is observed, with an inten-
sity almost equal to that expected for the level of quenching observed (A.V. Ruban
etal., unpublished results). This indicates that the conformational change observed
in the crystal is most likely responsible for the appearance of NPQ, at least to a
large extent. Ultrafast experiments, currently performed on isolated LHCII, should
soon provide a clear indication of the chemical nature of the molecule which plays
the role of the excitation quencher, in vitro in associated LHCII, as well as in vivo.
In parallel, examination of the LHCII crystal fluorescence seems to indicate that
their electronic properties evolve with time. This may indicate that the LHCII
conformational change occurs secondary to the crystallization process, and that it
might be possible, at mid-term, to elucidate the molecular structure of LHCII in
its light-harvesting form [36].
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Energy Transfer Technologies to Monitor the Dynamics and
Signaling Properties of G-Protein-Coupled Receptors

in Living Cells

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

13.1
Introduction

Membrane proteins at the cell surface play a critical role in cell physiology,
being involved in solute transport, the control of membrane potential and,
importantly, in the recognition of external stimuli and transduction of these
signals inside the cell. For many years, the plasma membrane was considered
as a fluidic mosaic in which proteins can freely diffuse. Signaling then occurs
by chance when an activated protein encounters its partner in the plane of the
membrane.

Among the signaling proteins at the cell surface are the G-protein-coupled recep-
tors (GPCRs). These proteins, with seven transmembrane helices, are encoded by
the largest gene family in the mammalian genomes, and are activated by a large
variety of stimuli, from photons, to large proteins, through amino acids, small
neurotransmitters and hormones, as well as by ions, lipids or steroids (Bockaert
and Pin, 1999). These receptors are involved in most aspects of organism physiol-
ogy, and as such constitute the main target for drug development, being already
the target of about half of the drugs on the market (Drews, 2000; Schlyer and
Horuk, 2006). They transmit external signals inside the cell by activating hetero-
trimeric G-proteins composed of an alpha subunit and a beta-gamma dimer. In
the inactive state, the heterotrimeric G-protein is a GDP form, associated to the
plasma membrane through lipid modifications of both the alpha and gamma
subunits. According to the current model for GPCR-mediated signaling, agonist
interaction in the receptor switch it to an active, G-protein high-affinity state,
allowing its interaction with the G-protein, and the exchange of GDP for GTP.
This in turn results in the dissociation of the protein complex, allowing both
the alpha subunit and the beta-gamma dimer to activate their own effectors. The
GTPase activity of the alpha subunit, further enhanced by regulators of G-protein
signaling (RGS) proteins, ends the cycle, and results in the reconstitution of the
inactive GDP-bound heterotrimer.
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Although supported by experimental data in reconstituted lipid bilayers, the
fluidic mosaic model is difficult to reconcile with the requirement for rapid
and highly specific signaling processes required for normal cell physiology,
especially in the case of GPCR signaling (Neubig, 1994). The development of
new techniques which would allow the direct recording of protein dynamics
in the plasma membrane of living cells was therefore required to clarify this
issue.

The Forster resonance energy transfer (FRET) (Forster, 1948) — also commonly
known as fluorescence resonance energy transfer — appeared as a way to monitor
protein proximity in living cells; however, such an approach requires the labeling
of proteins with specific donor and acceptor fluorophores. FRET was therefore
first used in reconstituted systems with purified proteins.

During the mid-1990s, the cloning of the green fluorescent protein (GFP)
allowed the easy labeling of proteins with fluorophores, and their expression in
mammalian cells (Prasher et al., 1992; Marshall et al., 1995). Then, the manipula-
tion of GFP allowed the characterization of several mutants with different spectral
properties, some being compatible with FRET (Miyawaki et al., 1997; Tsien, 1998).
Such fluorescent proteins can easily be fused to the proteins of interest to examine
their dynamic in living cells, and their interaction with other partners (Selvin,
2000; Vogel et al., 2006).

In this chapter, the principle of the resonance energy transfer will first be
described, followed by details of the different technologies that have been devel-
oped to monitor protein dynamics in living cells. How these technologies have
changed the concept of the functioning of GPCR signaling in a natural environ-
ment is then outlined. It will be seen that recent data are consistent with a precise
organization of the various components of the signaling cascade, allowing a very
rapid and highly specific signaling.

13.2
Fluorescence Resonance Energy Transfer (FRET)

FRET is a photophysical process in which energy is transferred from a fluorescent
donor (D) to a suitable energy acceptor (A). FRET involves the resonant coupling
of the donor emission and the acceptor absorption dipoles, and is therefore non-
radiative (Stryer, 1978). In order to occur, FRET requests an energetic compatibil-
ity between the two components of the FRET pair. Such compatibility depends on
the degree of spectral overlap between the absorption spectrum of the acceptor
A and the emission spectrum of the donor D (Fig. 13.1). This can be calculated
through the determination of J, the spectral overlap (also known as the “Forster
overlap integral”) using the following formula:
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Fig. 13.1 Requirements for energy transfer between two
fluorophores. (a) Spectral overlap between a fluorescent
donor and an acceptor. The gray area represents the part
of the acceptor absorption spectrum which overlaps the
donor emission spectrum. (b) Distance between the two
fluorophores. (c) Orientation between the two fluorophore
dipoles; no transfer can occur if these are perpendicular.

where Fp(A) is the fluorescence intensity of the donor at wavelength A, and €4(A)
is the molar extinction coefficient of the acceptor.

According to the Forster theory, FRET is a distance-dependent process. Its effi-
ciency (E) is dependent on the inverse sixth power of the distance separating the
donor and the acceptor as shown in the following formula:

R76
CR+R;
where R is the separation distance between the donor and the acceptor and R, is

the Forster radius. R, is defined as the distance at which the FRET process is 50%
efficient, and can be calculated using the following formula:

Ro=(Jx102xk2xn™*x Qp)"*x 9730
where ] is the integral overlap, n is the medium refractive index (n™ is usually in

the range of 1/3 to 1/5), Qp is the fluorescence quantum yield of the donor in the
absence of the acceptor, and k? is an orientation factor which is a function of the
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relative orientation of the donor’s emission dipole and the acceptor’s absorption
dipole in space. Although k* can have a theoretical value between 0 and 4, a value
of 2/3 is usually used in the determination of the R,. k* becomes 2/3 when the
donor or the acceptor are randomly oriented (Stryer, 1978). This condition is
usually satisfied for fluorescent probes attached to biomolecules which can have
a certain degree of rotational freedom (Dale et al., 1979).

For commonly used FRET pairs, a 5-nm R, value can be reached, giving an
operative FRET distance in the range of 1 to 10nm (Stryer and Haugland, 1967).
Beyond this range, the FRET efficiency decreases very rapidly; hence, FRET could
probe interactions over distances similar to the dimensions of biological mole-
cules. To achieve this, each molecule involved in the interaction must be labeled
by one component of the FRET pair.

The FRET signal resulting from the biological interaction can be discriminated
by different ways from the other signals emitted by the free donor and/or the free
acceptor (Fig. 13.1b) (Vogel et al., 2006). Detection of the variation in fluorescence
intensities are the most commonly used FRET readouts: decrease of the donor
fluorescence emission (Sokol et al., 1998); increase of the acceptor fluorescence
emission (if the chosen acceptor is fluorescent) (Chan et al., 1979); or calculation
of a ratio (e.g., acceptor fluorescence emission/donor fluorescence emission)
(Miyawaki et al., 1997). Recent developments in confocal microscopy have allowed
the measurement of a intracellular FRET process by determining the percentage
increase in donor fluorescence after photobleaching of the acceptor moiety (He et
al., 2003). Alternatively, as the donor fluorescence lifetime decreases proportion-
ally to the increase of the FRET efficiency, this parameter can also be used to
monitor FRET (Wallrabe and Periasamy, 2005). This could be achieved using
specific instruments based on modulation-phase techniques or on photon-
counting techniques. The competitive nature of FRET and photobleaching can also
be used to enable an indirect measurement of FRET through its effect on donor
photobleaching lifetimes using confocal microscopy (Patel et al., 2002b).

13.3
FRET Using GFP and its Various Mutants

The use of FRET technologies in biology requires the labeling of proteins with
specific donor and acceptor fluorophores, and this has long been a main limitation
to study protein dynamics in living cells. As such, the discovery and cloning of
the GFP (a protein of 27kDa) (Prasher et al., 1992) has been a major achievement,
allowing the easy labeling of proteins in living cells (Marshall et al., 1995), and
living animals. In addition, mutagenesis and systematic screening approaches
have allowed the identification of a number of GFP mutants with different spectral
properties and fluorescent intensities (Tsien, 1998). As illustrated in Fig. 13.2,
several couples of GFP variants are compatible with efficient FRET measurements.
Among these, the CFP (the cyan variant of GFP) and YFP (the yellow variant of
GFP) variants identified in 1997 (Miyawaki et al., 1997) boosted the use of FRET
in biological studies (Tsien, 1998; Selvin, 2000; Vogel et al., 2006). Due to the



13.4 BRET as an Alternative to FRET

Excitation Emission
BFP CFP  GFP YFP BFP CFP GFF YFP

100 100

80 1 B0 4

60 B0 -

40 40

20 - 20 / \

D _. T T T T I\I T D T T T T T T T T T —
350 400 450 500 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Fig. 13.2 Spectral properties of various variants of green
fluorescent protein (GFP). For details of abbreviations, see the
text.

overlap in their emission and excitation spectra, the excitation of CFP at 433nm
allows emission of the YFP at 535nm if these two proteins are in close proximity
(<100 A) and in a compatible orientation. However, the overlap between the spectra
of these two proteins is such that the signal-to-noise ratio measured at 535nm
(whether FRET occurs or not) is limited due to the still intense emission of CFP
at this specific wavelength. As such, the ratio of fluorescent intensities measured
at 480nm (peak emission of CFP) and 535nm (peak emission of YFP) is com-
monly used as an evidence for FRET. Recently, new variants of CFP and YFP
(called Cerulean and Venus, respectively) with improved properties for FRET
studies (improved maturation, folding and stability for Venus, improved bright-
ness for Cerulean) have been described (Nagai et al., 2002; Rizzo et al., 2004).

Although easy to use because of the simplicity to generate fusion proteins, it
must be borne in mind that the relatively large GFP proteins may affect the bio-
logical process under study. In the case of the GPCRs for example, fusion of these
fluorescent proteins in a specific domain of the receptor may prevent their normal
functioning, as observed in the case of the parathyroid hormone (PTH) or o,
adrenergic receptor (Vilardaga et al., 2003) or the metabotropic glutamate receptor
type 1 (Tateyama et al., 2004). As such, alternative labeling techniques should be
used.

One very interesting feature of FRET using CFP and YFP, is that emission
intensities are compatible with measurements under a confocal microscope. This
allows the identification of the subcellular compartments where the phenomena
generating the FRET signal occurs, in real time.

13.4
BRET as an Alternative to FRET

Bioluminescence resonance energy transfer (BRET) is a naturally occurring phe-
nomenon, discovered in marine organisms (Shimomura et al., 1962). The energy
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transfer occurs between luminescent donor and fluorescent acceptor proteins.
Oxidation of coelenterazine by Renilla luciferase (Rluc) produces light at 480 nm
(Prendergast, 2000). In the sea pansy Renilla, the close proximity of a GFP (Renilla
GFP) allows a non-radiative energy transfer that results in light emission at 509 nm
by the GFP (Morin and Hastings, 1971; Lorenz et al., 1991). BRET thus happens
when part of the energy of the excited donor is transferred to an acceptor fluoro-
phore, which in turn re-emits light at its specific wavelength. As with other non-
radiative energy transfer, BRET only takes place if the emission spectrum of the
donor molecule and the absorption spectrum of the acceptor molecule sufficiently
overlap. Like FRET, BRET also depends on the distance between the donor and
the acceptor (€100A), and on their relative orientation. The crucial distance-
dependence between donor and acceptor molecules for energy transfer makes
BRET systems suitable for monitoring protein—protein interactions in living cells.

Depending on the type of Rluc substrate, and the nature of the fluorescent
protein acceptor, two generations of BRET have been developed. In the first gen-
eration (or BRET') methodology, the donor protein partner is fused to Rluc,
whereas the acceptor protein partner is fused to the YFP (Xu et al., 1999; Pfleger
and Eidne, 2006; Prinz et al., 2006). Upon degradation of coelenterazine H, Rluc
emits light at 480 nm. If the two partners do not interact, only the signal emitted
by the Rluc can be detected after addition of its substrate at 530nm. However, if
the two partners are in molecular proximity (<100A), then a resonance energy
transfer occurs between the Rluc and the YFP, and an increase in the emitted
signal at 530nm can be detected, due to the emission of YFP at this wavelength.
The second-generation (or BRET?) technology involves Rluc and GFP as donor and
acceptor molecules, respectively. BRET” takes advantage of the spectral properties
of a Rluc substrate known as Deep Blue coelenterazine (DeepBlueC), which allows
a better separation between the Rluc and GFP emission spectra (Bertrand et al.,
2002; Mercier et al., 2002; Ramsay et al., 2002) (Fig. 13.3). Upon the catalytic deg-
radation of DeepBlueC, the energy donor Rluc emits light with a peak at 400nm
that allows the excitation of the energy acceptor, GFP. Once excited, GFP then re-
emits fluorescence with a peak at 510 nm if the donor and acceptor molecules are
within BRET-permissive distance (<100 A).

The better resolution between the emission peaks of Rluc and GFP with BRET?
is not the only difference between the two generations of BRET. In particular, the
quantum yield of the Rluc/DeepBlueC coelenterazine couple is lower than that of
Rluc/coelenterazine H, and the extent of overlap between the emission spectra of
Rluc and the excitation of the GFPs is better for BRET” than BRET'. Accordingly,
although the main advantage of BRET” is the better signal-to-noise ratio, the lower
emission intensity limits its use to very sensitive equipment. Interestingly, BRET'
and BRET” can also be combined to monitor two concomitant interactions (Fig.
13.4) (Perroy et al., 2004; Gales et al., 2006).

BRET is therefore a technique of choice to monitor protein—protein interaction
as well as protein conformational changes. Compared to FRET, and because of
the overlapping absorption and emission spectra of the existing mutants of GFP,
the signal-to-noise ratio is significantly higher in BRET. In addition, the study of
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Fig. 13.4 Depending on the substrate that is degraded, the
Rluc emits a blue light at 480nm (Coelenterazine H, BRET),
or at 395nm (DeepBlueC, BRET?). The YFP (BRET?) is excited
at 480nm and emits at 530nm, whereas the GFP (BRET?)
absorbs at 395nm to emit at 510 nm.

simultaneous interactions of three proteins can be relatively easily performed
in BRET (see above). However, although BRET is perfectly compatible with high-
throughput measurement in 96- or 384-well plates, to date BRET has not permitted
the visualization of interactions in living cells under microscopic observation
because of the very low intensity of the emitted bioluminescence, and thus GFP
fluorescence. Today, this drawback may be overcome on the basis of recent inputs
from physics and the development of the ultrasensitive cooled charge-coupled
device (CCD) camera. Recent improvements in the experimental parameters
have therefore allowed the exploration of protein interactions by BRET under the
microscope (Ayoub et al., 2002; J. Perroy et al., unpublished results). There is no
doubt that, in the near future, it will be possible to detect in real time BRET signals
within a unique cell, and within specific cell compartments by using microscopy.
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Finally, another interesting perspective of BRET is the imaging of a signal in living
subjects, by using a CCD camera. Indeed, the results of a recent proof-of principle
have suggested that interesting advances are about to be made in in-vivo imaging
with BRET (De and Gambhir, 2005).

13.5
Time-Resolved FRET (TR-FRET) and Homogeneous Time-Resolved
Fluorescence (HTRF)

Time-resolved FRET (TR-FRET) combines a FRET process with a time-resolved
fluorescence detection to probe biomolecular interactions. Time-resolved fluores-
cence detection rejects most of the fluorescent background given both by biological
media and by instrumentation components from the signal to be detected
(Fig. 13.5).

TR-FRET uses a long-lifetime fluorescent FRET donor, a lanthanide complex,
which can either be a lanthanide chelates or cryptates. The lanthanide chelates are
based on the non-covalent association between a chelate and a lanthanide ion
(mainly europium or terbium) (Hemmila et al., 1984), while lanthanide cryptates
are formed by the inclusion of lanthanide ion (e.g., europium) into the tridimen-
sional cavity of a ligand called “cryptand” (Alpha et al., 1987). Both, the cryptate
and the chelate protect the lanthanide ion from a potential quenching of its envi-
ronment, and act as antenna by collecting the energy from the excitation source
before transferring it to the lanthanide ion (Alpha et al., 1990). However, the caged
structure of the cryptate confers on it a kinetic stability that is dramatically higher
than that of the lanthanide chelates. Rare-earth chelates can be dissociated in acidic
media or in presence of divalent ions such as Mn**, while rare-earth cryptates could
be used under drastic chemical conditions and are not affected by the presence of
divalent ions in the media (Bazin et al., 2002).
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Fig. 13.5 The principle of time-resolved fluorescence
detection. The fluorescent signal from the long-lived tracer
(thick line) is integrated after a fixed delay time to remove
from the measurement window (gray) the fluorescence
background (thin line).
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Fig. 13.6 Fluorescence emission spectra of the lanthanide
complexes. The lanthanide ion included in the complex
determines its fluorescence emission spectrum. The terbium
ion (grey) induces a fluorescence emission between 470 and
620nm, while the europium ion (black) induces a
fluorescence emission between 580 and 710 nm.

Lanthanide complexes are excited in the ultraviolet (UV) wavelength range by
pulsed light sources such as xenon flash-lamp or nitrogen lasers. Depending on
the lanthanide ion used, their fluorescence occurs in a wavelength range between
450nm and 710nm, with typical narrow emission lines (Fig. 13.6). With the elec-
tronic transitions of the lanthanide ions being forbidden by quantum mechanistic
rules, their fluorescence lifetime is exceptionally long, in the range of 100 to
1000 ps.

In FRET, the lifetime of the acceptor’s emission contains a contribution equal
to the donor’s lifetime in presence of energy transfer (Schiller, 1976; Morrison,
1988; Mathis, 1993). In TR-FRET, the use of a long-lifetime donor leads to a long-
lived emission of the acceptor. In addition, in order to isolate a FRET signal
free from a short-lived fluorescent background, a time-resolved detection at the
acceptor emission wavelength makes a clear distinction between the long-lived
signal from the acceptor involved in the FRET process and the short-lived signal
emitted by the freely diffusing acceptor (Mathis, 1993) (Fig. 13.7).

The HTRF technique, which pioneered the field of TR-FRET, is based on the
use of europium cryptates as donor (Mathis, 1995). Both, a cross-linked allophy-
cocyanin called XL665 and small fluorescent near-infrared dyes can be used as
HTRF acceptors. The large spectral overlap of their absorption spectra with the
europium cryptate emission leads to a high FRET efficiency (R, value >7nm).
Moreover, their high fluorescence quantum yields ensure an optimal release of
the FRET signal in a spectral range (665 nm) where the cryptate signal is insignifi-
cant. This leads to an exceptionally large spectral selectivity which allows the
establishment of an efficient ratiometric signal detection. The measurement of
the cryptate emission signal at 620nm reflects indeed the media absorption at the
excitation wavelength. Therefore, the acceptor signal at 665nm, which is also
inversely proportional to the media absorbance, can be “ratioed” by the cryptate
signal to yield a measurement which is then independent of the media optical
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the sensitized acceptor (C) and the small
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be easily discriminated from the free acceptor
signal and from the background due to other

acceptors. At the acceptor emission
wavelength (665nm), the FRET signal from

compounds or the biological media (A).

properties at the excitation wavelength. The acceptor:europium cryptate signal
ratio depends solely on the specific biological interactions under study
(Mathis, 1993).

A large variety of biological events such as protein—protein interactions or enzy-
matic activities were monitored using HTRF with a very low detection limit (Bazin
et al., 2002). HTRF is highly compatible with high-throughput measurements in
96-, 384-, or 1536-well plates (Ferrer et al., 2003). Until now, HTRF has not permit-
ted the microscopic monitoring of biological interactions in living cells, but recent
development in the design of a time-resolved microscope may overcome this
drawback in the near future (Ghose et al., 2006).

13.6
New Developments in Fluorescent Labeling of Membrane Proteins

As mentioned above, one key limitation of the use of fusion proteins to label pro-
teins in living cells is the size of the fluorescent (GFP variants) or luminescent
(Rluc) proteins. Experiments taking advantage of the long lifetime of europium as
an energy donor are based on the use of labeled antibodies, making difficult the
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labeling of the intracellular side of the proteins. In addition, the large size of the
antibodies, may also affect the normal functioning of the targeted proteins. To
overcome these problems, new approaches have been developed for the specific
labeling of membrane proteins in living cells.

An interesting approach first reported in 1998 by Tsien’s group is based on
the insertion in proteins of a tetra-cystein tag (Griffin et al., 1998) (the optimal
sequences being HRWCCPGCCKFT or FLNCCPGCCMEP; Martin et al., 2005)
that can be labeled with biarsenic derivatives such as 4’,5"-bis(1,2,3-dithioarsolan-
2-yl)fluorescein (FIAsH) allowing the precise labeling of the protein with fluores-
cein (or rhodamine if ReAsH is used instead of FIAsH). One main advantage of
this approach is to limit the size the fluorescent label, therefore limiting the effect
on the functioning of the labeled protein. This is nicely illustrated with the labeling
of the A2A-adenosine receptor in its intracellular loop 2 for example, as the inser-
tion of a GFP variant prevented G-protein activation by the receptor, whereas
insertion of a tetra-cystein tag did, not even after labeling with FIAsH (Hoffmann
et al., 2005). However, this method can only be used on the intracellular side of
the protein (Chen and Ting, 2005), and much care must be taken to maximally
decrease the non-specific labeling of other cys-containing proteins using 1,2-
ethanedithiol (Stroffekova et al., 2001).

Other approaches make use of specific binding sites for ligands that can be
labeled with fluorophores, such as poly-his tags that bind Ni-nitrilotriacetate (NTA)
fluorescent derivatives (Guignet et al., 2004; Ramanoudjame et al., 2006), or a
minimal o-bungarotoxin binding sequence as short as 13 residues (Scherf et al.,
1997), that can be labeled with fluorescent bungarotoxins (Sekine-Aizawa and
Huganir, 2004; McCann et al., 2005).

Bacterial phosphopantetheine transferases known as Sfp (from Bacillus subtilis)
have also been used recently to label cell-surface proteins in which a specific
sequence (called the peptidyl carrier protein (PCP) tag, of 80 residues) was inserted.
This enzyme transfers the 4’-phosphopantetheinyl group from coenzyme A (CoA)
onto a conserved Ser of the tag, thereby allowing the insertion of any fluorophore
fused to this group. A similar approach has also been developed taking advantage
of the Escherichia coli Acyl carrier protein synthase (AcpS) that also transfers the
same phosphopantetheinyl group of CoA on a minimal sequence (77 amino acids)
of the Acyl carrier protein (ACP). These two methods can even be combined to
insert two different fluorophores, taking advantage of the high selectivity of AcpS
for the ACP tag, whereas Sfp can label both ACP and PCP tags. However, because
the reaction requires the presence of an enzyme, this approach can only be used
to label surface proteins on their extracellular side.

Enzymes that covalently react with their ligand have also been used as a method
to label proteins with any type of fluorophore. One of such example is the Halo
tag developed by Promega, that derives from a natural enzyme from Rhodococcus
rhodochrous, and hydrolyzes haloalcanes into n-butanol. This enzyme is modified
in its active site, such that the substrate can be labeled with various fluorophores
to react and form a covalent bound with the enzyme. These substrates, in being
able to pass the plasma membrane, can be used to label either extracellular or
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intracellular proteins, but the size of the Halo tag (33kDa) is similar to that of
GFPs. The second enzyme which has recently been developed to label protein is
called “snap tag”. This corresponds to the catalytic domain of the Og-alkylguanine
DNA alkyltransferase (AGT) that removes the alkyl groups from guanines in DNA.
The reaction is such that the alkyl group is covalently linked to a cysteine from
the active site. Of interest, this enzyme can also react with benzyl-guanine deriva-
tives, even when labeled with any fluorophore on their benzyl moiety, allowing as
such the covalent labeling of the enzyme. This enzyme is smaller than the GFPs
(182 residues) and, depending on whether the benzyl-guanine derivatives used can
penetrate the cells, can be employed either to label any cellular proteins or to label
only those with an extracellular side.

13.7
Ligand—Receptor Interaction Monitored by FRET

A primary application of the energy transfer technology to study GPCRs is the
characterization of ligand interaction with receptors. Galzi’s group used various
GPCRs fused to GFP at the extracellular N-terminus, and examined the binding
of ligands labeled with Texas red or Bodipy. Such an approach allows rapid binding
kinetic analysis and direct comparison of agonist binding and cellular responses
(Vollmer et al., 1999; Palanche et al., 2001). These studies revealed the existence
of at least two conformations of the neurokinin NK2 receptor. Indeed, the trun-
cated neurokinin A (NKA)-(4-10) binds with a single phase and evokes only Ca-
responses. In contrast, the full-length NKA exhibits both a rapid binding phase
that correlates with Ca-responses, and a slower phase that correlates with cAMP
formation (Palanche et al., 2001). A biphasic binding mode of PTH to its receptor
was also observed using a similar FRET approach with a tetramethyl-rhodamine
PTH and an N-terminally GFP-labeled receptor (Castro et al., 2005). In that case,
the second phase in binding coincides with the conformational change in the PTH
receptor, also monitored by FRET. This led the authors to propose a two-step
binding mode for PTH on its receptor, the first step corresponding to the initial
binding of the ligand, and the second to a different binding mode resulting from
the conformational switch in the receptor. This is consistent with the conforma-
tional change that is associated with receptor activation and occurs sequentially
after the ligand’s first interaction with the receptor.

Because precise measurements of FRET efficiency allows the determination of
distances between fluorophores, FRET between ligands and their receptor has also
been used to obtain direct information on the conformation of a GPCR occupied
with various ligands. For example, by using various cholecystokinin (CCK) recep-
tor ligands labeled with Alexa488, and receptors labeled with Alexa568 at various
positions at the level of a unique Cys residue, Harikumar and Miller (2005) pro-
vided evidence for a differential conformation between the agonist- and antagonist-
occupied receptor.
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As indicated above, the efficiency of energy transfer depends on both the distance
and the relative orientation of the fluorophore dipoles. Accordingly, conforma-
tional changes within membrane proteins can be monitored in real time when
both the donor and the acceptor are fused within the same protein at specific
positions. By inserting CFP and YFP at various position within the intracellular
loops and C-terminal tail of GPCRs, Vilardaga et al. were the first to report real-
time measurement of GPCR activation using FRET measurements in living cells
(Vilardaga et al., 2003). When CFP was inserted in the second intracellular loop
of the PTH receptor, and YFP at the extreme C-terminus, a significant decrease
in FRET efficiency was observed upon PTH application, a phenomena that occurs
with a fast kinetic (t=1s), faster than the previously proposed kinetic of GPCR
activation measured in purified, reconstituted system with the 3, adrenergic recep-
tor (Gether et al., 1995; Ghanouni et al., 2001). Even faster (25-fold) activation
kinetic was measured with the o, adrenergic receptor using the same approach
(Vilardaga et al., 2003), illustrating that this process may well be dependent upon
the receptor type. By taking advantage of this FRET sensor directly inserted into
the receptor, these authors also examined the mechanism of action of partial ago-
nists. Their data are consistent with such ligand stabilizing a specific conformation
of the receptor, and was different from that stabilized by a full agonist (Vilardaga
et al., 2003) or an inverse agonist (Vilardaga et al., 2005).

However, criticism may be offered that these receptors have a decreased efficacy
in G-protein coupling (as measured by the decrease in agonist potency at stimulat-
ing the intracellular cascade compared to the wild-type receptor), most likely due
to the insertion of CFP in the intracellular loop of these receptors. Indeed, when
the same approach was used with the adenosine A2A receptor (Hoffmann et al.,
2005), or the metabotropic glutamate receptor (Tateyama et al., 2004), a complete
loss of G-protein activation was observed. To overcome this problem, CFP in the
third intracellular loop of the A2A receptor was replaced by a tetra-cysteine tag,
and the receptor (also fused to CFP at its C-terminal end) was labeled with FIAsH
in living cells (Hoffmann et al., 2005). The far smaller size of the tetra-cystein-
FlAsH labeling compared to YFP, was then compatible with a normal coupling of
the receptor to its G-protein partner. In addition, the use of FIAsH instead of YFP,
confirmed the fast kinetic of receptor activation, and allowed a much better signal-
to-noise ratio.

A CFP-YFP FRET approach was also used to monitor metabotropic glutamate
(mGlu) receptor activation in living cells. The mGlu receptors are part of a specific
class of GPCRs (called class C), characterized by a large extracellular region com-
posed of a bilobate venus Flytrap (VFT) and a cysteine-rich domains, on top of the
common 7TM core domain responsible for G-protein activation (Pin et al., 2003).
These receptors are constitutive dimers linked by a disulfide bridge and, as illus-
trated by the crystal structure of the extracellular domain of the mGlul receptor
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(one of the eight subtypes of mGlu receptors), dimerization of these receptors is
required for function (Kunishima et al.,, 2000; Tsuchiya et al., 2002). Indeed,
agonist binding in the open form of the VFT results in the closure of the two lobes
and, most importantly, to a relative movement of the two VFTs in the dimer. This
relative movement was assumed to be associated with a concomitant movement
of the two 7TM domains leading to G-protein activation (Kniazeff et al., 2004). To
examine further this possibility, CFP and YFP were inserted in different parts of
the mGlu receptors, either both in the same subunit, or each in two different
subunits (Tateyama et al., 2004). Although no agonist-induced change in FRET
was observed when both CFP and YFP were fused in the same subunit, a clear
change in FRET was observed if YFP and CFP were introduced into each subunit.
Of interest, depending on the relative position of YFP and CFP, either an increase
or a decrease in FRET was observed, consistent with a relative movement of the
two 7TM domains associated with receptor activation. However, this approach did
not reveal conformational changes within each 7TM domain (but of course it
did not exclude this likely possibility), and also the conclusions are limited by the
inability of this fusion-receptor to activate G-proteins. Nonetheless, parallel experi-
ments with wild-type receptors led these authors to propose recently that different
signaling cascades (either Gs or Gq activation) may be activated by such dimeric
receptors, depending on the relative position of the two subunits (Tateyama and
Kubo, 2006).

13.9
FRET and BRET Validated the Constitutive Oligomerization of GPCR in Living Cells

For many years, GPCRs were assumed to function in monomeric forms, with one
ligand activating one receptor that in turn activates one G-protein. However, such
a view was challenged during the late 1980s with the first proposal that GPCRs
may form dimers or oligomers, an idea then further supported by co-immunopre-
cipitation studies. In 2000, three studies brought direct evidence for a close prox-
imity of GPCRs in living cells using different energy-transfer techniques. One
study used a BRET approach with Rluc and YFP-fused [, adrenergic receptor
(Angers et al., 2000); the second study used a CFP-YFP FRET approach to dem-
onstrate the dimeric nature of the yeast Ste2 receptor (Overton and Blumer, 2000);
and the third used fluorophore labeled antibodies directed to N-terminal epitopes
inserted in the somatostatin and dopamine receptors to show their possible het-
eromeric assembly (Rocheville et al., 2000). Since then, a number of studies have
used these techniques to illustrate how wide this phenomenon is, with almost any
GPCR examined so far being reported to oligomerize in living cells (Bouvier, 2001;
Milligan and Bouvier, 2005; Pfleger and Eidne, 2005). Such oligomerization mea-
sured by FRET or BRET was always found specific, being observed between spe-
cific combination of receptors, but not with others.

One limitation of the use of FRET and BRET to monitor membrane protein
interaction is that both surface receptor-fusion, as well as intracellular receptor
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oligomers (located either into endosomes, endoplasmic reticulum or in various
types of vesicle during their trafficking to the surface) are detected. To firmly
demonstrate that GPCRs dimers are indeed found at the cell surface, advantage
may be taken of total internal reflection fluorescence, as used to monitor
mGlu dimer at the cell surface (Tateyama et al., 2004). Alternatively, antibodies
may be used to specifically label surface proteins. This was achieved using
antibodies directed against epitopes fused to the N-terminal extracellular end of
the receptors, labeled either with rhodamine and fluorescein (Rocheville et al.,
2000; Patel et al., 2002a), or with europium cryptate or chelate as donor fluoro-
phore, and XL665, alexa647 or d2 as acceptors allowing time-resolved FRET
measurements (McVey et al.,, 2001; Kniazeff et al., 2004; Maurel et al., 2004;
Urizar et al., 2005).

The second limitation is that these experiments are often conducted with recom-
binant fusion proteins over-expressed in heterologous expression system. However,
when such experiments were conducted at receptor expression level similar to
those found in native tissue, energy transfer was still observed, demonstrating that
at least such signal is not only the consequence of a high receptor density (Mercier
etal., 2002). Of interest, by measuring BRET signal in cells transfected with a fixed
amount of 8, adrenergic receptor-Rluc, and increasing the amount of the same
receptor fused to YFP ratio, saturation curves were obtained which allowed estima-
tion of the apparent affinity of the two protomers (Mercier et al., 2002; Ayoub
et al., 2004). This has then been widely used to examine the possible preferential
association between various types of GPCR (Mercier et al., 2002; Wang et al., 2005).
This revealed that B, and B, adrenergic receptors have the same ability to form
homodimers or heterodimers. The same approach revealed that the melatonin
MT1 receptor has the same ability to homodimerize or heterodimerize with MT2,
whereas the latter displays a higher apparent affinity for MT1 than for itself (Ayoub
et al., 2004). This supports the importance of the MT1/MT2 heterodimer in mela-
tonin-mediated physiological effects.

Both, FRET and BRET assays were also used to examine whether dimer forma-
tion would be regulated by different types of ligand acting on each protomer. In
some cases, changes in FRET or BRET signals were observed upon agonist appli-
cation, and this was first proposed to reflect agonist-induced formation or stabiliza-
tion of GPCR dimers (Patel et al., 2002a; Grant et al., 2004). However, such
variation in energy transfer efficiency may also be the consequence of conforma-
tional changes within stable dimers, resulting in a change in either the distance
or the relative orientation between the fluorophores. Indeed, a number of addi-
tional studies are more consistent with this second explanation. First, Western
blot and co-immunoprecipitation commonly used to study GPCR dimerization did
not show changes in monomer/dimer ratio after ligand application. Second,
in most cases, ligand interaction with the receptor dimer did not result in a
change in BRET efficiency (Angers et al., 2002; Pfleger and Eidne, 2005). More-
over, when changes are observed, these do not necessarily relate with the activity
of the ligands, agonists and inverse agonists inducing similar changes, and
depend on the receptor dimer being studied (Ayoub et al., 2002; Percherancier et
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al., 2005). This is also nicely illustrated with the covalently linked mGlu dimers in
which an increase or a decrease in FRET efficiency is observed upon agonist
binding, depending on the insertion sites of the CFP and YFP (Tateyama et al.,
2004).

Taken together, and in agreement with many other approaches, energy transfer
technology brings strong evidence for the existence of constitutive GPCR dimers/
oligomers in living cells.

13.10
FRET and BRET Changed the Concept of G-Protein Activation

Since the discovery of heterotrimeric G-proteins as essential transducers of GPCRs,
it has become well established that agonist activation of a GPCR allows its associa-
tion to an heterotrimeric G-protein, and the release of GDP from the o subunit.
Binding of GTP in the empty G-protein then induces a rapid dissociation of the
receptor—G-protein complex, thereby allowing GaGTP on one side, and By on the
other side to reach their own effectors. Although consistent with the rapid activa-
tion of a large number of G-proteins by a single activated receptor, this associa-
tion—dissociation model was questioned more than ten years ago as it was difficult
to reconcile with the high selectivity between GPCRs and certain G-proteins
observed in native cells, and with the fast kinetic (Neubig, 1994).

Within the past five years a number of studies have examined the activation
process of heterotrimeric G-proteins by various GPCRs, using either FRET or
BRET. Because of the commonly accepted concept of G-protein dissociation result-
ing from GTP binding, energy transfer technologies soon appeared as a powerful
way to monitor G-protein activation. This was first studied in Dictyostelium discoi-
deum and, as expected, a decrease in FRET between o and [y was interpreted as
a direct evidence for G-protein dissociation in living cells (Janetopoulos et al.,
2001). Such a decrease in FRET between Go. and Py was also observed for the Go
type of G-protein (Azpiazu and Gautam, 2004; Frank et al., 2005) and the yeast
G-protein (Yi et al., 2003). However, other studies based on BRET or CFP-YFP
FRET revealed a constant proximity between Go. and By, at least with Goi and Gois
(Bunemann et al., 2003; Gales et al., 2005, 2006), with relative movement of By
and o associated with activation. This is nicely illustrated by the observation that
either an increase or a decrease in the energy transfer efficiency occurs during
activation, depending on the insertion point of the CFP, YFP or Rluc (Bunemann
et al., 2003; Gales et al., 2005, 2006; Gibson and Gilman, 2006). It has therefore
been proposed that the previously reported decrease in FRET may not necessarily
reflect Gofy dissociation, but rather a relative movement between the two main
components of the G-protein. Such a proposal is supported by the recent report
that Goq and Py are still in proximity after binding of GRK2, a kinase involved in
the desensitization of GPCRs, as observed in the crystal structure of the Gq-GRK2
complex (Tesmer et al., 2005).
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G-protein activation was also examined by measuring FRET or BRET between
the activating receptor an either Go. or By. One study examined the coupling of
02A adrenergic receptor and Gs, and the appearance of FRET after receptor acti-
vation, a signal that is largely increased when a non-dissociating mutant of Gos
is used, supporting the current model of the G-protein interacting transiently with
the activated receptor only (the collision model). However, three other reports
were not consistent with this model, and proposed a pre-association of the recep-
tor and the G-protein, and the absence of complete dissociation of the G-protein
from the receptor after activation. This was revealed by the large BRET signal
measured under basal condition between the 3, and o, adrenergic receptors and
either By and Goi, respectively (Gales et al., 2006), or between the thrombin recep-
tor PAR1 and Goi (Ayoub et al., 2007). Such a basal BRET does not reflects some
constitutive activity of the receptor, as it was not inhibited by pertussis toxin treat-
ment, in contrast to the agonist-induced effect. Moreover, depending on the inser-
tion point of Rluc in the G-protein, either a rapid increase or decrease in BRET
was observed after receptor activation. This later point is a clear indication that
the change in BRET is not simply the consequence of G-protein recruitment by
the activated receptor, but is rather due to a change in the relative position of
these two partners. Nobles et al. (2005) examined the coupling between various
GPCRs (M4 muscarinic, oA adrenergic, D, dopaminergic and adenosine A,
receptors) and Gowo using FRET, and also brought evidence for a pre-association
of these two partners. These data were therefore more consistent with the pre-
assembly theory, the G-protein and the receptor being already part of the same
protein complex, allowing a faster process, and a better control of the selectivity
of the signaling cascades activated by the receptor. It has even been proposed that
such receptor-G-protein complexes are formed in the endoplasmic reticulum
(Dupre et al., 2006). Although in contradiction with the commonly accepted
model of receptor—-G-protein coupling, this proposal is consistent with the large
number of reports showing that Ga and the receptor can be fused into a single
polypeptide chain without affecting their normal functioning in cells (Hildeb-
randt, 2006).

13.11
GPCRs as Part of Large Signaling Complexes

Within the past few years, a number of biochemical and proteomic approaches
have suggested that membrane receptors are likely assembled into large signaling
complexes that include the receptor, the transducer, and the effector proteins. This
possibility has been examined recently using energy-transfer technologies in living
cells. It was mentioned earlier that G-proteins may be part of such signaling com-
plexes (Dupre et al., 2006), but G-proteins have also been shown to be pre-
assembled with their effectors. This was recently nicely illustrated for the Gy
complex associated with the G-protein-regulated Inwardly Rectifying K-channels
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(GIRK) (Riven et al., 2006). Indeed, as observed with the GPCR-G-protein interac-
tion using FRET or BRET, a basal FRET is observed between Gy and GIRK and,
upon activation with a GPCR, either an increase or a decrease in FRET efficiency
is observed depending on the insertion points of the YFP and CFPs. This conclu-
sion is supported by a different study based on BRET (Rebois et al., 2006). Taking
into account that other studies report a co-assembly of GPCRs such as the GABA;
receptor and GIRK channels (David et al., 2006), this is consistent with all com-
ponents of this signaling cascade being co-assembled in living cells. Similarly,
G-proteins and GPCRs have been shown the co-assemble with adenylyl cyclase
(Rebois et al., 2006; Dupre et al., 2007), and Goq was found recently to associate
stably with its effector PLCPB (Dowal et al., 2006). Regulators of G-protein signaling
(RGS proteins) that accelerate the GTPase activity, have also been found to be part
of such putative pre-assembled complexes (Benians et al., 2005). If validated, such
a proposal may provide an effective means of explaining the specificity of the sig-
naling cascades, and will likely play an important role in determining the kinetic
of the response.

However, it may prove to be surprising that, when such interactions were exam-
ined in living cells using FRET or BRET approaches, often a constitutive associa-
tion of the partners is reported. Although in each of these studies negative controls
are often presented, the demonstration of the B-arrestin recruitment by activated
GPCRs is a good example that such pre-assembly is not always the case. Indeed,
B-arrestin is cytosolic and reaches the cell membrane upon interaction with an
activated and phosphorylated GPCR. This was visualized at an early stage in living
cells using GFP-fused B-arrestin constructs (Barak et al., 1997), and the recruit-
ment by GPCRs can be directly followed using either BRET (Bertrand et al., 2002)
or FRET (Krasel et al., 2005), with no evidence of any pre-association between these
two partners.

13.12
Conclusion and Future Prospects

The use of energy transfer technologies has allowed the direct “visualization” of
GPCR functioning in living cells. The data generated have changed the commonly
held views on the functioning of these receptors, the most important finding being
the possibility of recording such GPCR-mediated responses in real time, and in
living cells. These studies have also brought new evidence that these receptors are
likely pre-assembled in specific signaling complexes, thereby allowing rapid and
specific cellular responses. However, to date most studies have been performed
using either recombinant fusion proteins, or using labeled antibodies directed
against epitope tags. The use of such large domains carrying the requested chro-
mophores represents a major limitation to the use of FRET studies. However, the
development of alternative labeling techniques and of new fluorophores has begun
to open new routes, including the possibility of measuring such signals in living
animals (So et al., 2006).
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Summary

Discovered during the late 1920s, resonance energy transfer technologies allow
the proximity between two fluorophores to be monitored. These technologies are
now widely used to monitor protein—protein interactions, as well as conforma-
tional changes of proteins in living cells. A key step in the development of these
approaches was the discovery of fluorescent proteins in the mid 1990s, such as
the green fluorescent protein (GFP) and its derivatives with different spectral
properties. Since then, other protein-labeling techniques have been developed, that
offer multiple alternatives for energy transfer measurements. In this chapter, the
principle of resonance energy transfer will first be described, followed by some
commonly used methods that allow such measurements in living cells. In addi-
tion, recent developments in protein-labeling techniques will be outlined. Finally,
details of recent studies which utilize these methodologies and are changing
current views of how G-protein-coupled receptors transmit signals inside the cells,

are discussed.
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