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PREFACE

The first glimpse of the three-dimensional structure of a mem-
brane protein was revealed in 1975, when Henderson and Unwin pub-
lished their landmark analysis of bacteriorhodopsin at 7 A resolution
(Henderson and Unwin, 1975). This study established the presence of
seven rodlike features, identified as a-helices, in the membrane span-
ning region of bacteriorhodopsin, consistent with expectations based
on the behavior of polypeptides in nonaqueous solvents (see Singer,
1962). To place this development in context with the overall status of
protein structure determinations at that time, X-ray crystal structures
were available for ~80 water-soluble proteins (Matthews, 1976) when
Henderson and Unwin’s work appeared. During the intervening quar-
ter century since this initial peek at bacteriorhodopsin, the structures of
~60 membrane proteins have been determined (see http://www.mpibp-
frankfurt.mpg.de/michel/public/memprotstruct.html). Correcting for
the ~25-year offset, the rate of membrane protein structure determina-
tions (Figure 1) over the 15-year period following the first high resolution
structure of the photosynthetic reaction center (Deisenhofer et al., 1985)
closely parallels the progress observed for water-soluble proteins after the
myoglobin structure (Kendrew et al., 1960). As we approach 420 years
since the solution of the reaction center structure, it is not a very bold
extrapolation to predict that the number of solved membrane protein
structures is poised to explode, much as the number of water-soluble
protein structures did in the 1980s, ~20 years after the myoglobin struc-
ture. For example, since the chapters for this review were commissioned,
new structures have appeared for the chloride channel (Dutzler et al.,
2002), formate dehydrogenase (Jormakka et al., 2002), the vitamin B;o
transporter (Locher et al., 2002), the multidrug efflux transporter AcrB

X1
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Fic. 1. The number of water soluble (0) and membrane proteins (x) solved per
year, relative to the date of the first structure determination in each class, myo-
globin (Kendrew et al., 1960), and the photosynthetic reaction center (Deisenhofer
et al., 1985), respectively. The data for water-soluble proteins are from Matthews
(1976), while those for membrane proteins are from the website http://www.mpibp-
frankfurt.mpg.de/michel/public/memprostruct.html. Adjusting for the ~25 year dif-
ference, it is evident that progress in the structure determination of membrane proteins
mirrors that experienced for water-soluble proteins. For perspective, there were 18,838
total available structures in the Protein Data Bank as of October 3, 2002, with 3298 struc-
tures deposited in 2001 (see http://www.rcsb.org/pdb/holdings_table.html).

(Murakami et al., 2002), and the MscS mechanosensitive channel (Bass
et al., 2002), among others.

Although membrane protein structure will not likely become a mature
field for another decade or two, one consequence of this recent surge
in activity is that systematic coverage of all known structures is no longer
possible. The eleven chapters in this volume review recent developments
for selected membrane proteins from a variety of perspectives that em-
phasize the blending of structural and functional approaches, with the
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objective of establishing a comprehensive mechanistic framework for a
particular system.

The first three chapters address issues of general relevance to all mem-
brane proteins, namely, their biosynthesis and the basic structural prin-
ciples underlying their construction. Gunnar von Heijne describes the
cellular mechanisms responsible for “functionalization” of the lipid bi-
layer with proteins and the possible constraints imposed on membrane
protein structure by this process. A detailed understanding of these
mechanisms is not only of biological interest, but also of practical signifi-
cance since the overexpression of eukaryotic membrane proteins looms
as one of the greatest challenges to their structural characterization.
James Bowie and co-workers address the energetic principles, including
lipid-protein interactions, that drive the formation and stability of helix-
bundle membrane proteins. As described in this chapter, the thermody-
namic stability of membrane proteins and the energetic consequences
of protein folding in a nonaqueous environment represent some of the
challenging and outstanding problems in this field. While many mem-
brane proteins consist of a-helices, those found in the outer membranes
of bacteria are based on f-barrels of remarkable diversity. Georg Schulz
provides an analysis of their construction principles, highlighting the
implications of these observations for the engineering of channels with
novel properties.

Due to their high natural abundance, it is no coincidence that sig-
nificant progress has been made in the characterization of membrane
protein complexes that mediate energy transduction processes such as
photosynthesis and respiration. P. Leslie Dutton and coauthors develop a
comprehensive framework for analyzing energy and electron transfers in
photosystems centered around the spatial organization of cofactors into
chains. These considerations again have significant implications for the
design principles of both biological and engineered systems. The “other”
photosynthetic system, bacteriorhodopsin, has not only played a central
role in the structural analysis of membrane proteins, but also in deci-
phering the basic features of energy transduction processes. Hartmut
Luecke and Janos Lanyi describe the exciting recent progress and the
challenges in establishing the mechanism of proton pumping by bacte-
riorhodopsin in molecular detail. The next two chapters describe the
structure and mechanism of quinone binding respiratory complexes.
Quinones play a central role in membrane bioenergetics, serving as dif-
fusible, lipid-soluble carriers of electrons and protons that link many of
the photosynthetic and respiratory systems in electron transfer chains.
C. R. D. Lancaster reviews the Wolinella fumarate quinol reductase that,
with the structure of the Escherichia coli enzyme (Iverson et al., 1999), has
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structurally defined the family of succinate:quinone oxidoreductases.
This family is of central importance to the energy metabolism of many
organisms, as various members can function in aerobic respiration (as
complex II), the Krebs cycle, and as terminal acceptors during anaerobic
respiration. So Iwata and co-workers describe the structure and function
of two respiratory complexes, cytochrome be; (or complex III) and cyto-
chrome bos (or ubiquinol oxidase) that can couple electron transfer to
proton translocation at the heart of energy conservation during respi-
ration. These structures, together with the structures of cytochrome ¢
oxidase or complex IV (Iwata et al., 1995; Tsukihara et al., 1995), ATP
synthase (Abrahams et al., 1994; Stock et al., 1999), and photosystem I
(Jordan et al., 2001), provide a nearly complete structural characteri-
zation of the major photosynthetic and aerobic respiratory complexes,
missing only the structure of complex I (NADH dehydrogenase) and
the extension of the photosystem II structure (Zouni et al, 2001) to
high resolution.

Channels and receptors mediate the flow of matter and information
across the membrane bilayer that are fundamental to many biological
processes. The last four chapters of this volume address systems that high-
light the rich functional diversity of membrane proteins in these capaci-
ties. Microorganisms must be able to adapt to rapid changes in their en-
vironment, such as sudden drops in external osmolarity that can lead to
swelling and lysis. To protect against this, stretch-activated (mechanosen-
sitive) channels of large conductance, first identified by Kung and
co-workers (Martinac et al., 1987), are present in the cell membrane that
appear to serve as safety valves to reduce the possibility of cell rupture
under these conditions. Advances in the structure and mechanism of
these mechanosensitive channels are reviewed in the chapter by my
group. In eukaryotic organisms, voltage-gated channels mediate signal-
ing processes that are of tremendous physiological and pharmacological
significance. Francisco Bezanillaand Eduardo Perozo presentan analysis
of structural and dynamic properties of the voltage sensor derived from
exquisite biophysical and biochemical studies. An important develop-
ment will be the high resolution structure of a voltage-gated channel to
define the structural organization of the voltage sensor, to complement
the studies of MacKinnon in establishing the structural basis of ion selec-
tivity (Doyle et al., 1998). G-Protein-coupled receptors are key elements
of signal transduction pathways in eukaryotes and represent important
pharmacological targets. Rhodopsin, that initiates the visual response,
is the paradigm of this receptor family. Wayne Hubbell and coauthors
describe the properties of rhodopsin as established from crystallo-
graphicand biophysical studies, particularly the site-directed spinlabeling
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approach developed by his group. Of particular interest is the analysis of
the light-mediated changes in the structure and dynamics of rhodopsin.
In the final chapter, Robert Stroud and co-workers detail the structure
and selectivity mechanism of the glycerol facilitator GIpF that is a mem-
ber of the aquaporin family of channels. By mediating the flow of water
and a few other small solutes such as glycerol across the relatively imper-
meable cell membrane, aquaporins are critical to the maintenance of
the appropriate osmotic pressure balance in prokaryotic and eukaryotic
cells.

At the start of the twenty-first century, the pace of membrane pro-
tein structure determinations is clearly accelerating (Figure 1). With
the exceptions of rhodopsin (Palczewski et al., 2000) and the calcium
ATPase (Toyoshima et al.,, 2000), however, eukaryotic channels, trans-
porters, and receptors are conspicuously absent from the list of known
membrane protein structures. These two exceptions, as proteins of natu-
rally high abundance, highlight the current reality that no structure has
been determined for an overexpressed eukaryotic membrane protein.
This situation reflects the present difficulties in the reliable overexpres-
sion of membrane proteins, particularly those of eukaryotic organisms.
Just as the development ~20 years ago of overexpression systems for
water-soluble proteins revolutionized the structure determinations of
this class of proteins, advances in membrane protein expression will be
essential to successful realization of the goal of routine structural analysis
of membrane proteins.

In this era of proliferating reviews, investigators have many opportuni-
ties to satisfy such urges, particularly in a field such as membrane protein
structure and function. Consequently, I would particularly like to thank
the authors of this volume for the time commitment and effort required
to prepare their contributions.

Douglas C. Rees
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I. INTRODUCTION

Although much current interest is focused on the structure—function
relationships of membrane proteins, a good understanding of the cellu-
lar processes responsible for the insertion of proteins into lipid bilayer
membranes is a necessary prerequisite for assessing how much the acces-
sibly “structure space” is constrained not by the bilayer per se but rather
by the idiosyncrasies of the machineries that have evolved to guide the
insertion process. In most cases, membrane proteins use the same tar-
geting and insertion mechanisms used to sort soluble proteins between
different cellular compartments but add an extra level of complexity:
How are membrane proteins recognized as proteins that should be only
partly translocated, leaving the transmembrane segments of the polypep-
tide chain spanning the bilayer? Is the basis for this recognition the same
in different translocation machineries, and, if not, how are such differ-
ences translated into different constraints on the allowable structures in
any given cellular membrane?

In this article, I will review the current knowledge of how membrane
proteins are handled by different targeting—translocation machineries
from the perspective of possible structural constraints imposed by these
machineries. As will become clear, this point of view has not been much
elaborated up to now, and there are not many clear examples of struc-
tural constraints that go beyond those imposed by the lipid bilayer itself.
Nevertheless, I will argue that such constraints do exist and that they can-
not be ignored if we wish to fully understand the principles underlying

1 Copyright 2003, Elsevier Science (USA).
ADVANCES IN All rights reserved.
PROTEIN CHEMISTRY, Vol. 63 0065-3233/03 $35.00




2 GUNNAR VON HEIJNE

membrane protein structure. For in-depth reviews of protein targeting
mechanisms in general, a good up-to-date source is Dalbey and von
Heijne (2002).

II. OVERVIEW OF MEMBRANE PROTEIN ASSEMBLY PATHWAYS
IN PROKARYOTIC AND EUKARYOTIC CELLS

Over the past 30 years, the study of intracellular protein sorting has
grown to a large and diversified field. A host of different sorting path-
ways have been found in both prokaryotic and eukaryotic cells, and most
of these can handle both soluble and membrane-bound proteins.

The most well understood pathway is the one that delivers secretory
and membrane proteins to the endoplasmic reticulum (ER) membrane
in eukaryotic cells and to the inner membrane in bacteria. In both kinds
of cells, the pivotal role is played by the so-called Sec61 (in eukaryotes) or
SecYEG (in prokaryotes) translocon, a multisubunit translocation chan-
nel that provides a conduit for soluble proteins to cross the membrane.
The same translocon also serves to integrate membrane proteins into
the lipid bilayer.

Bacteria harbor additional inner membrane translocation machiner-
ies, such as the “twin-arginine translocation” (Tat) system, the YidC sys-
tem, and the so-called type II translocation systems that are dedicated to
one or a small number of substrates and ensure their delivery into the
extracellular medium.

The Tat and YidC systems are also found in certain organelles in eu-
karyotic cells. The former is present in the thylakoid membrane in plant
cells, and the latter is found both in the thylakoid membrane (where it
is called the Albino3 system) and in the inner mitochondrial membrane
(where it is called the Oxalp system). Both chloroplasts and mitochon-
dria appear to have unique systems for importing proteins across their
outer and inner membranes, and these systems also handle membrane
proteins.

Finally, peroxisomes contain another unique machinery for protein
import and membrane protein assembly.

From this list of targeting—translocation machineries it is clear that
membrane proteins from different subcellular compartments are not
handled in the same way and thus may be expected to be under differ-
ent constraints as concerns the requirements for membrane insertion.
However, very few comparative data are available and the only system
for which we have a detailed understanding of the insertion process and



