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1. Introduction

Integral membrane proteins are embedded in a water-
solvated lipid bilayer that presents contrasting features in
an anisotropic, chemically heterogeneous environment. A
transmembrane protein interacts with the aqueous solvent,
with an interfacial membrane region that contains a variety
of polar, zwitterionic, or charged lipid headgroups, and with
a central, hydrophobic membrane core∼20 Å thick com-
posed primarily of hydrocarbon tails.1 This chemical com-
plexity of native membranes makes identifying the factors
that determine the folding and stability of membrane proteins
quite daunting from both conceptual and experimental
considerations. The instability of membrane proteins when
subjected to detergent solubilization and the dependence of
membrane protein stability and function on specific am-
phiphilic environments has severely hampered overexpres-
sion and purification efforts, and this bottleneck has restricted
progress in biophysical and biochemical studies of membrane
proteins. Nevertheless, the significant advances being made
in the field of membrane protein folding, together with the
healthy and exciting rate at which new membrane protein
structures are being determined, show that these systems are
beginning to yield under the combined pressure of a variety
of approaches.

What are the sequence and structural determinants of the
stability of membrane proteins? What are the folding
pathways and kinetic barriers for the insertion of polypeptides
into membranes? Complete answers to these questions may
be as complicated, diverse, and subtle as membrane com-
position itself, but the current state of knowledge of mem-
brane protein folding and stability suggests that some general
principles and broad themes are already available. Many
reviews on this subject have been presented.2-7 Here, I
review the results of genetic, cell biological, biochemical,
and biophysical studies ofR-helical integral membrane
protein folding and stability with an emphasis on connecting
the results from different types of experiments in the context
of the current thermodynamic formalisms. Studies of lytic
peptides (reviewed in refs 8-10) and membrane fusion
(reviewed in refs 11-17) have been largely excluded, studies
of â-barrel membrane proteins (reviewed in refs 18 and 19)
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have been excluded except where comparison or contrast
provides compelling insights intoR-helical proteins not
otherwise available, and studies that are of a primarily
computational or bioinformatics nature (reviewed in refs 20-
22) have been excluded except when they directly address
other data essential to the arguments presented. These
omissions, and errors of omission of a less systematic nature,
are the consequence of the structure of this review and the
limitations of the perspective of the author.

2. Conceptual Framework

2.1. The Two-Stage Model: A Useful
Simplification for r-Helical Membrane Proteins

Understanding membrane protein function, stability, and
folding has been hindered by a paucity of structural informa-
tion for membrane proteins that is only slowly being
alleviated,23 but even before the sequence (let alone structure)
of a membrane protein was known, amino acid analysis
revealed the differences in overall polarity of soluble and
membrane proteins.24,25 The importance of the hydrophobic
effect in the organization and stability of biological mate-
rial26,27suggests that the folding of membrane proteins may
differ considerably from that of soluble proteins and that even
limited amounts of structural information about membrane
proteins and lipid bilayers could reveal factors that influence
the stability of membrane proteins.28 In 1990, when the
atomic structures of two bacterial reaction centers29-33 and
the near-atomic resolution structure of bacteriorhodopsin34

were known, along with diffraction based structures for the
gel phase35,36 but not yet the fluid phase1 of phosphatidyl-
choline membranes, Popot and Engelman presented a “two-
stage model”37 for the folding of the most abundant class of
membrane proteins, those that span the bilayer asR-helices.
Based on refolding and reassociation experiments with
bacteriorhodopsin38-43 and the predicted enhancement of
hydrogen bonding interactions in the hydrophobic interior
of a lipid bilayer, they hypothesized that “the final structure
in the transmembrane region results from the accretion of
smaller elements (helices), each of which has reached
thermodynamic equilibrium with the lipid and aqueous
phases before packing”.37 This hypothesis, which forms the
central tenet of the two-stage model for membrane protein
folding, is represented schematically in Figure 1.

Popot and Engelman based their idea on estimates of the
behavior of the type of peptide known to span membranes

as helices: stretches of about 20 amino acids with predomi-
nantly hydrophobic side chains.44-49 They considered three
possible fates for such a peptide arranged as a transbilayer
helix (see Figures 1 and 2): theR-helix solvated in lipids
might leave the membrane to become anR-helix solvated
in water, it might unfold within the bilayer to a random coil
solvated in lipids, or the transbilayerR-helix might associate
with otherR-helices. The first two scenarios would involve
unacceptably large thermodynamic penalties: removal of the
helix from the membrane would be opposed by the energetic
cost of transferring hydrophobic side chains from lipid to
water, whereas unfolding into a random coil within the
bilayer would be opposed by the high energetic cost of
breaking backbone hydrogen bonds in a water-poor, low-
dielectric environment. Accordingly, the helix can neither
leave the membrane nor unfold within it, and the formation
of a transmembrane helix can be thought of as essentially
irreversible. Thus, Popot and Engelman reasoned, most
hydrophobic spans could probably be thought of asR-helices,
or associations thereof, once they were inserted into a
membrane.

This scheme deliberately ignores the complexity of just
how the protein might become inserted into the membrane
and neglects any other potentially accessible states for the
peptide (such as lying in the interfacial region of the bilayer),
but the result of this major simplification is that individual
transmembrane helices can be thought of asindependently
stable domains. While allowing that “a number of other
circumstances can be imagined, such as the stabilization of
an otherwise unstable helix or extended segment through a
hairpin link to a stable helix”,37 the authors suggested that
for the majority of cases the straightforward expectation of
independently stable helices might hold and that these helices
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Figure 1. The two-stage model forR-helical integral membrane
protein folding proposed by Popot and Engelman.37 Stretches of
predominantly hydrophobic amino acids exist as independently
stableR-helical transmembrane spans that may associate laterally
within the membrane to form bundles of helices. The free energy
of association may be influenced by loops between the membrane
spans, by packing, hydrogen bonding, or charge-pair interactions
between the helices, by the binding of ligands or prosthetic groups,
by lipid-protein or lipid-lipid interactions, and by the properties
of the bilayer. Adapted with permission from ref 37. Copyright
1990 American Chemical Society.

Figure 2. The transbilayer hydrophobic helix as a folding domain.
The helix can neither unfold within the membrane, due to the cost
of breaking hydrogen bonds in an apolar environment, nor leave
the membrane, due to the hydrophobic effect. Adapted with
permission from ref 37. Copyright 1990 American Chemical
Society.
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would be capable of interacting with one another through
lateral associations within the bilayer.

Experimental support for the two-stage model (at the time)
included the observations that lateral association of protein
fragments could regenerate functional bacteriorhodop-
sin,38,40,41 that these fragments could form a native two-
dimensional crystalline bacteriorhodopsin purple membrane
lattice,42 and that this refolding could occur for fragments
that had been first separately reconstituted into lipid bilayers
and then mixed.43 More examples of “split” integral mem-
brane proteins that reassemble functionally are discussed in
section 4.5, but perhaps the broadest base of support for these
ideas is that the net hydrophobicity of a stretch of residues
in a polypeptide chain is a good predictor of transmembrane
domains44-49 even though in polytopic helical bundle proteins
the transmembrane helices make extensive contacts with one
another as well as with lipids. Despite (or more likely because
of) its simplicity, the two-stage model and its hypothesis of
independently stable helices have had a strong influence on
membrane protein folding research.

The two-stage model focuses attention on how protein
sequence and lipid composition might modulate the lateral
interactions between transmembraneR-helices. However, the
thermodynamic arguments set up by the model eliminate both
the hydrophobic effect and the formation ofR-helical
hydrogen bonds as factors that can stabilize helical bundles
relative to lipid-solvated helices, since these energy terms
are already accounted for in the formation of the indepen-
dently stable transmembrane helices. Thinking about the
stability of membrane proteins in terms of the two-stage
model allows one to recast the question “How do membrane
proteins fold?” as the separable questions “What are the
sequence determinants and lipid requirements for the forma-
tion of stable transbilayer helices?” and “What aspects of
protein sequence and lipid composition drive or inhibit
interactions between transmembrane helices?” Asking and
answering these questions has generated a great deal of
information about the sequence and structural and lipidic
determinants of the stability of membrane proteins, which
has been recently reviewed in several contexts.5,7,50-54

2.2. The Membrane Interfacial Region:
Hydrophobicity Meets Hydrogen Bonding

Although the two-stage model provides a tidy conceptual
framework within which to consider many important aspects

of membrane protein folding, its focus is rather narrow. A
broader perspective is required when the question “How do
membrane proteins fold?” is rephrased as “How does the
sequence of diphtheria toxin enable it to convert from a
soluble protein to membrane spanning helices?” In going
from a soluble state to a transmembrane configuration, a
protein will pass through the membrane interface and may
well adopt different conformations, either as transiently
populated intermediates along the folding pathway or as
species that can be isolated under certain experimental
conditions; consideration of only the transmembrane helical
states of the two-stage model clearly will not suffice. White
and Wimley2,55 suggested using a thermodynamic cycle that
included folded and unfolded states both in water and at the
membrane interface, in addition to inserted helices and
assembled bundles, to analyze experimental thermodynamic
data for the partitioning, folding, insertion, and assembly of
polypeptides into transmembraneR-helical bundles (Figure
3). They took a boot-strapping approach, starting with ther-
modynamic measurements in small peptides, to quantifying
the influence of the membrane/water interfacial region of
the bilayer upon protein conformation and have developed
a strong argument that this approach can provide insights
into membrane protein folding.2,55

For a set of hydrophobic tripeptides (Ala-X-Ala-O-tert-
butyl), Jacobs and White found that the calculated hydro-
phobicity56 correlated well with their measurements of the
free energy of peptide partitioning into dimyristoyl phos-
phatidylcholine bilayers.57-59 However, the dependence of
partitioning on sequence varied only about half as much as
the calculated free energy change from hydrophobicity. The
tryptophan version of this peptide, which interacted with
membranes most tightly, was located predominantly at the
membrane interfacial region between the aqueous phase and
the hydrocarbon phase.59 Since these short tripeptides did
not self-associate or aggregate in either water or the bilayer
interface, they are a model for an extended chain that is not
forming backbone hydrogen bonded secondary structure.
Accordingly, the free energy values from these peptide
partitioning experiments represent a measure of∆Gwu/iu (the
free energy change for transferring an unfolded peptide from
water to the membrane interface; see Figure 3) for the
different guest amino acids tested.

Notwithstanding the behavior of these short peptides, the
capacity to form secondary structure may be expected to

Figure 3. The interface-focused thermodynamic framework for membrane protein folding proposed by White and Wimley.2,55A polypeptide
chain can partition among three distinct environments: water (w), the membrane interfacial region (i), or the membrane hydrophobic core
(c). In these environments, the chain may either lack regular secondary structure and be unfolded (u) or be folded (f) such that it achieves
a hydrogen bonded secondary structure (represented here as anR-helix). A peptide that is in a transbilayer configuration may associate (a)
with other membrane spans. The free energy change of a peptide going from one state to another is identified using subscripts for the
conformational or oligomeric state of the peptide as well as the environment in which each species is located. Adapted with permission
from ref 2. Copyright 1999 by Annual Reviews.
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strongly influence the association of hydrophobic peptides
with membranes. When Li and Deber measured the helicity
of a series of model membrane peptides containing different
uncharged amino acids, they found that the rank order of
helix formation in detergent micelles and in lipid bilayers
correlated with side chain hydrophobicity and depended upon
the hydropathy of the peptide sequence under considera-
tion.60-62 In particular, residues that had been shown to
destabilizeR-helices in soluble proteins63 (such as glycine
or isoleucine) actually supported helix formation in membrane-
like environments as readily as their close homologues
(alanine or leucine, respectively). These results provided
strong evidence that the partitioning of hydrophobic peptides
into membrane environments is coupled to helix formation
and hydrogen bonding.

This interesting observation highlights a distinct prob-
lem: experimental partitioning may correspond to more than
one step in Figure 3, so the free energy changes resulting
from altering amino acid sequence or lipid composition might
therefore be attributed to any of the steps along the
thermodynamic cycle. White and colleagues addressed this
formal possibility by undertaking a systematic study to
quantify the per-residue partitioning free energy of unfolded
peptides from water to the interface,∆Gwu/iu. They measured
partitioning from water to octanol64 and from water to the
membrane interfacial region of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) bilayers65 for model di-
to hexapeptides and a host-guest pentapeptide series;
analysis of these data yielded whole-residue transfer free
energy scales. These peptides were designed and analyzed
to ensure that the species under study correspond to aqueous
and interfacial unfolded peptides, and thus the scales
represent exclusively partitioning and not folding (∆Gwu/iu

and not∆Giu/if).65 The measured transfer free energies from
water to large unilamellar vesicles of POPC are about half
the magnitude observed for transfer to octanol, suggesting
that partitioning into the membrane interface is driven by
the hydrophobic effect but not as strongly as would be
expected for transfer to an entirely apolar environment. By
analysis of the length series and host-guest series, the
authors calculated the effective cost of partitioning the
peptide bond into the interfacial region of a membrane as
1.2 ( 0.1 kcal mol-1, or about as much as transferring a
charged side chain. This experimental value agrees remark-
ably well with an estimate from electrostatics computations66

and with a value determined empirically for optimal iden-
tification of transmembrane domains from protein se-
quences.67 The transfer free energies from water to POPC65

correspond to a whole-residue scale for transferring an
unfolded peptide from water to the bilayer interface (∆Gwu/iu

in Figure 3). Because the portion of this transfer free energy
that corresponds to the cost of transferring the peptide bond
to the membrane interface would be reduced by hydrogen
bond formation, the formation of secondary structure at the
interface can be expected to contribute substantially to the
partitioning of peptides into membranes.

The whole-residue interfacial hydrophobicity scale of
Wimley and White (WW interfacial scale)65 provides a
quantitative basis for predicting the partitioning of unfolded
peptides into the membrane interface based solely on their
sequencessindeed, based on their amino acidcompositions,
since there are no context-dependent terms in this scale. The
validity of this approach has been demonstrated by testing
the predictive power of the scale. Ladokhin and coauthors

analyzed partitioning of the membrane-active peptide in-
dolicidin,68 which does not self-associate or form a hydrogen-
bonded secondary structure in either membranes or water
and whose behavior should therefore be well described by
the whole-residue interfacial hydrophobicity scale (∆Gwu/iu).
For partitioning into neutral POPC membranes, the experi-
mental free energies of sequence variants of indolicidin
(which covered a range of 6 kcal mol-1) were remarkably
well predicted by the WW interfacial scale, with the
correlation between calculated and experimental free energies
having a slope of unity.68 This suggests that the reduction
of interfacial partitioning free energy by about half relative
to octanol partitioning holds for this 13 amino acid peptide
as well as for the pentapeptide series used to establish the
scale. By contrast, transfer free energies from host-guest
experiments of Shin and co-workers using a 25 amino acid
peptide that corresponds to the presequence of yeast cyto-
chromec oxidase correlate well with previously measured
octanol/water partitioning free energies, with no evidence
for attenuation of the magnitude of the hydrophobic effect.69

This peptide and the guest variants adopt little regular
secondary structure in solution or in neutral lipid bilayers
as measured by CD, although the wild-type peptide forms
measurable helix in negatively charged bilayers and in
detergents;70 perhaps this peptide lies deeper within the
membrane interface and thus experiences a more hydropho-
bic environment.

The quantitative prediction of the effects of sequence
changes on the partitioning of indolicidin into POPC contrasts
sharply with attempts to predict the much stronger partition-
ing of the positively charged indolicidin peptide into
negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-[phos-
pho-rac-(1-glycerol)] (POPG) membranes in the same work.68

While the rank order of the effects is well predicted, the
correlation with the WW scale exhibited a slope of 0.3. This
lack of additivity corresponds in magnitude to an effective
reduction of the net charge on the peptide by 1 for each 3
kcal mol-1 of favorable hydrophobic transfer free energy and
suggests that predicting partitioning behavior of charged
peptides at interfaces will require a basis for estimating
nonadditivity. There may also be components of the free
energy that depend on the sequence context and not just the
amino acid compositionsfor instance, partitioning may be
affected by the relative proximity of charges to one another.

In the context of the scheme proposed in Figure 3, the
partitioningof an unfolded peptide into the bilayer interface
due to the hydrophobic effect (∆Gwu/iu, from the WW scale)
can drivefolding of that peptide in the interface (∆Giu/if)
because of the increased favorable free energy associated
with forming a hydrogen bond in the interfacial region
compared to water. This partitioning-folding coupling can
be considered quantitatively if∆Giu/if can be measured.
Ladokhin and White used partitioning experiments of mon-
omeric melittin andD-amino acid variants71 to estimate the
per-residue free energy of formation of a helical hydrogen
bond in the interfacial region of the membrane at about-0.4
kcal mol-1, while analysis of the folding of a hexapeptide
indicated that the corresponding value is about-0.5 kcal
mol-1 for a â-sheet hydrogen bond.72 Other estimates of the
per-residue free energy for helical hydrogen bond formation
range from-0.14 kcal mol-1 from studies of magainin 2
amide73 to -0.25 kcal mol-1 from studies of the influenza
virus hemagglutinin fusion peptide.74
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End effects also need to be considered when partitioning
peptides into membranes. Hristova and White have recently
measured the free energy associated with partitioning the
C-terminal carboxyl (free or amidated) and the N-terminal
amino group (free or acetylated) of an unfolded peptide into
bilayers or octanol from water.75 Combining these results
with the WW scale allows a detailed thermodynamic
accounting of how the sequence of a peptide modulates its
association with the interface of a bilayer. How do these
findings of the interfacial approach inform or influence
research on membrane protein folding?

The boot-strap approach of Wimley and White has
currently yielded a reasonably quantitative understanding of
the thermodynamic relationships between the unfolded
soluble state, the interfacial unfolded state, and the interfacial
folded state of a peptide from its sequence using the whole-
residue interfacial scale for∆Gwu/iu and the estimates of
∆Giu/if in phosphatidylcholine membranes.2 Because the
transfer free energies for the ionizable side chains are large
and unfavorable, these residues can effectively oppose or
abolish insertion into the interface; by contrast, aromatic
residues strongly favor interfacial partitioning. While the
transfer free energies from host-guest experiments will not
account for any specific interactions between side chains of
different amino acids in a particular peptide sequence, these
contributions are expected to be small for unfolded peptides
and the partitioning of a peptide is expected to be well
described by a per-residue hydrophobicity that varies only
with amino acid composition. Because the contribution of
main chain hydrogen bond formation (∆Giu/if) is comparable
in magnitude to the whole-residue interfacial transfer free
energy (∆Gwu/iu) for uncharged residues, which make up the
majority of membrane spanning sequences, secondary struc-
ture formation and the net unfolded partitioning free energy
will significantly affect association of peptides with mem-
branes. The “interfacial-yet-unfolded” state of most peptides
may be sparsely populated because of the effects of
partitioning-folding coupling, but it nevertheless provides
an excellent reference or virtual state for considering the
factors that drive folding since its free energy depends on
composition but not sequence.

Extending these methods76 and measurements to other
lipids and arriving at a more complete understanding of the
role of electrostatics will broaden the predictive value of this
approach and test its limits. The power of the formalism is
evident; the open question is the extent to which composition
will be sufficient, or details of the sequence context will be
needed, to predict energetics. Measuring the variation of
∆Gwu/iu and∆Giu/if with sequence context (for instance, the
ability to form salt bridges77) is beginning to provide the
answers to this question and will extend the utility of the
scales. The straightforward expectation is that predicting the
behavior of folded species is more likely to require sequence
context information than predicting the behavior of unfolded
species: differences in the partitioning of peptides having
similar ∆Gwu/iu but different sequences can be attributed to
differences in the free energy of folding in the interface. The
existing scales and their extensions can be used to help
dissect the modes of action of amphipathic antimicrobial
peptides,8,10,78-80 designed membrane-active peptides,81,82and
viral fusion peptides.13,14,83-85 Most importantly, the detailed
description of the thermodynamics of interfacial folding
provides the point from which to boot-strap to the next level,
understanding the free energy of insertion of folded species

across the membrane,∆Gif/cf, so that a thermodynamic
description of all the states on the folding pathway of a
membrane protein may be obtained. It is expected that
sequence will be a critical factor (and amino acid composition
will not suffice) to explain the thermodynamics of trans-
membrane helix insertion (see section 3). Similarly, the
manner in which lipid composition modulates interfacial
peptide binding may differ strongly from how lipids influence
the thermodynamics or kinetics of peptide insertion.

2.3. Thermodynamics as an Organizing Principle

The thermodynamic formalisms of Popot and Engelman37

and of Wimley and White2 provide a conceptual framework,
based on and bounded by physicochemical principles, within
which researchers can design experiments and consider the
general implications of their results. These formalisms, as
schematically represented in Figure 3, also provide an
organizational structure to this review. Section 3 reviews
current understanding of the determinants of stable trans-
membrane helix formation by presenting biophysical, bio-
chemical, and biological experiments that test the roles of
peptide hydrophobicity, peptide length, lipid composition,
lipid acyl chain length, and the presence of polar, helix-
breaking, or charged residues on incorporation of peptides
across bilayers. The section closes with a discussion of recent
analyses of biological translocon-mediated insertion of
transmembrane domains and the dependence of this insertion
process on amino acid sequence. Section 4 presents the
experimental basis for our current understanding of helix-
helix interactions in membranes from experiments demon-
strating how amino acid sequence and lipid composition
modulate lateral interactions between biological and designed
transmembrane helices in detergents, in model bilayers, and
in membranes of living cells; the emphasis is on understand-
ing the formation of oligomeric bundles of single span
transmembrane helices. Section 5 provides an overview of
studies on the sequence and lipid determinants of thermo-
dynamic stability of the best-characterized polytopic helical
membrane proteins, including bacteriorhodopsin and di-
acylglycerol kinase. Biophysical analyses of the insertion
folding pathways of nonconstitutive helical membrane
proteins and of the kinetic refolding of helical integral
membrane proteins from detergent- or urea-denatured states
into mixed micelles and bilayers are presented in section 6,
as are experiments that explore aspects of co- and posttrans-
lational folding in biological systems.

3. Forming Stable Transmembrane Helices

A long-standing goal in the field of protein folding is to
predict structure from sequence; one small step toward that
goal is the ability to identify transmembrane domains within
proteins. Local amino acid composition is generally sufficient
for this prediction: stretches of about 20 amino acids with
predominantly hydrophobic side chains have long been
known to likely correspond to the membrane-spanning
regions of integral membrane proteins.44-49 The growing
availability of genome sequences has allowed biases and
correlations in the sequences of helical transmembrane spans
to be noted,86-89 and the increase in experimental topology
data for membrane proteins,90,91the ready availability of such
topology data,92 and the dozens of membrane protein
structures at atomic resolution23 have enabled a refinement
of methods for predicting the existence, positions, and
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interactions of transmembrane domains22,67,93from sequence
information. However, as the database of membrane protein
structures grows, the revealed architectural diversity of helical
membrane protein structures challenges the generality of such
approaches: White points out94 that the structures of the ClC
chloride channel95 and the KvAP voltage gated potassium
channel96 could not be predicted by identifying canonical
transmembrane spans and assembling them into bundles.
Although the simple approach of scanning sequences for
segments of strong hydrophobicity may not identify all
elements that can be functionally assembled into a membrane
protein, more refined approaches may eventually decode how
protein sequence determines the energetics of interactions
between protein and membrane. Examining the forces and
factors at work in the formation of independently stable
transmembrane spans provides one way of challenging
simple approaches to membrane protein folding and identify-
ing the limits of their predictive power.

3.1. Sequence Length and Hydrophobicity
The strong hydrophobicity of the segments of proteins that

span the membrane asR-helices was first noted from a small
amount of sequence and structural information.44-47 But are
the membrane-anchoring properties of these hydrophobic
sequences dependent on their context, or can they function
as transmembrane domains independent of their location
within a protein? Experiments with proteins translated in the
presence of endoplasmic reticulum membranes (microsomes)
revealed that a sequence corresponding to a biological
transmembrane domain placed at different positions within
a heterologous secreted protein could convert it into an
integral membrane protein,97 suggesting that the information
specifying a halt to translocation through the membrane is
contained locally in the sequence that remained anchored in
the lipid bilayer. Similar studies in theEscherichia coliinner
membrane showed that 16 hydrophobic residues (four repeats
of Leu-Ala-Leu-Val) are sufficient to anchor an otherwise
secreted protein,98 identifying hydrophobicity as the primary
characteristic of the “stop-transfer” sequence. These proteins
and most constitutiveR-helical membrane proteins are
inserted into membranes cotranslationally by proteinaceous
machinery resident in these biological membranes, the Sec61
(or SecYEG) translocon (reviewed in refs 52 and 99-102).

How does protein sequence affect or determine the
formation of a transbilayer helix? In particular, how hydro-
phobic does a sequence have to be to incorporate into bilayers
as a transmembrane domain in vitro? A model peptide with
a hydrophobic stretch of 24 leucines flanked by a pair of
lysines is able to incorporate into a series of phosphatidyl-
choline (PC) membranes,103 and the amide protons of its
membrane span are extremely resistant to exchange.104 This
is consistent with the strong hydrophobicity of leucine in
all thermodynamic scales; on the other hand, polyalanine
stretches appear to be poised near the minimum hydropho-
bicity needed to form a transbilayer helix. The peptide Lys2-
Ala24Lys2 could be incorporated into dry phosphatidylcholine
bilayers in a transbilayer conformation, but hydration of that
system causes the peptide to partition to the membrane
surface and to the aqueous phase, resulting in rapid exchange
of all amide protons.105 Solid-state15N chemical shifts of a
labeled alanine residue indicated that peptides Lys3Ala14Leu4-
Lys3 and Lys3Ala16Leu2Lys3 were stably inserted across
hydrated, oriented membranes, whereas Lys3Ala18Lys3 and
Lys3Ala17LeuLys3 initially adopted primarily transbilayer

conformations but suffered degradation of their NMR signals
over a period of weeks.106 Results for biological insertion
of a single span are similar: for spans of 21 residues
composed of only alanine and leucine, Kendall and col-
leagues found that a minimum of five leucines were needed
for E. coli to incorporate the protein into the inner membrane
through its translocation machinery.107 This threshold is
predicted67 using the WW octanol scale,2,64 which also
indicates that peptides composed of alternating leucines and
alanines will be stable in membranes (-0.75 kcal mol-1

transfer free energy per repeat). Studies of peptides that
contain alternating leucine and alanine residues,108-111 dis-
cussed in section 3.2, show that these peptides are indeed
sufficiently hydrophobic to form stable transmembrane
helices.

Biological transmembrane domains are often flanked by
charged residues; through interactions with the aqueous and
interfacial region of the bilayer, these could modulate the
stability of the transbilayer orientation of a helical span. A
role of flanking charges in inducing or preventing association
of transbilayer helices has also been noted: predominantly
polyleucine peptides flanked by LysAsp3 or LysAsp exhibit
self-association in the lipid 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) that can be reduced by lowering the pH,
while flanking Lys2 prevents dimerization at neutral pH.112

Heteromeric lateral association between the LysAsp3-flanked
peptide and the Lys2-flanked peptide in DOPC at neutral pH
indicates that ionic interactions between flanking charges of
transmembrane peptides can induce helix-helix associa-
tion.112 The preference of tryptophan for the membrane
interfacial region,113 the ability of tryptophan and tyrosine
to affect the anchoring of membrane spans,114,115 and the
propensity for aromatic residues to be found at the membrane
interface in transmembrane proteins86,116 suggests that aro-
matic residues may have a role in anchoring membrane spans,
as discussed in sections 3.2 and 3.4. However, the demon-
stration that an uncharged peptide containing only leucine
and alanine (and a fluorophore) can assume a stable
transmembrane orientation shows that flanking or anchoring
charged, polar, or aromatic residues are not absolutely
required for in vitro integration into bilayers.117,118

What minimum and maximum lengths of hydrophobic
sequences will function as transmembrane domains in
biological systems? Work in bacterial and eukaryotic systems
has shown that quite short sequences can form transmem-
brane domains if they are very hydrophobic: nine leucines
can suffice in microsomes,119 while 11 leucines are needed
in E. coli.107 Synaptobrevin, which inserts its C-terminal tail
into membranes posttranslationally, can be anchored by as
few as 12 leucines.120 On the other hand, while hydrophobic
stretches of 40 or even 50 residues121 span the microsomal
membrane just once, domains longer than 26 residues seem
to kink or bend such that lumenal glycosylation sites are
brought close to the membrane surface,122and a single proline
in the middle of long hydrophobic spans can enable the
sequence to form a helical hairpin and cross the membrane
twice.121Thus, the general composition and length of peptides
needed to span bilayers is roughly consistent with the
hydrophobicity and thickness of the lipid bilayer.

3.2. Hydrophobic Mismatch and Interfacial
Anchoring

The accommodation of a wide range of apolar transmem-
brane lengths by the translocon machinery leads to the issue

1936 Chemical Reviews, 2006, Vol. 106, No. 5 MacKenzie



of hydrophobic mismatch:123,124if the hydrophobic thickness
of a lipid bilayer and the hydrophobic length of anR-helix
do not match, what structural rearrangements of lipid, protein,
or both take place, at what energetic costs, and with what
functional consequences? The lipids in the membrane could
respond to mismatch with helices by adopting a more or less
extended acyl chain conformation, thus effectively adjusting
the thickness of the bilayer. Responses of the protein to
hydrophobic mismatch could include lateral association of
the helices to minimize their exposure to bilayer or water or
alteration of the polypeptide backbone conformation; in cases
of positive mismatch, where the transmembrane span is
overly long, the helix may tilt, while in the case of negative
mismatch the side chains of polar residues may “snorkel”
to extend their polar ends to the aqueous interface. This
section outlines how biophysical experiments addressing
positive and negative mismatch between model peptides and
lipid bilayers have provided insight into how single-spanning
hydrophobic domains interact with bilayers (reviewed
elsewhere125-127).

London and colleagues have explored hydrophobic mis-
match using fluorescence methods and a series of model
peptides.128,129 They showed, using lipids of different acyl
chain lengths and model hydrophobic peptides that could
interconvert between surface-associated and transbilayer
structures, that the energetics of insertion could be modulated
by hydrophobic mismatch and cholesterol content.128 Trans-
bilayer insertion of the polyleucine-based peptide pLeu(D11)
(see Table 1) across fluid state phosphatidylcholine mem-
branes is optimal for acyl chain lengths of 18 or 20 carbons;
the thicknesses of the hydrocarbon core of these bilayers
(∼28 or 31.5 Å, respectively) correspond closely to the length
of the hydrophobic span of pLeu(D11) as anR-helix (30
Å).128 For lipids with acyl chains longer than 20 carbons,
transbilayer insertion of the peptide becomes less favorable,
presumably due to the energetic cost of burying the flanking
residues in the thicker membrane: the free energy of
transbilayer insertion is reduced by 1-1.5 kcal mol-1 per
two-carbon increase in chain length.128 With the pLeu series
of model peptides, a short hydrophobic stretch of 11 leucines

was shown to be surface-associated with a moderately thick
membrane (DOPC), while spans of 15, 19, and 23 leucines
were capable of inserting across the bilayer.129 Thus,
hydrophobic mismatch can significantly affect the free energy
of the transbilayer conformation of a membrane spanning
sequence, and one response of the peptide can be to partition
into the membrane interface rather than assume a transbilayer
structure. While the shorter pLeu peptides are largely
monomeric upon transmembrane insertion, the 23 residue
span shows evidence of a stronger tendency to undergo lateral
association, demonstrating that mismatch can influence
helix-helix interactions.129 By contrast, lateral association
of very similar polyleucine-based model peptides was shown
to be influenced modestly by the length of the hydrophobic
membrane span but to increase systematically with increased
thickness of the lipid bilayer, including conditions of strong
negative mismatch.130

Killian and colleagues have used artificial membranes
composed of either lipid mixtures or pure lipids together with
the WALP series of alternating leucine-alanine model
peptides (see Table 1) to study the effects of hydrophobic
mismatch between peptide and bilayers. The extent of
positive or negative mismatch decreases the amount of
peptide that can be stably incorporated into bilayers,131 with
excess peptide forming aggregates.111,132WALP peptides that
are incorporated into phosphatidylcholine bilayers encourage
the formation of nonlamellar lipid phases in a manner that
is consistent with mismatch effects111,125,133and with a role
for the flanking tryptophans of the WALP peptides.113 Even
at very low peptide/lipid ratios, WALP peptides also strongly
influence the lamellar-to-isotropic phase transition of mix-
tures of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) and 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (DOPG) in a way that correlates with hydrophobic
mismatch.134 KALP variants of the WALP peptides bearing
charged anchoring residues instead of tryptophan (see Table
1) also promote formation of nonlamellar phases of PE and
PE/PG lipids in a similar manner135 and can be incorporated
into bilayers to a greater extent than the WALP homo-
logues.127 A tryptophan-specific effect on the ability of a
transmembrane model peptide to induce nonlamellar phase
has been seen for mixtures of WALP peptides, unsaturated
PCs, and cholesterol: for this lipid composition, peptides
flanked by histidines or arginines cannot induce the isotropic
phase.136 Thus, peptide flanking sequences and hydrophobic
mismatch can have interdependent effects on the ability of
peptides to be incorporated into bilayers and on the behavior
of lipid/peptide mixtures.

While many of the experiments described above were
designed to test the effects of hydrophobic mismatch, other
factors certainly underlie the behavior of peptide-lipid
mixtures, and hydrophobic mismatch does not always explain
the effects of peptides on lipids. For instance, polyleucine
peptide P24 (see Table 1) interacts with phosphatidylcholine
lipids in a way that is modulated by acyl chain length103 but
exhibits chain-length independent peptide-lipid interactions
with phosphatidylethanolamine lipids.137 Most dramatically,
the effects of polyleucine peptide L24 (see Table 1) and
variants on the fluid to hexagonal phase transition temper-
ature of phosphatidylethanolamine goagainsthydrophobic
mismatch predictions.138

At peptide-to-lipid ratios that support lamellar phases, it
is expected that hydrophobic mismatch may cause alterations
to the bilayer thickness.123 Gramicidin, which has a hydro-

Table 1. Sequences of Model Peptides Used to Study the
Interaction of Transmembrane Helices with Lipids under
Conditions of Hydrophobic Mismatch

peptide
name sequence

apolar
spana (Å)

pLeu(D11) acetyl-K2GL7DLWL9K2A-NH2 30
pLeu11 acetyl-K2GL5WL5K2A-NH2 18
pLeu15 acetyl-K2GL7WL7K2A-NH2 24
pLeu19 acetyl-K2GL9WL9K2A-NH2 30
pLeu21 acetyl-K2GL10WL10K2A-NH2 33
pLeu23 acetyl-K2GL11WL11K2A-NH2 36
WALP13 acetyl-GWW(LA)3LWWA-ethanolamide 10.5
WALP16 acetyl-GWW(LA)5WWA-ethanolamide 15
WALP19 acetyl-GWW(LA)6LWWA-ethanolamide 19.5
WALP21 acetyl-GWW(LA)7LWWA-ethanolamide 22.5
WALP23 acetyl-GWW(LA)8LWWA-ethanolamide 25.5
KALP16 acetyl-GKK(LA)5KKA-ethanolamide 15
KALP23 acetyl-GKK(LA)8LKKA-ethanolamide 25.5
KALP31 acetyl-GKK(LA)12LKKA-ethanolamide 37.5
(LA)12 acetyl-K2(LA)12K2-NH2 36
L24 acetyl-K2L24K2-NH2 36
P16 acetyl-K2GL16K2A-NH2 25.5
P24 acetyl-K2GL24K2A-NH2 37.5

a The expected length of the hydrophobic region of the peptide is
calculated using 1.5 Å per residue for the underlined portions of the
spans.
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phobic thickness corresponding to WALP16, thickens 1,2-
dilauroyl-sn-glycero-3-phosphocholine (DLPC) bilayers by
1.3 Å and thins 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) bilayers by 2.6 Å when incorporated at a 1:10 mole
ratio.139 Protein-free membranes reconstituted from lipid
extracts are as much as 5 Å thicker or thinner than the
biological membranes from which the lipids were derived,
suggesting that integral membrane proteins modulate biologi-
cal membrane thicknesses.140 While incorporation of either
L24 or (LA)12 model peptides (see Table 1) perturbs the
orientational order of lipid acyl chains in liquid-phase bilayers
as measured by2H NMR141,142in a manner consistent with
altering the spatial extent of the lipid chain to minimize
hydrophobic mismatch, it is not clear to what extent these
changes would resolve the mismatch. Long WALP peptides
are inferred by2H NMR quadrupolar splittings to thicken
membranes by as much as 1.4 Å, and short WALP peptides
can thin bilayers by 0.4 Å,143 but these differences are modest
compared to the extent of mismatch and therefore indicate
that the peptides have minimal effects on bilayer thickness.
This conclusion is supported by direct X-ray diffraction
measurements of oriented bilayers showing that WALP13,
-16, and -19 do not affect the thickness of membranes made
from C12, C13, or C14 saturated phosphatidylcholine lip-
ids.110 Single membrane-spanning helices therefore appear
to have a minimal ability to modulate the overall thickness
of pure lipid bilayers.

Another response to positive hydrophobic mismatch is for
peptides to tilt, effectively burying more of their hydrophobic
surface area in the membrane hydrophobic core. Circular
dichroism and15N solid-state NMR showed that a series of
peptides with alternating leucines and alanines flanked by
two lysines on each end were able to incorporate across
bilayers estimated to be 14 Å too thin or 4 Å too thick, and
mismatch systematically affects the15N chemical shifts in a
manner consistent with slight helix tilts.144 While the degree
of mismatch strongly affects the amount of WALP peptides
that are incorporated into membranes, attenuated total
reflection Fourier transform infrared (ATR-FTIR) measure-
ments show that those species incorporated into PC bilayers
exhibit quite similar tilts.131 A solid-state2H NMR method
using site-specific alanine labels shows that WALP19
exhibits the same small tilt of about 4° away from the
membrane normal in lipids having acyl chains ranging from
12 to 18 carbons.145 For the WALP23 peptide and the same
range of lipid acyl chain lengths, a small but systematic
increase in peptide tilt is seen for increasing mismatch, but
the maximum tilt of about 8° in di-C12:0-PC is still much
too small to resolve the mismatch.146 A peptide flanked by
lysines also exhibits increasing tilts with increasing positive
mismatch, but while the range of tilt is larger than that of
the WALP species, suggesting that tryptophan anchors the
peptide differently from lysine, it is still very modest
(<12°).147 The inhibitory effect of tryptophan on the tilt of
the peptide can be overcome by making the peptide more
hydrophobic: polyleucine peptides flanked by tryptophan or
lysine residues and each containing a single labeled alanine
(at one of four consecutive positions in the middle of the
membrane span) both tilt as much as 11° in di-C12:0-PC.147

Interestingly, the peptides tilt toward a different face of the
helix for tryptophan or lysine anchored peptides, but the
direction of tilt is only slightly modulated by the polyleucine
or alternating leucine-alanine nature of the hydrophobic
membrane span. The development of methods for studying

helical tilts of peptides in ways that minimize the number
of labeled synthetic peptides required146,148,149suggests that
the exploration of the effects of mismatch on the orientation
of biological single membrane spans is feasible. However,
at least for the case of the WALP series, while hydrophobic
mismatch can deter peptide integration across lipid bilayers,
such peptides have little effect on bilayer thickness and
mismatch only very slightly perturbs the orientation of
peptides that are successfully incorporated. Minimal tilts in
response to large positive mismatch suggest that tilting is
more energetically costly, perhaps in terms of the required
lipid conformations, than other possible outcomes resulting
from mismatch.

By contrast, solid-state NMR data of peptides in oriented
multilayers indicate that the uniformly15N-labeled trans-
membrane domain of Vpu does tilt in response to positive
hydrophobic mismatch, from 18° in a bilayer made of C18
lipids to 27°, 35°, and 51° in bilayers made from lipids with
tails of 14, 12, and 10 carbons respectively.150The differences
between the strong mismatch-dependent tilts observed here
and the minimal tilts seen for the WALP and KALP peptides
discussed above may result from the manner in which the
lipid/peptide complexes are prepared or from the level of
sample hydration. The differences may simply reflect the
different sequences of the peptides under study, but two
major differences in the lipids used in these studies should
also be noted. The Vpu work uses a mixture of lipids, 9:1
phosphatidylcholine/phosphatidylglycerol, which may fa-
cilitate lipid rearrangements needed to accommodate peptide
tilting; however, in some of these samples, the phosphati-
dylcholine lipid used is ether-linked, unlike the WALP and
KALP studies. Thus, transmembrane helices can tilt, under
some circumstances, in response to positive hydrophobic
mismatch.

Although several lines of evidence indicate that the heli-
city of model peptides is largely unperturbed by mis-
match,103,131,145some slight distortions do occur108,151and the
possibility that biological membrane spans experiencing
positive or negative mismatch may undergo rearrangements
of their secondary structure cannot be formally excluded. If
hydrophobic mismatch is not very unfavorable, peptides that
are too long for the hydrophobic core of the bilayer could
simply extend through the interfacial region, or into the
solvent. This seems to be the case for bilayer-incorporated
KALP peptides (see Table 1), where hydrogen/deuterium
exchange data indicate that the additional hydrophobic
residues present in longer peptides are almost fully suscep-
tible to amide proton exchange and are thus exposed to
aqueous environments at least transiently.127 By contrast,
WALP peptides compensate for positive mismatch in a way
that largely protects backbone amides from exchange: there
are seven additional amide protons in WALP23 compared
to WALP16, but only one or two of these exchange quickly
when the peptides are inserted in DMPC bilayers.152 The
dependence of protection from amide exchange on the
location of the flanking tryptophan residues152 is consistent
with the interfacial anchoring role of trytophan in glycosy-
lation mapping studies of model transmembrane domains
inserted into microsomes114 and with observations that
tryptophan partitions preferentially to the membrane inter-
face.59,113 However, the precise physical basis for the
protection of the amides in WALP peptides from exchange
is not clear, given that WALP23 does not increase the
thickness of thin bilayers143 and the peptide does not exhibit
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significant tilt,146 as described earlier in this section. It may
be that a local accommodation of lipid structure in the
immediate vicinity of the peptide helps resolve the mismatch
problem and protect the peptide backbone amides from
exchange, as suggested by molecular dynamics simulations153

(reviewed elsewhere154). Although the hydrophobic core of
the DMPC bilayer is about 24 Å thick, corresponding to a
helix length of 16 residues, WALP16, KALP23, and
KALP31 peptides in DMPC bilayers each protect only about
eight amide hydrogens from exchange at long times, while
WALP23 protects 14 amides within a leucine-alanine core
of 17 residues.127 This protection of additional amides may
indicate that the tryptophan-anchored peptides make minimal
excursions away from their time-averaged positions and
conformations in the bilayers, whereas the lysine-flanked
peptides could sample a greater range of depths. This
anchoring behavior can be explained by the partitioning free
energy of tryptophan as expressed in the WW interfacial
scale:55,65two tryptophans at the same end of the hydrophobic
span of WALP23 favor the interface over water by a
combined 3.7 kcal mol-1 and thus strongly resist being
pushed into the aqueous layer, while partitioning a leucine-
alanine dipeptide into the aqueous phase would require only
0.4 kcal mol-1.

The current state of knowledge regarding the response of
proteins and bilayers to hydrophobic mismatch is far from
exhaustive, and studies involving model peptides, biological
membrane spans, polytopic proteins, and especially mixtures
of lipids will yield additional insight into this subject.
Information available to date suggests that for single spans,
even conditions of extreme mismatch have little effect on
peptide tilt or on bilayer thickness. Unless the flanking
residues partition into the membrane particularly well or the
hydrophobic spans are extremely long, single spans may
simply extend out of the hydrophobic core or perhaps even
the interface region of the bilayer. The indications that
peptide self-association or aggregation seems to be increased
by positive or negative mismatch suggest that the increased
free energy associated with protein-lipid mismatch can be
lowered by eliminating protein-lipid contacts through
formation of peptide-peptide contacts. Thus, hydrophobic
mismatch may be expected to impact oligomerization,
folding, and conformational changes of helical integral
membrane proteins.

3.3. Polar Residues and Proline
A putative transmembrane span containing an internal

polar or charged residue should still be able to assume a
stable transmembrane configuration if the other residues in
the span are sufficiently hydrophobic. London and colleagues
have shown that polyleucine helices bearing a serine,
asparagine, lysine, or aspartic acid residue in the middle of
the span are capable of achieving a transbilayer orientation
in DOPC membranes, although the buried ionizable residues
can induce changes to other orientations under extremes of
pH.155 Using a dual fluorescence quenching assay for
distinguishing surface-associated and transbilayer configura-
tions,156 Caputo and London have determined the effects of
making substitutions for one or two of the leucine residues
near the middle of a polyleucine span bearing an internal
tryptophan reporter. In DOPC membranes, single substitu-
tions of hydrophobic, polar, and charged residues did not
affect the transbilayer incorporation of the peptide, nor did
the substitution of two prolines.157 When these same peptides

were tested in thicker 1,2-dierucoyl-sn-glycero-3-phospho-
choline membranes, peptides with single substitutions of
hydrophobic or slightly polar residues were accommodated
in transbilayer orientations, while single proline and charged
amino acid substitutions and the double proline substitution
showed some surface association; mutations to adjacent like
charges (Lys-Lys or Asp-Asp) abolished transbilayer inser-
tion.157 The ionization state of aspartic acid residues within
the membrane span directly determines the orientation of
the peptide: at high pH, the surface-associated form prevails,
while at low pH, the protonation of the side chains allows
the peptide to insert in a transbilayer state.158

It should be noted that the cost of burying a positively
charged residue within the membrane may be alleviated by
“snorkeling” of a long side chain to make favorable interac-
tions with lipid phosphates, as suggested by glycosylation
mapping experiments,159 analysis of protein sequences and
structures,160 and molecular dynamics simulations.161 Since
snorkeling may have very little free energy cost,135,162 this
can provide an adaptation of a membrane span to apparent
hydrophobic mismatch (section 3.2).

While a general strong inhibitory effect of charged side
chains on insertion across the bilayer is to be expected based
on the WW scale, the role of proline in the formation of
transmembrane helices is more subtle. The covalent structure
of the imino acid proline results in steric restriction of
accessible backbone torsion angles and has been shown in
soluble proteins to strongly oppose helix formation,63 al-
though there is a propensity for prolines at the N-terminal
ends of helices in soluble proteins.163,164Given the importance
of satisfying hydrogen bonds within the membrane environ-
ment and the potential helix-breaking or kink-inducing nature
of this amino acid, proline sites in hydrophobic membrane
protein spans and in intact membrane proteins are of
considerable interest.

Deber and colleagues investigated the secondary structure
of the transmembrane span of the insulin receptor, along with
a variant bearing a double mutation of a Gly-Pro pair to Ala-
Ala that had previously been shown to increase internaliza-
tion of the receptor. Consistent with the strong helix-forming
tendency of alanine, the mutant peptide exhibits greater
helicity than wild-type in detergent and is more resistant to
thermal denaturation; it also seems to self-associate more
strongly.165 By contrast, a proline to glycine mutation isolated
in a mutagenesis screen of the IKe coat protein destabilizes
the helical secondary structure of the detergent-solubilized
peptide in favor ofâ-structure at high temperature;166,167 it
appears that the proline helps define the amino-terminal end
of the membrane-spanning helix.168 Circular dichroism
measurements of a series of model hydrophobic peptides
showed that proline was capable of supporting helix forma-
tion in detergents, in lipids, and in organic solvents.169 These
data indicate that the presence of a proline in a membrane
span can either block or enhance the formation of helical
structure, presumably in a way that depends on the sequence
context, the lipidic environment, or both. Prolines could also
provide conformational flexibility or heterogeneity, as seen
in solid-state NMR studies of a synthetic peptide corre-
sponding to the M1 segment of nicotinic acetylcholine
receptor studied in hydrated bilayers.170

The effect of prolines on transmembrane domain position-
ing has also been explored in glycosylation mapping experi-
ments (see Figure 4), where constructs with linkers of
different lengths separating a single lumenal glycosylation
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site from the hydrophobic span are translated in the presence
of microsomes to map the position of the glycosylation site,
and thus the hydrophobic span, relative to the location of
the active site of the oligosaccharyl transferase.171,172 The
effects of single proline replacements within a 20 or 23
residue polyleucine stretch on the availability of the adjacent
glycosylation site depends strongly on the positions of the
prolines within the hydrophobic span: substitutions within
the first two turns of helix make the glycosylation site more
accessible, while substitutions deeper in the transmembrane
span behave like the original polyleucine construct.172

Although interpretation of precise distances is complicated,
it is clear from these studies that a proline in the middle of
a membrane span (and thus in the hydrophobic core of the
membrane) does not change the effective helix length, while
a proline near the end of the span (and thus in the membrane/
water interfacial region) causes local unraveling of the
transmembrane helix. Similar experiments showed that when
lysine and aspartic acid are placed three or four residues apart
in the context of a polyleucine membrane span, such that
they could form a salt bridge, the transmembrane domain
inserts more deeply into the membrane than when the
charged residues are one or two residues apart.173 These
experiments report on the physical behavior of biological
transmembrane spans in the complex membrane of the
endoplasmic reticulum, supporting and extending the struc-
tural and energetic expectations available from model
systems and from first principles.

Another potential role for proline inR-helical membrane
protein folding has been identified by analysis of the third
transmembrane span of cystic fibrosis transmembrane con-
ductance regulator (CFTR), where the mutation Pro205Ser
blocks maturation of the full-length channel. A peptide
corresponding to the wild-type transmembrane domain is
much more helical in detergent than when Pro205 is replaced
by glycine, alanine, serine, or leucine;174 the mutants appear
to form aggregates withâ-structure. Chimeric constructs
translated in the presence of microsomes and tested for
topology show that the mutants incorporate into microsomes
only half as well as wild-type; similarly, wild-type synthetic
peptide is readily reconstituted into synthetic lipid bilayers
as a helix, but the mutant peptides can only be incorporated
in a transmembrane configuration if they are treated with

organic solvents.174 This example suggests that, as seen
previously for soluble proteins,175 an amino acid that prevents
formation of alternate conformations can stabilize a mem-
brane spanning domain.

3.4. The Translocon
Most eukaryotic helical integral membrane proteins be-

come integrated into the membrane of the endoplasmic
reticulum through a cotranslational process that involves the
Sec61 translocon, a membrane-embedded protein-conducting
pore.102,176Proteins are targeted for translocation and insertion
by hydrophobic stretches in their primary sequence, which
together with the charges of flanking residues control the
topology of integration into the membrane.99 The machinery
and mechanisms by which this process is directed are
the subject of intense investigation, as reviewed else-
where.52,100,101,177-179

Experiments testing the determinants of topology showed
that charged residues on either side of hydrophobic signal
sequences affect the insertion of the protein so as to orient
the more positively charged flanking region on the cytosolic
side of the membrane (the “positive-inside rule”).180,181

Although the positive-inside rule can be used to control and
design bitopic and polytopic protein topology,182 conflicting
positive-inside signals for hydrophobic spans within a single
polytopic membrane protein can result in the exclusion of
one of the spans from theE. coli membrane,183 and simple
models for topology where the orientation of the first
hydrophobic span determines the topology of all subsequent
spans184 are not adequate to describe all membrane protein
insertion events.185 However, the behavior of the translocon
is not determined by the sequence of the polypeptide
substrate alone. Tuning the anionic phospholipid content of
the E. coli membrane was shown to affect both insertion
and topology in a way that was modulated by altering the
number of positively charged residues flanking the membrane
span,186 strongly suggesting that the translocon-mediated
insertion process was sensitive to interactions between
charged residues and charged lipids. Sequence changes at
the middle of a hydrophobic span can alter topology in
remarkable ways: placement of a proline near the middle
of a 31 residue polyleucine span (but not a 30 residue span)
can convert a single membrane span into a polytopic “helical
hairpin”.187 The propensities of different residues to promote
the integration of helical hairpins, and thus turn formation,
have been quantified; only phenylalanine and the large
aliphatic residues have no tendency to promote turns.187-189

Based on biochemical evidence including cross-linking,
glycosylation, and membrane integration data, Rapoport and
colleagues have proposed that the translocon mediates
membrane integration by allowing the polypeptide that is
passing through the protein pore to equilibrate with lipids,
partitioning into the bilayer or staying associated with the
pore based on its hydrophobicity.190,191White suggested that
thermodynamic formalisms for membrane protein folding
might be combined with information about translocon-
mediated processes to explain membrane protein structure,
folding, and stability.94 This proposal has been dramatically
fulfilled by recent work published by von Heijne, White,
and colleagues192,193 (and reviewed elsewhere194) relating
translocon-mediated biological membrane protein insertion
data to thermodynamic models and firmly establishing the
usefulness of relating simple quantitative models for peptide/
membrane interactions to the translocation process.

Figure 4. Glycosylation mapping method of von Heijne and
colleagues.172 Modification of a lumenal glycosylation site (black
dot) by the oligosaccharyl transferase (not pictured) depends on
the distance (d) of the site from the membrane. Sites that extend
sufficiently far from the membrane are glycosylated (bold Y, at
left), while sites that are too close to the membrane surface because
of internal deletions in the linker (red line) between the membrane
span and the glycosylation site are not modified (outlined Y, center).
Constructs bearing linkers too short to allow glycosylation can be
made accessible if a proline substitution is made in the first two
turns of the polyleucine membrane span, causing local unraveling
of the helix in the interfacial region of the membrane and increasing
the apparent extent of the membrane span. Adapted with permission
from ref 172. Copyright 1998 Academic Press (Elsevier Ltd).
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Previous work with the eukaryotic119 and prokaryotic107

translocons had demonstrated minimum lengths and hydro-
phobicities (relative number of leucines or alanines; see
section 3.1) needed for translocon-mediated integration into
membranes. Extending this approach, von Heijne and col-
leagues generated dozens of membrane spans composed of
leucine and alanine in different proportions, tested them for
membrane integration as part of a polytopic protein, treated
the measured fractional integration as an apparent association
constant, and calculated apparent free energy differences
between the inserted and noninserted states.192 Working with
transmembrane spans having a small number of leucines in
the context of polyalanine poised the system near the
integration threshold, allowing the authors to quantify
fractional integrations precisely and accurately using a
glycosylation assay (see Figure 5). Ten different constructs
containing two leucines spaced symmetrically in the 19
residue membrane span opposed integration by about 0.7 kcal
mol-1 on average, an analogous set containing three leucines
opposed integration by about 0.1 kcal mol-1, and a set
containing four leucines favored integration by about 0.5 kcal
mol-1. The effects of these substitutions are essentially
additive. Increasing the leucine content of membrane spans
that also contained polar substitutions enabled the authors
to keep the system poised near 50% integration efficiency.
Comparison of apparent transfer free energies for constructs
that differed from one another by single or double amino
acid substitutions allowed the authors to construct an apparent
free energy scale (∆Gapp) for the amino acid dependence of
partitioning a transmembrane domain from the translocon
into the membrane of the endoplasmic reticulum, which they
termed a base biological hydrophobicity scale.

The biological hydrophobicity scale correlates extremely
well with the WW whole-residue octanol/water transfer free
energy scale,64 with the most significant outliers being
tryptophan and proline. Since the WW octanol scale gives a
better correlation with the data than the interfacial scale, the
observed “partitioning” between secretion and membrane
integration corresponds to transfer from an aqueous environ-
ment to a strongly hydrophobic environment. This is
consistent with the idea that the protein threaded through
the translocon resides in an aqueous environment and
partitions into the hydrophobic core of the membrane bilayer.

Notably, the positional effects for the hydrophobic residues
tested are generally small ((0.2 kcal mol-1) but are as large
as 1.4 kcal mol-1 for proline, with placement of proline in

the middle of the span favoring integration the least.192 This
same spatial dependence is expected for transferring a
proline-containing hydrophobic helix from water into a
bilayer. Proline replacements at the N-terminal side of the
helix are more favorable for integration than those at the
C-terminal side, consistent with the observed locations of
proline in membrane spans.195 Strong positional effects on
integration were also seen for model transmembrane spans
containing an arginine: the experimental∆Gapp varied as
much as 2.2 kcal mol-1, depending on the position of the
arginine within a 19 residue span.193When the base biological
hydrophobicity scale alone is used, the predicted∆Gapp for
the S4 helix from the voltage-gated potassium channel (which
contains four arginines) is+3.9 kcal mol-1, whereas the
experimental value is+0.5 kcal mol-1. However, including
the position-specific terms yields a predicted∆Gapp of +0.9
kcal mol-1, which is in excellent agreement with the
experimental value.193

The apparent free energies for integration of membrane
spans with the composition Leu4Ala13Ser2 vary over a range
of 0.9 kcal mol-1 in a manner that is well explained192 using
the hydrophobic moment,47 which is a measure of the
asymmetric distribution of hydrophobic residues wrapped
onto an ideal helix. The analysis shows that when polar
residues cluster on one face of the helix, the span integrates
less well compared to when the polar side chains face in
different directions.192 Membrane spans containing two lysine
or asparagine residues integrate least well when the polar
residues are separated by six intervening residues, thus
placing them on the same face of a helix. The hydrophobic
moment, which quantifies the amphiphilic nature of a helical
region, can also account for much of the variance in the
apparent transfer free energies of the classes of constructs
containing only leucine and alanine in the same proportions
but in different sequence arrangements.

Spacing effects seen for tryptophan are quite interesting:
two tryptophans in the middle of the membrane span strongly
oppose insertion, while positioning the residues at the edges
of the span strongly favors insertion (the difference is as
much as 1.4 kcal mol-1).192 Tyrosine exhibits a similar
pattern, but phenylalanine is almost as indifferent to residue
spacing as leucine. These effects mirror the membrane
interfacial partitioning behavior of these amino acid side
chains,59,113 the observed statistical preference of these
residues for membrane interfaces,196 and the effects of these
residues on the depth of inserted spans in membranes.114

Taken together, these observations overwhelmingly sup-
port the hypothesis that the integration of transmembrane
helices into the endoplasmic reticulum membrane is related
to the ability of the sequence to partition into lipid bilayers.
These results illustrate the power of applying quantitative
apparent free energies to a complex biological process such
as the insertion of a transmembrane helix into a membrane
from the translocon. It seems that supplementing the base
biological hydrophobicity scale with position-dependent
terms may suffice to explain the tendency of natural
biological sequences193 to insert as transmembrane helices
via the translocon. Both the position-independent apparent
free energy terms (the base biological hydrophobicity scale)
and the position-dependent terms described to this point can
be readily related to physical parameters: the base biological
scale correlates with hydrophobicity, the position-dependence
of many residues correlates with the hydrophobic moment,
and the positional effects of the aromatic residues correlates

Figure 5. Glycosylation assay of Hessa et al.192 for determining
fractional integration of membrane spans. Integration of the third
membrane span leaves one glycosylation site (black dot) in the
cytoplasm (left), while translocation of the sequence allows both
sites to be glycosylated. Unmodified, singly, and doubly modified
species are resolved by SDS-PAGE and quantified. Adapted with
permission fromNature (http://www.nature.com), ref 192. Copy-
right 2005 Nature Publishing Group.
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with their propensity to partition to the membrane interface.
Thus, it appears that the rules employed by the biological
translocon machinery in “deciding” between translocation
and membrane integration are largely encoded in the
composition and the precise sequence of the protein that
determine the physicochemical properties of the translocating
polypeptide chain. Other aspects of translocon function,
including the tendency for turn or helical hairpin forma-
tion187-189 and the topology of insertion of a signal-anchor
sequence,197 may also be explained by amino acid propensi-
ties or apparent free energy scales, as discussed further in
section 6.3. Other protein translocation machinery may
respond similarly to protein sequences: strong hydrophobic-
ity of membrane spans favors the direct membrane incor-
poration of transmembrane proteins imported into mitochon-
dria via the TIM23 complex (the so-called “stop-transfer”
pathway), whereas moderate hydrophobicity or the presence
of proline residues in the membrane-spanning domains favors
the transfer of the membrane protein to the mitochondrial
matrix and subsequent export/insertion.198

Relating these apparent free energy terms to the thermo-
dynamic picture that has emerged from the interfacial
approach to membrane protein folding is not immediately
straightforward. Does the translocon truly sample the ener-
getic difference between the translocated state and the
integrated state? Even if one blurs the distinction between
free energy of partitioning and apparent free energy, the base
biological hydrophobicity scale is not easily related to the
thermodynamic cycles in Figure 3. The integrated state of
the helix clearly corresponds to a species that is folded and
in the core of the membrane, but the translocated state could
be either folded or unfolded in the aqueous lumen of the
ER, or even lying on the lumenal surface of the ER
membrane; thus, the base biological hydrophobicity scale
could correspond to∆Gwf/cf, ∆Gwu/cf, or ∆Gif/cf. This means
that the observed partitioning (and its position-dependence
for certain amino acids) may arise from effects on the folded
polypeptide in the membrane interface or on the free energy
of the folded or unfolded aqueous polypeptide. However,
the slope of 1.07 for the correlation between the base
biological hydrophobicity scale and the WW water-octanol
partitioning free energy192 indicates that the biological scale
covers the full expected range of hydrophobicity (as opposed
to the reduced hydrophobic effect seen for the WW interfacial
scale; see section 2.2), suggesting that the scale approximates
partitioning from water to the hydrophobic core of the
membrane. The intercept for this correlation is displaced from
zero, with the biological scale shifted by 0.5-0.6 kcal mol-1

(per residue) in favor of the aqueous state compared to the
octanol scale;192 because each scale was zeroed using
empirical boot-strapping approaches, the source and meaning
of this difference is not clear. The magnitude of the difference
can, however, be appreciated when summed over the 20
residues of a membrane span: if the biological scale were
shifted to match the zero of the octanol scale, the “corrected”
base biological hydrophobicity scale would over-predict
membrane integration by 10 kcal mol-1 of apparent free
energy.

Since the zero point of the octanol-water scale was arrived
at by analyzing short peptides, one might choose to adjust it
to match the biological scale; however, the excellent predic-
tive value of the octanol-water scale in identifying trans-
membrane spans67 would be compromised by this adjustment.
Since the water-octanol scale includes a per-residue cost

for desolvating the polypeptide backbone upon partitioning
into the membrane55,67 (see section 2.2), changing this
contribution would change the scale offset, but theoretical
considerations and computation66 both suggest it is unlikely
that peptide integration into a bilayer should carry alarger
energetic cost for desolvating the polypeptide backbone than
water-octanol transfer. Differences in the number of hy-
drogen bonds in the integrated species compared to the
translocated species could also result in an offset between
the scales, but it is difficult to see how the transmembrane
span would beless folded than the translocated sequence,
as needed to account for the sign of the scale offset, because
the membrane is expected to drive hydrogen bond formation.
Although the physical basis for this offset is not clear at
present, the boot-strapping approaches based on the partition-
ing of model peptides and on the analysis of membrane
integration data have advanced our understanding of the
energetics of peptide-bilayer association to the point where
detailed questions about the sequence dependence of protein
behavior in vivo and in vitro can be addressed in a context
where the fundamental ground rules are agreed upon.

4. Lateral Interactions between Transmembrane
r-Helices

The two-stage model indicates that the stability of a helical
transmembrane protein can be understood by conceptually
separating its folding into two steps: the formation of
independently stable transmembrane helices and the lateral
association of these helices into bundles.37 Perhaps the best
case in which to apply the two-stage thinking is the
association of single membrane spans into oligomers. The
presence of loops in polytopic proteins and of intramem-
branous ligands were acknowledged in the original two-stage
model to have some influence on folding,37 and updates to
the model have provided explicit discussion of these factors
(and of the involvement of peripheral domains in the folding
process).3,51The formation of oligomeric complexes of single
membrane spans avoids these additional complicating factors,
placing the simplifying principles of the model on their
firmest possible standing.

When monomeric peptides associate into an oligomer,
peptide-lipid contacts are lost with the release of lipids to
the bulk phase and peptide-peptide contacts are made. The
equilibrium between transmembrane helix monomer and
oligomer will be determined by the balance of enthalpic and
entropic terms that govern helix-helix, helix-lipid, and
lipid-lipid interactions; some of these terms will clearly
depend on protein sequence (and not merely the amino acid
composition), while others must vary with the identity of
the lipids. This section of the review will focus on the
sequence, structural, and lipid determinants that stabilize
lateral interactions between single membrane spans, with the
goals of identifying the forces and factors that mediate the
lateral interactions between helices and of demonstrating the
utility of the two-stage model in analyzing such systems.
Many biophysical, biochemical, and biological methods have
been developed to study the oligomerization of single
membrane spans in detergents, in synthetic bilayers, and in
the membranes of living cells. Section 4.1 introduces most
of these methods in the context of a review of papers
exploring the homodimeric association of the transmembrane
domain of human glycophorin A, the most thoroughly studied
example of the two-stage model.
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4.1. Glycophorin A: A Two-Stage Model Protein
Glycophorin A, the major sialoglycoprotein from human

red cell membranes, has been the subject of biochemical
investigations for more than three decades. Selective extrac-
tion of glycophorin A from red cells using lithium di-
iodosalicylate showed that the amino terminal domain of the
protein is the carrier of epitopes for MNO blood type199 while
the C-terminal domain associates with the membrane.200

Purified and reconstituted glycophorin A201,202 exhibits the
same topology as the native protein.203 The determination
of the 131 amino acid sequence of glycophorin A by peptide
mapping and sequencing represented the first primary
structure of an integral membrane protein.204 The transmem-
brane region of glycophorin A binds tightly to phospho-
inositides during purification,205 and full-length glycophorin
A affects the properties of lipids when incorporated into
membranes,206,207 with an interaction preference for phos-
phatidylcholine over phosphatidylserine.208-210 About 10
amide hydrogens of glycophorin A transmembrane peptide
reconstituted into phosphatidylcholine bilayers are resistant
to chemical exchange over many hours.211

4.1.1. Sequence-Specific Transmembrane Helix
Dimerization

The property of glycophorin A that has been of most
interest in the protein folding field is its self-association:
glycophorin A forms a detergent-resistant complex that
migrates primarily as a dimer under conditions of SDS-
PAGE.212 This self-association of glycophorin A was used
to map the homodimerization domain to a tryptic peptide
that includes the hydrophobic membrane-spanning domain.212

Interestingly, the sequence of the membrane span is almost
entirely hydrophobic, containing only four polar residues:
Thr74, Thr87, Ser91, and Tyr92. Dimerization is abolished
by chemical modification of a methionine within the
membrane span213 and can be reproduced by a synthetic
peptide.214

Exploration of the sequence-dependence of glycophorin
A dimerization was made possible through heterologous
expression. Lemmon, Engelman and colleagues showed that
in-frame fusion of a C-terminal fragment of glycophorin A
with staphylococcal nuclease, a monomeric soluble protein
that is readily expressed inE. coli, yielded a chimeric protein
that exhibits the same self-association properties as full-
length native glycophorin A.215 Addition of a peptide
corresponding to the transmembrane region of glycophorin
A to samples of chimera that migrate as homodimers on
SDS-PAGE results in the formation of chimera/peptide
heterodimers.215 Importantly, the production of this chimeric
protein in E. coli allowed the introduction of sequence
changes by site-directed mutagenesis.215 Using this approach,
Lemmon and colleagues generated more than two hundred
single point mutations of the 23 residue transmembrane
domain and measured the dimerization phenotypes of these
mutant proteins using SDS-PAGE216 (Figure 6). Although
time-consuming, this saturation mutagenesis approach pro-
vides a wealth of essentially unbiased data for identifying
important trends in the effects of sequence changes on
dimerization. While ionizable or strongly polar substitutions
at any position are almost always disruptive, hydrophobic
substitutions reveal a pattern of sensitive and insensitive
positions that cluster on one face on anR-helix and implicate
a seven residue motifsLeu75, Ile76, Gly79, Val80, Gly83,
Val84, and Thr87sas participating in sequence-specific

dimerization.216 Because the same substitutions at other
leucine, isoleucine, glycine, and threonine residues within
the membrane span do not influence dimerization, the
disruptive effects of the hydrophobic mutations are consistent
with sequence- and structure-specific effects on the dimer
interface and are not simply a consequence of amino acid
composition. The effects of these mutations most probably
reflect their impacts on the details of helix-helix interactions,
although the possibility that they modulate helix-lipid
interactions cannot be formally excluded.

In the data set generated by Lemmon and colleagues,216

motif sites showed differential sensitivity to substitutions,
but at least one hydrophobic substitution at each motif site
was able to completely abolish dimerization on SDS-PAGE.
The dimerization of each mutant was classified as “wild-
type”, “significant dimer”, “detectable dimer”, or “no dimer”.
Because the effects of different substitutions at asinglesite
often spans a range of phenotypes, the authors chose to also
report and interpret an average of the effects of hydrophobic
mutations at each site; polar substitutions were excluded from
the average because they showed no site-specific tendencies.
Based on the “average disruption”, the relative importance
of the motif sites is Gly83> Gly79 ≈ Thr87 ≈ Leu75≈
Ile76 ≈ Val84 > Val80. Only tryptophan substitutions at
Val80 and Val84 are fully disruptive, while all other motif
sites have at least one aliphatic substitution that gives no
dimer, suggesting that not only Val80 but also Val84 may
be less critical for dimerization than the other motif residues.
The highly disruptive potential of tryptophan is borne out
by its effect at Ile91 (outside the motif but on the same face
of the helix), which is the only fully disruptive mutation that
is not contained in the motif.216 (Note, however, that
tryptophan substitutions at two sites in the middle of the helix
but on the opposite face from the motif (Met81 and Ala82)
give constructs that dimerize as wild-type.) The importance
of the seven residue motif identified from the average
disruption effects was experimentally confirmed by the
demonstration that the motif residues are sufficient to confer
dimerization in the context of a polyleucine membrane
span.217 Still, the highly varied effects of hydrophobic

Figure 6. Effects of hydrophobic and slightly polar point mutations
on glycophorin A transmembrane domain dimerization. Each mutant
was given a phenotype based on the amount of dimer seen in SDS-
PAGE (see legend). The average effects of mutations at each
position were determined by averaging the numeric score for each
observed mutant. Adapted with permission from ref 216. Copyright
1992 American Chemical Society.
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substitutions at the individual motif sites, which are sup-
pressed in the averaging process, suggest that the specificity
of the self-association of the transmembrane domain of
glycophorin A is not fully explained by the sequence and
stability of the wild-type motif alone.

The insights available from the saturation mutagenesis
study of the glycophorin A transmembrane domain derive
in large part from the considerable number of mutants
studied. While some sites in the transmembrane domain give
similar results for all observed hydrophobic substitutions (any
change at Gly83 abolishes dimerization, while changing
Met81 to alanine, cysteine, valine, leucine, isoleucine, or
tryptophan does not alter dimerization), many sites show
more complex patterns that are appreciated only by the
comparison of different mutants. The authors note that “with
the exception of Gly83...it is possible to mutate any position
in the transmembrane domain of GpA and still retain at least
some propensity for dimerization”.216 Thus, any single point
mutation may not suffice to characterize how a particular
site contributes to helix-helix interactions.

Saturation mutagenesis therefore reveals the intricacies of
the sequence dependence of glycophorin A dimerization,
albeit at a considerable cost of time and effort. One
suggestion for rapidly mapping the important region of such
a dimer interface with a minimum of constructs is alanine
insertion mutagenesis: insertion of a residue into a trans-
membrane span will alter the relative orientation of sequences
to either side of the insertion, resulting in the interruption
of any helical “face” that spans the insertion site. While this
approach mapped the C-terminal side of the motif precisely,
intermediate phenotypes obtained from insertions of alanine
at the N-terminal flank suggested that the first two motif
residues are less critical than the identity and spacing of the
C-terminal portion of the motif.218

Polar substitutions identified in the saturation mutagenesis
study of Lemmon and colleagues are almost always fully
disruptive and often give rise to monomers of altered mobility
on SDS-PAGE.216 These effects were interpreted as influ-
encing the nature of the detergent/protein complex with the
introduced polar side chain probably interacting with the
surface of the micelle. Such mutations may therefore affect
dimer stability either by altering helix-helix interactions or
by affecting the stability of the monomeric transmembrane
R-helix (or by some combination of these effects). While
the stability of the monomer can be ignored in the formalism
of the two-stage model because of the influence of the
bilayer, mutations may affect the stability of the helical
monomer in detergents, especially if strongly polar residues
or proline are introduced (as discussed extensively in section
3.3). By contrast, individual hydrophobic substitutions are
not expected to affect stability of the monomer and their
effects may therefore be interpreted in the context suggested
by the two-stage model: such mutations influence dimer-
ization by affecting helix-helix or helix-lipid interactions.
Lemmon and colleagues are careful to point out that the
physical basis for the effects of any particular mutation
cannot be discerned from their data alone,216 but the mapping
of critical sites in the mutational data to one face strongly
implicates that face in helix-helix interaction.

It is worth noting that placement of a stop codon at position
95 of the chimera abolishes dimerization, although this is
more than two turns of helix from the dimerization motif.215

As with the polar substitutions, it seems likely that the
truncation of the membrane span and elimination of the

flanking charges may alter the association of the hydrophobic
span with the micelle. Deletion mutations within the C-
terminal end of the glycophorin A transmembrane span also
disrupt dimerization,219 and a series of constructs with
polyleucine hydrophobic spans of different lengths bearing
a minimized interaction motif exhibit different extents of self-
association when subjected to electrophoresis in alkyl sulfates
of different chain lengths:220 an 18-residue membrane span
that dimerizes strongly in dodecyl sulfate is entirely mon-
omeric in tetradecyl sulfate.220 These indications that dimer-
ization can be modulated by the “hydrophobic mismatch”
of transmembrane span and the lipidic media may be
manifestations of effects of mismatch on the stability of the
helical monomer or may be caused by modulation of helix-
helix interactions by the detergent.

Interestingly, mutations to proline are well tolerated at
Leu75 and Phe78 and at both ends of the glycophorin A
hydrophobic span,221 suggesting that in some sequence
contexts a proline within a detergent micelle can be accom-
modated in the (presumably) helical dimer. The tendency
for glycophorin A to better tolerate proline at its N-terminal
side is consistent with integration propensities from experi-
ments with the translocon192 and the statistical propensity
for prolines to be involved in capping the N-terminal ends
of helices in soluble proteins,163,164 although the tendency
for prolines to induce certain relative orientations of helices
when inducing a kink195 may also determine which positions
can accept proline substitutions while maintaining dimer-
ization. The position-specific effects are striking, but it is
not clear whether the disruptive effects of proline at other
positions within the span221 result from effects on helix-
helix packing or on the stability of helical monomer, or both.
For residues that uniformly disrupt dimerization, such as
strongly polar or charged substitutions, it is tempting to apply
a thermodynamic scale such as that of Wimley and White65

to explain the disruption as a partitioning of the helical folded
monomer into the micelle interface.

4.1.2. Structural Basis for Dimerization

The wealth of qualitative information about the sequence
dependence of glycophorin A dimerization in detergents
obtained through mutagenesis studies, and the hypotheses
that these data generated about the basis for transmembrane
helix-helix interactions, provided considerable impetus to
understand the structure of the dimer and to characterize its
self-association in membranes. Analyses of FTIR data222 and
of a combination of CD, FTIR, and solid-state NMR data223

indicate that the membrane spanning region of glycophorin
A is R-helical and oriented roughly perpendicular to the
membrane surface. Fluorescence resonance energy transfer
experiments showed that the GpA membrane-spanning
peptide self-associates in bilayers as dimers and not higher
order oligomers or aggregates.224 Rotational resonance solid-
state NMR experiments using specifically labeled peptides
identified close intermonomer contacts between Val80 meth-
yl and Gly79 carbonyl carbons, as well as between Val84
methyl and Gly83 carbonyl carbons,225 suggesting a “ridges-
into-grooves” packing for the dimer structure. Additional
solid-state NMR experiments have further defined the
interface in lipid bilayers.226-228

The solution NMR structure of a dimeric 40 residue
fragment of glycophorin A determined in detergent micelles
provides an atomic-resolution view of the structural features
underlying specific dimerization229 (see Figure 7). The
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structure reveals a right-handed crossing of helices (as had
previously been predicted by Fourier analysis of the mu-
tagenesis data216) that exhibits close intermonomer packing
of motif residues against one another with the two motif
glycines allowing backbone-backbone contacts in a ridges-
into-grooves manner230 similar to that predicted from solid-
state NMR data.225 A very similar structure had been
predicted by a modeling approach that treats the sequence
as forming straightR-helices.231 Mutagenesis work had also
highlighted the importance of these two glycines: the only
substitution at Gly79 that supports dimerization is alanine,
while any substitution at Gly83 (even alanine) completely
disrupts the dimer.216 The relative effects of glycine-to-
alanine substitutions at these two sites can be rationalized
from the structure, since packing around Gly83 leaves no
room for an additional methyl group while the region around
Gly79 could accommodate the substitution with only a minor
clash.229 The only polar side chain in the interface, Thr87,
does not form intermonomer hydrogen bonds as had been
predicted from one modeling study232 but is hydrogen bonded
to a backbone carbonyl on the same helix. (Solid-state NMR
data suggest that Thr87 may form an interhelical hydrogen
bond to the carbonyl oxygen of Val84 in bilayers,227 but a
computational study indicates that the side chain makes
intramonomer hydrogen bonds.233) The possible formation
of intermonomer hydrogen bonds between glycineR hydro-
gens and carbonyl oxygens was noted by a subsequent
analysis.234 A simple modeling approach that introduced
mutant side chains into the wild-type NMR structure using
rotamers235 showed that of the 15 hydrophobic substitutions
identified by Lemmon and colleagues as completely disrup-
tive,216 only one (Ile76Ala) did not cause a serious inter-
monomer clash. Thus, steric incompatibility is the strongest
destabilizing influence that can be easily accessed by
changing the sequence of the protein. With the caveat that
the effects of these mutations and the experimental NMR
structure were obtained in detergents, and not in membranes,
the sequence-specific dimerization of glycophorin A appears

to be qualitatively explained by intermonomer packing and
weak hydrogen bonding interactions of motif residues
displayed on straight, ideal helices.

4.1.3. Energetics of Transmembrane Helix Dimerization
The two-stage model provides an excellent conceptual

framework in which to consider the determinants of lateral
helix-helix interactions within membranes, but making and
interpreting thermodynamic measurements in these systems
is neither simple nor straightforward. Sedimentation equi-
librium analytical ultracentrifugation provides one route to
the energetics of helix-helix interactions236,237and has been
extensively applied to glycophorin A and sequence vari-
ants,238-241 but this method requires the use of detergents
and thus may obscure contributions of protein-lipid or
lipid-lipid interactions that would be present in a membrane;
effects of bulk bilayer properties such as lateral pressure are
also lost. Fluorescence resonance energy transfer has been
used to probe the monomer-dimer equilibrium of glyco-
phorin A in a variety of detergents, and indeed both the free
energy and the enthalpy of association depend on the identity
and concentration of the detergent.242,243Fluorescence meth-
ods have also been applied to measuring free energies of
helix-helix interactions in bilayers244-246 although not for
glycophorin A. DeGrado and colleagues have presented a
method for quantifying helix-helix interaction energies
through coupling of protein cross-linking to aqueous thiol-
disulfide equilibria that, like fluorescence methods, can be
used in detergents247 or in membranes.248 The unfolding free
energies of polytopic membrane proteins (discussed in
section 5) have been measured by varying the amount of a
denaturing detergent in a mixed micelle system and monitor-
ing the fraction of unfolded protein.249-252 Thermodynamic
parameters are extracted from the concentration dependence
of oligomerization in pure detergent by considering the mole
fraction of protein relative to micellar detergent;253 similarly,
in cases where a protein is being unfolded by a denaturing
detergent, the micellar mole fraction of this detergent is the
important parameter.254 Quantitative measurement of the
thermodynamics of membrane protein folding and oligo-
merization, combined with structural information, can be
used to explain the observed sequence dependence of
transmembrane helix-helix interactions.

The close agreement between the dimer interface identified
by saturation mutagenesis216 and the interface in the NMR
structure229 shows that disruptive mutations map predomi-
nantly to the dimer interface, which suggests that sequence
changes that directly alter helix-helix contacts and interac-
tions modulate self-association. However, explaining the
sequence specificity of the lateral association of glycophorin
A requires an appreciation of the energetic effects that
mutations can have on dimerization. Such measurements
have been made for the chimeric protein in detergents using
analytical ultracentrifugation under conditions where the
density of the detergent micelles matches that of the
solvent.236 Fleming and colleagues have presented analytical
ultracentrifugation data and thermodynamic analyses for
wild-type glycophorin A,241 for a series of single alanine
substitutions,240,241for multiple substitutions at each residue
in the dimer interface,238 and for a series of double alanine
mutants.239 These data provide a basis for a quantitative
thermodynamic understanding of the lateral interactions
between transmembraneR-helices.

The demonstration that single alanine substitutions in the
glycophorin A transmembrane domain exhibit∆∆Gdimer

Figure 7. Representation of the helix-helix interface of the
glycophorin A transmembrane dimer (PDB 1AFO). Intermonomer
packing of backbone and side chain atoms of glycophorin A helices
is revealed by juxtaposing a blue space-filling monomer with a
yellow stick model. The lefthand dimer depicts only backbone and
interfacial atoms; the righthand view is rotated 90° about the vertical
(dyad) axis and all side chain atoms of the blue monomer are
portrayed. Labels are at the level of the CR atoms in both views
and are colored to match the atoms closest to the viewer in the
lefthand dimer. The hydrogen of the Thr87γ hydroxyl is shown in
all models, making an intramonomer hydrogen bond with the
carbonyl of Gly83. The CRH atoms of Gly79 and Gly83 are shown
in the stick models to indicate the geometry of interhelical CRH‚‚‚
O hydrogen bonds.234
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values from-0.5 to+3.2 kcal mol-1 quantifies the sequence
specificity of dimerization240 that was qualitatively apparent
from the saturation mutagenesis data in SDS-PAGE.216

Alanine substitutions away from the dimer interface have
little or no effect on dimerization, while alanine substitutions
at motif residues destabilize by between+0.4 kcal mol-1

(Val80Ala) and+3.2 kcal mol-1 (Gly83Ala). The authors
show that the energies from ultracentrifugation correlate with
the qualitative phenotypes previously reported from gels;216

the rank ordering of the site-specific effects of alanine in
the two methods is roughly the same. A correlation is also
seen with in vivo measurements of association240 (discussed
further in section 4.1.4), suggesting that the thermodynamic
measurements of the effects of mutations on dimerization
in detergents parallel the sequence dependence of dimeriza-
tion in membranes. Characterization of more than 20
additional single point mutants consisting of (mostly ali-
phatic) substitutions at the motif positions238 extended the
overall range of the effects of mutations only slightly (-0.5
to +3.8 kcal mol-1). Thus, no mutations strongly stabilize
the glycophorin A dimer, in contrast to findings for the
helical bundle membrane proteins diacylglycerol kinase255

and bacteriorhodopsin252 (discussed in section 5.1). However,
the range of effects seen at each position reveals significant
differences between motif sites in how mutations affect the
energetics of dimerization.

At Gly83, all aliphatic substitutions including alanine are
strongly disruptive (∆∆Gdimer of +3.1 to+3.8 kcal mol-1),
confirming the critical importance of this residue to glyco-
phorin A dimerization.238 Large aliphatic substitutions at
Gly79 also result in strong disruption (∆∆Gdimer ranging from
+2.6 to +3.6 kcal mol-1), while Gly79Ala is destabilized
by only 1.7 kcal mol-1 compared to wild-type, consistent
with the more moderate phenotype for this substitution from
SDS-PAGE.216 Mutations at Thr87 exhibit a wide range of
effects, with∆∆Gdimer varying from+0.8 to+3.2 kcal mol-1.
Mutations at any of these three motif positions can destabilize
the dimer by more than 3 kcal mol-1, but whileanymutation
at Gly83 has this dramatic effect, one mutation at Gly79 has
an intermediate effect on dimerization, while two changes
at Thr87 affect self-association only mildly.

By contrast, the substitutions examined at the other four
motif positions destabilize the dimer by no more than 1.8
kcal mol-1, or about as much as theleast destabilizing
substitution at Gly79. Substitutions at Leu75 (∆∆Gdimer of
+1.4 to+1.7 kcal mol-1) and Val84 (∆∆Gdimer of +0.8 to
+1.6 kcal mol-1) have rather uniform, moderately destabiliz-
ing effects. Certain substitutions at Ile76 (∆∆Gdimer of 0.0
to +1.8 kcal mol-1) and Val80 (∆∆Gdimer of -0.4 to+1.8
kcal mol-1) can be as destabilizing as at the previous two
positions, but other mutations do not disrupt the dimer at all
or can indeed slightly stabilize the interaction.

To explain the effects of these mutations, Fleming and
colleagues modeled the side chains of mutant sequences in
the context of the backbone structure of the wild-type
sequence to generate model structures; these models were
then scored for changes in favorable occluded surface area,
unfavorable occluded surface area, and side chain rotamer
entropy.238 Regression analysis against 23 experimental
∆∆Gdimer values (eight mutants with severe steric clashes
and two additional outliers were excluded) yielded best-fit
coefficients that were able to explain about 80% of the
variance in the experimental data. This excellent agreement
suggests that helix-helix packing and steric interactions at

the dimer interface can explain most of the energetic effects
of mutations on dimerization, and the coefficients indicate
that 1 Å2 of favorable occluded surface corresponds to
approximately 40 calories of favorable free energy of
interaction. Examining the contributions of the various
empirical terms to the calculated stability of a given mutant
reveals how the interplay of these factors determines dimer
stability.238

Insight into the basis of dimerization is also gained by
examination of the excluded data points and outliers in this
fitting process. Those mutations that give strong steric
clashes, including any substitution at Gly83, were removed
from the fitting process described above238 because they were
skewing the fit. These mutations are all strongly disruptive,
and the combination of the thermodynamic data and the
structural rationale for the effects of the substitutions argues
for steric clashes as a means of defining the sequence
specificity of interactions between transmembrane helices.
Interestingly, however, these mutant proteins can still form
measurable amounts of dimer even at detergent-to-protein
ratios of 1000:1. These substitutions cannot be compatible
with the structure of the wild-type dimer due to severe steric
clashes, so the structural basis for association of this class
of mutant is not clear. Thus, the exclusion of these mutants
from the structure-based analysis on statistical grounds is
further supported by the recognition that the contributions
to helix-helix interactions for these variants cannot arise
from the same interface used to model the other substitutions.

The outliers Ile76Gly and Ile76Leu are predicted by the
structure-based calculations to be highly destabilizing (about
+2.5 kcal mol-1) but are experimentally determined to be
only slightly destabilizing (0.9 and 0.7 kcal mol-1, respec-
tively). The thermodynamic measurements are in good
agreement, however, with the qualitative data from SDS-
PAGE,216 where Ile76Gly is slightly disruptive and Ile76Leu
dimerizes as wild-type. As with the mutations that generate
large clashes, the observed extent of dimerization of these
outliers cannot be rationalized using the wild-type solution
NMR structure. Because the NMR structure is consistent with
the majority of the experimental thermodynamic data, it
provides a reasonable approximation of the relevant dimeric
state of the wild-type protein (although inaccuracies at certain
regions within the structure may be responsible for some of
the discrepancies between model and experimental energies).
However, the comparatively low but still measurable dimer-
ization of mutants that introduce strong clashes in the wild-
type interface (Gly83Ile) and the strong dimerization of
mutants that lose important packing interactions (Ile76Gly)
probably indicate that alternate interfaces are being formed.

Doura and Fleming have also compared the free energy
changes of single alanine substitutions at each of the seven
motif residues of glycophorin A240,241to the complete set of
pairwise combinations of motif double alanine substitu-
tions.239 The 21 double mutants destabilize the dimer by as
little as 0.1 kcal mol-1 or more than 4.8 kcal mol-1. The
precision of the measurements (errors of about 0.2 kcal
mol-1) permits a thermodynamic cycle analysis to assess
additivity of the alanine double substitutions, which reveals
that most double mutants are as stable as or slightly more
stable than the sum of the single mutations. However, five
double mutants are at least 1 kcal mol-1 more stable than
the sum of the single mutants (negative thermodynamic
coupling), while two double mutants are much less stable
than the sum of the single mutations (positive coupling of
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2.4 kcal mol-1 or more). Examining these thermodynamic
cycles reveals the complexity of the interactions that support
glycophorin A dimerization.

The single mutations Leu75Ala and Val84Ala reduce
dimer stability by about 1.3 and 1.0 kcal mol-1, respec-
tively,240,241while the double mutant Leu75Ala/Val84Ala is
only 0.1 kcal mol-1 less stable than wild-type. The single
point mutations show that each residue contributes to
stability, but the double mutant indicates that compensatory
effects can actually restore dimerization. A very different
result is seen when Leu75Ala and Thr87Ala are examined
in the double mutant cycle. The single mutation Thr87Ala
reduces dimer stability by about 0.9 kcal mol-1, which is
essentially indistinguishable from the effect of Val84Ala
described above.240 Although Leu75Ala/Val84Ala is as stable
as wild-type, the double mutant Leu75Ala/Thr87Ala gives
no detectable dimer whatsoever!239

If taken in isolation, the wild-type level of dimerization
exhibited by the double mutant Leu75Ala/Val84Ala could
suggest that neither of these two residues is important for
dimerization. However, the catastrophically disruptive com-
bination Leu75Ala/Thr87Ala shows that these two residues
act in concert to stabilize the dimer; another study has also
noted synergistic effects of residues at positions 75 and 87
in promoting dimerization.256 Of course, both qualitative and
quantitative data for single point mutations at Leu75 and
Val84 also indicate that these sites can contribute signifi-
cantly to dimerization.216,238It should be noted that since these
pairs of residues do not interact across the dimer interface
or within a single helix, the structural basis for the compen-
satory or synergistic effects is not at all clear. These analyses
reveal not only the complexities of interactions in the
glycophorin A transmembrane dimer but also the danger
associated with interpreting the results of double (or multiple)
mutants in the absence of data for each of the single mutants.
The question of whether these mutants self-associate with a
wild-type-like interface remains open, but because the
changes are large-to-small mutations, no clashes would
prevent the wild-type interface from forming.

4.1.4. Biological Assays of Helix−Helix Association

Relating measurements of the folding or stability of a
membrane protein in detergents to the behavior of the protein
in lipid bilayers is a major challenge for the study of
membrane protein folding. Examination of the sequence
dependence of glycophorin A helix-helix interaction ener-
getics in membranes has been made possible by various
biological assays. Langosch and colleagues developed the
ToxR system257 for measuring lateral interactions between
helices in the inner membrane ofE. coli. This assay is based
on the properties of ToxR,258 a membrane-spanning tran-
scriptional activator259 that can increase expression from the
ctx promoter 100-fold inE. coli.260 In-frame fusion of the
ToxR cytoplasmic domain to a transmembrane span of
interest and to a periplasmic maltose binding domain permits
expression of a chimeric protein that is directed to the inner
membrane, with its ToxR domain in the cytoplasm. This
chimera activates thectxpromoter in a manner that depends
on dimerization of the transmembrane span, driving expres-
sion of the chromosomal reporter geneâ-galactosidase257 (see
Figure 8). A similar assay subsequently developed by Russ
and Engelman called TOXCAT261 uses a plasmid-borne
reporter construct in which thectxpromoter drives expression
of chloramphenicol acetyltransferase (CAT); dimerization-

induced expression of CAT can be quantified in lysates or
used to select interacting sequences from libraries based on
bacterial resistance to chloramphenicol. Langosch and col-
leagues have also developed a selectable version of their
assay, termed POSSYCCAT, which uses a chromosomal
copy of the CAT gene.262

In these assays, reporter gene expression is quantified using
activity assays of cleared cell lysates, and the effects of
mutations in the transmembrane region on the level of
reporter gene expression are interpreted as effects on the
extent of dimerization of the construct. All of these assays
depend on controls to ensure that the chimerae are inserted
in the membrane in the correct orientation and that sequence
changes are not altering the amounts of expressed or
membrane-inserted chimerae. Significant background levels
of reporter gene expression in the absence of the membrane-
inserted chimera lower the sensitivity of the assay and
complicate the interpretation of the data. Nevertheless, these
methods (and others263-265) have been shown to provide at
least the rank order of oligomer stability for transmembrane
domains (and their sequence variants) in real membranes.

Langosch and colleagues used glycophorin A as a positive
control to characterize their ToxR transmembrane helix
homodimerization assay and performed an alanine scanning
mutagenesis on their construct.257 Mutations at interfacial
residues showed varying effects on reporter gene expression,
with Gly83Ala exhibiting the largest drop (about a 4-fold
decrease). The rank order of the phenotypes roughly cor-
relates with the SDS-PAGE data available at that time216

and the thermodynamic data that have been reported
since.240,241Because the strongly disruptive mutation Gly83Ala
gives only a 4-fold decrease in signal, whereas the same
mutation lowers the association constant by a factor of 150
in the ultracentrifuge238 (∆∆G of +3.1 kcal mol-1), it appears
that the ToxR assay is only weakly sensitive to sequence
changes. The difference between measured∆∆G values and
ToxR signals could be caused by the monomer-dimer
equilibrium being pushed very far toward dimer in the
membranes ofE. coli by high effective protein concentration,
the favorable lipidic environment, or both. However, the
approximate linear correlation seen between the sedimenta-
tion equilibrium data and the ToxR data for the alanine point
mutants240 suggests that the wild-type ToxR fusion protein
is not overwhelmingly dimeric in theE. coli membrane. The

Figure 8. Schematic for ToxR-based assays of transmembrane
helix-helix association. Interactions between transmembrane do-
mains (cylinders) brings the ToxR DNA binding domains (dia-
monds) together, enabling them to bind thectx promoter and drive
expression of a downstream reporter gene.257 The maltose binding
protein domain (circle) helps the fusion construct insert into the
cell membrane and provides controls for assaying topology. Adapted
with permission from ref 257. Copyright 1996 Academic Press
(Elsevier Ltd).
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source of the apparent low sensitivity could also be high
level background reporter gene expression: although the
reporter strain used shows endogenousâ-galactosidase
activity corresponding to only about 5% of the signal
measured for the optimal glycophorin A construct, most
membrane-anchored constructs seem to give significant basal
reporter gene expression266 even if their transmembrane
domains do not interact by other measures.

The TOXCAT assay has also been used to characterize
the sequence dependence of self-association for glycophorin
A.261 As for the ToxR case, the effects of mutations correlate
with the disruptive effects in SDS-PAGE216 and in the
ultracentrifuge.240,241 The reported error bars for the TOX-
CAT data are somewhat smaller and the range of the reported
effects is somewhat larger than for ToxR: the strongly
disruptive mutation Gly83Ile reduces the chloramphenicol
acetyltransferase reporter gene signal by a factor of 12, while
this mutation lowers the association constant by a factor of
300 in the ultracentrifuge238 (∆∆Gdimer ) +3.5 kcal mol-1).
Single point mutations that reduce association only slightly
in detergents, such as Thr87Ala or Ile76Leu (∆∆Gdimer )
+0.8 and+0.7 kcal mol-1, respectively238,240) decrease the
TOXCAT signal by 35-40%, demonstrating that (as in the
ToxR assay) the fusion protein is far from completely
associated in the native membrane. Although TOXCAT
appears to provide a bit more discriminating power than
ToxR, both assays have limited effective ranges (especially
compared to the biological system on which they are
based260) that can make it difficult to reliably rank order
mutants and thus to determine whether mutations have
similar or different effects in detergents and in membranes.
Nevertheless, aspects of the sequence dependence of glyco-
phorin A dimerization have been studied using these assays.

Brosig and Langosch analyzed the relative contributions
of the motif residues of glycophorin A to dimerization using
the ToxR assay to determine whether the minimal motif in
detergents corresponds to the minimal motif in membranes.266

The seven residue motif grafted into a polymethionine or
polyvaline membrane span gave a reporter signal that was
as strong as wild-type glycophorin A, although this signal
was only about 3-fold larger than polymethionine alone. The
pair of motif glycines in the context of polymethionine gave
a signal that was almost as strong as wild-type glycophorin
A, while the polyvaline host sequence required two or three
additional residues from the motif to give near wild-type
reporter gene expression.266 These results confirmed the
critical importance of the two motif glycine residues.216,229,231

Russ and Engelman showed that while hydrophobic
substitutions have similar effects under conditions of SDS-
PAGE and TOXCAT, polar substitutions away from the
dimer interface that are disruptive in SDS-PAGE still
support dimerization in TOXCAT.261 This confirms the
hypothesis previously used to exclude polar substitutions
from the averaging process in the SDS-PAGE saturation
mutagenesis study:216 polar substitutions at or away from the
glycophorin A dimer interface disrupt the detergent-solubi-
lized dimer by destabilizing the helical monomer. By
contrast, and as expected from the two-stage model, the same
glycophorin A sequence variant is locked into a helical
structure when in a bilayer and dissociates only if the
mutation in question affects lateral interactions between
helices.

Addition of synthetic glycophorin A peptides has been
shown to disrupt the dimerization signal of a ToxR-GpA

construct inE. coli.267 A peptide containing the wild-type
glycophorin A sequence, or a substituted version with an
intact dimerization motif, can inhibit the ToxR signal over
background by almost 50%, while a scrambled version of
the peptide that binds membranes as well as wild-type has
no effect on the ToxR signal of cells.267 The sequence-
specific nature of the effect suggests that the exogenous
peptide inserts into theE. coli inner membrane and disrupts
ToxR-GpA dimerization by formation of ToxR-GpA/
peptide heterodimers, but the complexity of the biological
assay system allows other explanations. It is noteworthy,
however, that several groups have independently reported
the ability of exogenously supplied transmembrane peptides
to interfere with the biological function of the protein from
which their sequence is derived,268-273 as discussed in section
4.4.

4.2. Helix −Helix Interaction Motifs
In cases where the two-stage model is largely correct and

canonical transmembrane helices associate into higher order
structures within the membrane, then the specificity of helix-
helix interactions will be determined by the side chains
displayed along theR-helix. The potential for useful ap-
plications of this structural idea has been demonstrated by
the ability of a computational search algorithm to correctly
identify the structure of the glycophorin A dimer229,231and
by the success of structure-based approaches to predict the
effects of point mutations on glycophorin A dimeriza-
tion.235,238,241 Structure prediction for bundles of single
spanning helices may require very little external informa-
tion,274 although the limitations of assuming that helices are
canonical must be acknowledged.94 Simplifying matters one
more step, by abstracting the determinants for lateral
interactions between helices into sequence motifs, seems
similarly straightforward and is supported by the example
of the strong dimerization of a construct carrying the
glycophorin A motif residues in the context of a polyleucine
helix.217 However, it is important to recall that every
glycophorin A interfacial residue except Gly83 has at least
one substitution that allows retention of significant dimer-
ization. Accordingly, several mutations at any given position
are needed to demonstrate thelack of involvement of that
residue in association. The complexity of the glycophorin
A system as evidenced by strong positive or negative
coupling between motif sites239 should also encourage a
conservative approach to the identification of such motifs.
Senes and DeGrado have recently reviewed the roles of
sequence motifs in transmembrane helix-helix interactions.5

4.2.1. GxxxG and Variants

Russ and Engelman identified the GxxxG motif as the
most significant feature of a set of more than 100 highly
dimeric transmembrane domains identified with a TOXCAT
selection scheme261 (described in section 4.1.4) from two
libraries of approximately 107 possible sequences.275 This
motif corresponds to the spacing of the critical dimerization
motif glycines in glycophorin A (Gly79 and Gly83) whose
importance was identified by saturation mutagenesis216 and
confirmed using the ToxR assay in vivo.266 A statistical
analysis of membrane span sequences revealed that the
GxxxG spacing is the most over-represented pairwise spacing
of residues in transmembrane helices compared to random
expectation.89 The combination of these two observationss
that the motif is over-represented in genomes and can support
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strong helix-helix interactionsssuggests that many (but not
all) GxxxG pairs in transmembrane helices will be involved
in forming specific intramembranous structures. The role of
the sequence motif GxxxG in membrane protein structure
and stability has been reviewed recently.5,276

In the strongly dimerizing clones identified by Russ and
Engelman from a polyleucine context, the glycophorin A
motif was not found (presumably because the large random
library was not fully sampled), but one sequence that differed
from the seven residue motif at just a single position was
identified275 (see Figure 9). However, nine clones differed
from glycophorin A at two sites, 21 clones differed at three
sites, 13 clones differed at more than three sites, and two
clones had no residues other than the GxxxG in common
with the glycophorin A motif.275 Thus, the library data of
Russ and Engelman demonstrate that GxxxG-containing
sequences that differ very substantially from glycophorin A
can mediate tight dimerization inE. coli membranes.275 The
nonrandom distribution of residues in the selected libraries275

suggests that there is some specificity to the flanking
sequences that help support GxxxG-mediated dimerization.
The strong dependence of the position of the GxxxG motif
on the identity of the flanking, nonrandomized residues (see
Figure 9) shows that the self-association is not a function
only of the residues targeted for selection. Note that although
the library data indicate that these sequences interact tightly,
they cannot say whether the various GxxxG containing
sequences interact with the same backbone geometry and
helix crossing angle as one another.

Although many sequence contexts can apparently support
dimerization of a GxxxG motif, it is equally clear that
dimerization of the GxxxG motif within the glycophorin A
transmembrane domain is sensitive to single point mutations
at eachof the other five motif residues.216,238,240,241Indeed,
single point mutations that keep the GxxxG motif of
glycophorin A intact still modulate stability over a range of
3.7 kcal mol-1 or a factor of 400 in association constant,
and most of these thermodynamic stabilities can be rational-
ized using a structure-based approach238 that assumes that
the dimer backbone geometry remains unchanged from the
wild-type NMR structure.229 However, the evidence from 21
double alanine mutants for strong thermodynamic coupling
between sites at opposite ends of the glycophorin A dimer
interface239 argues that the effects of multiple mutations may
not be as easily interpreted in structural terms. This suggests
that the simplified GxxxG motif may be compatible with
more than one dimer structure.

The effects of multiple mutations in the context of a
GxxxG motif have also been studied by generating trans-
membrane domains based on the M13 sequence, which
contains a GxxxG motif. The native M13 sequence, or
variants bearing mutations corresponding to one, two, three,
or all five of the remaining motif residues from glycophorin
A, were assayed for self-association using SDS-PAGE and
TOXCAT.256 This work was based on a sequence and
structural alignment between modeled M13 and experimental
glycophorin A structures, and the authors explain synergistic
effects of introducing Leu75 and Thr87 into the M13
sequence with a structural model in which steric interactions
at the N-terminal end of the motif modulate GxxxG-mediated
packing to permit or deny intermonomer hydrogen bonding
by the Thr87 side chain.256 Formation of such an intermono-
mer hydrogen bond is consistent with solid-state NMR
structural measurements of wild-type glycophorin A peptides
in bilayers227 but not with recent electrostatic calculations
based on this structural model233 or with the wild-type
solution NMR structure in detergent.229 Recently published
∆∆Gdimer values for glycophorin A mutants, where Thr87Ala
(+0.9 kcal mol-1) and Thr87Ser (+0.8 kcal mol-1) disrupt
dimerization to the same extent, also argue against side chain
hydrogen bonding contributing substantially to dimeriza-
tion.238 Because potential structural rearrangements are subtle
and because of the possibility that mutations may cause
different effects in lipid bilayers than in detergents, high(er)
resolution structural data for GxxxG motifs in different
sequence contexts and in different lipidic environments may
be needed to further dissect the similarities and differences
between these dimer interfaces.

Close packing of helices at a GxxxG motif may also allow
the formation of CR-H‚‚‚O or CR-H‚‚‚OdC hydrogen
bonds. After ab initio calculations showed that interaction
energies of as much as-3.0 kcal mol-1 could result from
such hydrogen bonds,277,278 a survey of membrane protein
structures identified nearly 150 potential backbone to side
chain or backbone to backbone hydrogen bonds involving
HR atoms, including several such contacts in the structure
of glycophorin A.234 Arbely and Arkin used FTIR of lipid-
reconstituted glycophorin A peptides to measure a small
difference between the asymmetric stretch frequencies of a
deuterium labeled glycine at position Gly79 in the context
of a wild-type sequence and a nondimerizing mutant
(Gly83Ile); from a previously established empirical correla-
tion, this frequency difference suggests that the CR-H‚‚‚
OdC hydrogen bond contributes-0.9 kcal mol-1 to
glycophorin A dimerization.279 Mutations that change the
packing at the GxxxG motif only subtly might be able to
modulate this interaction energy substantially. However,
when Bowie and colleagues mutated Thr24 in bacteriorho-
dopsin, whose side chain oxygen was similarly implicated
as an acceptor of an interhelical CR-H‚‚‚O hydrogen bond
from an alanine, their measurements showed that replacing
the threonine with alanine or serine is slightly stabilizing
while valine is slightly destabilizing.280 A recent computa-
tional study233 using molecular mechanics and an implicit
model for the membrane281 to calculate interaction energies
for the neutral groups that contain the putative hydrogen bond
donors and acceptors seems to reconcile these results. In these
calculations, the contacts identified in glycophorin A (and
many other membrane helix-helix interactions) are stabiliz-
ing, while those identified by similar geometrical criteria at
Thr24 of bacteriorhodopsin are not, primarily because of the

Figure 9. Examples of strongly self-associating transmembrane
spans isolated by Russ and Engelman275 using TOXCAT selection
of random libraries. While most sequences from each library contain
the GxxxG dimerization motif, those in a polyleucine background
have the motif at positions 5 and 9, while those in a polyalanine
background have the motif at positions 6 and 10. Only 1 of 49
sequences from the polyleucine library has a glycine in position 6
without also having a GxxxG at positions 5 and 9; only three
glycines occur at positions 5 or 9 in the 72 sequences from the
polyalanine library.275
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spatial arrangement of the donor CR and its amide N with
respect to the acceptor oxygen. Putative hydrogen bonds
involving a glycine donor are also seen, on average, to be
about twice as energetically favorable as those involving
other amino acids.233

The high incidence of the GxxxG motif in transmembrane
domains has led to the examination of the role of such motifs
in assembly and biological function of many single-spanning
membrane proteins. The ability of hepatitis C envelope
glycoproteins E1 and E2 to form noncovalent heterodimers
after being cleaved from a single polyprotein is abolished
by alanine insertions in the transmembrane domain of E1
that interrupt either a GxxxG motif or other portions of the
transmembrane domain.282 The membrane spans of subunits
e and g of the yeast F1Fo ATPase contain GxxxG motifs
that appear to influence the functional assembly and oligo-
merization state of the ATP synthase complex in vivo.283-285

Mutation of subunite motif glycines to alanine or leucine
results in loss of subunitg from the complex and the loss of
dimers and oligomers of the complex.283 Subunitg can be
chemically cross-linked to subunite, and mutation of glycines
in a GxxxG motif in the transmembrane domain of subunit
g affects the assembly and function of the ATP synthase
complex.284,285These data suggest that heterodimerization of
these two domains might be mediated by these GxxxG
motifs, but because subunitsg andecan still be cross-linked
to one another when the GxxxG motif of subunitg has been
mutated, the authors suggest that other interactions may also
help to support the association of these subunits with another
as yet unidentified protein.284,285Interestingly, cross-linking
of the subunitehomodimer increases when the GxxxG motif
of subunitg is disrupted;284 there may be alternate interaction
possibilities for these transmembrane spans.

Tandem GxxxG motifs can drive helix-helix interactions.
The secreted protein toxin VacA fromHelicobacter pylori
that inserts spontaneously into eukaryotic membranes con-
tains an N-terminal hydrophobic span that can mediate self-
association in the TOXCAT assay.286This span contains three
tandem GxxxG motifs composed of glycines at positions 14,
18, 22, and 26; Gly14 and Gly18 are important for self-
association in TOXCAT whereas Gly22 and Gly26 are not.287

The proline residue at position 9 is dispensable for self-
association in the TOXCAT assay but is required, as are
Gly14 and Gly18, for the ability of the full-length toxin to
form anion selective channels and disrupt the integrity of
the membrane of cultured cells.287 A computational model
for the structure of hexameric VacA suggests that the
architecture of this pore is similar to the heptameric pore
MscS fromE. coli.288 The single transmembrane domain of
BNIP3, a pro-apoptotic member of the Bcl-2 super-family,
has been shown to support sequence-specific dimerization
in the TOXCAT assay and in detergents.289 Mutations at
motif residues in a tandem AxxxGxxxG sequence disrupt
dimerization, and a pair of flanking polar residues is also
important to dimerization.289

GxxxG motifs have also been implicated in the function,
assembly, and targeting of polytopic membrane proteins. The
first membrane span of theR factor receptor fromSaccha-
romyces cereVisiae, a G-protein coupled receptor, contains
a GxxxG motif that helps to mediate oligomerization and
cell-surface expression of GFP- and YFP-tagged receptors
in vivo.290 Transmembrane domain interactions are also
important for the assembly of theγ-secretase complex, which
generates intramembranous proteolytic events important in

Notch signaling and implicated in familial Alzheimer’s
disease.291,292 Two tandem GxxxG motifs in the fourth
membrane span of APH-1 (one of four components of the
γ-secretase complex) are important to assembly of the
complex,293 although other interactions may help support
assembly and these residues may be dispensable for activity
once assembly has occurred.294 Tandem GxxxG motifs
(including variants where glycine is replaced by alanine) have
also been observed at transmembrane helix-helix interfaces
in the crystal structures of the polytopic proteins aquaporin-
1295 and the glycerol facilitator296 although the contributions
of these motifs to assembly and stability of these proteins is
not known.

On the other hand, not all GxxxG motifs drive strong
helix-helix interactions. Equilibrium analytical ultracen-
trifugation of a chimeric protein encoding the transmembrane
domain of the CCK4 oncogene shows that the purified
protein exhibits no tendency to self-associate in detergents
except in the limit where micelles are insufficiently abundant
and the proteins are stochastically co-sedimenting.297 Sedi-
mentation equilibrium studies also show that the transmem-
brane domains of ErbB receptors do not homo- or hetero-
oligomerize in detergents,298 although contrasting results
using the TOXCAT assay,299 the ToxR assay,300 and a
biological inhibition strategy273 suggest that these sequences
do support interactions within membranes. Similarly, trans-
membrane spans that contain GxxxG-like motifs may interact
through other residues: the sixth transmembrane domain of
E. coli YjiO was identified as a moderately strongly asso-
ciating transmembrane domain by screening a genomic
library, but a GxxxA motif present in the transmembrane
domain appears to be unimportant for self-association, while
the substitution of bulky flanking residues significantly
decreases oligomerization.264

4.2.2. Polar Residues

Hydrogen bonding between transmembrane helices in-
volving strongly electronegative atoms has been explored
extensively using protein design approaches. Work from the
DeGrado and Engelman laboratories showed that the pres-
ence of an asparagine residue in a hydrophobic transmem-
brane span can drive self-association of the transmembrane
domain.301,302A single asparagine converts a chimeric protein
monomer into a protein-protein dimer on SDS-PAGE; an
asparagine also dramatically increases the TOXCAT dimer-
ization signal of a hydrophobic span.302 A designed hydro-
phobic peptide bearing an internal asparagine forms trimers
on SDS-PAGE, and FRET measurements showed that these
trimers also form in nonionic or zwitterionic detergents.301

Sedimentation equilibrium data for a designed host peptide
with a series of guest residues showed that aspartic acid or
glutamine stabilized trimer formation by about 1.6 kcal mol-1

relative to alanine, glutamic acid or asparagine stabilized the
trimer by about 1.0 kcal mol-1, and slightly polar residues
did not appreciably affect trimer stability.303 While a host
sequence of 19 leucines provides weak dimerization signal
in TOXCAT (25% of wild-type glycophorin A), a single
asparagine, aspartic acid, or glutamic acid guest residue at
position X in the sequence Leu7XLeu11 increases self-
association more than 4-fold.304 Histidine also has a strong
effect on oligomerization, while slightly polar residues serine,
threonine and tyrosine have modest effects.304 Differences
between the reported oligomeric states of these peptides and
chimeric proteins may reflect differences in the sequence

1950 Chemical Reviews, 2006, Vol. 106, No. 5 MacKenzie



context within which the polar residues reside, but the
detergent used can also influence the order of the oligomer.305

Systematic asparagine substitutions demonstrated that the
position of the polar residue within the micelle influences
the contribution to stability: asparagine at positions expected
to be buried in the middle of the micelle strongly stabilizes
the trimer, while asparagines at the micelle/water interface
do not.306 A similar positional dependence was also seen in
ToxR studies and SDS-PAGE analysis of a polyleucine
sequence hosting a single asparagine.307

DeGrado and colleagues have also shown that the speci-
ficity of lateral interactions between transmembrane helices
can be modulated by protein design of either the transmem-
brane domain or flanking aqueous domains. While a designed
membrane span with a single asparagine forms a mixture of
dimers and trimers, addition of coiled-coil aqueous extensions
previously shown to favor either a dimer or a trimer
specifically stabilized one form over the other.308 A mem-
brane spanning peptide lacking an aqueous extension but
having two transmembrane asparagines also forms a specific
trimer,306 and solid-state NMR structural characterization of
this species indicates that a leucine expected to participate
in the trimer interface shows restricted motion.309 This
interplay between stability and specificity of intramembra-
nous and juxtamembranous portions of helical membrane
proteins indicates that lateral associations between trans-
membrane domains can be coupled to the folding of soluble
domains in ways that can be controlled by rational design.

Because interactions between strongly polar residues can
drive oligomerization of transmembrane domains, it is
important to understand how such interactions may be
controlled to prevent nonspecific association in vivo. Se-
quence context has been shown to affect the self-association
of biological sequences that contain strongly polar side chains
in the transmembrane region. The transmembrane domain
of BNIP3 dimerizes tightly in membranes and in detergents,
and polar residue His173 is critical to this interaction; a
slightly polar residue, Ser172, is also critical to dimerization,
consistent with the possibility that these residues might
participate in intermonomer hydrogen bonding.289 However,
small-to-large point mutations on the same face of the helix
strongly disrupt the dimer in both SDS-PAGE and TOX-
CAT, suggesting that a particular backbone arrangement
supported by GxxxG motifs allows the favorable hydrogen
bond to form. This interpretation of the limited data from
the BNIP3 system is based in part on the marked disruptive
effects of residues that introduce steric clashes in the
glycophorin A interface.216,229,235,238However, polar side
chains and the residues that flank them do not always show
the same importance to self-association. Engelman and
colleagues tested the dimerization propensity of four biologi-
cal transmembrane domains containing a strongly polar
amino acid and showed that the glutamine in the transmem-
brane domain of Tnf5 was critical for tight self-association
in TOXCAT, while the other three sequences associated
weakly or not at all.310 The slightly polar residues in the Tnf5
transmembrane domain, unlike Ser172 of BNIP3, are dis-
pensable for dimerization.310 It is possible that the sequences
flanking the glutamine of Tnf5 provide unique packing
interactions that stabilize the dimer or the sequences that
flank the polar residues in the other spans may prevent close
approach of the hydrogen bonding groups.

A selection scheme developed by DiMaio and colleagues
to identify transmembrane domains capable of binding and

activating the platelet-derived growth factor receptorâ
(PDGFâ receptor, a receptor tyrosine kinase) has yielded
insight into the role of polar residues in promoting functional
interactions in the membranes of living cells.311 The ho-
modimeric bovine papillomavirus protein E5 interacts with
the PDGFâ receptor and activates it, causing cell transforma-
tion, in a way that depends on a glutamine within its
otherwise highly hydrophobic transmembrane domain.312-314

From a random library that retains the previously identified
glutamine but randomizes 15 flanking hydrophobic amino
acids, approximately 10% of the sequences were able to
dimerize and activate the PDGFâ receptor. Statistical analysis
of the position-dependent differences between transforming
and nontransforming sequences suggests that, relative to the
glutamine at position 17, positions 18, 20, 24, and 28 are
most important, with position 18 favoring leucine and the
other three favoring valine.311 These positions map to one
face of anR-helix and suggest that sequence context for the
polar glutamine modulates steric interactions between helices.
When the glutamine site is included in the randomization,
only 1% of clones are transforming, and polar residues are
under-represented in the transforming sequences.315 Many
constructs containing one or two polar residues are non-
transforming. A single glutamine, glutamic acid, or aspartic
acid is seen in most transforming membrane spans, with one-
third of these polar residues occurring at position 17 and
the remainder on the same face of the helix. However, almost
one-quarter of the transforming membrane spans have no
polar residues, indicating that intermonomer hydrogen bonds
are not necessary for functional interactions and further
supporting the importance of favorable packing.315 While
interpretation of these results is complicated by the possibility
that functional interactions may depend on transmembrane
homodimerization of E5, binding of E5 to the PDGFâ
receptor, or both, it is clear from these libraries that polar
residues can drive functional interactions only in certain
sequence contexts.

Slightly polar side chains can cooperate to drive trans-
membrane domain self-association. Analysis of strongly
associating sequences selected by TOXCAT from a library
biased toward right-handed interactions but without permit-
ting the use of glycine revealed motifs involving serines and
threonines such asXSxxSSxxT or SXxxSSxxT (x is leucine);
interestingly, the boldfaced residuesX are compatible with
proline.316 Single point mutations of any of the serines (to
alanine) or threonines (to alanine or valine) in the trans-
membrane sequences LAxxSSxxSSxxT or LSxxSPxxS-
SxxT dramatically reduce the dimerization signal, indicating
that the association is stabilized by contributions from each
of these hydrogen bonding residues. Mutations of proline to
alanine or glycine are also strongly disruptive;316 the presence
of proline may affect helical geometry,195 free a carbonyl
group to accept a hydrogen bond more strongly, or both.
An analysis of membrane protein structures suggests that
isolated serines or threonines may also contribute to specific-
ity and stability of helix-helix interactions through hydrogen
bonds.317

Inappropriate interhelical hydrogen bond formation by
polar side chains introduced by mutations may be the
molecular basis for some disease states.318 Deber and
colleagues have expressed a fragment of the cystic fibrosis
transmembrane regulator chloride channel (CFTR; discussed
in section 6.3) containing membrane spans 3 and 4 as well
as the connecting loop319 and have shown that mutation
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Val232Asp in the fourth membrane span that affects CFTR
function in vivo results in formation of a hydrogen bond
between Asp232 and Gln207 of the third membrane span
that stabilizes formation of a helical hairpin.320 Noncovalent
higher order association of the fourth membrane span bearing
mutation Val232Asp depends on the flanking hydrophobic
sequence,321 showing that strong helix-helix interactions
mediated by hydrogen bonding can be modulated by
sequence context.

4.2.3. Leucine Zippers
Aliphatic side chains can contribute to the stability and

specificity of lateral association of transmembrane helices
through favorable van der Waals interactions; they can also
confer specificity by blocking potentially favorable contacts
through steric clashes. Hydrophobicity, which is an important
consideration for the folding of soluble proteins and for the
formation of stable transmembrane helices, is not a contrib-
uting factor to these lateral interactions. Although the
possibilities for encoding specificity may seem slight, the
aliphatic-for-aliphatic substitutions in glycophorin A that
disrupt dimerization216,238show that even side chains of the
same volume and hydrophobicity (leucine and isoleucine)
can have dramatically different abilities to support dimer-
ization in the context of a GxxxG motif. Indeed, glycines or
polar residues are not required for helix-helix interactions:
sequences from the library selection of DiMaio and col-
leagues show that exclusively hydrophobic spans lacking
small residues can mediate functional association of helices
whose native sequence relies on a glutamine for interhelical
hydrogen bonding.315 However, upon examination of those
selected hydrophobic sequences, it is not clear which of these
residues participate in the dimerization interface.

Langosch and colleagues have explored the involvement
of leucine residues in the self-assembly of both designed and
biological hydrophobic sequences. Polyleucine gives a 4-fold
stronger self-association signal than polyalanine in the ToxR
assay,322 although the polyleucine interaction is 3- or 4-fold
weaker than glycophorin A in TOXCAT.302,304A membrane
span with 12 leucines and 6 alanines that retains leucines at
the a, d, e, andg positions of a heptad repeat (see Figure
10) gives a signal equivalent to polyleucine.322 Although
single replacements of leucines with alanine do not decrease
the ToxR signal measurably, simultaneous replacement of
four leucines with alanine has a substantial effect. Upon
testing seven biological transmembrane domains with such
leucine repeats, the authors found one sequence (from the
erythropoietin receptor, see section 4.3.4) that associates more
tightly than polyleucine, three others that associate somewhat
less tightly than polyleucine, and three that are considerably
weaker.322 Further development of the ToxR assay to make
a selectable and inducible version (termed POSSYCCAT)
increased the discriminating power of the method and
enabled several libraries of heptad repeat sequences to be

analyzed.262 While sequences exhibiting a range of associa-
tion strengths were identified and prolines are under-
represented in the strongly associating sequences, no strong
positional dependencies were observed among the bulky
hydrophobic residues. Thus, much like the sequences identi-
fied by DiMaio and colleagues and described in section 4.2.2,
it is not clear which residues participate in self-association.

As pointed out by Langosch and colleagues,262 it is
possible that residues at theb, c, or f positions of their heptad
repeats may influence self-association. (Indeed, subsequent
work with model peptides suggests that placing alanines at
these positions in the middle of a span of 24 leucines may
increase helix-helix association compared to polyleucine
alone.323) The potential influence of supposedly “flanking”
residues has also been seen by others. In the library selections
of Russ and Engelman, randomized sites biased for right-
handed helix crossing angles identified the GxxxG motif
spacing in both a polyleucine and a polyalanine background,
but thepositionsof the GxxxG sites in the two libraries were
not the same even though the randomized codons and their
relative positions were identical275 (see Figure 9). This
marked difference across the dozens of selected sequences
shows, for the GxxxG motif, that the context provided by
flanking residues (leucine versus alanine) of the host library
sequence has a large impact on the randomized interface
under selection. This presents a serious caveat for the
interpretation of experiments where wholesale changes are
made away from a putative interface, as well as challenging
the idea of a “neutral” host sequence that does not affect
the self-association properties of any motif sequence grafted
into it.

How then are the potential contributions of such residues
to be assessed? Alanine insertion scanning mutagenesis218,324

could be used to determine whether thespacing of the
alanines and leucines, rather than thecomposition, was
modulating the ToxR signal; however, this method will not
identify the interacting face of the helix. Asparagine scanning
mutagenesis, which looks for reinforcement of a self-
association signal upon scanning an asparagine along the
membrane span, has been put forward as an approach to
mapping such interfaces.307 Support for this approach
includes the mapping of the eyrthropoietin receptor inter-
face325 and the propensity in a selected library for a polar
residue to align on the same face of the helix as in a wild-
type sequence.315 However, the relative strength of the
hydrogen bond interaction and its dependence on flanking
sequences310 suggests that this approach may lack general
applicability. The time-consuming approach of saturation
mutagenesis of a given sequence seems the most reliable
way to determine how each position contributes to self-
association. Because the most dramatic effects of mutations
seen with glycophorin A are for changes that introduce steric
clashes,216 using bulky residues (tryptophan, phenylalanine,
or isoleucine) might help to identify hotspots quickly, as
recommended in a review by Senes and DeGrado.5

Biophysical measurements of interaction energies for
leucine zipper membrane spans provide a means of calibrat-
ing the relative propensities for dimerization of helix-helix
association motifs, which is important for understanding the
extent to which these interactions may influence biological
phenomena. Although such data have not been reported for
these leucine zippers, experiments with peptides and model
membranes indicate that the free energy of association
between polyleucine membrane spans bearing a single

Figure 10. Leucine zipper related sequences. Langosch and
colleagues used span L16 and AZ2 in the ToxR in vivo assay;322

Renthal and Velasquez used peptides L18A6 and L24 (flanked by
two lysines on either side) for in vitro analyses.323
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tryptophan or dibromotyrosine residue is between 1.3 and
2.5 kcal mol-1, so lipid/peptide ratios of 125:1 through 20:1
give significant fractional association.130 While this is
significant with respect to thermal energy, it is considerably
lower than the values reported for other biological trans-
membrane helix-helix interactions such as glycophorin A
or influenza M2 protein (see sections 4.1.3 and 4.3.2).
Extensive studies with a polyleucine-based model peptide
at a wide range of lipid-to-peptide ratios also suggest that
these peptides are largely monomeric, although the formation
of discrete low-order oligomers cannot be formally excluded
(reviewed in ref 326). The application of robust methods to
measure the sequence dependence of helix-helix interaction
energies in bilayers of different lipid compositions, not just
in detergents, may well be necessary to understand the
potential contributions of leucine zipper type interactions to
the function of membrane proteins.

4.3. Interacting Biological Single Spans

The transmembrane domains of many single-spanning
proteins have been suggested to make functional protein-
protein interactions. This section of the review considers six
well-known systems, presents the many types of data used
in these analyses, and attempts to evaluate the current tools
used to explore the interaction propensities of these mem-
brane spans. While tight transmembrane domain interactions
are currently identified in a consistent and straightforward
manner, experimental data are sometimes conflicting for
weak potential interactions and the interpretation of the
results from various approaches becomes complicated.

4.3.1. Phospholamban

Phospholamban is a 52 residue protein found in cardiac
sarcoplasmic reticulum that binds to and regulates the activity
of the calcium pump in native membranes and reconstituted
bilayers.327 The recently published solution NMR structure
of the phospholamban pentamer328 provides a structural
framework within which to consider a wealth of mutagenesis
data that have identified residues important to homo-
oligomerization329-331 and to interactions with the calcium
pump.331-333 Mutations along one face of the phospholamban
transmembrane domain abolish pentamer formation,329-331

and a structural model of a “leucine-isoleucine zipper” based
on mutagenesis data330 predicts the residues at the center of
the pentameric bundle quite closely.328 Leucine residues 37,
44, and 51 from thea position of a heptad repeat pack near
the axis of symmetry and are supported by isoleucines at
positions 33, 40, and 47, which lie at thed positions of the
heptad repeat.328 The availability of an atomic resolution
structure in this system will undoubtedly further stimulate
interest in the thermodynamics of pentamerization within the
membrane, which may regulate the ability of phospholamban
to inhibit the calcium pump.327,331

4.3.2. Influenza A Protein M2

The M2 protein of influenza virus forms a tetrameric
helical bundle that acts as a proton-selective channel to
facilitate acid-induced virus uncoating in the endosome, an
important step in the viral life cycle.334 Extensive solid-state
NMR studies by Cross and colleagues on the transmembrane
domain region of the influenza A M2 protein,335-338 as well
as data from the 92 residue full-length protein,339,340 have
provided a detailed view of the closed state of the channel,

which is formed by straightR-helices that are strongly tilted
by 38° with respect to the membrane normal.338 These NMR
data and structural model are in close agreement337 with site-
specific FTIR data,341 with structures derived from these data
by restrained molecular modeling,341 and with structures
derived from molecular dynamics342 or site-directed mu-
tagenesis data,343 although the solid-state NMR orientational
data along the whole transmembrane span indicates that the
helices are quite straight, rather than forming a coiled-coil
bundle.338 The transmembrane domain of influenza A M2
protein has been a proving ground for site-specific labeling
FTIR approaches to helix tilt and rotational information,344,345

in part because the large helix tilt gives rise to large positional
dependencies of the observable dichroic ratios. The strong
variation seen in these dichroic ratios is analogous to the
dispersion in oriented solid-state NMR PISA wheels.346

Sedimentation equilibrium studies revealed that tetramer-
ization of the transmembrane domain of the M2 channel is
specific and quite tight (16 kcal mol-1 in 15 mM dodecyl-
phosphocholine detergent) but about 6 kcal mol-1 weaker
than full length M2.347 Binding of amantadine, an inhibitor
of the proton-selective channel, stabilizes the tetrameric form
of the wild-type M2 transmembrane domain.348 Single point
mutations in the transmembrane domain targeted at the
residues lining the pore showed a range of effects:349 four
mutations stabilize the tetramer by about-1.2 kcal mol-1

(Val27Ala, Trp41Ala, Trp41Phe, Ala30Phe), one does not
affect stability (Gly34Ala), and three destabilize by between
+0.7 and +3.1 kcal mol-1. However, of ten mutations
targeted to the helix-helix interface, none are significantly
disruptive, and most actually stabilize the tetramer, including
one small-to-large mutation (Ser31Phe).350 Amantadine bind-
ing to these mutants is attenuated or even abolished, and
the effect of a mutation on tetramerization correlates
negatively with the effect on amantadine binding.350 Possible
rationales for these observations include the idea that the
function of the M2 protein may depend on switching between
different conformations: as shown by spin-spin coupling
EPR measurements, the lipid environment can modulate the
structure of the M2 transmembrane domain, possibly affect-
ing the tilt.351 Mutations may perturb the balance between
different conformations, or the energetics of lateral interac-
tions between the transmembrane domains may be less than
optimally stable to permit structural changes needed to
accommodate function. It is noteworthy that stabilizing
mutations for other membrane proteins appear to be com-
mon.252,255,352

4.3.3. Integrins

Integrins are heterodimeric cell surface receptors that
mediate bidirectional signaling in the cell-cell and cell-
matrix interactions that underlie development, differentiation,
and cell death.353 Large conformational changes occur in
going from the low-affinity to the high-affinity state of the
receptor,354-357 but the detailed oligomeric interactions and
clustering that accompany these conformational changes are
controversial. Heterodimeric interactions between the single
membrane spans of cognateR and â receptors have been
implicated in both low- and high-affinity states,358 although
work with proteins containing the transmembrane and
cytosolic portions of integrinsRIIb andâ3 suggests that these
species form homodimers and homotrimers, respectively.359

A designed transmembrane domain mutation, Gly708Asn in
theâ3 integrin, activatesRIIbâ3 in vivo and also promotes
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â3 homotrimer formation,360 suggesting that the heterodimer-
ic transmembrane domain interactions inferred in EM
reconstructions of theRIIbâ3 low-affinity state361 may give
way to homooligomeric transmembrane interactions in the
activated state. Designed disulfide cross-links that lock
together anRIIbâ3 transmembrane domain heterodimer
abolish activation362 and negate the effects of juxtamembra-
nous constitutively activating mutations in the cytoplasmic
domain.363 These findings further support the idea that tight
interactions betweenRIIb andâ3 membrane spans are linked
to the low-affinity conformation.

Both heteromeric and homomeric interactions between the
transmembrane domains of integrins have been measured
using reporter assays. Schneider and Engelman developed
the GALLEX assay, based on an asymmetric LexA operator,
to measure heteromeric interactions of parallel helices in
membranes.265 Examining interactions of the transmembrane
domains of a series ofR andâ subunits revealed that both
â3 andâ7 show some tendency for homodimer formation,
while cognate pairs ofR andâ subunits show some hetero-
oligomeric interactions that can be attenuated by mutations
at GxxxG motifs within the transmembrane domains.265,364

TOXCAT analysis ofRIIb transmembrane domain ho-
modimerization identified interfacial residues and suggests
that homodimer formation relies on the residues VGxxG-
GxxxL that map to one face of the helix.365 A leucine
scanning mutagenesis study of the transmembrane domains
of RIIb and â3 showed that ligand binding of full-length
integrins in mammalian cell culture becomes constitutive
when Gly972 or Gly976 ofRIIb or Gly708 ofâ3 is changed
to leucine.366 These mutations, as well as the previously
describedâ3 Gly708Asn, seem to increase ligand affinity
but not induce macroclustering of the receptors. The known
disruptive effects of leucine substitutions at GxxxG motif
positions argues that these mutations have their effect through
disruption of heteromeric interactions but not through
stabilization of homomeric interactions,366 as had been
suggested previously based on the mutationâ3 Gly708Asn.360

The identification of numerous activating mutations in the
transmembrane domain and juxtamembranous region ofâ3,
but not the distal cytoplasmic regions, confirms that the
transmembrane domain is involved in activation.367 While
this process identified single point mutations on the same
face of the helix ofâ3 implicated in association in other
studies,360,362,366activation by clones with transmembrane
domains exhibiting internal deletions and charged substitu-
tions that reduce the effective length of the hydrophobic span
indicate that disruption of intramembranous interactions leads
to activation.367

4.3.4. Erythropoietin Receptor

The erythropoietin receptor transduces the signals that
regulate the proliferation and differentiation of red blood cells
in response to the cytokine erythropoietin.368 The single
transmembrane span of this receptor is important to its
function,369 and a juxtamembranous sequence motif is
necessary for phosphorylation of the receptor.370 The intact
receptor forms dimers at the cell surface in the absence of
ligand.371 The erythropoietin receptor transmembrane domain
self-associates in the ToxR assay,322 and mutations that
disrupt this interaction block signaling by the receptor even
when combined with a constitutively activating mutation in
the extracellular domain.372 Replacement of the extracellular
ligand-binding domain with designed soluble coiled-coils

having different phases with respect to the transmembrane
domain identified a preferred orientation of the transmem-
brane spans with respect to one another for maximal
stimulation of downstream signal transduction pathways;
modeling of the interface suggests that polar residues Ser231,
Ser238, and Thr242 are involved in self-association.373 A
helical interface differing by only a slight rotation was
identified by hydrophobic point mutations in the ToxR
assay325 and by asparagine scanning mutagenesis.307,325

Transmembrane domain interactions also underlie hetero-
oligomeric interactions between the erythropoietin receptor
and gp55 of spleen focus forming virus that cause receptor
activation.369,374 The gp55 transmembrane domain self-
associates in the TOXCAT assay,375 and structural charac-
terization of the gp55 interface identified a right-handed
crossing angle between the helices by a2H solid-state NMR
method that distinguishes between leucines at and away from
the interface based on the mobility of their terminal meth-
yls.376 The differential ability of variants of gp55 to activate
human and murine erythropoietin receptors results from
differences in the transmembrane sequences of both receptor
and gp55;369,375structural and energetic characterization of
these interactions should provide new insights into the
specificity and stability of lateral interactions between helices.

4.3.5. ErbB Receptors

Transmembrane domains have been implicated in the
modulation of signaling by the ErbB family of receptor
tyrosine kinases for decades. Mutation of a single valine to
glutamic acid at position 664 in the transmembrane domain
of the ErbB2 receptor constitutively activates the receptor,
turning it into an oncogene.377 The presence of the glutamic
acid does not grossly affect the association of the sequence
with the membrane,378 suggesting that it alters lateral
interactions between helices instead. Solid-state NMR chemi-
cal shifts indicate that the protonated glutamic acid forms
strong hydrogen bonds, perhaps with another glutamic
acid,379 although rotational resonance distance measurements
suggest that the adjacent Gly665 experiences close interhe-
lical packing.380 Dimerization of the oncogenic form of
ErbB2 through its transmembrane domain is necessary,
although not sufficient, for its transforming activity.381 NMR
studies in fluid bilayers indicate that both the normal and
oncogenic form of ErbB2 exist as monomers and small
oligomers at low ratios of peptide to lipid and that higher
order aggregates occur at high peptide concentrations.382

Using the TOXCAT assay, Lemmon and colleagues
showed that the transmembrane domains of the ErbB family
self-associate inE. coli membranes, giving signals that range
from 35% to 65% of wild-type glycophorin A, or about 4 to
8 times higher than the disruptive Gly83Ile glycophorin A
mutant.299 Exploring the sequence dependence of these
associations with targeted mutagenesis revealed that muta-
tions at GxxxG-like motifs in either the N-terminal or
C-terminal part of the ErbB2 membrane span reduce ho-
modimerization, while disruption of a TxxxG motif in ErbB3
does not affect self-association. Surprisingly, the oncogenic
mutation Val662Glu in ErbB2 reduces dimerization in the
context of the TOXCAT assay.299 Interestingly, while both
ErbB1 and ErbB4 contain multiple GxxxG-like motifs, the
spatial distribution of the critical motifs is different: the
C-terminal motif in ErbB1 contributes to homodimerization,
while in ErbB4 a motif toward the N-terminal side of the
membrane span is important. These findings may have
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implications for homodimeric and heterodimeric interactions
among this family of receptors, as further explored using
the ToxR system by Shai and colleagues.300 Consistent with
these findings of interactions between the transmembrane
domains of ErbB receptors, Hubert and colleagues have
shown that expression of small designed proteins bearing
the transmembrane domain of an ErbB1 or ErbB2 receptor
can have a dominant negative effect on signaling by the
receptor.273

These results contrast starkly with the demonstration by
Stanley and Fleming that none of the ErbB transmembrane
domains show strong homomeric or heteromeric interactions
as chimeric proteins under conditions of sedimentation
equilibrium in detergent.298 A fusion construct bearing the
membrane span of ErbB4 (which gave the strongest signal
in TOXCAT299) shows some slight tendency to associate at
low concentrations of the detergent C8E5. While there is
considerable precedent for sequences that contain GxxxG
motifs to fail to associate tightly216,238,240(see sections 4.1.1,
4.1.2, and 4.2.1) and membrane spans bearing polar residues
may fail to associate in detergents while showing strong
association in TOXCAT261 (see section 4.1.4), the discrep-
ancy between the TOXCAT data and the centrifugation data
for four uniformly hydrophobic sequences is quite surprising.
Aside from determining how transmembrane domains par-
ticipate in receptor tyrosine kinase signaling, reconciling the
differences between these measurements will be important
for understanding how detergents influence helix-helix
interactions and for determining what the results from
TOXCAT and other biological assays really mean. It may
be that certain classes of helix-helix interactions depend
critically on the stabilizing influences of bulk bilayer
properties (i.e., lateral pressure) and therefore do not associate
in detergents.

Experimental approaches presented by Hristova and col-
leagues may be useful for resolving these issues. Working
with synthetic peptides corresponding to the transmembrane
domain of the fibroblast growth factor receptor 3, which
contains one GxxxG motif and one SxxxG motif, these
authors have shown that FRET measurements of bilayer-
reconstituted peptides can yield thermodynamic parameters
for lateral interactions between these helices (about-3 kcal
mol-1, giving significant self-association at protein/lipid
ratios of 1000:1).245,246This is substantially weaker than the
association of a tightly interacting system like glycophorin
A, but it may be sufficient to influence the structure and
mechanism of receptor tyrosine kinase signaling. Measure-
ments of the sequence dependence of these interactions will
be of great interest. The development of new approaches to
measuring FRET in bilayers and to ensuring the homogeneity
of the samples under study244 will hopefully allow the
exploration of these weaker interactions. The potential for
using FRET approaches in both bilayers and detergent
micelles, for comparison of the effects of the lipidic medium
on association, is also attractive.

4.3.6. Synaptobrevin
Synaptobrevin is a member of the SNARE super-family383

of proteins that mediate intracellular membrane fusion
events.384 Interactions between synaptobrevin (which is
anchored in the vesicle membrane) and syntaxin and SNAP-
25 (which are anchored in the plasma membrane) drive
neuronal exocytosis in response to increases in calcium ions
that enter the cytoplasm of the nerve terminal through
voltage-gated calcium channels.385

A series of lines of evidence implicate the transmembrane
domains of synaptobrevin, synaptophysin, and syntaxin in
homomeric and heteromeric interactions. Synaptobrevin,
syntaxin, and SNAP-25 form ternary complexes386 that can
be disassembled by components of the membrane fusion
machinery, NSF andRSNAP.387 The complex can assemble
in nonionic detergents but not in SDS; however, preformed
complexes are resistant to SDS unless boiled.388 While only
the 1:1:1 complex is seen upon assembly in vitro,386 higher-
order complexes form in vivo.388 Co-reconstitution of syn-
aptobrevin and syntaxin gives significant levels of SDS-
resistant homodimeric and heterodimeric complexes only if
the constructs include the transmembrane regions of these
proteins, and proteolytic removal of the first 75 residues of
synaptobrevin leaves the C-terminal membrane-spanning
fragment complexed to syntaxin.389 Binding of synaptophysin
to synaptobrevin depends on the synaptophysin transmem-
brane domain and results in an SDS-resistant complex that
prevents synaptopbrevin from binding syntaxin or SNAP-
25,390 and the transmembrane domain of synaptobrevin is
sufficient to bind synaptophysin.391 Cross-linking studies
reveal synaptobrevin dimers and synaptobrevin/synapto-
physin heterodimers in rat synaptic vesicles.392 The higher
molecular weight complexes detected under these conditions
usually represent a small fraction of the total protein loaded
onto the gel, but because the proteins probably cycle through
different functional states the complexes may still be
biologically relevant.

Experiments to probe the self-association of synaptobrevin
transmembrane domains have been undertaken in two
laboratories, with somewhat different results and quite
different interpretations. Laage and Langosch showed that a
fusion protein of staphylococcal nuclease and synaptobrevin
that was overexpressed inE. coli and extracted in the
detergent CHAPS at a protein concentration of∼1 mg ml-1

could be cross-linked to dimers, while a fusion lacking the
transmembrane domain did not cross-link.393 These authors
identified a mild urea/SDS-PAGE condition that supported
dimerization without cross-linking and showed by alanine
scanning mutagenesis that point mutations to alanine on one
face of a helix could lower the dimer-monomer ratio,
although only by as much as a factor of 2 (a triple mutant
reduced the dimer-monomer ratio by a factor of 5).393

Langosch and colleagues also showed that dimerization of
the synaptobrevin fusion construct under conditions of mild
SDS-PAGE was not affected by simultaneous conversion
of eight noninterface residues to alanine.394 Alignment of
the synaptobrevin and syntaxin transmembrane domains
suggested that these proteins shared a conserved interface,
and a syntaxin fusion construct also formed dimers on mild
SDS-PAGE. Surprisingly, mutating eight residues away
from the inferred interface to alanine actually enhanced
dimerization on mild SDS-PAGE severalfold, potentially
indicating the formation of a new interface. Analysis of wild-
type synaptobrevin and syntaxin transmembrane domains in
the ToxR reporter system showed that both transmembrane
domains gave self-association signals above background;
while the variants with eight alanine replacements showed
weak association in this assay, variants with only six alanine
replacements show wild-type levels of ToxR signal. Mutants
of either transmembrane domain that simultaneously replace
three interfacial residues with alanines show minimal self-
association by ToxR.394
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Bowen, Engelman, and Brunger examined five synapto-
brevin transmembrane domain constructs of different lengths
and one syntaxin construct using the TOXCAT assay and
compared the signals to a positive control (glycophorin A)
and a negative control (the glycophorin A Gly83Ile disruptive
point mutant). They found that while each of these constructs,
including one harboring the disruptive triple alanine substitu-
tion of Langosch and colleagues, gave a stronger signal than
the negative control, the signal was never more than twice
the level of the negative control, and the positive control
was 10 times higher than the negative.395 These low levels
of TOXCAT signals relative to glycophorin A indicated to
these authors that the synaptobrevin self-association was
extremely weak. (While these authors did test sequences of
between 15 and at least 26 residues in length, they did not
assay the precise sequence used by Langosch and colleagues,
whose 15 residue construct is shifted to the C-terminal side
by one residue.) Under standard SDS-PAGE conditions
where a glycophorin A fusion construct forms strong dimers,
the synaptobrevin fusion construct shows only trace amounts
of dimer, again suggesting minimal dimer stability relative
to glycophorin A.

Langosch and colleagues subsequently tested the 15 amino
acid construct of Brunger and colleagues alongside their own
15 residue construct and the glycophorin A controls in the
ToxR assay.392 In the somewhat compressed scale of the
ToxR assay relative to TOXCAT (see section 4.1.4), the
wild-type glycophorin A transmembrane domain gives about
five times the signal of the disruptive negative control, and
the Langosch synaptobrevin 15-mer associates twice as
strongly as the negative control while the Brunger 15-mer
associates only slightly more strongly than the negative
control.392 These disparate results for very closely related
sequences may be caused by sensitivity of the ToxR/
TOXCAT dimerization signals to the relative orientations
of the cytosolic and periplasmic domains and the dimer
interface of the transmembrane domain.392 However, Brunger
and colleagues showed that in their 15 residue construct,
converting a cysteine proposed by Langosch and colleagues
to be in the dimer interface to an asparagine increased the
TOXCAT signal 20-fold, to twice the level seen for wild-
type glycophorin A, suggesting that the relative spacing of
this construct can support strong self-association.395 While
the fusion constructs of Langosch and colleagues do associate
under mild SDS-PAGE conditions, it should be pointed out
that the rank order of the stabilities of sequence variants of
synaptobrevin and syntaxin do not match between the ToxR
assay and mild SDS-PAGE, suggesting that these assays
may not be reporting on the same phenomenon. The
indication that synaptobrevin is palmitoylated on a cysteine
implicated in the Langosch interface further complicates
matters.396

The experiments that most convincingly demonstrate a
tight synaptobrevin-syntaxin protein-protein interaction that
may underlie biological function are those that examine the
native proteins in synaptic vesicle preparations. The semi-
quantitative nature of both the gel assays and the in vivo
association assays of heterologously expressed fusion pro-
teins makes interpretation of the weak dimerization signals
difficult for these systems, and the minimal effects of single
point mutations on observed dimerization call into question
the sequence specificity of the results. Using standardized
positive and negative control sequences (such as glycophorin
A) across various assays at least enables comparisons to be

made between different bodies of work, but the significance
of weak interactions in the ToxR and TOXCAT assays
remains unclear. This situation should be contrasted with the
case of the ErbB receptor transmembrane domains (section
4.3.5), where the TOXCAT and ToxR assays both indicate
moderate to strong self-association that can be abolished by
point mutations, while the sedimentation equilibrium data
in detergents shows little evidence of significant interactions.
In that case, the different conclusions drawn using in vivo
and in vitro methods probably reflect differences in the lipidic
environment that modulate the self-association properties of
the transmembrane spans as measured by these diverse
methods. In the case of synaptobrevin and syntaxin, small
variations in the implementation of extremely similar meth-
ods lead to different conclusions, suggesting that the
parameters surrounding the implementation and interpretation
of these methods have yet to be completely established.
While applying ToxR or TOXCAT to strongly associating
systems allows the transmembrane domain interactions to
be studied in isolation, thus clarifying the analysis by
eliminating potentially confusing contributions from other
parts of the molecules under study, in weakly associating
systems this strategy seems to provide as many complications
as clarifications.

4.4. Inhibition of Function by Interacting
Membrane Spans

Specific helix-helix interactions that underlie functional
assembly of helical bundle integral membrane proteins are
potential targets for altering or disrupting function. Since
helix-helix association is an equilibrium process, folded or
assembled bundles of helices sample unfolded or dissociated
states, in which one or more membrane spans transiently
exist as independent helices. Introduction of a peptide bearing
similar structural and sequence determinants for stable helix-
helix interactions into the same membrane therefore estab-
lishes a thermodynamic competition: a sufficiently abundant
peptide, or one that can make preferential interactions with
the bundle, could effectively displace the native membrane
span from participating in an oligomeric complex or even
from making interactions within a folded polytopic mem-

Figure 11. Schematics for how lateral interactions with trans-
membrane peptides might affect the structure and function of
membrane proteins. Transbilayer helices compete reversibly with
the lateral interactions that stabilize the native state; in cases where
the peptide is in great excess or the sequence of the peptide supports
a stronger than native interaction, the population of native protein
may be significantly diminished.
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brane protein (see Figure 11). Such peptides could have
“dominant negative” effects on the function of the biological
system. While small molecules may offer therapeutic ad-
vantages over peptides in terms of delivery or stability,
peptides or small proteins are an excellent means of
demonstrating that helix-helix interactions in a given system
are a viable target for modulating function. This section
presents examples from the literature in which lateral
interactions of transmembrane helices within membranes
affect the behavior of target proteins, either as part of a
biological control mechanism or as tests of the importance
of native interactions, supporting the view that manipulating
the specificity of interactions within membranes provides a
possible pathway to modifying function in biological systems
and in medicine.

Lateral interactions with a single transmembrane helix can
have subtle effects on the function of even quite complex
membrane proteins in their native environment. Interactions
between phospholamban (as a monomer or pentamer) and
the calcium pump in the membranes of sarcoplasmic reticu-
lum depend on residues that map to one face of the
transmembrane domain of phospholamban,333 while muta-
tions on another face decrease pentamer formation and
enhance interaction with the pump.331 The interplay between
these possible interactions and with contacts that occur
between the aqueous domains of these proteins is now
beginning to be understood in atomic detail with the recently
published solution NMR structure of the phospholamban
pentamer328 and the crystal structure of the calcium pump397

(see section 4.3.1).

The γ subunit of the sodium pump is a single span
membrane protein that alters the affinity of the other two
subunits of the Na,K-ATPase for substrates,398,399 and the
transmembrane domain of theγ subunit modulates sodium
affinity.400 The γ subunit transmembrane domain has been
shown to form dimers in the mild detergent perfluorooc-
tanoate but not in SDS, and this dimerization is disrupted
by mutations Gly41Arg or Gly41Leu but not Gly35Arg.401

Coexpression in cultured cells of full lengthγ subunit but
not transmembrane domain mutants that disrupt dimerization
is able to decrease the apparent affinity of the Na,K-ATPase
for sodium. Interestingly, addition of the wild-type (but not
disruptive mutant)γ subunit transmembrane peptide to
membranes devoid ofγ subunit recapitulates these results
and demonstrates that an interaction between transmembrane
domains modulates the activity of the pump.271 These
experiments provide a physical basis for the physiological
function provided by the kidney-specific expression of the
γ subunit.402

Transmembrane peptides from several G-protein coupled
receptors (GPCRs) have been shown to specifically inhibit
the parental GPCR in isolated membranes and in vivo.
Incubation of a peptide corresponding to the sixth membrane
span of theâ2-adrenergic receptor with full-length receptor
prevents both receptor dimerization and stimulation of
adenylyl cyclase activity byâ-adrenergic agonists.268 The
sixth membrane span from the D1 dopamine receptor reduces
both binding of antagonists and receptor-mediated stimulation
of adenylyl cyclase activity by agonists, although it does not
apparently affect oligomerization.269Work with peptides from
several GPCRs and a monoamine transporter indicates that
injection of transmembrane peptides into live animals causes
physiological effects that are consistent with specific an-

tagonistic targeting of the polytopic protein from which the
peptide is derived.270 It is not clear how these peptides are
delivered to their sites of action or how they insert into the
target membranes.

The well-characterized protein diacylglycerol kinase,
which contains three membrane spans, catalyzes the direct
phosphorylation of diacylglycerol with high specificity.403

Addition of a peptide corresponding to the second membrane
span, but not a point mutant of that peptide, inhibits
diacylglycerol kinase activity assayed in decylmaltoside by
as much as 50%.272 Mixing the disruptive peptide with the
purified, full-length protein gives a complex that can be
resolved on SDS-PAGE,272 directly demonstrating the
physical interaction between the peptide and its target protein.

Demonstration of the effect of competing transmembrane
helices on biological signaling pathways has been presented
for the ErbB family of receptor tyrosine kinases.273 In human
cell lines overexpressing either ErbB2 or the EGF receptor,
cell surface coexpression of minigene constructs bearing
transmembrane domains of the cognate receptor tyrosine
kinase, but not control transmembrane domains, significantly
inhibits the phosphorylation of the receptor and of the
downstream kinase in the signaling pathway, ERK. Incuba-
tion with peptides corresponding to the transmembrane
domains alone gives similar results.273 Note that dimerization
of ErbB family transmembrane domains has been detected
in E. coli membranes using the TOXCAT assay,299 but
studies in detergent micelles reveal extremely weak interac-
tions at best298 (see section 4.3.5). Peptides have also been
shown to disrupt ToxR signals for constructs bearing ErbB
transmembrane domains.300

As discussed at the end of section 4.1.4, homodimerization
of a ToxR-GpA construct is inhibited by addition of
peptides carrying glycophorin A dimerization motifs but not
by variants that partition into model membranes but lack the
dimerization motif.267 Unexpectedly, a glycophorin A trans-
membrane peptide with the two motif valine residues
replaced withD-valine also inhibits the ToxR-GpA dimer-
ization signal,404 as does an all-D version of the peptide.405

These findings are explained by the authors using models
based on the wild-type glycophorin A solution NMR
structure. Since the use ofD-amino acids could improve
peptide stability in vivo, it would be valuable to have
biochemical and biophysical information about the stability
and specificity of the interactions that underlie this biological
result.

4.5. Polytopic Membrane Proteins and the
Two-Stage Model

Bacteriorhodopsin is the polytopic protein for which lateral
interactions within the membrane have been most extensively
analyzed to determine their contributions to functional native
structure. Intact bacteriorhodopsin can be refolded from a
highly denatured state,38,41and two sets of fragments derived
by proteolysis can also regain native structure when co-
folded.39,40,42The demonstration that two of these fragments
can refold independently to helical transmembrane confor-
mations in separate liposomes and then assemble spontane-
ously into functional protein following liposome fusion43 was
an important experimental impetus in the formulation of the
two-stage model of membrane protein folding. The nature
and extent of helix-helix interactions within the indepen-
dently reconstituted fragments is not known, but after
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liposome fusion the native structure is acquired when the
first and second spans (helices A and B in Figure 12) interact
with the fragment corresponding to the last five helices.
Independently reconstituted synthetic peptides corresponding
to the first and second transmembrane domains of bacteri-
orhodopsin can also reassociate with the reconstituted five
helix fragment following liposome fusion to yield functional
bacteriorhodopsin and purple membrane lattice,406,407dem-
onstrating that the first two loops are dispensable for
functional assembly, although both these loops and the
binding of retinal contribute to the thermal stability of the
protein.408 While the third, fourth, and fifth membrane spans
of bacteriorhodopsin also reconstitute as transmembrane
helices, the sixth span does not form stable secondary
structure, and the seventh forms surface-associatedâ-struc-
ture in membranes.409 Although these sequences might be
successfully inserted as helices into membranes by the
translocon in the appropriate sequence context, these bio-
chemical reconstitutions (and the pH-dependent membrane
insertion of the third membrane span410) demonstrate that
the seven transmembrane domains of bacteriorhodopsin
exhibit different behavior with respect to helical refolding.
Synthesis and characterization of the individual transmem-
brane spans of G-protein coupled receptors, including the
yeastR receptor411 and the human adenosine A2A receptor,412

have similarly shown that most but not all of these membrane
spans can be readily incorporated into bilayers as indepen-
dently stable helices. Interestingly, the fifth helix of the A2A
receptor shows evidence of self-association that may be
related to receptor dimerization.413

A role for topological links or lateral interactions between
spans in stabilizing the helical conformation of membrane
domains may be inferred from the failure of either span 6
or span 7 to form stable helices in isolation409 despite the
successful reconstitution of membrane spans 6 and 7 in the
context of full-length bacteriorhodopsin38,41and when linked
by the intervening loop as a helical hairpin.40 Marti and
colleagues explored the roles of the loops between bacteri-
orhodopsin membrane spans and showed that while frag-
ments consisting of the last five transmembrane spans or the
first two, three, four, or five spans insert stably into detergent

micelles as helices at pH 6, shorter fragments containing the
C-terminal four, three, or two spans would insert only at pH
4.414 Pairs of complementary fragments that include all seven
spans regenerate functional bacteriorhodopsin when com-
bined, demonstrating that four of the loops in bacteriorho-
dopsin are individually dispensable for function.414,415How-
ever, stability and kinetic folding studies of bacteriorhodopsin
with modified loops implicate not only the topological
connection, but the sequence identity of loops as factors in
folding and stability,416,417 as discussed further in sections
5.1 and 6.2.1.

Work with bovine rhodopsin extends the view of polytopic
proteins as being composed of domains that interact within
the membrane. Fragments of bovine rhodopsin containing
two, three, four, or five membrane spans can be successfully
expressed in COS cells but do not bind the retinal chro-
mophore; however, upon coexpression of two or three
complementary fragments, retinal binding and wild-type-like
absorption spectra are obtained.418 The ability to express
functional rhodopsin as fragments has led to the development
of cysteine cross-linking strategies for mapping protein-
protein contacts by detecting formation of disulfide bonds.419

Cross-link formation differs for dark-adapted and photo-
bleached rhodopsin,420 and while certain cross-links abolish
the ability to activate transducin without affecting the
photocycle of rhodopsin,421 up to four cross-links connecting
cytoplasmic or extracellular ends of membrane spans can
be incorporated while maintaining light-dependent rhodopsin
activation of transducin.422,423Although the thermodynamic
effects of splitting the receptor into pieces or of adding
disulfide cross-links have not been determined, an engineered
disulfide bond between residue 2 and residue 282 (in the
extracellular loop between helices 6 and 7) significantly
stabilizes the protein to detergent solubilization.424 These
experiments show that considerable insight into polytopic
helical bundle membrane protein structure and function can
be achieved by analyzing split variants under the basic
assumptions of the two-stage model.

The generation of other functional polytopic proteins from
coexpressed fragments further supports the dispensability of
many425-427 but not all428 topological connections for func-
tional folding. Generating a split variant of a membrane
protein can be more complicated: in some instances, the
fragments must be coexpressed to achieve wild-type levels
of protein in membranes,427 suggesting that the individual
fragments may be unstable or degraded when expressed alone
and that lateral interactions between the fragments help to
stabilize them in vivo. Even more restrictive conditions can
apply: coexpression of a six-span and a two-span fragment
of theE. coli IIBCGlc subunit of the glucose transporter from
two separate replicons does not give functional protein, but
providing the same constructs as a dicistronic message results
in proper targeting to membranes and functional activity.426

This suggests that lateral interactions between helical do-
mains at the stage of membrane insertion by the translocon
machinery are necessary for proper in vivo folding and
insertion of these fragments. Such interactions may occur
even for proteins whose membrane spans can independently
direct proper topological insertion.429 Together, these ex-
amples demonstrate that the two-stage model provides useful
insight into designing and analyzing a wide range of
properties exhibited by fragments of polytopic membrane
proteins.

Figure 12. Cartoon representation of bacteriorhodopsin (PDB
1C3W) identifying one of the sets of fragments from which
bacteriorhodopsin can be functionally reconsituted. Chymotrypsin
cleaves bacteriorhodopsin after Phe71; the amino-terminal 71
residues are colored in slate, while the remainder of the protein is
in cyan. The loop between helices B and C forms antiparallelâ
structure, but cleavage between these strands still allows proper
folding of the combined fragments. The retinal chromophore is
represented using purple sticks.
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5. Stability of Polytopic r-Helical Membrane
Proteins

5.1. Sequence Dependence of Stability

Point mutations in membrane proteins are often made for
purposes other than exploring the sequence dependence of
protein stability or folding. Mutagenesis has been used to
map function by exploring the functional consequences of
alterations in side chain chemistry in proteins such as
bacteriorhodopsin430 or to incorporate cysteine residues for
labeling or cross-linking studies. Extensive work in lac
permease by Kaback and colleagues showed the viability of
engineering a functional cysteine-less protein,431 generating
single cysteine mutants in this background (the overwhelming
majority of which are active),432 analyzing the local environ-
ment of these positions and distances between them with
site-directed probes,432-434 and using cysteine cross-linking
to map interactions within a protein.435-437 These studies have
revealed structural, functional, and dynamic aspects of the
permease, but they have also indicated that transport function
shows a broad tolerance toward sequence changes. This
tolerance of function to substitution has been seen in other
polytopic membrane proteins. Random mutagenesis of a
yeast G-protein coupled receptor followed by screening for
function has revealed that every residue in the seven
membrane spans accepts hydrophobic substitutions, and half
of the sites that could mutate to ionizable residues by a single
base change in fact do so while maintaining some level of
function.438 Do proteins that fold in a largely hydrophobic
environment show small thermodynamic effects for sequence
changes? Or are the destabilizing effects of substitutions
readily accommodated in these proteins because of their high
intrinsic stability? Can the functions of membrane proteins
be supported by sequence variants that fold into rather
different structures? Interesting answers to the first two of
these questions have been provided from studies of diacyl-
glycerol kinase and to all three of these questions by work
with bacteriorhodopsin.

The enzyme diacylglycerol kinase contains three mem-
brane spans, forms a homotrimeric complex of about 40 kDa,
and was shown by Sanders and colleagues to insert into
preformed bilayers with moderate efficiency upon dilution
from a detergent solubilized state.439 Although diacylglycerol
kinase exhibits high specificity for substrates and its catalytic
rate approaches the diffusion limit,403 its activity shows a
remarkable tolerance to single substitutions440 and indeed to
replacement of the first membrane span by polyalanine,
although more hydrophobic variants showed better stabil-
ity.441 Lau and Bowie developed an approach in mixed
micelles for measuring the energetics of unfolding of
diacylglycerol kinase249 and suggested that the stability of
the transmembrane domain, estimated at 16 kcal mol-1, might
explain the tolerance of the protein to substitutions. Analysis
of a set of mutant proteins identified sequence changes that
improved resistance of the protein to thermal inactivation,442

and combination of four such mutations resulted in a highly
stabilized version of the protein.255 The example of diacyl-
glycerol kinase, in which sequence changes at any particular
site have similar chances of being destabilizing, isoenergetic,
or stabilizing, has demonstrated that the stability of a
membrane protein in detergents may be readily optimized
by making sequence changes.352The generality of this finding
has yet to be demonstrated, but this possibility could find

considerable utility in the study of proteins that are hard to
express or purify. In the absence of a three-dimensional
structure for diacylglycerol kinase, the detailed basis for the
stabilizing effects of these mutations is not known, and the
tolerance of the first membrane span to wholesale substitution
may indicate that the property of optimizable stability is
peculiar to this system. However, because diacylglycerol
kinase activity can be inhibited by addition of a peptide
corresponding to the second transmembrane span (but not
by a mutant peptide),272 it seems that lateral interactions
among its membrane spans exhibit the same kind of
specificity that is displayed by other model systems.

Bacteriorhodopsin is the polytopic helical protein that has
been most extensively studied with respect to its stability,
the sequence dependence of that stability, and the kinetics
of its folding. Refolding of intact bacteriorhodopsin from a
denatured state38,41 can be monitored by circular dichroism,
by fluorescence spectroscopy of intrinsic tryptophans, and
by the absorption properties of the retinal chromophore,
which change upon binding and upon formation of a Schiff
base with Lys216 on the seventh membrane span. Identifica-
tion of intermediates in the folding pathway443 and of the
formation of about 30 additional residues ofR-helical
structure during the folding process444 have shown that the
kinetic folding of this protein is more complex than might
be anticipated from the tidy thermodynamic perspective of
the two-stage model of integral membrane protein folding;
the kinetic aspects of bacteriorhodopsin refolding are re-
viewed in section 6.1. The ability to refold bacteriorhodopsin
has led to the development of expression systems that allow
researchers to explore the sequence dependence of the
stability of monomeric detergent-solubilized bacteriorho-
dopsin445,446 or of the protein in the purple membrane
lattice.447,448Thermodynamic measurements of the stability
of monomeric bacteriorhodopsin in mixed micelle sys-
tems,250,252 along with high-resolution crystal structures of
trimeric449 and monomeric bacteriorhodopsin,450 have now
enabled the investigation of the influence of sequence on
the structure and the stability of this polytopic helical bundle
protein.

Gouaux and colleagues showed that while bacteriorho-
dopsin can tolerate multiple polar substitutions at lipid-facing
positions,446 such mutants are destabilized by comparison to
the wild-type protein,250 as might be expected from consid-
erations of hydrophobicity and from the two-stage model.
Bowie and colleagues modified this approach using lessons
from their studies of diacylglycerol kinase249 and have since
analyzed the stability of dozens of point mutants of bacte-
riorhodopsin; interestingly, many of these mutations are
stabilizing,252 as had been seen for diacylglycerol kinase.255

Bowie and colleagues performed alanine scanning mu-
tagenesis on the second membrane span of bacteriorhodopsin
(see Figure 13), replacing the wild-type residue with alanine
at each of 24 sites to determine the change in the unfolding
free energy of the protein (∆∆Gu) associated with truncation
of each side chain on this helix.252 Alanine substitutions at
four large residues (Val49, Met56, Leu61, Leu62) stabilized
the protein by between 0.5 and 1.4 kcal mol-1. Eight
substitutions had no significant effect on stability; interest-
ingly, one of these mutations, Pro50Ala, occurs at the site
where the helix is kinked in the wild-type crystal structure.
Seven substitutions destabilized only moderately (by between
0.5 and 1.4 kcal mol-1), while five strongly destabilized the
protein (by between 1.6 and 3.7 kcal mol-1); four of these
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five sites were clustered in a space of six residues. Although
the structural basis for the stabilizing mutants was not clear,
the extent to which mutationsdestabilized the protein
correlated strongly with the buried surface area of the native
side chain. The empirical relationship of 38 Å2 of buried
surface area corresponding to 1 kcal mol-1 is in good
agreement with alanine scanning mutagenesis thermodynamic
data for glycophorin A helix-helix interaction240 and with
other substitutions in that system.238 The close correspon-
dence of the behavior of these systems argues that the
thermodynamic contributions to helix-helix interactions in
an ideal two-stage system, such as glycophorin A, can be
very similar to the driving forces for polytopic membrane
protein folding.

Bowie and colleagues have also performed a proline
mutagenesis scan in the second membrane span of bacteri-
orhodopsin.251 Six of the proline point mutants gave no active
protein, five gave changes in the free energy of unfolding
of between-1.1 and-2.4 kcal mol-1, and three destabilized
only slightly (∆∆Gu about-0.5 kcal mol-1).251 The least
destabilizing proline substitutions occur in the N-terminal
end of the helix, where prolines are more frequently seen in
membrane protein structures195 and where prolines have the
least destabilizing effect on the incorporation of a single
transmembrane span in a membrane.192 (Prolines are also
less disruptive to glycophorin A dimerization when located
at the N-terminal end of the membrane span.221) Unlike the
alanine substitutions, the disruptive effects of proline re-
placements in bacteriorhodopsin do not correlate with the
burial of the wild-type residue. Structure determination of
the bacteriorhodopsin mutant Lys41Pro showed that the
proline is accommodated by local changes in structure, while
the structure of mutant Ala51Pro revealed conformational
adjustments along the helix.251 These findings suggest that
the disruptive effects of introducing a proline substitution
into interacting helices are mediated by effects on the stability
of the transmembrane span and the complex response of the
interacting helices to structural alterations at the proline.

Replacing proline residues might be expected to alleviate
transmembrane kinks, but structure determinations for pro-
line-to-alanine substitutions in three different membrane
spans of bacteriorhodopsin show that these kinks are largely
retained, although the distortion of the helix can be spread
over more residues as a smooth bend instead of an abrupt
kink.252,451 This indicates that prolines can favor tertiary
interactions between certain membrane spans by inducing
kinks but that prolines are not absolutely necessary for such
kinks to exist. The existence of a non-proline kink in the L
subunit of the photosynthetic reaction center at the same
position where a proline kink occurs in the structurally
homologous M subunit452 and other statistical correlations
observed across structures and sequences led Bowie and
colleagues to propose an evolutionary pathway to structural
diversity and stability in which proline substitutions that
introduce kinks are stabilized by subsequent mutations in
other parts of the sequence that enhance lateral tertiary
interactions with the proline-containing helix.451 After such
compensatory changes, the kink would be retained even if
the proline were subsequently changed to another residue.

These findings have significance for the two-stage model
of membrane protein folding. In the case of wild-type
bacteriorhodopsin, it could be argued that the proline kinks
seen in transmembrane helices in the high resolution crystal
structures arise from predispositions to kinking due to proline
or that the kinks might be preformed in isolated helical
membrane spans. For each of the proline-to-alanine mutants,
however, the structure of the isolated, independently stable
helix in question should be essentially ideal453at that position,
yet in the folded structures, each exhibits wild-type-like
kinks. From the mutant proteins, then, it is clear that
considerable deviations from helical ideality can beinduced
by tertiary interactions between membrane spans. Does this
kinking of a helix in response to the lateral association of
helices run counter to the two-stage view of membrane
protein folding?

Since the second membrane span of bacteriorhodopsin
containing wild-type Pro50 can be independently reconsti-
tuted into membranes and can associate with the first
transmembrane span and a five span fragment to form
functional bacteriorhodopsin,406,407 this system is well de-
scribed by the two-stage model: lateral interactions do
specify the final structure from stable transmembrane spans.
(It is interesting to speculate as to how readily a peptide of
the second membrane span bearing the Pro50Ala mutation
might assemble under similar conditions.) The kinetic effects
of mutating this proline in the full length protein are
complex,454 but the two-stage model is a useful tool in sorting
through these effects, as discussed in section 6.2. The two-
stage model thus retains its tidy energetic perspective in
outline, but the structural and energetic details become
complicated: extending or expanding the definition of an
“independently stable transmembrane helix” to an “indepen-
dently stable span” constitutes a reworking that is more than
merely semantic. It should be noted, however, that the
possibility of the need for this detail was anticipated in the
original presentation of the two-stage model.37

One naive structural interpretation of the two-stage model
is that helical bundle membrane proteins would be formed
by packing of ideal “preformed” helices. This seems to be
essentially the case for the glycophorin A transmembrane
helix dimer,229,235 and this favorable example provides a
tempting avenue to membrane protein structure prediction.

Figure 13. Cartoon representation of bacteriorhodopsin (PDB
1C3W) displaying the alanine scanning mutagenesis results of
Bowie and colleagues252 for the second membrane span. Side chains
for residues 25 through 62 are shown as sticks. Those residues
whose substitution by alanine strongly destabilizes the protein are
shown in red, while those that slightly destabilize are shown in
orange. Sites where alanine substitution improves stability are in
blue, while sites where mutations do not significantly alter stability
are in cyan. The retinal chromophore is in purple. Residues that
destabilize when mutated to alanine tend to point toward other
helices, and residues that do not change stability tend to point out
from the helical bundle. Stabilizing mutations are in the C-terminal
half of the span but do not cluster on one face of the helix. Adpated
with permission from ref 252. Copyright 2003 Elsevier Ltd.
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Membrane protein structures that exhibit highly noncanonical
transmembrane spans prove that such approaches to mem-
brane protein structure prediction cannot be entirely general.94

The demonstration that even in the canonicalR-helical
polytopic protein bacteriorhodopsin, membrane spans can be
kinked or bent at particular points because of tertiary
interactions and not simply because of their primary sequence
may seem like a further indictment of the practice of
assuming that membrane spans could be usefully modeled
as preformed helices. However, combining the prediction of
the positions of kinks based on sequence alignments within
families of proteins451 with an understanding of the biases
for the geometry of proline-induced kinks195 might allow
expectations about possible site-specific kinking into predic-
tion schemes that otherwise treat membrane spans as ideal
helices. Such approaches would still be a long way from
providing insights into how sequence specifies the highly
noncanonical structures of helical membrane proteins such
as the ClC chloride channel,95 but extending the prediction
of membrane protein structure by rational modification of
approaches that are successful in simple systems seems to
be a worthwhile area of endeavor.

5.2. Lipid Dependence of Stability

The lipids of the bilayer in which integral membrane
proteins reside are expected to play a major role in determin-
ing protein structure, stability, and function by binding
directly to specific sites and by modulating the overall
physical properties of the bilayer, which depend on lipid
composition. High-resolution structures of membrane pro-
teins have revealed the structural details of tightly bound
lipids (reviewed in refs 455 and 456), and the use of spin-
labeled or deuterated lipid probes have revealed the stoichi-
ometry and dynamic aspects of lipid-protein interactions
over a range of interaction strengths (reviewed in ref 456).
Nonbilayer lipids in biological membranes have been shown
to influence membrane proteins through the lateral pressure
profile (reviewed in ref 457), and approaches to modifying
the lipid contents of various biological membranes have
identified the in vivo folding dependencies of proteins on
specific lipids (reviewed in ref 53). Studies of model lipid
systems have shown that cholesterol can enhance fluid-fluid
phase separation in bilayers, and work in these systems is
providing insights into the properties of the lipid rafts that
are proposed to provide specialized functional microdomains
within cell membranes (reviewed in refs 458-462). In
addition to the implications for biological membrane protein
function, understanding how the lipid composition of mem-
branes influences protein expression and stability463 and how
the interplay between proteins, lipids, and detergents influ-
ences in vitro membrane protein stability6 has practical
implications for the study of membrane proteins.

Delipidation during purification can destabilize membrane
proteins, and addition of lipids has been used to overcome
stability problems in the isolation of proteins for biophysical
studies.6,455 Lipids can also be crucial for crystallization.
Although at least two native lipid species copurify with the
cyanobacterial cytochrome b6f complex,464 adding ap-
proximately 10 DOPC lipids per b6f monomer (0.1% DOPC
in the presence of 0.05%â-undecylmaltoside) dramatically
improved crystal diffraction limit, in part by protecting the
complex from proteolysis.465 The structures of the algal466

and cyanobacterial467cytochrome b6f complexes both contain

ordered lipid; interestingly, the position of an ordered
sulfolipid in the algal complex is occupied by a (non-native)
DOPC molecule in the cyanobacterial complex. It seems
likely that a native lipid is bound at this position in
cyanobacterial membranes; the reasons for the displacement
of this lipid and the retention of the algal lipid probably
include both the purification methods and the details of the
protein-lipid interactions.

Ordered lipids interact with membrane proteins through
acyl chains, glycerol backbones, and polar headgroups. Jones
and colleagues used mutagenesis to explore the roles of
specific protein-lipid polar contacts between an arginine side
chain in the M subunit of the bacterial reaction center and
the headgroup of an ordered cardiolipin.468 Differential
scanning calorimetry in 0.1% LDAO revealed that the
melting point of the reaction center containing the Arg267Leu
mutant is about 5°C lower than wild-type.468 Mutating
arginine to leucine had no measurable effects on reaction
center expression, function, or absorption spectra, and except
for the lack of an ordered cardiolipin, the mutant structure
is identical to wild-type,469 suggesting that the binding of
the ordered lipid contributes to the stability of the reaction
center but does not significantly perturb its structure.

Lipid composition has been shown to influence the
assembly and stability of the tetrameric form of the KcsA
potassium channel. KcsA made by transcription/translation
in the presence of liposomes can associate with membranes
and assemble into tetramers.470 High-efficiency tetramer
assembly is supported by liposomes with high mole fractions
of phosphatidylethanolamine (40%) and phosphatidylglycerol
(20%) but not pure phosphatidylcholine. These observations
correlate with the measured thermal stability of the chan-
nel: detergent solubilized KcsA tetramer is dissociated to
monomers after incubation at moderate temperatures, but
KcsA reconstituted into bilayers of 70:30 PE/PG shows high
thermal stability.470 Perturbation of KcsA tetramerization in
membranes by a series of alcohols suggests that the
partitioning of the alcohols to the bilayer interface reduces
lateral pressure at the middle of the bilayer, reducing the
driving force for tetramerization.471,472The potential for the
nonbilayer lipid phosphatidylethanolamine to increase lateral
pressure473 is consistent with its importance in KcsA tetramer
stability. While it is possible that KcsA has binding sites
for particular lipids, the correlation between the effects on
tetramerization and on bilayer properties suggests that lipids
influence KcsA oligomerization by altering the physical
properties of the bilayer as a whole. Lateral pressure is also
implicated in decreasing the folding efficiency of bacterio-
rhodopsin from the dependence of membrane insertion on
phosphatidylethanolamine content and the opposing effect
of 1-palmitoyl-2-hydroxy-sn-glycero-3phosphocholine.474

Membrane insertion of the multidrug transporter EmrE, but
not reconstitution of EmrE by dialysis, is inhibited by
phosphatidylethanolamine,475 suggesting that there may be
both kinetic effects476,477and thermodynamic effects of lipid
composition in some experiments.

The direct influence of lipid composition on the free
energy of helical integral membrane protein folding has not
been systematically examined. However, Hong and Tamm
have explored in considerable detail the urea-induced revers-
ible folding of theâ-barrel membrane protein OmpA in the
presence of bilayers composed of POPC/POPG and an
additional guest lipid.478 The data show a strong dependence
of folding free energy on the headgroup and the acyl chain
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length of the third lipid species: shorter acyl chain phos-
phatidylcholines decrease the folding free energy, while
phosphatidylethanolamine increases it. The negative spon-
taneous curvature of the lipid mixtures (or lateral pressure
of the membranes) seems to explain much of the variation
in folding free energies; hydrophobic mismatch also plays a
role. This pioneering work was made possible by the
identification of urea unfolding conditions that are reversible
in the presence of membranes. The mixed micelle systems
in which the stabilities of several helical proteins have been
studied also exhibit lipid dependencies, but because folding
in these systems is in micelles and not membranes, linking
lipid effects to bulk bilayer properties such as lateral pressure
will be tenuous.

Exploring the effects of particular lipids on the properties
of proteins in vivo requires genetic manipulation of the lipid
biosynthetic pathways of interest and appropriate tools for
probing protein targeting, structure, and function;53 in some
instances, biochemical and biophysical data provide a context
for the biological experiment. Cardiolipin binding to the
respiratory bc1 complex has been shown to be important for
function,479,480and the structure of the bc1 complex contains
ordered cardiolipin.481 As might be anticipated, yeast altered
to have repressible phosphatidylglycerol phosphate synthase
expression are defective in respiration and are unable to
incorporate at least five respiratory chain transmembrane
proteins into their inner mitochondrial membranes when
phosphatidylglycerol and cardiolipin are not present.482

Blocking only the pathway that converts phosphatidylglycerol
to cardiolipin allows functional expression and proper
targeting of all proteins needed for respiration, but destabi-
lizes supercomplex formation among these proteins.483-485

Lipid composition also influences membrane protein
topology in vivo (reviewed in ref 486). Anionic phospho-
lipids help enforce the positive-inside rule for proteins being
inserted into theE. coli inner membrane, implicating a
general electrostatic effect in the kinetics or thermodynamics
of translocon-mediated folding,186 but protein-specific effects
are also seen. Dowhan and colleagues have shown that the
proper topology of lac permease inE. coli membranes
depends on the presence of phosphatidylethanolamine.487 The
misfolded protein exhibits an inverted topology for the six
N-terminal membrane spans and their connecting loops, with
the large loop between the sixth and seventh helices exposed
to the periplasm instead of the cytosol.488 The first six
membrane spans of LacY do not fully integrate into the
membrane while the ribosome is synthesizing the cytosolic
loop between the N and C domains,489 suggesting that these
regions may not make a topological decision until late in
the translation of the protein. It is noteworthy that another
E. coli membrane protein, YidC, is important for the proper
folding but not membrane integration of LacY.490 Analogous
dual topology results are obtained for PheP, an amino acid
transporter, although only the two N-terminal membrane
spans are inverted in the absence of phosphatidylethanola-
mine.491 GapP, another member of the same transporter
family, also exhibits topological inversion of its first two
membrane spans in phosphatidylethanolamine deficient
cells.492 Phosphatidylethanolamine is essential for targeting
several amino acid transporters to the plasma membrane of
yeast493,494although the effects on topology are not known.

Multiple topologies have been observed for other proteins
under conditions of normal lipid metabolism,495-500 but the
in vitro and in vivo data for the lac permease system combine

to yield particularly interesting implications for membrane
protein folding. Reconstitution of permease into bilayers in
the absence of phosphatidylethanolamine gives the partially
inverted topology and in the presence of phosphatidyletha-
nolamine gives the normal topology, independent of the lipid
content of the cells from which the protein is isolated.501

This finding indicates that bilayer lipid composition, and not
the in vivo folding history of the protein, controls the
topology of the reconstituted protein. Pulse-chase experi-
ments show that permease topologically misfolded in vivo
can be posttranslationally converted to the correct topology
following induction of phosphatidylethanolamine synthe-
sis;488 PheP exhibits a similar posttranslational reorganiza-
tion.491 Such reorganizations may be able to occur sponta-
neously, but it seems more likely that the translocon is
involved in this process, possibly with the assistance of other
proteins. The LacY reconstitution data suggest that the
thermodynamically favored topology varies with lipid com-
position, and the in vivo data suggest that the translocon
allows the permease to sample topologies and to choose the
more favorable orientation, even after translation has been
completed and the protein has been released to the mem-
brane. This complements and extends the “lipid partitioning
hypothesis” for translocon-mediated integration of membrane
spans190 and the thermodynamic insights into this process.192

Lipid-dependent topology preferences may be properties of
the sequences of individual membrane spans, but because
helix-helix interactions also affect integration,502 lipids could
influence topology by modulating helix-helix interactions.
Because phosphatidylethanolamine, a nonbilayer lipid, en-
hances the negative spontaneous curvature of membranes,
PE-dependent topologies described above may be mediated
by lateral pressure effects on interactions between membrane
spans of the transporters in question. While the current data
do not yet provide a clear picture of the extent to which the
processes that determine the topology of membrane spans
are normally coupled to the energetics of helix-helix
interactions, the potential influences hinted at by the lipid-
dependence of topology of certain proteins in prokaryotes
can readily be incorporated into a thermodynamic picture
of membrane protein folding in vivo.

It appears thatE. coli inner membrane proteins, since they
coexist in the same bilayer with the translocon, can be subject
to “proofreading” of topology even after their translation has
ended.488,491 For a model protein membrane span being
inserted by the eukaryotic translocon, the window of op-
portunity to change topology appears to close after synthesis
of the remainder of the protein is complete.99 This difference
may be a reflection of the membrane protein substrate used
in this particular study, or it may reflect real differences in
the prokaryotic and eukaryotic translocons and their associ-
ated machinery; the latter alternative would mean that a
kinetic model for topology determination would be more
appropriate for eukaryotic systems. It is noteworthy, however,
that the eukaryotic translocation machinery is inhibited by
sterols:503 translocons that inadvertently leave the endoplas-
mic reticulum for the Golgi and sterol-rich membranes would
therefore be inactivated. This is important to ensure that
translocation of nascent chains is localized to a single
compartment (the endoplasmic reticulum), but it may also
play a role in preventing membrane proteins in other cellular
membranes from having their topology “proofread” by a
runaway translocon in the context of their specific lipid
composition.
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6. Kinetic Folding of r-Helical Transmembrane
Proteins

The thermodynamic cycle in Figure 3 suggests that the
energetics of a protein folding from an aqueous state to a
transmembrane helical protein may be analyzed productively
by considering the energies of the (folded or unfolded)
aqueous and interfacial states of the protein, as well as by
examining the energies of helix insertion into and association
within the membrane. Kinetic analysis of the folding of
helical membrane proteins can begin with whatever experi-
mentally accessible conformation of the protein can be
successfully refolded: for polytopic proteins such as bacte-
riorhodopsin, this may correspond to a detergent-denatured
polypeptide, while for small peptides or self-inserting poly-
topic toxins, the process may start with a water-soluble
species, making the kinetics of membrane insertion accessible
in some systems. Manipulation of the lipid and detergent
composition of refolding conditions is critical for successful
reconstitution of proteins for biochemical studies and also
for identification of conditions that permit study of the
kinetics and thermodynamics of membrane protein folding.6

As progress in the field advances our understanding of the
factors at work in refolding membrane proteins, the rational
exploration of experimental conditions is extending the
applicability of these methods to more proteins and is
broadening and deepening our understanding of membrane
protein folding, including the detection of intermediates and
the nature of the activation barriers in these processes.

6.1. Spontaneous Insertion

Insertion of a protein from a soluble state to a transbilayer
conformation necessarily involves traversing the membrane
interfacial region and contacting the hydrophobic core of the
membrane. Thinking about the energetics of a polypeptide
interacting with these regions is facilitated by the whole-
residue interfacial65 and octanol64 scales, but the importance
of partitioning-folding coupling at the membrane interface
and the partitioning of the peptide bond2,55 (see section 2.2)
strongly suggest that secondary structure formation will be
important in this process. How will the sequence adopt
different secondary structures or tertiary folds as the insertion
process takes a particular part of the protein from an aqueous
environment to the membrane interface to the membrane
core, and perhaps out the other side? The difference in the
chemical environment presented by the interfacial region and
the core of a bilayer can be partly appreciated by examining
the different folds adopted by proteins in those environments.
Structures of five monotopic proteins, which probably insert
across only one leaflet of the bilayer, reveal interactions with
the membrane using loops and turns as well as helices and
sheets that run parallel to the membrane surface.504 For
proteins that are classified asR-helical bundles, the canonical
helical structure dominates the central 30 Å region of the
bilayer, but the membrane interfacial region contains both
helices lying on the membrane and irregular secondary
structure;â-strands make a significant contribution only 25
Å from the middle of the membrane.505 Some contribution
to the effects of environment on secondary structure must
derive from the strong tendency for tryptophan and tyrosine
to be found in the interfacial region of the bilayer and for
positively charged residues to be interacting with phosphate
groups of lipids.506 These data come from well-ordered
regions of proteins in a thermodynamic minimum; folding

intermediates may exhibit dynamic interconversion between
these or other states.

While most integral membrane proteins are constitutively
folded into bilayers by an insertion machinery,52,100,102,177-179

certain soluble proteins have the unusual property of being
able to associate with target membranes and insert themselves
as polytopic integral membrane proteins. Examples of
secreted bacterial pore-forming toxins with this property
include species that formR-helical bundles (e.g., colicins507)
or â-barrel structures (R-hemolysin508 and others509) in
membranes. These systems provide a means of studying the
membrane insertion process of isolated polypeptides (re-
viewed elsewhere510).

Colicin E1 inserts into membranes at low pH511 but can
exchange between the surfaces of different liposomes upon
return to neutral pH,512 suggesting that the binding and
insertion processes are reversible under some conditions. The
destabilization of the native state under acid conditions is
consistent with the formation of a “molten globule” in
solution,513 but when associated with the membrane surface,
the toxin appears to form an extended, loose array of
interfacial helices.514 The lipid dependence of pore activity
implicates a role for nonbilayer lipids in stabilizing or
forming the pore.515

The pore-forming toxins ofStaphyloccocus aureusare
soluble proteins that form homomeric or heteromericâ-bar-
rels in target membranes.516 Crystal structures of the soluble,
monomeric form of LukF toxin517,518and the homoheptameric
R-hemolysin pore519 provide snapshots of the initial and final
states for these homologous systems;520 the comparison
identifies large conformational changes that accompany
insertion and suggests possible pathways for the insertion
process. Pore assembly ofR-hemolysin is cooperative and
involves distinct intermediates,521 with heptamerization oc-
curring at the membrane interface followed by full insertion
and concomitant pore formation. Engineered disulfide bonds
that restrict conformational rearrangements can halt this
process, trapping an oligomeric prepore species that is located
in the membrane interfacial region.522,523The structure of the
R-hemolysin pore with bound phosphocholine headgroups524

suggests how interactions with lipids favor pore insertion.
Diphtheria toxin is a modular soluble protein consisting

of catalytic, transmembrane (T), and receptor-binding do-
mains that can insert into target membranes at low pH and
form a channel, with translocation of the catalytic domain
across the membrane resulting in inhibition of protein
synthesis.525-528 Crystal structures of the monomeric and
dimeric forms of the toxin529-531 reveal the fold of the protein,
which includes two hydrophobic helices in the T-domain.
Proteolysis of bilayer-inserted toxin532 and EPR studies of
spin labels incorporated at engineered cysteines533 map the
eighth and ninth helices of the T domain (TH8 and TH9) as
membrane-spanning. The T-domain alone is capable of self-
inserting into membranes, and designed disulfide bridges that
lock TH8 or TH9 into the soluble conformation inhibit this
insertion, while reducing agents restore insertion.534 Fluo-
rescent probes conjugated to the cysteines that support cross-
linking self-quench in the soluble conformation, but this is
alleviated upon insertion, indicating a large conformational
change.534 The loop between TH8 and TH9 that is inserted
across the membrane535 contains three acidic residues that
facilitate insertion536,537but can be replaced by amides538 or
even lysines with retention of pH-dependent insertion;539 the
hairpin-forming propensity of a proline in this loop is also
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important for insertion.540 Fluorescent probes attached at
engineered cysteine residues in TH8 and TH9 identify a
shallow insertion state that can convert to a deep transmem-
brane state in thinner bilayers or at high protein concentra-
tion.541 Helices 5-7 of the T-domain also insert into
membranes542 but do not actually span the bilayer.543

Ladokhin and colleagues have used an environment-
sensitive fluorescent probe attached to cysteines engineered
at three different positions within the T-domain to show that
the isolated domain can bind to either zwitterionic or
negatively charged large unilamellar vesicles at neutral pH.544

In POPG/POPC (but not pure POPC) bilayers, the T-domain
can also undergo a reversible, pH-dependent conformational
change that corresponds to transmembrane insertion.544 The
reversibility of the insertion process indicates that this system
may be amenable to thermodynamic analysis; measuring the
partitioning constants of T-domain for vesicles at pH 7.0
and pH 4.3 yielded estimates of the free energy changes for
binding of T-domain to the membrane surface (about-7.5
kcal mol-1) and for insertion of the T-domain across the
bilayer (about-8.3 kcal mol-1). The modest differences
between these free energies suggest that the system is
energetically poised for acid-triggered insertion, as would
be experienced in a slowly acidifying endosomal vesicle. The
observed binding to neutral membranes, even at neutral pH,
shows that the isolated T-domain readily converts to a
surface-associated species with minimal involvement of
electrostatics. Differences between the behavior of isolated
T-domain and intact toxin suggest that interactions between
domains may modulate binding in a manner that is relevant
to biological fuction,533 but the important demonstration of
the reversible insertion of isolated T-domain provides the
possibility of thermodynamic analysis of the sequence and
lipid dependence of hairpin insertion across membranes.

The annexins are Ca2+-binding proteins present in higher
eukaryotes that respond to intracellular calcium signals to
modulate events at biological membranes.545 Soluble annexin
monomers bind to the surfaces of negatively charged
membranes utilizing a conserved core domain, with some
species forming trimers546 but others remaining monomer-
ic.547 Crystal structures of annexin V suggest that the
monomer or trimer can interact with membranes with a
concave face that also binds calcium ions.548-551

Annexin B12 can insert across the membrane as well as
interact with its surface.552 EPR studies of nitroxide labels
on engineered cysteines have shown that residues 134-163,
which form a helix-loop-helix in the crystal structure of
the annexin B12 soluble form,553 adopt a similar conforma-
tion in the aqueous monomer or calcium-dependent mem-
brane surface-associated form554,555 but are inserted in a
calcium-independent fashion into the membrane at low pH
as a single continuous helix.556 Another pair of helices in
the crystal structure of the soluble form of the protein,
extending from residues 251-273, also insert across the
membrane, with one face of this helix apparently exposed
to an aqueous pore.557 FRET measurements detect a transient
intermediate and demonstrate that the fully inserted species
exist as monomers, not as oligomers, suggesting that pores
made by annexin B12 must contain several transmembrane
spans contributed by a single protein molecule.558 Ladokhin
and colleagues have shown that annexin B12 converts
between the surface-associated and transmembrane confor-
mation reversibly in a pH-dependent fashion,559 opening up
the possibility of using this system to study the thermody-

namics of helix insertion into membranes. The strong lipid
dependence of calcium-independent insertion555 suggests that
this system may yield information on how lipid composition
can affect the kinetics and thermodynamics of the insertion
of helices into membranes.

Other eukaryotic proteins that undergo conformational
changes to insert into membranes, including Bax560 and other
members of the Bcl-2 super-family,561 are being intensively
studied to understand how these insertion processes underlie
various biological processes (such as mitochondria-mediated
apoptosis). These and other tail-anchored proteins can insert
into various subcellular membranes posttranslationally and
apparently without the assistance of a translocation machin-
ery.562,563Interestingly, spontaneous insertion of the hydro-
phobic C-terminal tail of cytochrome b5 into liposomes or
microsomes can be blocked by incorporation of cholesterol
into the bilayers,564 which suggests a role for lipid composi-
tion in directing the targeting of tail-anchored proteins.

Short peptides that insert spontaneously into or across
membranes have been the subject of biochemical and
biophysical investigations for decades because of their
experimental accessibility. The classic example is the bee
venom lytic peptide melittin, a 26 amino acid amphipathic
peptide that is largely unstructured in aqueous solution at
low salt but can partition onto or insert across bilayers in a
manner that is coupled to helix formation;71 this system has
been extensively reviewed.565,566The interfacial positioning
of melittin was determined by an X-ray diffraction method567

to be near the glycerol backbone of the lipids in a fluid
bilayer.568 Oriented circular dichroism measurements indicate
that melittin can assume a transbilayer orientation in POPC
but not when POPG is present,569 indicating a lipid depen-
dence to the transition between a surface-associated state and
the transmembrane conformation570 that parallels the effect
of lipid composition on melittin-mediated lysis.571-573 Kinetic
studies of the association of melittin with model bilayers by
both fluorescence and CD indicate the presence of intermedi-
ates in the insertion process and demonstrate that lipid
composition influences the process.476,574

Direct measurement of the kinetics and thermodynamics
of the spontaneous insertion of a single transmembrane helix
into a bilayer is an important goal in the study of membrane
protein folding. Availability of such a system would allow
the sequence dependence and lipid dependence of the process
to be explored in detail. However, many potentially com-
plicating factors present fundamental problems for these
studies. Hydrophobicity is a major driving force for trans-
membrane insertion of apolar sequences, but strongly
hydrophobic sequences are likely to aggregate in solution,
rendering thermodynamic interpretations difficult or impos-
sible. For instance, the pH-dependent, reversible intercon-
version of the surface-associated and transbilayer states of a
peptide corresponding to the third membrane span of
bacteriorhodopsin is complicated by oligomerization and
aggregation of the peptide in the aqueous phase.410 Even if
such aggregation can be avoided, the partitioning of many
model or biological sequences could be driven by more than
20 kcal mol-1, which would be experimentally challenging
to quantify. Inclusion of polar residues might help prevent
aggregation in the aqueous phase and should lower the total
free energy of partitioning (as discussed in sections 3.3 and
3.4), but polar residues could also drive association within
the membrane (as discussed in section 4.2.2), complicating
thermodynamic analysis. However, with current knowledge
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of the terms that influence partitioning of peptides into the
interfacial regions of membranes, several model systems have
been developed to address this process.

White and colleagues have designed two peptides that
insert spontaneously across bilayers.575,576The initial study
characterized the properties of a 31 amino acid peptide
containing a 21 residue apolar core that includes 15 alanines,
thus keeping the overall hydrophobicity of the peptide low
and enabling it to be water soluble. This positively charged
peptide partitions strongly (apparent free energy of-7.1 kcal
mol-1) and reversibly into POPC bilayers, and most of the
peptide acquires a transbilayer orientation.575 The tendency
of this peptide to aggregate in solution was reduced in a later
design by including two histidines and a proline in the
membrane span and removing an unintentional alanine
heptad repeat; this peptide partitions reversibly into the
membrane interface in a pH-dependent manner that involves
protonation of the histidines and can achieve 30-40%
transbilayer insertion, although this last process is not entirely
reversible.576

Meijberg and Booth performed a detailed analysis of the
insertion kinetics of a polyalanine-based peptide flanked by
a total of six lysines into bilayers of different lipid composi-
tions and identified kinetic intermediates and lipid depend-
ences for the observed rates.477 The model hydrophobic
peptide577-579 is soluble in water and partitions to the interface
of POPC membranes at pH 10.5 on ice but can insert across
the bilayer at pH 10.5 and 30°C with biphasic kinetics
exhibiting time constants of 30 and 430 s.477 The temperature
threshold and the time constants for the insertion process
are strongly affected by the inclusion of DOPE in the
membranes, which opposes peptide insertion;477 the Arrhe-
nius activation barrier for insertion goes from 21( 2 kcal
mol-1 in pure DOPC to about 31 kcal mol-1 in 60:40 DOPE/
DOPC. These data suggest that insertion of helices into
membranes may be inhibited by lateral pressure.

Matsuzaki and colleagues have investigated the membrane
partitioning behavior of a model peptide without polar or
ionizable side chains117 by observing its exchange from one
set of vesicles into another.118 Although this alanine-based
peptide lacks formal charges that make the other peptides
discussed here readily soluble in water, transfer between
POPC vesicles occurs through an aqueous monomer, and
the activation barrier for the process is 17.7( 1.3 kcal mol-1.
This barrier is attributed to the dissociation process, indicat-
ing that the barrier to insertion is probably much lower.118

This system appears to be amenable to the study of peptide
partitioning between bilayers of different compositions and
to kinetic characterization of aspects of transmembrane
insertion, although the observed tendency of the peptide to
form weak antiparallel dimers117 will complicate thermody-
namic measurements and interpretations.

6.2. Refolding from Denaturants

6.2.1. Bacteriorhodopsin

The ability to fold the SDS-denatured apoprotein bacte-
rioopsin to functional bacteriorhodopsin38,41 provided the
basis for the first kinetic refolding studies of a helical
membrane protein, which have been extensively reviewed
elsewhere.4,580,581Booth, Khorana, and colleagues described
the fluorescence changes on the millisecond time scale that
follow rapid mixing of SDS-denatured bacterioopsin with
SDS/DMPC/CHAPS mixed micelles in the presence or

absence of the chromophore retinal.443 Five kinetic phases
with time constants ranging from 4 ms to hundreds of
seconds are observed in the processes that lead to folded
bacteriorhodopsin (see Figure 14); only the three fast phases
are observed in the absence of retinal, while addition of
retinal to prefolded bacterioopsin gives the slower phases.
These fluorescence data suggest a minimal linear kinetic
scheme for bacteriorhodopsin folding that includes an
intermediate on the pathway to a partially folded apoprotein,
followed by the noncovalent binding of retinal to apoprotein,
and finally covalent Schiff base formation with acquisition
of native structure.443 The rate-limiting step is independent
of retinal concentration, but one second-order step results
in formation of a noncovalent complex between retinal and
protein.582 Prefolded bacterioopsin appears to bind retinal to
form two different noncovalent intermediates that decay to
folded bacteriorhodopsin; while the two species form at a
rate of about 1 s-1 and decay about 100-fold more slowly,
the pH of the sample modulates the fraction of protein that
passes through each of these parallel pathways.583

Manipulating the conditions under which refolding occurs
has yielded additional structural details for these kinetic
phases. Substituting the short-chain lipid dihexanoylphos-
phatidylcholine (DHPC) for the detergent CHAPS in the
mixed micelles of the refolding buffer facilitates CD
spectroscopy measurements, and changing the mole ratio of
DMPC/DHPC and the pH can slow the rate-limiting step
by an order of magnitude.584 With the time resolution
afforded by manipulating the conditions to favor slower
folding, Booth and colleagues showed that about 30 residues
of bacteriorhodopsin acquire helical structure with a time
constant of 80-120 s in the step that results in formation of
folded apoprotein. This kinetic complexity demonstrates that
SDS-denatured bacterioopsin, which has∼60% of native
R-helical structure, gains helicity in distinct kinetic phases;
the authors suggest that these steps may correspond to
extension of shorter, preexisting helices that are stable in
SDS. Slow acquisition ofR-helical secondary structure that
leads to formation of folded apoprotein either is rate-limiting
or occurs rapidly after some other rate-limiting process. The
physical basis for the slow rates of folding is not clear.
Modulation of the folding rate by the mole fraction of DHPC
may be mediated through the effect of lipid composition on
the bending rigidity or lateral pressure of the mixed mi-
celles.4,584,585Native lipids can also alter the rates of the slow
steps in bacteriorhodopsin folding, although this may be due
to tight, specific interactions between lipids and protein.586

Refolding a membrane protein in a lipid bilayer (as
opposed to detergent/lipid mixed micelles) provides the
opportunity to fully explore the lipid dependence of various
folding steps, but it is technically challenging because of

Figure 14. Kinetic scheme for the folding of bacteriorhodopsin
in mixed micelles. Unfolded apoprotein bacterioopsin (bO) proceeds
through an intermediate I1 to form I2, the folded apoprotein, which
can be isolated in the absence of retinal. In the presence of retinal
(R), the folded apoprotein binds retinal noncovalently to form
intermediate IR, followed by a rearrangement that leads to covalent
bonding to the retinal and folded bacteriorhodopsin, bR. This
simplified scheme does not depict the existence of multiple
observable states for IR or other intermediates. Adapted with
permission from ref 581. Copyright 2000 Elsevier Ltd.
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contributions of scattered light in the optical methods used
to probe the folding process. Pioneering work in high
efficiency refolding of SDS-denatured bacterioopsin directly
into phosphatidylcholine bilayers showed a decrease in
overall efficiency as the mole fraction of phosphatidyletha-
nolamine is increased, adding to the evidence that bilayer
lateral pressure inhibits folding.587 Kinetic studies of this
refolding process reveal an additional intermediate compared
to refolding in mixed micelles, and the influence of the mole
fraction of phosphatidylethanolamine indicates that the
equilibrium between two forms of the apoprotein is influ-
enced by lateral pressure within the bilayer.588 In experiments
where saturated phosphatidylcholine or lyso-phosphatidyl-
choline are used to relieve the spontaneous negative curvature
of an unsaturated phosphatidylcholine membrane or phos-
phatidylethanolamine is used to enhance the lateral lipid
pressure, bacteriorhodopsin refolding efficiency correlates
with conditions of decreasing lateral lipid pressure.474 These
studies of bacteriorhodopsin and analogous studies with the
multidrug transporter EmrE475 strongly implicate bulk bilayer
properties in the kinetics of integral membrane protein
folding and suggest ways in which the folding, stability, and
function of helical membrane proteins can be modulated by
lipid composition.

Changes to the loop sequences of bacteriorhodopsin have
been shown to alter the kinetics of folding of either the
apoprotein or the holoprotein, depending on the loop.
Replacement of each of the loops between membrane spans
with (presumably flexible) repeats of glycine and serine has
varied effects on refolding, with the loops between the third
and fourth span and between the fifth and sixth span being
implicated in the rate-limiting step for folding and the
stability of the apoprotein intermediate, while the loop
between the sixth and seventh span seems to affect the final
folding and covalent bond formation with the retinal cofac-
tor.416,417These results show that thesequencesof loops, and
not merely the existence of a topological connection between
membrane spans, contribute to bacteriorhodopsin folding
kinetics. Intact loops are not absolutely required for formation
of functional protein but do contribute to thermodynamic
stability406-408,415as discussed in section 4.5.

Alanine or glycine point mutations at Pro50 or Pro91,
which lie in transmembrane helices of folded bacteriorho-
dopsin, slowed the rate of formation of folded apoprotein
by a factor of 5-7, while the same mutations at Pro186, the
other membrane-embedded proline, have no effect on this
kinetic step.454 These findings eliminate cis-trans proline
isomerization as an important factor in folding of the
apoprotein. The substitutions at these prolines have minimal
effects on the noncovalent binding of retinal to the folded
apoprotein but exhibit a wide array of effects in the final
step that involves Schiff base formation and folding to the
native state. Biexponential kinetics for this last phase are
observed for Pro50Ala and Pro50Gly, which fold more than
five times faster than wild-type, while Pro91Ala and
Pro91Gly fold about 12 times more slowly than wild-type
with a single rate constant. Pro186Ala exhibits slow biex-
ponential decay to the folded state, while Pro186Gly folds
to a state with a blue-shifted chromophore with approxi-
mately wild-type kinetics.454

These data point to transmembrane span proline residues
as important factors in determining the rates of folding of
the apoprotein and the subsequent binding and bonding to
the retinal chromophore. Perhaps the most interesting mutant

is Pro50Ala, in the second membrane span of bacteriorho-
dopsin, which has recently been shown by Bowie and
colleagues to have the same stability and nearly the same
helical kink in the final folded mutant structure as wild-
type.252 The kinetic data show that the mutation Pro50Ala
slowsthe formation of the folded apoprotein about 4-fold,
has essentially no effect on the noncovalent binding of retinal,
but increasesthe rate of the final folding step (3-9-fold,
depending on the component in this biexponential decay).454

These data allow inferences to be drawn about the nature of
the apoprotein intermediate in the bacteriorhodopsin folding
pathway. In the SDS-denatured state, the wild-type protein
may have a tendency to kink at Pro50, but the mutant should
have no such tendency at Ala50. The slower rate at which
unfolded Pro50Ala converts to folded apoprotein compared
to wild-type suggests that formation of the folded apoprotein
requires a kink or bend similar to that seen in the wild-type
and Pro50Ala folded structures: kinking the wild-type
sequence at Pro50 would be easy, but introducing a bend at
Ala50 should be more difficult. This implies that folded
apoprotein makes helix-helix interactions that are near-
native. Since the mutant Pro50Ala speeds the subsequent
rearrangement that leads to Schiff base formation and the
final folded state, the noncovalent retinal/protein complex
may undergo a partial unfolding of the retinal binding pocket
to accommodate the final folding events; this unfolding
would be opposed by native Pro50 but assisted by Ala50.
Although the presence of such kinks is a subtlety not often
considered in the two-stage view of membrane protein
folding, the potential effects of a proline on lateral interac-
tions between helices seems to rationalize these kinetic
observations quite well. It should be noted that the experi-
mental separation of the refolding of bacteriorhodopsin into
retinal-dependent and retinal-independent steps443 is critical
to the observation of these various effects since the slow
rate of formation of the folded apoprotein could be masked
at high retinal concentrations.

Bacteriorhodopsin provides an excellent system in which
to explore both the thermodynamics and the kinetic refolding
of a helical membrane protein: it is stable, folds reversibly
in detergents, can be expressed in high yield and purity, gives
crystals that diffract to high resolution, and contains intrinsic
tryptophans and a bound retinal chromophore (see Figure
15)to that are sensitive optical probes of the conformation
of the protein. Although few membrane proteins are likely

Figure 15. Cartoon representation of bacteriorhodopsin (PDB
1C3W) with the retinal chromophore (purple) and the eight native
tryptophan side chains (orange) drawn as sticks. Although the
tryptophans cluster to one side of the membrane, they make many
contacts with other helices and some help to form the retinal binding
pocket, which is composed of atoms from each of the seven
membrane spans.
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to be as amenable on all these fronts, methods for probing
the kinetics of folding using other techniques such as
fluorescence resonance energy transfer589 are being tested
in bacteriorhodopsin and may be transferable to other systems
that lack the spectroscopic probes intrinsic to bacteriorho-
dopsin.

6.2.2. Diacylglycerol Kinase

Kinetic studies of folding and misfolding of the trimeric
integral membrane protein diacylglycerol kinase complement
the stability studies in mixed micelles reviewed in section
5.1. Spontaneous but low efficiency insertion refolding of
diacylglycerol kinase into bilayers from micellar solutions
(30% efficiency) or from a urea-denatured state (4% ef-
ficiency) was first observed using an assay for the kinase
activity of the protein.439 Detergent extraction of diacyl-
glycerol kinase and point mutant variants expressed at high
levels in E. coli yields protein with low and poorly
reproducible specific activity, but these proteins can typically
be refolded to yield improved activity.590 However, properly
folded and functional diacylglycerol kinase in detergent
solution becomes inactivated over time, not through covalent
modification but by a conformational change that can be
overcome by unfolding and refolding.591 The slowing of
inactivation at high protein concentrations and a strong
correlation between the SDS denaturation midpoint and the
thermal inactivation half-life for cysteine substitution variants
of the protein suggests that inactivation occurs through the
monomeric unfolded state, perhaps by a misfolding event.591

Activity assays and solution NMR spectra reveal that a
highly stable triple mutant variant of diacylglycerol kinase
is sometimes purified as a mixture of folded, active protein
and alternately folded, inactive protein.592 Surprisingly, both
species are homotrimers and the “misfolded” species gives
rise to a distinct set of NMR resonances with high chemical
shift dispersion, indicating that a specific, near-native, but
catalytically inactive conformation may be kinetically trapped
during the expression, extraction, and reconstitution process.
This alternately folded species is resistant to refolding
protocols, suggesting that it is separated from the folded state
by significant energy barriers.592 (By contrast, NMR evidence
for alternate conformations of theâ-barrel membrane protein
PagP indicates that these species do interconvert, with low
temperature favoring the folded conformation of a loop that
unfolds at high temperature.593,594) While membrane protein
misfolding in vivo that is related to disease states often
involves mistargeting or degradation of misfolded proteins
(reviewed in refs 595-597), it is not clear what the precise
determinants of “misfolding” are or whether species such
as the triple mutant would misfold during normal biogenesis
or be recognized by quality control machinery.

Sanders and colleagues used the appearance of enzyme
activity to explore the refolding of diacylglycerol kinase from
detergent micelles, urea, or guanidinium hydrochloride
solutions into mixed micelles or lipid bilayers on the time
scale of tens of seconds.598 Under these conditions, diacyl-
glycerol kinase refolds most rapidly and efficiently when
diluted from detergents, where the protein retains its trimeric
structure, into detergent/lipid mixed micelles. However,
functional enzyme can be refolded from acidic 6.5 M urea,
where it isR-helical and retains tertiary structure, or from 8
M guanidinium hydrochloride, where the protein is largely
unfolded. The refolding of helical bundle membrane proteins
from chaotropic denaturants such as urea or guanidinium

hydrochloride makes it possible to eliminate the potential
membrane-perturbing influences of detergent molecules.

Lorch and Booth used fluorescence spectroscopy to probe
the early stages of refolding of diacylglycerol kinase from
an acidic urea-denatured state into vesicles.599 Data at the
millisecond time scale showed that while the unfolded protein
associates with lipid bilayers rapidly, the urea-unfolded
monomer also tends to aggregate after dilution to low urea
levels. Competition between monomer insertion and ag-
gregation/oligomerization is modulated by the concentration
of protein and of lipid, with maximal folding efficiency (as
measured by protein activity) proceeding through the forma-
tion of aggregates (see Figure 16). The authors point out
that if dilute monomers insert into abundant vesicles, there
may be fewer than three proteins per vesicle, causing a
topological barrier to functional trimerization.599

Nagy and Sanders showed that a single point mutation
(Tyr16Cys) that has little effect on the activity or thermal
stability of diacylglycerol kinase dramatically reduces the
efficiency of refolding from urea into bilayers but not into
detergent micelles. The rate of functional folding into bilayers
is slowed 10-fold, suggesting that the substitution affects how
the protein inserts into and crosses the membrane.600 It is
tempting to speculate that this alteration is due to a kinetic
effect from the loss of the preferential interfacial membrane
partitioning of tyrosine in some intermediate or transient state
(as indicated by the WW scale55,65) that does not affect the
overall stability of the folded protein. However, for most
other sequence variants surveyed, the resistance of the mutant
protein to thermal inactivation or denaturation by SDS
correlates with the ability of that variant to insert into
membranes from an unfolded state.601

6.2.3. Other Systems
The success of these pioneering studies and the ability to

refold other polytopic helical proteins by rapid dilution
suggests that detailed folding kinetics studies of this class
of proteins will be more common in the future. Otzen has
used stopped-flow fluorescence to monitor both rapid folding
and rapid unfolding of disulfide-bond reducing protein B

Figure 16. Kinetic scheme for the folding and misfolding of acid-
urea denatured diacylglycerol kinase by dilution into vesicles.
Unfolded monomers, U, in 7 M urea are converted to a monomeric
state M upon dilution; this state can form a low order aggregate
PA in water, which then associates reversibly with vesicles (V) as
a PV complex before inserting and folding to the trimeric folded
state F. At high lipid concentrations, M associates directly with
vesicles to form MV complexes that become vesicle-inserted
monomers (MV) but cannot fold to the trimer since each vesicle
contains fewer than three proteins. This simplified scheme does
not include off-pathway fates for U or PA that are discussed in ref
599. Adapted with permission from ref 599. Copyright 2004
Elsevier Ltd.
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(DsbB, which spans the membrane four times and whose
function is reviewed elsewhere602) and has characterized the
protein at different mole fractions of the denaturant SDS in
SDS-dodecylmaltoside detergent mixed micelles.603 The
kinetic data are well approximated by single exponentials,
and where folding and unfolding rates can be measured for
the same mole fraction of SDS, the rates correspond closely,
indicating microscopic reversibility. Folding and unfolding
rates, as well as thermodynamic stability, are perturbed by
reducing the active site disulfide bonds and by a point
mutation (Ala57Gly).

The light-harvesting chlorophyll a/b complex has been
refolded from SDS604and from guanidinium hydrochloride,605

and the binding of carotenoids and chlorophylls provides a
number of spectroscopic signatures well into the visible
spectrum that may enable characterization of folding in
samples that scatter light strongly in the ultraviolet. The
refolding of this complex has been used to screen random
mutagenesis libraries on 96-well plates for protein sequence
variants with altered pigment binding abilities;606,607 muta-
tions in the stromal and lumenal loops as well as transmem-
brane domains affect reconstitution and the stability of the
complex.608 The three-dimensional structure of the com-
plex609,610provides a basis for making structure-based infer-
ences about stability.

6.3. Cotranslational and Posttranslational Folding
Most eukaryotic helical integral membrane proteins arrive

at membranes after the ribosome that has translated their
N-terminal signal peptide611 interacts with the signal recogni-
tion particle178 and is brought to the Sec61 translocon176 to
allow secretion or membrane integration of the translated
and translocated polypeptide chain.102 Section 3.4 of this
review outlines how the sequences and flanking charges of
potential membrane spans help determine their orientation
and integration propensity. The mechanistic details of these
cotranslational processes are the subject of intense investiga-
tion and some controversy, as reviewed in refs 100, 101,
and 177-179. However, it seems clear that the portion of a
protein passing through the translocon can integrate laterally
into the bilayer if that stretch is sufficiently hydrophobic to
partition favorably into the membrane.190-193

Because it takes many minutes for a large polytopic
membrane protein to be translated, one plausible scheme for
determining the topology of such a protein would be for the
orientation of the first hydrophobic span to be decided based
on flanking charges (the positive-inside rule) and for any
subsequent membrane spans to simply recross the membrane,
following the topological decision of the span that preceded
them.184 While it has long been known that simple models
of this sort cannot account for all experimentally observed
topologies,183,185the versatility of the translocon machinery
and the impact of kinetics on topogenesis are still being
explored (reviewed in ref 99). Even for a protein such as
aquaporin-4, in which each transmembrane domain inde-
pendently directs its own sequential insertion and topology,612

contacts between the nascent polypeptide chain and the
translocon change progressively as chain elongation occurs,
with membrane spans contacting the translocon for different
lengths of time and at different locations within the trans-
locon.429 Considerable complexity underlies the biogenesis
of even apparently straightforward integral membrane pro-
teins.

Signal anchor sequences are internal hydrophobic stretches
within a protein that can be incorporated into a membrane

in either an Nexo/Ccyt orientation (type II) or an Ncyt/Cexo

orientation (type III). Both the flanking charges and the
hydrophobicity of the sequence influence topology, with
more hydrophobic spans favoring the Nexo/Ccyt topol-
ogy.197,613,614 Ncyt/Cexo topology requires that the protein
N-terminal to the signal anchor, which has been translated
in the cytoplasm, be translocated to the lumen of the
endoplasmic reticulum; although hundreds of amino acids
can be translocated in this manner, if this part of the protein
has folded into a tight structure then translocation is
blocked.615 This shows that folding in the aqueous domains
can be coupled to topogenesis and that the energetics of the
protein substrate can affect kinetic processes being imple-
mented by the translocation machinery. A signal anchor span
with a strong tendency for Nexo/Ccyt orientation can “pull” a
hydrophilic sequence to its immediate N-terminal side into
the membrane even if the topology of a preceding span
means that this hydrophilic sequence will be topologically
trapped in a transmembrane configuration.616

The success of the base biological hydrophobicity scale
at predicting the fractional integration of model and biologi-
cal membrane spans into bilayers192,193described in section
3.4 reinforces the view that translocon-mediated integration
is controlled at least in part by thermodynamics and suggests
that other aspects of translocon function might also be
explained by apparent free energy scales. Spiess and col-
leagues have shown that the propensity for N-terminal versus
C-terminal translocation of a single stop-anchor sequence
in COS cells is explained largely by amino acid composition,
although both glycine and proline exhibit positional effects.197

Despite the potential presence of kinetic effects in such
systems, as reviewed elsewhere99 and described below, it is
tempting to think that such approaches might enable con-
struction of scales for topology decisions as well as integra-
tion into the membrane.

Topology of membrane proteins can apparently be dy-
namic, and sequences that are transiently exposed to the
lumen of the ER may become trapped there by glycosyla-
tion.617 Recent results suggest that the Ncyt/Cexo orientation
of a lone signal-anchor sequence is acquired after the span
initially inserts as Nexo/Ccyt.618 Reorientation from Nexo/Ccyt

to Ncyt/Cexo can occur while a soluble loop is being trans-
located; the rate of reorientation is enhanced by flanking
charges as per the positive-inside rule and is slowed by strong
hydrophobicity of the first span618 (see Figure 17). Aromatic
residues in different positions within the hydrophobic
sequence can strongly modulate the rate of reorientation,619

and translocation of the next membrane span of a polytopic
membrane protein can halt reorientation.620

Membrane integration and topology depend on the se-
quence of the span in question but can also be determined
by context and by interactions between different potential
membrane spans.621 The topology and length of the first span,
as well as the length of the intervening loop, help determine
whether the second span of erythrocyte band 3 is integrated
or secreted,622 although it seems that the precise sequence
of the first membrane span is not critical. Analysis of
translocation intermediates by proteolysis and cross-linking
showed that the first transmembrane domain of bacterial
leader peptidase integrates into the ER membrane on its own
and is able to diffuse away from the translocon when the
second span is still within the ribosome, but the first span is
once again associated with the translocon in intermediates
where the second membrane span is becoming incorpo-
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rated.502 Mutation of charged residues in one membrane span
affects integration efficiencies of other spans of a potassium
channel, indicating that sequence-specific charge-charge
interactions between helices help stabilize membrane inser-
tion of helices623 and that folding within the membrane is
thus coupled to topogenesis.

Cotranslational and posttranslational processes including
the folding of soluble domains, interdomain association, and
helix-helix interactions within membranes all contribute to
the folding of the cystic fibrosis transmembrane regulator
(CFTR) chloride channel, the gene underlying the childhood
disease cystic fibrosis (reviewed elsewhere, refs 101 and
624). CFTR is composed of six membrane spans followed
by a large cytoplasmic nucleotide binding domain and a
regulatory domain, followed by six more membrane spans
and another nucleotide binding domain. Misfolding of the
protein is implicated in disease states resulting from muta-
tions in the coding region.625-627 The sixth membrane span
of CFTR, which contains three positively charged residues,
fails to act as a stop-transfer sequence on its own or with
the preceding five spans but is able to integrate into
membranes when followed by the first cytoplasmic do-
main.628 Another manifestation of how CFTR topology
depends on cooperation of different parts of the protein is
given by the eighth membrane span of wild-type CFTR,
which is unable to act as a stop-transfer sequence when
inserted into a secreted protein due to the presence of an
aspartic acid in the middle of the span, but does incorporate
successfully into membranes when preceded by the seventh
CFTR membrane span.629

Initial studies had shown that the most common CFTR
mutation, deletion of Phe508 within the first nucleotide
binding domain, affects the folding and nucleotide binding
activity of a synthetic peptide spanning the mutation site.630

However, this mutation has only minor local effects on the
structure (and no effect on the stability) of the isolated, full-
length domain;631,632 substitutions at Phe508 also have
minimal effects on structure and stability of the domain.631

These findings suggest that the deletion affects the interaction
of the folded domain with another portion of the protein
rather than the stability of the domain itself.631,632Deletion
or replacement of Phe508 has severe consequences on the
proper folding and maturation of full-length protein in
vivo,631,632 with the second nucleotide binding domain
becoming highly susceptible to proteolysis upon mutation
of the first,633 further supporting the idea that interdomain
interactions dependent on Phe508 underlie the maturation
and stability of CFTR. Hydrophobic substitutions at position
508 reduce the folding efficiency of the protein without

greatly influencing the half-life of the mature protein, while
all charged substitutions, most polar substitutions, and the
deletion mutation severely reduce both the fraction of
properly folded protein and its half-life in vivo,633 consistent
with a role for protein degradation in the CFTR pheno-
type.634,635Both wild-type and mutant CFTR protein undergo
ER-associated degradation, but different pathways are im-
plicated in this process for the different species.636

Studies with model membrane proteins have shown that
a 40 residue polyleucine sequence that inserts in a Ncyt/Cexo

orientation can be induced to form a hairpin by placing a
strongly polar residue two or three turns of helix from each
end of the hydrophobic stretch.637 This suggests that as the
translated polypeptide chain is threaded through the trans-
locon to push the C-terminal end of the membrane span into
the lumen, the chain samples the hairpin conformation and
can “choose” to integrate as a hairpin rather than continue
translocating to the lumen. Substitutions in the middle of a
long hydrophobic span can also induce hairpin formation.187-189

Thus, it appears that proteins being passed through the
translocon have the option not only to partition into the
membrane, depending on their hydrophobicity,190-193 but also
to sample,638 at least for some limited time period, the
orientation in which such partitioning occurs.

This possibility may explain how changing the lipid
composition of theE. coli inner membrane results in altered
topology of several polytopic integral membrane pro-
teins491,492including LacY,487,488as discussed in section 5.2.
Since the presence or absence of phosphatidylethanolamine
determines whether lac permease is reconstituted into
artificial bilayers with proper or altered topology,501 lipid
composition seems to influence which topology is energeti-
cally favored. Studies of LacY translocation inE. coli
membrane vesicles with normal lipid composition have
shown that none of the first six membrane spans of LacY
integrate into the membrane until late in the translation of
the protein.489 Thus, one explanation is that the permease
tests various topologies for its N-terminal half with the help
of the translocon machinery and, when the phosphatidyl-
ethanolamine content of the cell membrane is lowered, the
permease acquires the altered topology because it is energeti-
cally preferred. There might be a direct influence of lipid
composition on orientation or integration of the seventh
membrane span, which would normally be oriented Ncyt/Cexo,
or lipids might affect helix-helix interactions in a way that
favored one final topology over another. The observed
posttranslational correction of topology following restoration
of normal lipid composition for both LacY488 and the
transporter PheP491 suggests that, at least inE. coli, proteins

Figure 17. Mechanism by which a model bitopic protein can achieve either Nexo/Ccyt or Ncyt/Cexo topology. A protein that is initially
oriented Nexo/Ccyt retains this orientation if the signal anchor is strongly hydrophobic (arrows to left) but can reorient to follow the positive-
inside rule (arrows to right) if the charge difference across the span is large and if the span is weakly hydrophobic.618 Alternative mechanisms,
such as variable insertion orientation depending on flanking charges, may be used for different constructs. Adapted with permission from
ref 618. Copyright 2003 by the European Molecular Biology Organization (Nature Press Group).
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can have their topology “proofread” posttranslationally. This
process seems likely to involve the translocon machinery,
but could also involve additional proteins such as chaperones
that might recognize “misfolded” integral membrane proteins
or assist in the topological rearrangement. This posttransla-
tional reorganization strongly favors thermodynamic, rather
than kinetic, control in the lipid dependence of the topology
of these two particular proteins. But how does this occur?
Does a ribosome have to be recruited to the membrane?
Because reorientation of membrane spans in the eukaryotic
translocon appears to be halted with the end of translation
and often before, this potential mechanism is probably not
broadly generalizable; there appear to be significant kinetic
components to the regulation of eukaryotic polytopic integral
membrane protein topogenesis. This potential mechanistic
difference between the translocons suggests a possible
explanation for why eukaryotic integral membrane proteins
often express poorly in prokaryotes: eukaryotic membrane
protein sequences may have evolved kinetic control elements
for folding (including glycosylation), but prokaryotes cannot
use these inputs and instead “proofread” the topology of
proteins in their membranes continuously.

6.4. Chemical and Pharmacological Chaperones
Mutations in integral membrane proteins underlie various

human disease states (reviewed elsewhere597), and many such
mutations alter the normal trafficking or assembly of the
protein, rather than perturbing function directly. A growing
body of evidence that proper targeting and folding of these
mutant proteins can be restored by the addition of nonspecific
stabilizing agents or of ligands that target the particular
protein of interest639 suggests therapeutic approaches for
many genetic diseases and provides insights into the mech-
anisms at work in the folding of membrane proteins in vivo.

The cystic fibrosis transmembrane regulator (CFTR)
chloride channel is the gene underlying the childhood disease
cystic fibrosis (reviewed elsewhere624). Many CFTR mutants
are expressed but fail to be transported to the plasma
membrane in cultured cells627 and in patients;625 these
trafficking defects are temperature sensitive in many cases,626

and the role of the translocon machinery in the assembly
and function of this protein is under intense investigation
(reviewed elsewhere101). The demonstration that glycerol (∼1
M) and trimethylamine oxide (∼100 mM) rescue the cell-
surface expression of the most common CFTR mutant,
deletion of amino acid 508, suggests that certain osmolytes
(or osmophobes640) could help stabilize the mutant protein
at a critical stage of its folding.641,642Indeed, the polyhydric
alcohol myoinositol, alone or with taurine and betaine,
functionally rescues this CFTR mutation in bronchial airway
cells.643 Glycerol also improves cell-surface expression of
aquaporin-2 mutants644 and functional overexpression of
human P-glycoprotein inS. cereVisiae.645 The implication
from these findings is that the mutations block the folding
pathway (or enhance misfolding) in a way that can be
corrected by stabilizing agents: once the proteins fold
correctly, they are active and reasonably stable, so the
mutations have not altered residues that are critical to
structure, stability, or catalysis.

Many integral membrane proteins that are misprocessed
due to mutations can be rescued by ligands that bind
specifically to the folded protein, so-called pharmacological
chaperones. Mutations in the transmembrane domains, loops,
and nucleotide binding domain of P-glycoprotein that cause

retention of synthesized protein in the endoplasmic reticulum
and degradation can be rescued by substrates or modulators
of this energy-dependent drug effluxer.646 Proper folding and
expression of a temperature sensitive mutant of the HERG
potassium channel can be restored by treating the cells with
glycerol or with three different channel blockers, which can
even rescue the protein after translation is complete.647,648

Cell surface expression of the V2 vasopressin receptor can
be increased by antagonists that readily permeate through
membranes,649 and these agents are also effective when
applied posttranslationally.650 Both agonists and antagonists
of the δ opioid receptor reduce the half-life of a precursor
form of the receptor and increase cell surface expression of
mature protein when applied at sub-micromolar concentra-
tions.651 The effectiveness of many pharmacological chap-
erones correlates with their binding affinities,648,650,651sug-
gesting that the free energy of ligand binding contributes to
stabilizing either a folding intermediate or the final folded
form of the proteins. Because these chemically diverse
ligands induce protein-specific rescue of folding, the ligands
are probably binding to a native or near-native state of the
protein that is accessible to the mutant but that otherwise
would fail to proceed to the native folded state. Binding of
the ligand may stabilize a nativelike folding intermediate long
enough to allow the correct folding pathway to proceed.

These studies highlight the possibility of using ligands
therapeutically to induce proper folding of otherwise mis-
processed mutant membrane proteins; indeed, the drug
diazoxide (which is used to treat patients having mutations
in an ATP-sensitive potassium channel) is not only a channel
opener, but also a ligand that helps restore proper folding
and trafficking to the mutant channel.652 The ability of the
pharmacological chaperone 11-cis-7-ring retinal to rescue the
folding and cell-surface expression of the Pro23His mutant
of rhodopsin, the most common point mutation for autosomal
dominant retinitis pigmentosa, suggests that this or other
similar agents may have therapeutic value. An initial report
that the compound curcumin suppresses the phenotype of
mice bearing mutant CFTR channels by rescuing functional
expression653 has been contradicted by other studies,654-656

but curcumin may stimulate opening of defective but cell-
surface associated channels in a way that helps restore
function.657,658High-throughput screening has identified not
only CFTR activators659 and agents that correct channel
gating defects,660 but also pharmacological chaperones that
enhance cell-surface expression and function of CFTR mutant
proteins.661 The ability to screen not only for function but
also for proper subcellular localization adds another method
to the approaches that can be employed in seeking therapeutic
agents to correct the disease-related effects of misfolding
mutations on membrane proteins.

7. Summary
Although the current data have not yet yielded a complete

picture of the energetics of interfacial association, transbilayer
insertion, and lateral assembly of helical membrane spans,
the advances made thus far indicate strongly that the
thermodynamic frameworks of Popot and Engelman and of
Wimley and White can incorporate a multiplicity of experi-
mental inputs to explain the behavior of helical membrane
proteins. Experiments on the kinetics and thermodynamics
of membrane protein folding are providing insight into the
dependence of folding on protein sequence and lipid
composition, and advances in the biophysical approaches
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used to study these processes, as well as the availability of
more structures of membrane proteins, are increasing the
number of systems in which fundamental questions about
protein folding and stability can be asked and answered. The
close correspondence between the concept of hydrophobicity,
the peptide-based free energy scales for partitioning, and the
biological hydrophobicity scale derived from measurements
with the eukaryotic translocon shows that the general
principles that underlie the physicochemical basis for mem-
brane protein behavior can inform both membrane biophysi-
cists and membrane biologists. The methods being employed
in the study of membrane protein folding are growing more
diverse, with important contributions from in vivo, ex vivo,
and in vitro experiments. The field of membrane protein
folding will benefit greatly as findings from these different
approaches continue to complement one another.
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