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Abstract Separation of cells and organelles by bilayer

membranes is a fundamental principle of life. Cellular

membranes contain a baffling variety of proteins, which

fulfil vital functions as receptors and signal transducers,

channels and transporters, motors and anchors. The vast

majority of membrane-bound proteins contain bundles of

a-helical transmembrane domains. Understanding how

these proteins adopt their native, biologically active

structures in the complex milieu of a membrane is therefore

a major challenge in today’s life sciences. Here, we review

recent progress in the folding, unfolding and refolding of

a-helical membrane proteins and compare the molecular

interactions that stabilise proteins in lipid bilayers. We also

provide a critical discussion of a detergent denaturation

assay that is increasingly used to determine membrane-

protein stability but is not devoid of conceptual difficulties.
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Introduction

Almost every biological process depends on proteins. As

versatile as the biological functions of proteins are, so are

their physicochemical and structural features. Over the past

decades, substantial progress has been made in our

understanding of the thermodynamics and kinetics of the

folding of water-soluble proteins [1]. Concomitantly, tre-

mendous efforts in structural biology have yielded tens of

thousands of different three-dimensional protein structures

(http://www.rcsb.org/pdb/statistics/contentGrowthChart.do?

content=total&seqid=100). By contrast, we are only

beginning to understand the forces that govern the folding

of membrane-embedded proteins, which are notoriously

underrepresented in protein structure databases, with a total

of only 207 unique high-resolution structures available

as of 3 November 2009 (http://blanco.biomol.uci.edu/

Membrane_Proteins_xtal.html#Latest). This is in sharp

contrast to the biological and pharmacological significance

of membrane proteins, as they account for roughly 30% of

open reading frames in the human genome [2] and repre-

sent more than 50% of drug targets in the human body [3].

Elucidating how integral membrane proteins adopt, main-

tain and modulate their native fold in the complex

environment of a lipid bilayer (Fig. 1) is one of the most

challenging endeavours in the life sciences and, at the

same time, a prerequisite for innovative approaches in

pharmacology.

This paper reviews recent advances in research efforts

aimed at shedding light on the molecular forces that control

the folding of a-helical membrane proteins. We first pro-

vide a short survey of soluble-protein folding (‘‘Brief

survey of soluble-protein folding’’) for comparison and an

introduction to membrane-protein folding (‘‘Introduction to

membrane-protein folding: the two-stage model’’), which
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then is discussed in more detail with respect to membrane

insertion (‘‘First stage: membrane insertion and secondary

structure formation’’) and interhelical interactions (‘‘Sec-

ond stage: helix–helix interactions’’). Some peculiar

features of lipid membranes that affect protein folding are

considered as well (‘‘Lipid bilayers as hosts of integral

membrane proteins’’). We close with a synopsis of our

current understanding of membrane-protein folding (‘‘The

forces governing membrane-protein folding’’) and a critical

discussion of experimental approaches to studying protein

stability in lipid membranes (‘‘Determining the stability of

a-helical membrane proteins’’).

Brief survey of soluble-protein folding

When a completely unfolded water-soluble protein folds

into a rather compact, biologically active conformation

(Fig. 2), a dramatic loss in polypeptide chain entropy needs

to be overcome by favourable interactions within the pro-

tein and between the protein and its solvent [4, 5]. Covalent

contributions to protein stability may come from peptidyl–

prolyl isomerisation, disulphide bridges as well as a range

of co- and posttranslational protein modifications such as

methylation, phosphorylation or glycosylation. However,

the major players in stabilising the native fold of a protein

are of non-covalent character. These are the hydrophobic

effect, hydrogen bonds, van der Waals forces, aromatic

interactions and ion pairs/salt bridges.

The hydrophobic effect is a major driving force in the

folding of water-soluble proteins [1, 6]. Accordingly,

establishing intramolecular contacts between hydrophobic

(apolar) protein residues leads to a release of water and a

concomitant large gain in entropy. Thus, burying hydro-

phobic polypeptide segments in a protein’s interior

promotes the formation of a hydrophobic protein core [7],

whose compactness can be increased by partial secondary

structure formation through backbone hydrogen bonding

[8]. Under certain conditions, some proteins indeed

populate a denatured (i.e., biologically inactive) hydro-

phobically collapsed state displaying a lose arrangement of

secondary structure elements often referred to as molten

globule [9].

On top of the rather unspecific hydrophobic collapse,

adoption of the native (i.e., biologically active) confor-

mation necessitates a number of specific interactions,

which are exemplified in Fig. 3: (a) In many cases,

hydrogen bonds between amino acid side chains are

essential for protein stability [10]. In the coiled-coil

homodimer of the GCN4-leucine zipper (GCN4-LZ) from

yeast (Fig. 3a), two Asn residues create an interhelical

hydrogen bond that is involved in dimer formation [11]. (b)

Short atom–atom distances in a compactly folded protein

enable van der Waals forces to contribute substantially to

protein stability [12]. A typical example is provided by

helices 7 and 8 of the E. coli Hsc20 J-type co-chaperone

(Fig. 3b), where bulky, branched amino acid side chains

interdigitate to create a large interhelical contact area in

an antiparallel coiled coil [13]. (c) Aromatic amino acid

residues contribute in several ways to protein folding and

protein–protein contacts [14]. Interactions are possible

between two aromatic systems (p–p), as is the case with

helices 1 and 2 in the de novo-designed protein a2D [15]

(Fig. 3c), or between basic and aromatic amino acids

(cation–p) [16, 17]. (d) Salt bridges between oppositely

charged residues may offer a large gain in stability, as is

demonstrated by His31 and Asp70 of T4 lysozyme [18]

(Fig. 3d). In brief, nature employs a broad repertoire of

covalent and non-covalent interactions to create an enor-

mous number of different proteins.

Introduction to membrane-protein folding:

the two-stage model

The environment in which integral membrane proteins

reside and function differs fundamentally from that

encountered by water-soluble proteins. A frequently heard

view is that the hydrophobic effect is absent in the

hydrocarbon core of a lipid bilayer. Conversely, a ‘‘lipo-

phobic effect’’ is not at play either since the early

suggestion that membrane proteins might be somewhat like

‘‘inside-out’’ water-soluble proteins with hydrophilic cores

and hydrophobic surfaces [19] was refuted when the first

Fig. 1 Seven-helix phototaxis receptor sensory rhodopsin II in a

phospholipid bilayer. A high-resolution protein structure (PDB 1jgj)

obtained by X-ray crystallography [182] was superimposed onto a

bilayer manually assembled from 3,648 1-palmitoyl-2-oleoyl-sn-

glycero-phosphocholine (POPC, Molfile from Avanti Polar Lipids,

Alabaster, AL) monomers. Each of the two headgroup regions is about

15 Å thick, whereas the hydrocarbon core is about 30 Å in thickness
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high-resolution crystal structures [20, 21] revealed that the

proteinaceous interiors of compactly folded membrane

proteins are as hydrophobic as those of water-soluble

proteins. The residues exposed on lipid-facing surfaces of

membrane proteins, however, are even more hydrophobic

on average than those buried in the protein core [22, 23],

which clearly sets them apart from water-soluble proteins

(Fig. 4).

Fig. 2 Schematic representation of water-soluble protein folding,

exemplified using human carbonyl reductase 1 (276 residues). In an

idealised scenario, a completely unfolded state devoid of specific

intramolecular interactions and stable structure (left) is in equilibrium

with a folded, biologically active state (right; PDB 1wma). Note that

the unfolded states of several proteins have been shown to retain

considerable amounts of secondary structure and long-range contacts

[181] and that folding and unfolding reactions may involve kinetic

and equilibrium intermediates [183]. In both panels, hydrophilic

amino acid residues (Arg, Asn, Asp, Gln, Glu, His, Lys) are shown in

black, whereas others are coloured grey

Fig. 3 Specific interactions in

water-soluble protein folding.

Colour code for residues shown

in atomic detail is red for

oxygen, blue for nitrogen and

white for hydrogen.

a Interhelical hydrogen bonds.

The homodimer of the

GCN4-leucine zipper from

Saccharomyces cerevisiae (PDB

2zta) contains an interhelical

Asn16–Asn16 (orange) hydrogen

bond (dashed line). b van der

Waals contacts. Large side

chains of helices 7 (orange) and

8 (yellow) interdigitate to form

extensive van der Waals

contacts in E. coli J-type

co-chaperone HSC20 (PDB

1fpo). This example illustrates

also the burial of hydrophobic

side chains from water, which is

a manifestation of the

hydrophobic effect. c Aromatic-

aromatic interactions. Two

Phe10–Phe29 pairs are involved

in p–p interactions in the

homodimeric de novo-designed

protein a2D (PDB 1qp6).

d Salt bridges. A salt bridge

encompassing His31 (green) and

Asp70 (yellow) stabilises T4

lysozyme (PDB 2lzm)
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Depending on their predominant secondary structure

composition, integral membrane proteins are divided into

two classes. Proteins composed of b-sheets form mem-

brane-spanning barrels called porins that are found only in

the outer membranes of gram-negative bacteria, mito-

chondria and chloroplasts [24, 25]. By contrast, the vast

majority of integral membrane proteins consist of bundles

of transmembrane a-helices, and these proteins are the

subject of the present review. The folding of a-helical

membrane proteins has been conceptualised by a two-stage

model [26] as illustrated in Fig. 5. The first stage (dis-

cussed in ‘‘First stage: membrane insertion and secondary

structure formation’’) comprises insertion of a polypeptide

chain into a lipid bilayer and simultaneous secondary

structure formation. During the second stage (treated in

‘‘Second stage: helix–helix interactions’’), prearranged

secondary structure elements associate with each other

within the membrane and give rise to the final protein fold

including tertiary and quaternary contacts.

First stage: membrane insertion and secondary

structure formation

Membrane insertion: the hydrophobic effect

What destines a polypeptide chain to insert into a lipid

bilayer as an integral membrane protein? It is the hydro-

phobic effect: the percentage of apolar residues is much

higher in integral membrane proteins than in their water-

soluble counterparts [22, 23]. Therefore, membrane proteins

cannot bury most of their hydrophobic surfaces by folding

around a hydrophobic core (Fig. 4b). Hence, membrane

proteins avidly associate with lipid bilayers both in vivo [27,

28] and in vitro [29] and tend to aggregate in aqueous

solutions.

The dominant role of hydrophobicity in determining

whether a polypeptide chain inserts into an artificial or

biological membrane is underscored by the reliability with

which transmembrane sequences can be predicted on the

basis of their hydrophobicity alone. A number of different

hydrophobicity scales have been developed to this end [30–

34]. These scales have in common that they are based on

free-energy increments for partitioning of each of the 20

proteinogenic amino acids between an aqueous phase and a

lipid bilayer or model system.

Bulk hydrocarbon phases

Unsurprisingly, hydrophobicity scales derived from bulk-

phase partitioning experiments confirmed that apolar side

chains are more lipophilic than polar or even charged ones

[30–32]. More importantly, it turned out that partitioning of

the polar peptide bond from water into octanol is as

unfavourable as that of a charged side chain [32].

However, bulk hydrocarbon phases represent poor

mimics of the highly anisotropic and heterogeneous envi-

ronment of a lipid bilayer. Pure lipid bilayers, and even

Fig. 4 Differences in the hydrophobicity of surface areas between

globular water-soluble and a-helical membrane proteins of similar

size. Colour code is blue for hydrophilic surfaces, orange for

hydrophobic ones and dark salmon for residues that are in between.

a Human carbonyl reductase 1 (PDB 1wma, 276 residues) presents

mainly hydrophilic residues to its aqueous environment and shields

hydrophobic ones in its core. b Bacteriorhodopsin from

Halobacterium salinarum (PDB 1c3w, 231 residues) exposes mostly

hydrophobic residues to its lipid bilayer environment, whereas

hydrophilic residues are found in the rather small regions that are

in contact with lipid headgroups and water. Note that the interiors of

membrane proteins are as hydrophobic as those of water-soluble

proteins (not shown, see [20, 22])
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more biological membranes with a high fraction of lipid-

embedded proteins, are not entirely hydrophobic [35].

Along the bilayer normal, hydrophobicity increases gradu-

ally from the aqueous phase through the headgroup region

and into the hydrocarbon core. Moreover, membranes

underlie high thermal disorder and are chemically hetero-

geneous, especially in the region around the lipid

headgroup and the interface separating it from the acyl

chain core (Fig. 1) [35]. Tremendous, depth-dependent

pressures are encountered in lipid bilayers, which are not

present in bulk phases (see ‘‘The forces governing mem-

brane-protein folding’’ and ‘‘Determining the stability of

a-helical membrane proteins’’).

Lipid bilayer interfaces

To overcome the shortcomings of bulk-phase partitioning

scales, Wimley and White [33] developed a scale for the

partitioning of short peptides into the interface of simple

model membranes composed of the zwitterionic phospho-

lipid 1-palmitoyl-2-oleoyl-sn-glycero-phosphocholine

(POPC). Qualitatively, they observed the same trend

obtained from bulk-phase scales, but the partitioning free

energies were only half the magnitude. This is due to the

higher relative static permittivity (relative dielectric con-

stant) of the interfacial region and the ensuing incomplete

desolvation of the peptides as compared with bulk hydro-

carbon phases [33]. In order to account for both

transmembrane insertion and interfacial partitioning, the

octanol and the interfacial partitioning scales were com-

bined into a downloadable tool for the prediction of

transmembrane segments from sequence information

(Membrane Protein Explorer, MPEx, http://blanco.biomol.

uci.edu/mpex/).

Biological membranes

Although hydrophobicity is the major determinant of

membrane partitioning, only a few a-helical membrane

proteins can insert autonomously into artificial lipid bilayers

or biological membranes [36]. In vivo, the vast majority of

membrane proteins are inserted cotranslationally by a

transmembrane protein complex called translocon [28].

Von Heijne and co-workers [34] established a biological

Fig. 5 Schematic representation of the two-stage model of mem-

brane-protein folding, exemplified using bacteriorhodopsin from

Halobacterium salinarum (231 residues). In stage 1, an unfolded

polypeptide chain (top) is inserted into a lipid bilayer to form a loose,

biologically inactive bundle rich in a-helical secondary structure

(bottom left). In stage 2, interhelical interactions give rise to a

compactly folded, biologically active state (bottom right, PDB 1c3w).

Note that a water-soluble unfolded state (top) does not exist for most

a-helical membrane proteins (see ‘‘Determining the stability of

a-helical membrane proteins’’). In these cases, stage 1 corresponds to

the translocon-mediated membrane insertion of nascent polypeptide

chains. Also, the depiction of the bilayer-bound denatured state

(bottom left) is schematic, as no high-resolution structure is available.

In all panels, hydrophilic amino acid residues (Arg, Asn, Asp, Gln,

Glu, His, Lys) are shown in black, whereas others are coloured grey
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hydrophobicity scale for protein insertion into the endo-

plasmic reticulum (ER) membrane. To this end, they

supplemented E. coli leader peptidase, a protein normally

containing two transmembrane helices, with an additional

transmembrane domain (termed H1) that consisted of a

combination of Ala and Leu residues and additionally 1 of

the 20 proteinogenic amino acids as target residue. H1 was

positioned between two N-linked glycosylation sites that

served as probes for ER membrane insertion. Then, in vitro

protein translation was performed in ER microsomes derived

from dog pancreas. When H1 became inserted as a trans-

membrane helix into the ER membrane, only one of its

flanking glycosylation sites was accessible from the lumen

and could be glycosylated. When, by contrast, H1 was not

inserted but instead translocated across the ER membrane,

both glycosylation sites were accessible to luminal glycosyl

transferase. After translation, the fractions of membrane-

inserted H1 and membrane-translocated H1 were quantified

by sodium dodecyl sulphate (SDS) polyacrylamide gel

electrophoresis (PAGE), and free energies of partitioning

into the ER membrane were calculated.

This so-called biological partitioning scale matched the

octanol scale strikingly well [32]. The good agreement

between a crude, seemingly isotropic octanol scale and a

complex, anisotropic biological scale might appear sur-

prising at first glance. However, it should be kept in mind

that water-saturated octanol does not present a pure

hydrocarbon phase but contains considerable amounts of

water. For instance, the free energy of Arg partitioning

from water into pure cyclohexane is six times higher (more

unfavourable) than that for partitioning into water-satu-

rated octanol [31, 32]. In a similar way, recent molecular

dynamics (MD) simulations imply that the free-energy cost

of membrane penetration of Arg is substantially reduced by

rather large amounts of water that is dragged into the

membrane interior at membrane-protein contents typical of

biological membranes [37].

The above results imply that the translocon-mediated

insertion of transmembrane domains obeys the physico-

chemical principles established with the aid of simple model

systems [38, 39]. In other words, the translocon as a water-

filled pore enables nascent polypeptide chains to directly

interact with membrane lipids so they can either remain in

the aqueous environment inside the pore for translocation or

laterally slip out of the translocon for insertion into the ER

membrane [34]. In a subsequent paper, von Heijne and

co-workers refined the biological hydrophobicity scale by

considering position dependencies of side chains in a trans-

membrane helix along the bilayer normal [40]. Taken

together, these experiments not only constitute a major

breakthrough in our understanding of in vivo membrane-

protein insertion and the inner workings of the translocon

complex, but have also furnished an improved tool for the

prediction of transmembrane domains from polypeptide

sequences named DG Prediction Server (http://syrah.cbr.su.

se/DGpred/index.php?p=home). This biological partition-

ing scale was later also incorporated into the MPEx tool

mentioned in the preceding section.

Secondary structure formation: intrahelical hydrogen

bonds

Even the most hydrophobic polypeptides could not insert

into lipid bilayers without concomitant secondary structure

formation. As mentioned in the previous section (see also

‘‘Interhelical hydrogen bonds’’), desolvation of the polar

peptide bond upon partitioning from water into octanol is

energetically unfavourable, bringing about a change in

Gibbs free energy of ?8.4 kJ/mol per residue [32]. How-

ever, the loss of hydrogen bonds between the polypeptide

backbone and water molecules can largely be offset by the

formation of intramolecular hydrogen bonds, i.e., adoption

of secondary structure. This is known as partitioning–

folding coupling of transmembrane domains and has been

reviewed elsewhere [39, 41, 42]. An important corollary of

this coupling phenomenon is that it is virtually impossible

to completely unfold a transmembrane helix. On the one

hand, the apolar side chains of a typical transmembrane

domain render it too hydrophobic to be extracted from its

lipidic surrounding. On the other hand, the energetic pen-

alty incurred on desolvation of the polypeptide backbone

forces it to assume regular secondary structure as long as it

remains embedded in a hydrophobic, water-depleted

environment. The free-energy increase associated with

unravelling an a-helix in an alkane phase has been esti-

mated to be ?17 kJ/mol per amino acid residue. Thus,

unfolding a 20-residue transmembrane helix within a lipid

bilayer would be accompanied by a prohibitively high free-

energy penalty of ?340 kJ/mol [39, 43, 44].

Second stage: helix–helix interactions

After and probably already during membrane insertion and

secondary structure formation, transmembrane helices

interact with one another to give rise to tertiary and qua-

ternary contacts (Fig. 5, right). This chapter discusses the

molecular forces underlying the second stage of mem-

brane-protein folding [26], whereas the following chapter

deals with its fine-tuning by the lipid bilayer in which it

takes place.

Interhelical hydrogen bonds

Hydrogen bonds are donated by hydrogen atoms covalently

bound to a strongly electronegative atom (e.g., N–H or
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O–H) and accepted by another electronegative atom with at

least one non-bonded pair of electrons (e.g., C=O). Thus,

hydrogen bonds basically represent electrostatic interac-

tions between dipoles, but they additionally bear some

hallmarks of covalent bonds. Most notably, hydrogen

bonds are directional, meaning that their strength strongly

depends on the angle and distance between donor and

acceptor.

It has been estimated that a hydrogen bond within a lipid

bilayer could offer a free-energy contribution to protein

stability of -20 kJ/mol [41]. This is because of two factors,

both of which are due to the low static permittivity (di-

electricity) of the membrane’s hydrocarbon core [45]. First,

polar interactions experience low shielding in an apolar

environment and thus are stronger than in a polar sur-

rounding. Second, intra- and interhelical hydrogen bonds

are promoted because of the low abundance of competing

water molecules in the hydrocarbon core of a lipid bilayer

[46]. This has drawn considerable attention to the role of

interhelical hydrogen bonds in stabilising membrane pro-

teins. Strikingly, some mutations in membrane proteins are

pathogenic because they result in misfolding caused by

inappropriate hydrogen bonding [47, 48].

Designed peptide dimer

Interhelical hydrogen bonds can have decisive influence on

the stability of integral membrane proteins. GCN4-LZ is a

water-soluble coiled coil that dimerises by virtue of a

heptad repeat motif (see also ‘‘Brief survey of soluble-

protein folding’’ and Fig. 3a) [11]. Hydrophobic interac-

tions in the dimer interface are supported by an interhelical

hydrogen bond between Asn16 of one helix and Asn16 of

the other helix. By replacing polar residues outside the

dimer interface by apolar ones, the groups of Engelman

[49] and DeGrado [50] created two membrane-embedded

variants of GCN4-LZ as a model system to analyse helix–

helix interactions in hydrophobic environments. Both

GCN4-LZ variants still self-associated, albeit with

impaired oligomerisation specificity, as both dimers and

trimers were found to co-exist in equilibrium. Upon sub-

stitution of the hydrogen-bonding Asn by a Val residue,

which cannot form hydrogen bonds, GCN4-LZ was found

incapable of self-association within the membrane [50].

Transmembrane helix dimer

A solution NMR structure of the ff homodimer (ff), a

component of the T-cell receptor (TCR) complex, exem-

plifies how interhelical hydrogen bonds shape a naturally

occurring transmembrane dimer [51]. The ff helix inter-

face is dominated by the polar residues Asp6, Tyr12 and

Thr17. Each Tyr12–Thr17 pair forms an interhelical side-

chain hydrogen bond that brackets the helix bundle.

Deletion of a single hydroxyl group in one f strand by a

Tyr17-to-Phe17 mutation caused a drop in dimerisation

efficiency. Previous mutation experiments had suggested

that both dimerisation of f and association of ff with TCRa
strongly depend on Asp6 [52]. A high-resolution structure

unveiled that Asp6 initiates a complex hydrogen bond

network [51] that involves at least one water molecule, the

carbonyl of Cys2, which is located directly above Asp6, and

the backbone amide of Asp6 in the opposite strand. The

hydrogen bond network around Asp6 might create a polar

binding site for an Arg residue of TCRa, which could be

responsible for the highly specific association behaviour of

the TCR complex [51, 52].

Polytopic membrane proteins

Interhelical hydrogen bonds have been identified in a

number of polytopic membrane proteins, but their impact

on overall stability remains controversial. Figure 6a depicts

the hydrogen bond between Tyr185 of helix 6 and Asp212 of

helix 7 in bacteriorhodopsin (bR). On average, helix–helix

interfaces in membrane proteins contain only one interhe-

lical hydrogen bond [53]. Lau and Bowie [54] established

an approach to quantify the stability of diacylglycerol

kinase (DAGK) by reversibly denaturing it through titra-

tion with SDS. When the Bowie group [55] applied this

approach to assess the effect of Ala substitutions in 24

positions of the second transmembrane helix of bacterio-

rhodopsin, they found that polar and apolar residues make

similar contributions to protein stability, indicating that

hydrogen bonds do not play a dominant role. Furthermore,

double-mutant cycle experiments [56] revealed that the

average contribution to protein stability of each out of eight

interhelical hydrogen bonds in bacteriorhodopsin was only

-2.5 kJ/mol.

The discrepancy between this value and the estimated

maximum of -20 kJ/mol [41] might originate from the

limited degrees of freedom in orienting two interacting

transmembrane helices with respect to one another, as

hydrogen bond strength sharply decreases when the dis-

tance or angle between donor and acceptor deviates from

its optimal value [57]. Furthermore, favourable enthalpic

interactions on hydrogen bonding may be partly offset by

an unfavourable entropy loss resulting from tight interhe-

lical interactions. From an evolutionary viewpoint, rigid

transmembrane helix bundles clamped by hydrogen bonds

also appear undesirable, because selection is on function

rather than stability [56]. However, we also want to point

out potential caveats in the use of SDS to denature integral

membrane proteins [58, 59], which will be discussed in

detail in ‘‘Determining the stability of a-helical membrane

proteins’’.
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Interhelical backbone hydrogen bonds

An interesting but controversial idea is that interhelical

hydrogen bonds in membrane proteins can be established not

exclusively between amino acid side chains but also between

polypeptide backbones. Some authors [60, 61] propose that,

under conditions of close helix–helix approach (see ‘‘van der

Waals interactions and tight packing’’), hydrogen bonds

between backbone Ca–H and O=C might add to protein

stability, whereas others contest this view [62].

Overall, interhelical hydrogen bonds in integral mem-

brane proteins undoubtedly bear structural and functional

relevance [49–51, 53, 63]. However, a picture emerges in

which their free-energy contributions to protein stability

are rather modest [55, 56]. The question then remains as to

which other forces may drive helix–helix interactions in

lipid bilayers.

van der Waals interactions and tight packing

van der Waals forces (also referred to as London dispersion

forces) are a generic property of matter resulting from

mutually induced, temporary dipolar moments. Thus, van

der Waals forces are always attractive, but their strength

decreases sharply with distance, so that two or more moi-

eties have to get in close contact in order to experience

significant van der Waals attraction.

The GXXXG motif

The discovery by the Engelman group [64, 65] of a

transmembrane helix dimerisation motif composed of

exclusively apolar and small amino acids has steered

attention to the importance of van der Waals forces in

membrane-protein folding. Homodimerisation of the

Fig. 6 Specific interactions in membrane-protein folding. Colour

code for residues shown in atomic detail is red for oxygen, blue for

nitrogen and white for hydrogen. a Interhelical hydrogen bonds. In

bacteriorhodopsin from Halobacterium salinarum (PDB 1c3w),

Tyr185 (orange) of helix 6 and Asp212 (yellow) of helix 7 form an

interhelical hydrogen bond (dashed line). b van der Waals contacts.

Small residues (orange and yellow) increase the homodimer interface

and allow for extensive van der Waals contacts in human glycophorin

A (PDB 1afo). Hydrogens are shown for Gly residues only.

c Aromatic–aromatic interactions. In subunit I of aberrant ba3-cyto-

chrome c oxidase from Thermus thermophilus (PDB 1ehk), Trp110 of

helix 4 interacts with Tyr23 and Leu27 of helix 1, although it is partly

exposed to the lipid bilayer. d Salt bridges. Lys358 and Asp237 are

crucial for membrane insertion of lac permease from E. coli (PDB

2v8n) and have been suggested to form a salt bridge within the

protein’s transmembrane region [95, 96]
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single-pass membrane protein glycophorin A (GpA) sus-

pended in detergent micelles responded sensitively to

mutations affecting the sequence Leu75-Ile76-X-X-Gly79-

Val80-X-X-Gly83-Val84-X-X-Thr87 [64]. The same motif

was also found to facilitate dimerisation of poly-Leu

transmembrane segments [65]. The results of both studies

could later be explained by the three-dimensional structure

of GpA [66], part of which is reproduced in Fig. 6b. Gly79

and Gly83 from one helix form a cavity that is filled by

Val80 and Val84 from the other helix, thus enabling short

helix–helix distances around the dimerisation motif. This

enlarges the direct contact interface of the two helices,

which is further extended by formation of a right-handed

coil with a crossing angle of -40� [66]. In vivo data

revealed Val80 and Val84 to be dispensable for stability [67]

and suggested the GXXXG sequence to be the crucial

dimerisation motif in GpA. However, as was pointed out

already in the original report [64], the GXXXG motif per se

is usually not sufficient for high-affinity interactions, which

further depends on the sequence context [68]. Nevertheless,

the GXXXG motif has been found in a large set of single-

and multispanning membrane proteins [69], appearing in as

many as 12.5% of all transmembrane helices listed in non-

redundant databases [70]. Thus, the motif seems to pro-

mote interhelical van der Waals contacts that are fine-tuned

by neighbouring residues to avoid non-specific helix–helix

interactions.

Small residues and tight helix packing

Small residues in helix–helix interfaces can enlarge inter-

action surfaces by a ‘‘knobs-into-holes’’ packing and thus

provide an opportunity for more extensive van der Waals

contacts [71, 72]. Burial of small residues has two addi-

tional entropic advantages. First, the loss in conformational

entropy is much smaller when fixing small, unbranched

rather than large, branched side chains in a helix–helix

interface [73]. Second, the close helix approach reduces the

lipid-exposed protein surface and releases bound or ori-

entated lipid molecules to diffuse more freely in the

membrane [74]. In a computational study on seven

a-helical transmembrane proteins, Eilers et al. [75] found

that interacting surfaces are indeed enlarged by tight

packing, but the authors also caution that tight packing is a

general feature of helix bundles in both membrane and

soluble proteins [75]. The difference lies in the way tight

packing is accomplished. The helix–helix interfaces of

membrane proteins display a high percentage of small

residues, whereas those of water-soluble proteins are rich

in long hydrophobic side chains [75, 76]. Recent experi-

mental results [77] on MS1, a membrane-soluble derivative

of GCN4-LZ (see ‘‘Interhelical hydrogen bonds’’), have

shed more light on the involvement of small residues in

transmembrane helix association. All four wild-type resi-

dues at heptad position a (Val/Asn/Val/Val) were

simultaneously substituted by either Gly, Ala, Val or

Ile residues. Analytical ultracentrifugation showed that

MS1-Gly remained dimeric and that MS1-Ala revealed a

monomer–dimer equilibrium, whereas the larger-substitu-

tion mutants MS1-Val and MS1-Ile could not dimerise

anymore. Thiol/disulphide exchange experiments con-

firmed that association strength decreased in the order

Gly [ Ala [ Val [ Ile. In addition, molecular mechanical

force field simulations indicated the presence of Ca–H���O
hydrogen bonds enabled by the close approach of the MS1

helices (see ‘‘Interhelical hydrogen bonds’’).

However, others have argued that tight helix–helix

packing in membrane proteins is in conflict with structural

flexibility and that, in the absence of the hydrophobic

effect, a driving force for tight packing might be missing

[78]. Using a Voronoi computational procedure, Frömmel

and co-workers [78] found average packing to be similar

in 20 transmembrane helix bundles and 25 water-soluble

proteins. The discrepancy between this observation and

the results cited in the preceding paragraph might, among

other reasons, be due to the limited structural information

available for integral membrane proteins. It is to be hoped

that a rapidly growing number of a-helical membrane-

protein structures will offer a more detailed view and

make statistical analysis more meaningful in the near

future.

Quantitative contributions of van der Waals forces

The Bowie laboratory [79] has recently used the above-

mentioned SDS denaturation assay to quantify the con-

tribution of van der Waals forces to membrane-protein

stability. Figure 7 illustrates how protein stability

decreases in a roughly linear fashion as cavity surface

area increases upon large-to-small side-chain substitu-

tions in the cores of bacteriorhodopsin and T4 lysozyme

[80], which served as a representative water-soluble

protein. In this plot, the y-axis intercept can be taken as

a measure of the hydrophobic contribution to protein

stability, which is expectedly smaller in bacteriorhodop-

sin than in T4 lysozyme. By contrast, the slope, which

correlates with the strength of van der Waals forces, is

virtually identical, indicating that van der Waals forces

per unit cavity surface area contribute equally to stability

in membrane and soluble proteins. Thus, the authors

suggest [79] that dispersion forces are more prominent in

membrane proteins not because van der Waals interac-

tions are stronger when referred to a given area of buried

surface, but simply because membrane proteins bury

larger surface areas when compared with water-soluble

proteins [81].
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Aromatic interactions

Aromatic side chains are peculiar in that they can partici-

pate in hydrophobic, van der Waals and weak polar

interactions [16, 17]. Thus, they represent a versatile

instrument for interactions between transmembrane heli-

ces. Several studies suggest that Phe, Trp and Tyr facilitate

helix–helix association in transmembrane domains [82–

84]. When placed in position i–3 of a GXXXG motif, Phe

can enhance transmembrane domain interactions in model

peptides derived from library screening [82]. In addition,

the same motif is involved in the assembly of transmem-

brane helices from vesicular stomatitis virus G-protein

[82]. Other library screens have shown that Trp deletion

diminishes helix–helix interactions [83] and that Lys

makes contacts with Phe, Trp and Tyr through cation–p
interactions [84]. Despite having their share in coiled-coil

interactions, aromatic residues are also supposed to stabi-

lise parallel transmembrane helix bundles by aromatic

clustering [85]. Owing to their large hydrophobic surface,

they have been suggested to interact with neighbouring

helices even when they are partly exposed to lipids [85], as

illustrated in Fig. 6c. Finally, Trp and Tyr have been found

at the termini of many transmembrane helices close to the

hydrophobic–hydrophilic interface, where they are thought

to vertically anchor the protein in the membrane through

interactions with lipid headgroups [86–89]. Tamm and

co-workers [90] examined both aromatic clustering and

membrane anchoring in the b-barrel membrane protein

OmpA. They observed that aromatic residues can interact

with one another even when they are 7 Å apart. Among the

aromatic amino acids, Tyr was found to exert the strongest

contribution to OmpA stability [90]. Unfortunately, such a

quantitative account is currently not available for other

integral membrane proteins. Nevertheless, aromatic resi-

dues seem to fulfil diverse functions in stabilising a-helical

membrane proteins, too.

Ion pairs/salt bridges

Electrostatic interactions between ion pairs are described

by Coulomb’s law. Accordingly, charge–charge interac-

tions are not directional, and their strength is inversely

proportional to the square of the distance between the

charged moieties as well as to the relative static permit-

tivity (relative dielectric constant) of the medium. Salt

bridges are oppositely charged ion pairs that are close

enough in space to form hydrogen bonds on top of their

purely electrostatic attraction.

The low-dielectric environment offered by the hydro-

carbon core of a lipid membrane is expected to result in

strong electrostatic interactions. However, charged residues

such as Asp, Glu, Lys and Arg occur scarcely in integral

membrane proteins [91, 92] because of their large unfa-

vourable free energy of membrane insertion [32, 34].

Charge removal by protonation or deprotonation may

alleviate this free-energy penalty [93]. This is also reflected

by the fact that pKa values in the hydrocarbon core of a

lipid bilayer or the microenvironment of a helix bundle

differ dramatically, and in favour of the neutral species,

from the corresponding values in aqueous solution [93].

Another way of reducing the free-energy cost is charge

compensation by formation of intra- or interhelical salt

bridges. Indeed, membrane insertion of poly-Leu trans-

membrane peptides containing one Lys and one Asp

residue depends strongly on the position of the charged

residues along the helical axis [94]. Complete insertion is

possible only when the two oppositely charged residues are

located at the same side of the helix and are separated by

one helical turn, which allows intrahelical salt-bridge for-

mation [94]. An example of an interhelical salt bridge is the

Asp237–Lys358 ion pair of lac permease (lacY) from E. coli

[95, 96], which is shown in Fig. 6d. However, it has to be

emphasised that such interhelical salt bridges are very rare.

More often, unpaired charged residues appear in extra-

membraneous regions or water-filled pores of ion channels

and transporters, where they are of functional importance

in controlling single-channel conductance, ion selectivity

Fig. 7 Dependence of protein stability on cavity surface area in

water-soluble and membrane proteins. Experimental data for T4

lysozyme (open squares, taken from [80]) and bacteriorhodopsin

(filled circles, [79]) as well as linear regressions (dash-dotted and

solid lines, respectively). The stabilities of both proteins decreased in

a roughly linear fashion with an increase in cavity surface area caused

by the large-to-small amino acid substitutions indicated in the figure.

Similar slopes observed for the two proteins suggest that van der

Waals forces contribute equally to the stabilities of water-soluble and

membrane proteins. The y-axis intercepts are different because of the

greater contribution of the hydrophobic effect in thermal unfolding of

T4 lysozyme as compared with SDS denaturation of bacteriorhodop-

sin. Figure adapted with permission from [79]. Copyright 2009

American Chemical Society
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or voltage sensing [93]. For example, the voltage-sensing

S4 helix of the voltage-dependent potassium channel Kv1.2

contains four Arg residues [97]. In many integral mem-

brane proteins, charged residues are located in the intra- or

extracellular headgroup region of the membrane and help

in determining membrane-protein topology [98]. Accord-

ing to the ‘‘positive-inside rule’’, the positively charged

residues Arg and Lys are more abundant on the cytoplas-

mic side [99].

Lipid bilayers as hosts of integral membrane proteins

Integral membrane proteins and lipid bilayers in which

they reside are subject to the influence of numerous

parameters, including temperature, pressure, pH, ionic

strength and co-solutes [100, 101]. For example, counter-

ions and pH can affect membrane electrostatics [102–104],

bilayer material properties [105, 106] and membrane

hydration [107–109]. Here, we restrict ourselves to three

topics that distinguish membrane from soluble proteins: the

lateral pressure profile, hydrophobic match and mismatch

and specific lipid effects.

The lateral pressure profile

Physical origin

One of the most striking differences between membrane

and soluble proteins is the pressure to which they are

exposed. A protein that is suspended free in aqueous

solution experiences isotropic pressure, whereas the pres-

sure acting on a membrane protein varies dramatically

along the bilayer normal. Owing to surface tension, the

hydrophilic headgroup regions and the hydrophobic

hydrocarbon core strive to minimise their contact area, thus

generating strong negative pressure (pulling forces) acting

laterally along the interfacial regions on both sides of a

lipid bilayer [110, 111]. This interfacial tension is balanced

by positive lateral pressure (pushing forces) arising in the

headgroup regions and the hydrocarbon core, part of which

stems from steric clash. In addition, the headgroup region

experiences electrostatic repulsion between charged groups

as well as loss of hydration water on compression. Within

the hydrocarbon core, a further contribution to positive

lateral pressure comes from stiffening of the lipid acyl

chains, which incurs an entropic penalty. The dependence

of lateral pressure, p, on membrane depth, z, is known as

the lateral pressure profile, p(z) [112, 113]. A schematic

profile typical of a POPC bilayer is shown in Fig. 8a. At

mechanical equilibrium, the membrane neither expands nor

contracts, and thus the pressure integral along the bilayer

normal must be zero [112, 114, 115]. This means that the

sum of the areas on the positive side of the pressure profile

(in the two headgroup regions and the hydrocarbon core)

must equal the sum of the areas on the negative side (in the

two interfacial regions). However, local pressures can

amount to several hundred atmospheres [116].

Unfortunately, a direct measurement of the local lateral

pressure along the bilayer normal is not possible. Lateral

pressure profiles such as those depicted in Fig. 8 may be

obtained from MD simulations [117–119], though a recent

approach relying on pressure-susceptible fluorescent

probes that preferentially localise to different parts of a

lipid bilayer holds promise for experimental confirmation

[120–123].

Fig. 8 Schematic phospholipid shapes (left) and lateral pressure profiles

(right) in bilayers composed of those lipids. Lateral pressure, p, is

plotted versus bilayer depth, z. a In ‘‘cylindrical’’ lipids, like POPC,

the headgroup and the acyl chains have similar area requirements.

b Addition of lipids with small headgroups, such as POPE,

redistributes positive lateral pressure from the headgroup regions to

the hydrocarbon core. c Vice versa, addition of lipids with only one

acyl chain (lysolipids), such as lysoPC, lowers the positive lateral

pressure in the hydrocarbon core but augments it in the headgroup

regions. The negative lateral pressure component is due to interfacial

tension between the lipids’ acyl chains and their hydrated headgroups

and thus remains virtually constant. At equilibrium, the pressure

integral across the bilayer is always zero, i.e., the cumulative areas

under the p(z) curves are equal for positive and negative pressure

components
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Changes in lateral pressure profile

The exact shape of the lateral pressure profile depends on

numerous parameters, including size, charge and hydration

of the lipid headgroups, length and degree of saturation or

branching of the acyl chains and presence of additives that

decrease the interfacial tension [118, 119, 124–130]. For

instance, addition of 1-palmitoyl-2-oleoyl-sn-glycero-

phosphoethanolamine (POPE), whose headgroup is smaller

than that of POPC, diminishes the lateral pressure in the

headgroup regions. However, as the interfacial tension

remains unaffected and must be matched by the sum of

positive pressure contributions, the lateral pressure in the

acyl chain core increases accordingly (Fig. 8b) [131, 132].

By contrast, incorporation of single-chain phospholipids

(lysolipids) relieves the pressure in the hydrocarbon core

and raises the pressure in the headgroup regions (Fig. 8c).

Implications for membrane-protein folding

The lateral pressure profile is anticipated to affect both

membrane insertion (i.e., stage 1 in Fig. 5) and protein

conformational equilibria (i.e., stage 2), which are associ-

ated with shape changes [112, 133]. For example, the

presence of POPE or 1,2-dioleoyl-sn-glycero-phos-

phoethanolamine (DOPE) has been demonstrated to oppose

transmembrane insertion of the self-inserting 20-residue

peptide alamethicin [134, 135], which can be explained by

decreased pressure in the headgroup regions and increased

pressure in the hydrocarbon core. DOPE also shifts the

equilibrium of membrane-spanning alamethicin towards

the functionally active dimer [136], whose hour-glass

shape is better compatible with high pressure in the acyl

chain region. Likewise, DOPE and 1,2-dielaidoyl-sn-

glycero-phosphoethanolamine (DEPE) promote association

of the bacterial potassium channel KcsA to form the active

homotetrameric structure [137, 138].

Hydrophobic match and mismatch

Bilayer thickness is another modulator of membrane-

protein structure, stability and function. Thickness is

determined by several factors, most notably, length and

degree of saturation of lipid acyl chains [130], cholesterol

content [139] and membrane proteins themselves [140].

Several membrane proteins have been shown to be most

stable or active at an optimal bilayer thickness [141–144].

For instance, the activity of bacteriorhodopsin requires a

minimal acyl chain length of 16–18 carbon atoms [145].

Hydrophobic match is achieved when the hydrophobic

stretch of a transmembrane protein and the hydrophobic

thickness of its host membrane are of equal length [146,

147]. Under conditions of hydrophobic mismatch,

membrane proteins, the membrane or both may respond in

a variety of ways to minimise the energetic penalty asso-

ciated with exposure of hydrophobic moieties (both apolar

amino acid residues and lipid acyl chains) [148]. Many

a-helical membrane proteins have rather well-defined

hydrophobic stretches because they possess aromatic resi-

dues (mainly Trp) that preferably localise to the bilayer

interfaces between lipid headgroups and acyl chains (see

‘‘Aromatic interactions’’) [86–88]. Fluorescence-spectro-

scopic experiments have shown that the microenvironment

of Trp residues in KcsA is the same in PC bilayers ranging

in thickness from 10 to 24 carbon atoms, implying that the

drive to relieve hydrophobic mismatch is very strong [149].

Hydrophobic mismatch can affect conformational

equilibria and conformation-dependent activities provided

that the conformations involved differ in their hydrophobic

stretch. At positive hydrophobic mismatch (i.e., when the

protein hydrophobic stretch exceeds the thickness of the

unperturbed lipid bilayer), small transmembrane peptides

or single helices of multispanning a-helical membrane

proteins can tilt [150], as has been suggested for KcsA in

thin bilayers [149]. Similarly, the mechanosensitive chan-

nel of large conductance, MscL, opens in thin membranes

by helix tilting [151, 152]. In contrast to peptides and

single helices, tilting of multispanning membrane proteins

as a whole has not been observed. In such cases, as well as

under conditions of negative hydrophobic mismatch, the

bilayer may deform or undergo local changes in lipid

composition to match the protein’s hydrophobic stretch

[148, 153]. Furthermore, both positive and negative

hydrophobic mismatch can be relieved by protein oligo-

merisation, which minimises the apolar surface of protein

or lipid exposed to water, as has been shown for bacte-

riorhodopsin in both thick and thin membranes [154].

Association sets in not before the bilayer’s hydrophobic

thickness is 4 Å longer or 10 Å shorter than the hydro-

phobic stretch of bacteriorhodopsin [155].

Specific lipid effects

Besides determining generic bilayer properties such as

charge density, lateral pressure profile and hydrophobic

thickness, lipids may also influence membrane proteins

through specific protein–lipid interactions. Lipids can act

as co-factor that facilitate the folding or stabilise the

structure of membrane proteins [129, 156]. An example is

provided by the homotrimeric a-helical membrane protein

DAGK from E. coli, which requires 1,2-dioleoyl-sn-

glycero-phosphoglycerol (DOPG) for proper folding. The

finding [157] that DOPG, but not equally negatively

charged 1,2-dioleoyl-sn-glycero-phosphoserine (DOPS),

augments the rate and yield of DAGK folding speaks in

favour of a specific lipid rather than a generic charge effect.
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Cardiolipin, a four-chain lipid primarily found in the inner

mitochondrial membrane, avidly binds to the large mito-

chondrial membrane protein bovine cytochrome c oxidase

[158] and is essential for its function [159–161]. It has been

suggested [160] that cardiolipin is explicitly required for

association of cytochrome c oxidase subunits IVa and IVb.

Several membrane-protein crystal structures show tightly

bound lipid molecules and provide valuable insights into

how these specifically interact with membrane proteins

[156, 162].

Likewise, the function of KvAP channel, a voltage-

dependent K?-channel from the archaebacterium Aeropy-

rum pernix [163], depends on certain lipid species. KvAP

senses voltage with the aid of Arg-containing structures

located at the membrane interface and pointing into the

membrane interior [164, 165]. MD simulations of KvAP

predicted that these positively charged ‘‘voltage-sensor

paddles’’ electrostatically interact with negatively charged

lipid phosphate groups [166]. Later on it was confirmed

experimentally that the functional state of KvAP requires

POPE or 1-palmitoyl-2-oleoyl-sn-glycero-phosphoglycerol

(POPG) [167] and that phosphate groups play a crucial

role, as their enzymatic removal disrupts function [168].

The forces governing membrane-protein folding

One of the central recurrent questions in the field of

membrane-protein folding is how a protein embedded in

the apolar environment of a lipid bilayer can compensate

for the absence of the hydrophobic effect in order to

assume a stable native fold. From ‘‘Second stage: helix–

helix interactions’’, it is clear that interhelical hydrogen and

van der Waals contacts have their share in determining

membrane-protein stability. However, hydrogen bonds are

less strong than might have been expected, and therefore

the focus has recently been shifting to van der Waals for-

ces. When normalised with respect to buried surface area,

van der Waals forces are not stronger than in water-soluble

proteins, but they play a more dominant role because

membrane proteins bury a greater amount of surface area.

By contrast, salt bridges are of minor importance for the

stability of most integral membrane proteins, whereas

aromatic residues are involved in diverse interactions

whose relative contributions remain to be established. In

summary, it seems that extensive van der Waals packing, a

moderate number of rather weak hydrogen bonds and

possibly aromatic interactions contribute to the stability of

integral membrane proteins.

How can this combination of modestly strong interac-

tions compensate for the absence of the hydrophobic effect,

which makes such a large favourable contribution to the

stability of water-soluble proteins? The answer might be

that this is the wrong question to ask. Whereas it is true that

the hydrophobic effect could not contribute as much to

intramembrane helix–helix interactions (stage 2 in Fig. 5)

as to soluble-protein folding, its role in forcing a pre-

dominantly apolar polypeptide chain into a lipid bilayer

(stage 1) and the ensuing consequences cannot be over-

rated. On top of the hydrophobic effect, soluble proteins

need to establish favourable specific interactions in order to

overcome the huge entropic cost of drastically reducing the

conformational flexibility of their polypeptide chains on

folding. By contrast, the transmembrane domains of inte-

gral membrane proteins are tightly bound to a lipid bilayer

and are forced to assume regular secondary structures by

the partitioning–folding coupling (see ‘‘Secondary struc-

ture formation: intrahelical hydrogen bonds’’).

Consequently, membrane proteins have much less chain

entropy to gain from abandoning their native folds, since

large parts of their polypeptide chains will experience

motional and conformational confinement also in mem-

brane-embedded denatured states. Moreover, differences in

the lateral pressure (see ‘‘The lateral pressure profile’’)

exerted on different parts of membrane-bound proteins add

further restrictions to vertical movements and conforma-

tional changes. Finally, even in the apolar milieu of a lipid

bilayer, the hydrophobic effect might still make a signifi-

cant contribution to helix–helix interactions in situations of

hydrophobic mismatch (see ‘‘Hydrophobic match and

mismatch’’). In conclusion, integral membrane proteins

might get along with fewer specific protein–protein inter-

actions than water-soluble proteins simply because of the

numerous restrictions imposed upon them by their lipid

bilayer environment, into which they partition as dictated

by the hydrophobic effect. This view is also supported by

the difficulties encountered in unfolding integral membrane

proteins out of lipid bilayers or detergent micelles, which

we discuss in the last chapter.

Determining the stability of a-helical membrane

proteins

In light of the enormous importance of membrane-bound

receptors, channels, transporters and enzymes involved in a

plethora of physiological and pathological processes, it

appears unfortunate that our current understanding of the

folding of a-helical membrane proteins is so limited,

especially when compared with the rapid progress made

during the past decades on soluble-protein folding. Two

principal obstacles are to be blamed for this discrepancy.

First, on a rather general note, most integral membrane

proteins are difficult to produce by heterologous expression

[169] in quantities and purities sufficient for biophysical

and structural studies. Second, their pronounced
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hydrophobicity poses problems not only during routine

laboratory work, but specifically in efforts aimed at

determining the stability of integral membrane proteins.

This, in turn, is primarily due to the partitioning–folding

coupling discussed in ‘‘Secondary structure formation:

intrahelical hydrogen bonds’’. Accordingly, the trans-

membrane domains of a-helical membrane proteins are too

hydrophobic to leave the lipid bilayer or other membrane-

mimetic system used. At the same time, however, they

cannot unravel within the bilayer because of the prohibitive

energetic cost of exposing unsaturated backbone hydrogen

bond donors and acceptors to a low-dielectric medium.

Consequently, elevated temperature or high concentrations

of chemical denaturants (such as urea or guanidine

hydrochloride, GdnHCl) may unfold water-exposed,

extramembraneous loops and possibly abrogate helix–helix

interactions (stage 2 in Fig. 5), but they are, in general,

incapable of completely solubilising and unfolding entire

a-helical membrane proteins (stage 1) [58, 59].

Unfolding and refolding by soluble chemical

denaturants

Several attempts at reversibly unfolding a-helical mem-

brane proteins into high concentrations of urea or GdnHCl

have been made. A promising candidate was DAGK from

E. coli, which displayed a loss of both secondary and

tertiary structure in acidic GdnHCl [170]. However,

quantitative refolding into lipid bilayers could not be

achieved, which impaired determination of thermodynamic

protein-stability data. Ironically, the opposite was observed

for two other membrane proteins from E. coli. Fractions of

monomeric lac permease could be solubilised in 5 M urea

after overexpression [171]. Intriguingly, the solubilised

protein was mainly a-helical and remained soluble in

phosphate buffer for a week. However, once inserted into

E. coli membranes, lac permease could not be converted

back into its soluble form. Similar results were described

for melibiose permease [172].

This is in contrast with a number of seminal papers

reporting the successful, fully reversible unfolding of

b-barrel membrane proteins (porins or outer membrane

proteins, OMPs), which form water-filled pores and pos-

sess primary sequences composed of alternating

hydrophobic–hydrophilic patterns. This peculiarity renders

them hydrophilic enough to come off from the membrane

and become solubilised as unfolded monomers in aqueous

solution in the presence of high concentrations of

denaturants commonly used for soluble proteins [24].

Therefore, virtually complete and reversible unfolding was

possible from various detergent micelles or lipid bilayers

into a urea-solubilised state that is independent of the

initial environment of the folded protein [90, 173–175],

thus offering unique insights into the molecular interac-

tions that stabilise b-barrel membrane proteins.

Denaturation and renaturation by SDS

In order to render a-helical membrane proteins amenable to

protein-stability assays, Lau and Bowie [54] resorted to the

use of the strongly denaturing, anionic detergent SDS

rather than more traditional chemical denaturants like urea

or GdnHCl. This approach has since been employed suc-

cessfully by several laboratories [55, 56, 79, 176–178] and

has furnished some of the most spectacular findings cov-

ered in this review (see ‘‘First stage: membrane insertion

and secondary structure formation’’, ‘‘Second stage: helix–

helix interactions’’ and Fig. 7) [55, 176, 177]. Besides

enabling the reversible denaturation and renaturation of

a-helical membrane proteins, a particular advantage of this

approach over unfolding induced by water-soluble dena-

turants like urea or GdnHCl is that the SDS-denatured state

is much closer to the membrane-bound denatured state

present (though to a very small percentage) under physio-

logical conditions.

Notwithstanding these assets, the SDS denaturation

assay suffers from a decisive drawback as compared with

unfolding experiments on soluble proteins. Whereas SDS

potently denatures integral membrane proteins, it does not

necessarily unfold them. The terms denaturation and

unfolding are sometimes used interchangeably, although

they may refer to quite dissimilar processes (see [179] for

a recent review). In its most general meaning, denatur-

ation denotes any process by which a protein loses its

native biological activity. This comprises, but is in no

way limited to, complete unravelling of the polypeptide

chain. Minor conformational changes, oligomer dissocia-

tion, aggregation, covalent modifications or clogging (of

membrane channels or transporters) can entail denatur-

ation, as well. Unfolding, by contrast, refers to a complete

loss of regular secondary, tertiary and quaternary structure

and should, in an ideal scenario, give rise to a polypeptide

chain that behaves like a random coil (Fig. 2, left).

Although this is not strictly the case for some (if not

most) water-soluble proteins [180, 181], ensembles of

urea- or GdnHCl-induced unfolded conformations serve

as common reference states for unfolding and refolding

studies exploring the influence on protein stability of

amino acid composition (sequence) or environmental

conditions, including pH, ionic strength, temperature,

ligand concentration and so on.

Importantly, such a common reference state does not

exist for SDS-induced denaturation of integral membrane

proteins. A denatured, only partly unfolded membrane

protein remains tightly associated with mixed micelles

composed of SDS and lipid or detergent from its host
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bilayer or micelle. Thus, changes in the protein sequence

(mutagenesis) or membrane-mimetic system affect not

only the native state but also the denatured state, so that

free-energy differences derived from such experiments

cannot be assigned unambiguously to stabilisation or

destabilisation of the native state. Interactions of the

denatured state with detergent and lipid in mixed micelles

are almost impossible to account for quantitatively,

because the exact composition of these micelles is difficult

to determine [55, 177] and is further affected by the

presence of protein. As an example, consider the use of

different phospholipids to modulate the lateral pressure

profile (see ‘‘The lateral pressure profile’’ and Fig. 8) and

asses its influence on membrane-protein stability. Then, the

outcome of an SDS denaturation experiment will depend

not only on changes in stability of the native state in SDS-

free bilayers or micelles, but also on interactions of the

denatured state with lipids and detergents in mixed

micelles as well as on the susceptibility of different lipids

and detergents to solubilisation or micellisation. The latter

complication is of particular relevance to the present

example, since lipids with small headgroups like POPE,

which are used to increase lateral chain pressure, are

anticipated to be more reluctant to partition into highly

curved micellar structures than are single-chain lipids like

lysoPC, which decrease lateral chain pressure.

In summary, this is not to say that the SDS denaturation

assay is without merits. In fact, it is probably the best the

protein-folding field currently has to offer for determining

the stability of integral a-helical membrane proteins. There is

no doubt that SDS denaturation has provided and will con-

tinue to provide unique insights into the forces that govern

the folding of this important class of proteins, but one should

keep in mind the caveats inherent in this technique.

Expanding the experimental repertoire for a-helical

membrane proteins

An alternative, idealised experimental setup for scrutinis-

ing the forces that contribute to the stability of membrane

proteins might look like the scheme in Fig. 9, which is

inspired by Tamm’s work on b-barrel membrane proteins

(see ‘‘Unfolding and refolding by soluble chemical dena-

turants’’) [90, 173–175]. The water-soluble, completely

unfolded state depicted in the centre of this scheme is

certainly a poor approximation of the membrane-bound

denatured state found under physiological conditions.

However, physiological relevance is less of an issue here

than is the availability of a common reference state. The

latter would allow for a direct comparison of protein

stabilities in different environments by subtracting the

unfolding Gibbs free energy determined in one membrane-

mimetic system from the corresponding value measured in

another system. This cancels the contribution of the com-

mon reference state and thus provides the difference in

native-state Gibbs free energy between the two environ-

ments. In order for this paradigm to become applicable to

a-helical membrane proteins, conditions must be found

under which a hydrophobic polypeptide chain can be

reversibly extracted from a membrane-mimetic system and

unfolded by a chemical denaturant.
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