


Current Topics in Membranes, Volume 58

Mechanosensitive Ion Channels, Part A



Current Topics in Membranes, Volume 58

Series Editors

Dale J. Benos
Department of Physiology and Biophysics
University of Alabama
Birmingham, Alabama

Sidney A. Simon
Department of Neurobiology
Duke University Medical Centre
Durham, North Carolina



Current Topics in Membranes, Volume 58

Mechanosensitive Ion
Channels, Part A

Edited by

Owen P. Hamill
Department of Neuroscience and Cell Biology
University of Texas Medical Branch
Galveston, Texas

AMSTERDAM • BOSTON • HEIDELBERG • LONDON
NEW YORK • OXFORD • PARIS • SAN DIEGO

SAN FRANCISCO • SINGAPORE • SYDNEY • TOKYO
Academic Press is an imprint of Elsevier



Academic Press is an imprint of Elsevier
525 B Street, Suite 1900, San Diego, California 92101-4495, USA
84 Theobald’s Road, London WC1X 8RR, UK

This book is printed on acid-free paper.

Copyright # 2007, Elsevier Inc. All Rights Reserved.

No part of this publication may be reproduced or transmitted in any form or by any
means, electronic or mechanical, including photocopy, recording, or any information
storage and retrieval system, without permission in writing from the Publisher.

The appearance of the code at the bottom of the first page of a chapter in this book
indicates the Publisher’s consent that copies of the chapter may be made for
personal or internal use of specific clients. This consent is given on the condition,
however, that the copier pay the stated per copy fee through the Copyright Clearance
Center, Inc. (www.copyright.com), for copying beyond that permitted by
Sections 107 or 108 of the U.S. Copyright Law. This consent does not extend to
other kinds of copying, such as copying for general distribution, for advertising
or promotional purposes, for creating new collective works, or for resale.
Copy fees for pre-2007 chapters are as shown on the title pages. If no fee code
appears on the title page, the copy fee is the same as for current chapters.
1063-5823/2007 $35.00

Permissions may be sought directly from Elsevier’s Science & Technology Rights
Department in Oxford, UK: phone: (+44) 1865 843830, fax: (+44) 1865 853333,
E-mail: permissions@elsevier.com. You may also complete your request on-line
via the Elsevier homepage (http://elsevier.com), by selecting ‘‘Support & Contact’’
then ‘‘Copyright and Permission’’ and then ‘‘Obtaining Permissions.’’

For information on all Elsevier Academic Press publications
visit our Web site at www.books.elsevier.com

ISBN-13: 978-0-12-153358-8
ISBN-10: 0-12-153358-1

PRINTED IN THE UNITED STATES OF AMERICA
07 08 0 9 10 9 8 7 6 5 4 3 2 1



Contents

Contributors xi
Foreword xv
Previous Volumes in Series xvii

CHAPTER 1 Structures of the Prokaryotic Mechanosensitive
Channels MscL and MscS
Stefan Steinbacher, Randal Bass, Pavel Strop, and Douglas C. Rees

I. Overview 1
II. Introduction 2
III. Conductances of MscL and MscS:

General Considerations 3
IV. Structure Determination of MscL and MscS 6
V. MscL and MscS Structures 11
VI. The Permeation Pathway in MscL and MscS 15
VII. Disulfide Bond Formation in MscL 17
VIII. Concluding Remarks 18

References 20

CHAPTER 2 3.5 Billion Years of Mechanosensory Transduction:
Structure and Function of Mechanosensitive
Channels in Prokaryotes
Boris Martinac

I. Overview 26
II. Introduction 26
III. Discovery, Mechanism, and Structure of MS

Channels in Prokaryotes 28
IV. Pharmacology of Prokaryotic MS Channels 44
V. Families of Prokaryotic MS Channels 45
VI. Early Origins of Mechanosensory Transduction 46
VII. Concluding Remarks 50

References 50

v



CHAPTER 3 Activation of Mechanosensitive Ion Channels by
Forces Transmitted Through Integrins and
the Cytoskeleton
Benjamin D. Matthews, Charles K. Thodeti, and Donald E. Ingber

I. Overview 59
II. Introduction 60
III. Conventional Views of MS Channel Gating 63
IV. Tensegrity-Based Cellular

Mechanotransduction 66
V. Force Transmission Through Integrins in

Living Cells 70
VI. Potential Linkages Between Integrins and MS

Ion Channels 73
VII. Conclusions and Future Implications 77

References 78

CHAPTER 4 Thermodynamics of Mechanosensitivity
V. S. Markin and F. Sachs

I. Overview 87
II. Introduction 88
III. Area Sensitivity 91
IV. Shape Sensitivity 99
V. Length Sensitivity and Switch Between

Stretch-Activation and
Stretch-Inactivation Modes 103

VI. Thermodynamic Approach and Detailed
Mechanical Models of MS Channels 111

VII. Conclusions 114
References 115

CHAPTER 5 Flexoelectricity and Mechanotransduction
Alexander G. Petrov

I. Overview 121
II. Introduction 121
III. Flexoelectricity, Membrane Curvature,

and Polarization 122
IV. Experimental Results on Flexoelectricity

in Biomembranes 131
V. Flexoelectricity and Mechanotransduction 143
VI. Conclusions 147

References 148

vi Contents



CHAPTER 6 Lipid Effects on Mechanosensitive Channels
Andrew M. Powl and Anthony G. Lee

I. Overview 151
II. Intrinsic Membrane Proteins 152
III. EVects of Lipid Structure on Membrane

Protein Function 152
IV. How to Explain EVects of Lipid Structure on

Membrane Protein Function 155
V. What Do These General Principles Tell Us

About MscL? 171
References 174

CHAPTER 7 Functional Interactions of the Extracellular Matrix
with Mechanosensitive Channels
Anita Sengupta and Christopher A. McCulloch

I. Overview 179
II. Mechanotransduction 180
III. Mechanosensitive Channels in Connective

Tissue Cells 182
IV. The Extracellular Environment of Cells 184
V. Force Transmission from

Matrix to Cytoskeleton 187
VI. Experimental Models of Force Application to

Connective Tissue Cells 189
VII. EVects of Force on Cell Surface Structures 193
VIII. Future Approaches 194

References 195

CHAPTER 8 MscL: The Bacterial Mechanosensitive Channel of
Large Conductance
Paul Blount, Irene Iscla, Paul C. Moe, and Yuezhou Li

I. Overview 202
II. Introduction and Historical Perspective 202
III. A Detailed Structural Model: An X-Ray

Crystallographic Structure from an E. coli
MscL Orthologue 207

IV. Proposed Models for How the
MscL Channel Opens 212

V. Physical Cues for MscL Channel Gating:
Protein–Lipid Interactions 223

Contents vii



VI. MscL as a Possible Nanosensor 227
VII. Conclusions 228

References 229

CHAPTER 9 The Bacterial Mechanosensitive Channel MscS:
Emerging Principles of Gating and Modulation
Sergei Sukharev, Bradley Akitake, and Andriy Anishkin

I. Overview 236
II. Introduction 236
III. MscS and Its Relatives 238
IV. Structural and Computational Studies 242
V. Functional Properties of MscS 249
VI. What Do the Closed, Open, and Inactivated States

of MscS Look Like? 256
VII. Emerging Principles of MscS Gating and Regulation

and the New Directions 260
References 263

CHAPTER 10 Structure–Function Relations of MscS
Ian R. Booth, Michelle D. Edwards, Samantha Miller, Chan Li,

Susan Black, Wendy Bartlett, and Ulrike Schumann

I. Overview 269
II. Introduction 270
III. The Structure of MscS 276
IV. MscS Mutational Analysis 282
V. Structural Transitions in MscS 284
VI. Conclusions and Future Perspective 291

References 292

CHAPTER 11 The MscS Cytoplasmic Domain and Its
Conformational Changes on the Channel Gating
Piotr Koprowski, Wojciech Grajkowski, and Andrzej Kubalski

I. Overview 295
II. MscL and MscS: Primary Gates and Similarities

in Activation 296
III. The MscL Cytoplasmic Regions and Functioning of

the Channel 299
IV. The MscS C-Terminal Chamber: The Cage-Like

Structure and Kinetics 300

viii Contents



V. Structural Alterations of the MscS Cytoplasmic
Chamber on Gating 303

VI. Conclusions and Perspectives 305
References 306

CHAPTER 12 Microbial TRP Channels and Their
Mechanosensitivity
Yoshiro Saimi, Xinliang Zhou, Stephen H. Loukin,

W. John Haynes, and Ching Kung

I. Overview 311
II. A History TRP-Channel Research 312
III. The Mechanosensitivity of Animal

TRP Channels 313
IV. Distribution and the Unknown Origin of

TRPs 314
V. TRPY1: The TRP Channel of Budding Yeast 317
VI. Other Fungal TRP Homologues 321
VII. Sequence Information Does Not Explain TRP

Mechanosensitivity 322
VIII. Conclusions 323

References 324

CHAPTER 13 MscS-Like Proteins in Plants
Elizabeth S. Haswell

I. Overview 329
II. Mechanosensation and Ion Channels in Plants 330
III. The Eukaryotic Family of MscS-Like Proteins 337
IV. The Arabidopsis MSL Genes 345
V. Outstanding Questions 351
VI. Conclusions 353

References 353

CHAPTER 14 Delivering Force and Amplifying Signals in
Plant Mechanosensing
Barbara G. Pickard

I. Overview 362
II. Introduction 362
III. Focusing Force 365
IV. Transduction and Ensuing Events

in Thigmotropism 378

Contents ix



V. Early Events in Gravitropism 379
VI. From Primary Transduction Pulse Forward:

Facilitative and Vectorial Gravitropic
Reception 385

VII. What Comes Next 389
References 390

CHAPTER 15 MS Channels in Tip-Growing Systems
Mark A. Messerli and Kenneth R. Robinson

I. Overview 393
II. Introduction 394
III. Lilium longiflorum Pollen Tubes 395
IV. Saprolegnia ferax Hyphae 400
V. Silvetia compressa Rhizoids 402
VI. Neurospora crassa Hyphae 405
VII. Is Turgor Necessary for Activation of

MS Channels? 406
VIII. Conclusions 407

References 409

Index 413

x Contents



Contributors

Numbers in parentheses indicate the pages on which the authors’ contributions begin.

Bradley Akitake (235), Department of Biology, University of
Maryland, College Park, Maryland 20742

Andriy Anishkin (235), Department of Biology, University of
Maryland, College Park, Maryland 20742

Wendy Bartlett (269), School of Medical Sciences, Institute of
Medical Sciences, University of Aberdeen, Aberdeen AB25 2ZD,
United Kingdom

Randal Bass1 (1), Division of Chemistry and Chemical Engineering
114‐96, Howard Hughes Medical Institute, California Institute of
Technology, Pasadena, California 91125

Susan Black (269), School of Medical Sciences, Institute of
Medical Sciences, University of Aberdeen, Aberdeen AB25 2ZD,
United Kingdom

Paul Blount (201), Department of Physiology, University of Texas-
Southwestern Medical Center, Texas 75390

Ian R. Booth (269), School of Medical Sciences, Institute of
Medical Sciences, University of Aberdeen, Aberdeen AB25 2ZD,
United Kingdom

Michelle D. Edwards (269), School of Medical Sciences, Institute of
Medical Sciences, University of Aberdeen, Aberdeen AB25 2ZD,
United Kingdom

Wojciech Grajkowski (295), Department of Cell Biology, Nencki
Institute of Experimental Biology, 02‐093 Warsaw, Poland

Elizabeth S. Haswell (329), Division of Biology, 156–29, California
Institute of Technology, Pasadena, California 91125

1Present address: Department of Analytical Sciences, Amgen Inc., 1201 Amgen Court West,

Seattle, Washington 98119.

xi



W. John Haynes (311), Laboratory of Molecular Biology,
Department of Genetics, University of Wisconsin, Madison,
Wisconsin 53706

Donald E. Ingber (59), Vascular Biology Program, Departments of
Pathology and Surgery, Children’s Hospital and Harvard Medical
School, Boston, Massachusetts 02115

Irene Iscla (201), Department of Physiology, University of Texas-
Southwestern Medical Center, Texas 75390

Piotr Koprowski (295), Department of Cell Biology, Nencki
Institute of Experimental Biology, 02‐093 Warsaw, Poland

Andrzej Kubalski (295), Department of Cell Biology, Nencki
Institute of Experimental Biology, 02‐093 Warsaw, Poland

Ching Kung (311), Laboratory of Molecular Biology, Department
of Genetics, University of Wisconsin, Madison, Wisconsin 53706

Anthony G. Lee (151), School of Biological Sciences, University of
Southampton, Southampton SO16 7PX, United Kingdom

Yuezhou Li (201), Department of Physiology, University of Texas-
Southwestern Medical Center, Texas 75390

Chan Li (269), School of Medical Sciences, Institute of Medical
Sciences, University of Aberdeen, Aberdeen AB25 2ZD,
United Kingdom

Stephen H. Loukin (311), Laboratory of Molecular Biology,
Department of Genetics, University of Wisconsin, Madison,
Wisconsin 53706

V. S. Markin (87), Department of Anesthesiology and Pain
Management, UT Southwestern, Dallas, Texas 75235

Boris Martinac (25), School of Biomedical Sciences, University of
Queensland, St. Lucia, Brisbane, Queensland 4072, Australia

Benjamin D. Matthews (59), Vascular Biology Program,
Departments of Pathology and Surgery, Children’s Hospital and
Harvard Medical School, Boston, Massachusetts 02115;
Department of Pediatrics, Massachusetts General Hospital,
Harvard Medical School, Boston, Massachusetts 02114

Christopher A. McCulloch (179), CIHRGroup inMatrixDynamics,
University of Toronto, Toronto, Ontario, Canada M5S 3E2

xii Contributors



Mark A. Messerli (393), BioCurrents Research Center, Program in
Molecular Physiology, Marine Biological Laboratory, Woods
Hole, Massachusetts 02543

Samantha Miller (269), School of Medical Sciences, Institute of
Medical Sciences, University of Aberdeen, Aberdeen AB25 2ZD,
United Kingdom

Paul C. Moe (201), Department of Physiology, University of
Texas-Southwestern Medical Center, Texas 75390

Alexander G. Petrov (121), Institute of Solid State Physics,
Bulgarian Academy of Sciences, 72 Tzarigradsko Chaussee, 1784
Sofia, Bulgaria

Barbara G. Pickard (361), Gladys Levis Allen Laboratory of Plant
Sensory Physiology, Biology Department, Washington University,
St. Louis, Missouri 63130

Andrew M. Powl (151), School of Biological Sciences, University of
Southampton, Southampton SO16 7PX, United Kingdom

Douglas C. Rees (1), Division of Chemistry and Chemical
Engineering 114‐96, Howard Hughes Medical Institute,
California Institute of Technology, Pasadena, California 91125

Kenneth R. Robinson (393), Department of Biological Sciences,
Purdue University,West Lafayette, Indiana 47907

F. Sachs (87), Physiology and Biophysical Sciences, SUNY
Buffalo, New York 14214

Yoshiro Saimi (311), Laboratory of Molecular Biology,
Department of Genetics, University of Wisconsin, Madison,
Wisconsin 53706

Ulrike Schumann (269), School of Medical Sciences, Institute of
Medical Sciences, University of Aberdeen, Aberdeen AB25 2ZD,
United Kingdom

Anita Sengupta (179), Department of Anatomy, University of
Bristol, School of Medical Sciences, University Walk, Clifton,
BS8 1TD Bristol, United Kingdom

Contributors xiii



Stefan Steinbacher2 (1), Division of Chemistry and Chemical
Engineering 114‐96, Howard Hughes Medical Institute, California
Institute of Technology, Pasadena, California 91125

Pavel Strop3 (1), Division of Chemistry and Chemical Engineering
114‐96, Howard Hughes Medical Institute, California Institute of
Technology, Pasadena, California 91125

Sergei Sukharev (235), Department of Biology, University of
Maryland, College Park, Maryland 20742

Charles K. Thodeti (59), Vascular Biology Program, Departments
of Pathology and Surgery, Children’s Hospital and Harvard
Medical School, Boston, Massachusetts 02115

Xinliang Zhou (311), Laboratory of Molecular Biology,
Department of Genetics, University of Wisconsin, Madison,
Wisconsin 53706

2Present address: Proteros Biostructures GmbH, D-82152, Am Klopferspitz 19, Martinsried,

Germany.
3Present address: Howard Hughes Medical Institute, Department of Molecular and Cellular

Physiology, E300 Clark Center, Stanford University, Stanford, California 94305.

xiv Contributors



Foreword

Mechanosensitive Ion Channels, Part A

Owen P. Hamill

Department of Neuroscience and Cell Biology,

University of Texas Medical Branch,

Galveston, Texas

Mechanosensitive (MS) ion channels represent the third major class of

gated membrane ion channels after voltage‐ and receptor‐gated channels.

MS channels are formed by membrane proteins that are able to sense and

transduce mechanical force into electroosmotic/signaling events that increase

cell survival in a dynamic and sometimes hostile mechanical environment.

On the other hand, when specific MS channels operate inappropriately, the

consequences can lead to reduced cell viability and the development of several

clinically relevant human pathologies. Over the last two decades, research on

MS channels has expanded and diversified from the early electrophysiological

studies of specialized mechanosensory nerve endings to include studies of cell

types across the full evolutionary spectrum and to involve the new disciplines

of structural biology, molecular genetics, drug discovery, and biotechnology.

As a result there has been flood of new information with the potential for

even greater breakthroughs in the near future. To highlight the excitement

of the field, Current Topics in Membranes has compiled two volumes on

MS channels that include chapters written by many of the leading researchers

studying MS channels.

Part A of this volume is organized into three sections. The first section

covers topics on the atomic structure of two diVerent bacterial MS channel

proteins MscL and MscS, the physical and thermodynamic principles

that underlie mechanical and electromechanical activation of membrane

proteins, and the cellular aspects that determine how mechanical forces are

conveyed to membrane proteins via lipid–protein and protein–protein

interactions. The second section provides an update from several laboratories

on the molecular gating dynamics and the structure–function relations of the

channels MscL andMscS. The third section covers MS channels in fungi and

plant cells describing the identification of a transient receptor potential

xv



MS Ca2þ channel in yeast and an MscS‐like channel in plant cells, as well

as providing new insight into the special role of mechanical force and

MS channels in growing plants.

I would like to thank Dale Benos for his invitation to submit the original

proposal to Elsevier. I would also like to thank all those involved in the

production of the volumes and, in particular, Phil Carpenter for his continual

andpatient eVorts during the compilation phase. Finally, Iwould like to thank

all the scientists for presenting their discoveries regarding MS channels.

xvi Foreword
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CHAPTER 1

Structures of the Prokaryotic
Mechanosensitive Channels
MscL and MscS

Stefan Steinbacher,1 Randal Bass,2 Pavel Strop,3 and Douglas C. Rees

Division of Chemistry and Chemical Engineering 114‐96, Howard Hughes Medical Institute,

California Institute of Technology, Pasadena, California 91125

I. Overview

II. Introduction

III. Conductances of MscL and MscS: General Considerations

IV. Structure Determination of MscL and MscS

A. General Considerations in Membrane Protein Crystallography

B. Crystallographic Analysis of MscL and MscS

V. MscL and MscS Structures

VI. The Permeation Pathway in MscL and MscS

VII. Disulfide Bond Formation in MscL

VIII. Concluding Remarks

References

I. OVERVIEW

The prokaryotic mechanosensitive channels of large (MscL) and small

(MscS) conductance respond directly to tension applied to the bacterial

membrane. Crystal structures of the Mycobacterium tuberculosis MscL and

1Present address: Proteros Biostructures GmbH, D-82152, Am Klopferspitz 19, Martinsried,

Germany.
2Present address: Department of Analytical Sciences, Amgen Inc., 1201 Amgen Court West,

Seattle, Washington 98119.
3Present address: Howard Hughes Medical Institute, Department of Molecular and Cellular

Physiology, E300 Clark Center, Stanford University, Stanford, California 94305.
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Escherichia coli MscS were initially reported at 3.5‐ and 3.9‐Å resolutions,

respectively. In subsequent refinements described in this chapter, sequence

register errors have been corrected to produce improved models for both

channels. The pentameric MscL and heptameric MscS are each organized

into transmembrane and cytoplasmic domains, although their detailed

architectures are distinct in terms of polypeptide folds and oligomeric states.

The basic structural framework of the MscL and MscS transmembrane

domains is provided by �‐helices; each subunit of MscL has 2 helices for

a total of 10, whereas MscS has 3 helices per subunit for a total of 21.

In contrast to the common architectural theme of helix packing evident in

the transmembrane domains, the cytoplasmic domains of MscS and MscL

are markedly diVerent in terms of both overall size and polypeptide fold. The

permeation pathways in both structures are formed by the right‐handed
packing of helices that create funnel‐shaped pores constricted near the

cytoplasmic side by the side chains of hydrophobic residues. From consid-

erations of the relationship between pore geometry and conductance, it is

likely that both channel structures represent closed states.

II. INTRODUCTION

Membrane integrity is vital to cellular growth and survival. Among the

insults that may be experienced by organisms are changes in external osmo-

larity; concentration diVerences of only 10 mM can generate osmotic pres-

sure diVerences of �0.2 atm that may rupture membranes of radii �3 mm
(Hamill and Martinac, 2001). Cells immersed in environments that can

encounter even modest osmolarity changes must consequently be able to

respond on a suYciently rapid timescale to prevent lysis. Osmotic down-

shock conditions, such as the sudden exposure of a bacteria to rain or other

source of freshwater, represent a particularly challenging situation (Booth

and Louis, 1999; Poolman et al., 2002). Without safety‐value mechanisms to

release cellular contents (Britten and McClure, 1962), cells would not be able

to withstand the resultant turgor pressures of tens to hundreds of atmo-

spheres associated with the influx of water. Through the pioneering eVorts
of C. Kung and coworkers (Martinac et al., 1987; Sukharev et al., 1994,

1997), the proteins in bacteria responsible for sensing the increase in mem-

brane tension accompanying osmotic downshock have been identified. These

proteins form high‐conductance channels in the inner membrane that can

open and close in direct response to tension applied to the bilayer. Such

properties are consistent with a biological role for these channels in respond-

ing to sudden increases in turgor pressure to jettison water and other cellular

contents to prevent cell lysis during hypoosmotic shock. To date, two

2 Steinbacher et al.



general families of these channels have been identified, the mechanosensitive

channel of large conductance (MscL) (Sukharev et al., 1994) and of small

conductance (MscS) (Levina et al., 1999). Reviews of these channels have

appeared (Perozo and Rees, 2003; Strop et al., 2003; Sukharev and Corey,

2004; Blount et al., 2005; Booth et al., 2005; Sukharev et al., 2005) that

emphasize diVerent aspects of these channels. Although they are relatively

simple, intrinsically stretch‐activated systems, the basic principles of how

MscL and MscS sense forces applied to the lipid bilayer likely reflect the

mechanisms underlying such diverse cellular phenomena as touch, hearing,

gravity, and pressure (Kung, 2005).

From a structural perspective, MscL and MscS represent fascinating

targets as they provide an opportunity to explore the coupling between

protein conformation and the membrane environment responsible for chan-

nel gating. Tension and pressure sensitive systems, such as MscL and MscS,

have the added attraction that these environmental properties are energeti-

cally coupled to changes in protein area and volume, respectively, which may

be directly quantitated from structural models. The crystallographic ana-

lyses of the M. tuberculosis MscL (Chang et al., 1998) and the E. coli MscS

(Bass et al., 2002) described in this chapter were motivated by these con-

siderations to provide the structural frameworks essential for a mechanistic

understanding of mechanosensitive systems at the molecular level.

III. CONDUCTANCES OF MscL ANDMscS: GENERAL CONSIDERATIONS

The conductance of a channel, g, describes the coupling between the

current flow through the channel, I, and the driving force across the mem-

brane, V, in the Ohm’s Law expression:

gV ¼ I ð1Þ
where g is the inverse of the channel resistance. When I and V are expressed

in amperes and volts, respectively, the units of g are siemens (S) which are

equivalent to reciprocal ohms. The conductances of MscL and MscS have

been reported as �3 and 1 nS, respectively (Sukharev et al., 1997, 1999;

Levina et al., 1999), when measured in solutions containing 200‐mM KCl

and 40‐ to 90‐mM MgCl2. With a potential diVerence of 100 mV, a conduc-

tance of 1.6 nS equals 160 pA, which is equivalent to the flow of �109 ions/

s across the membrane. These are quite high‐conductance channels; for

comparison, Kþ channels and the acetylcholine receptor have conductances

that are �100 times smaller than MscL (Hille, 2001). While these conduc-

tances reflect the properties of the fully open state, subconductance states

have been reported for both channels (Sukharev et al., 1999; Shapovalov and

1. Crystal Structures of MscL and MscS 3


