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During the past year, research on helical membrane proteins
has brought insights into the use of deviations from canonical
α-helical conformation to support function and the further
investigation of the sequestration of protein regions from the
lipid bilayer to enhance these structural alternatives. Also, the
structural roles of polar sidechains, the identification of motifs
in helix interactions and the significance of certain topologies
on a genome-wide scale have been further explored. 
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Introduction
A membrane protein is exposed to a heterogeneous envi-
ronment, where the transmembrane regions are embedded
in a phospholipid bilayer and the extramembrane domains
are surrounded by water. The water-exposed polypeptide
can adopt a diverse array of folds, whereas the physical and
chemical constraints imposed by the lipid bilayer appear to
restrict the structural diversity of the embedded protein
domain (for recent reviews on membrane protein structure
and folding, see [1–5]). All membrane protein structures
solved to date show that transmembrane domains fold as
either single α helices, bundles of α helices or β strands
assembled in β barrels (Figure 1). In this review, we will
focus on α-helical membrane proteins.

The folding of α-helical membrane proteins has been con-
ceptualized as a two-stage process. Initially, hydrophobic
polypeptide segments form independently stable trans-
membrane α helices across the membrane and can be
regarded as domains. Subsequently, these helical domains
assemble laterally to form the native protein [1,3].
Underlying this model is the postulate that one possible
approach towards understanding helical membrane protein
structure is to analyze the structure of individual transmem-
brane helices and, subsequently, the interactions and motifs
that drive their association. Here, we review emerging
themes regarding the structure of transmembrane α helices
and their interactions. As revealed by the membrane protein
structures published in the past year, deviations from the
canonical α helix are relatively common and occur mostly to

fulfill certain important functional roles. Furthermore, the
relevance of polar interactions between transmembrane
helices is becoming clearer from structural as well as bio-
physical evidence. We also explore the transmembrane
helix–helix packing motifs that have recently become more
evident. Finally, we discuss the occurrence of predominant
helical membrane protein folds, as revealed by genome-wide
analysis of membrane proteins in the past year. 

Deviations from the ‘canonical’ structure of
transmembrane αα helices have functional
consequences
Current membrane protein topology prediction methods
achieve over 75% accuracy in predicting the full topologies
of α-helical membrane proteins [6,7]. Using these methods,
in combination with experimental approaches, a large data-
base of predicted transmembrane domains has been
generated. Statistical analysis of these databases reveals
that, on average, transmembrane helices are hydrophobic
and composed of approximately 20–30 amino acids. Their
central region is rich in aliphatic residues and phenylala-
nines, with short border regions enriched in tryptophan and
tyrosine [8,9]. This view of the composition of a typical
transmembrane helix was reinforced when recent three-
dimensional structures of membrane proteins were analyzed
[10,11]. From a structural perspective, the elucidated struc-
tures reveal that, in a typical transmembrane helix,
hydrogen bonds are intrahelical, with interactions between
residue i and residue i + 4. However, deviations in helix con-
formation, length and composition do occur. Recently
determined structures provide interesting examples of some
of these deviations. 

A π-bulge, which is a deformation from a regular α-helical
conformation, arises when backbone hydrogen bonds
occur between residue i and residue i + 5 (Figure 2). In the
recently determined structure of the light-driven anion
pump halorhodopsin, helices E and G are distorted by
π-bulges [12]. The high-resolution structure of the homol-
ogous light-driven proton pump bacteriorhodopsin also
reveals a π-bulge in helix G [13•]. Another interesting type
of deformation is helix unwinding, examples of which can
be observed in two transmembrane helices (M4 and M6) of
the calcium pump of the sarcoplasmic reticulum [14•].
Finally, proline-induced kinks are often observed in struc-
tures, examples of which are found in helices E and C of
bacteriorhodopsin [13•], in helix 6 of the G-protein-
coupled receptor (GPCR) rhodopsin [15••] and in one of
the helices of the fumarate reductase from bacteria [16,17]. 

Structurally speaking, these distortions in α-helicity have
at least two consequences: local conformational instability
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due to deviations from ideal α-helical geometry; and the
exposure of one or more backbone carbonyl groups (i.e.
unsatisfied hydrogen-bond acceptors) arising from disrup-
tions in the backbone hydrogen-bonding pattern of the
α helix. What could be the functional consequences of
local conformational instability in α helices? An attractive
possibility is that they create a ‘hot-spot’ in the protein for
conformational changes to occur. This possibility is sup-
ported by a plethora of new information on structural
changes during the bacteriorhodopsin photocycle. In brief,
the emerging picture is that the isomerization from all-
trans to 13-cis retinal affects not only the sidechain
conformations of Lys216 and other amino acid residues
involved in retinal binding, but also backbone conforma-
tions involving the π-bulge within helix G (reviewed in
[18]). Furthermore, helix C has also been shown to under-
go deformations that are coupled to proton transport [19•].
It is reasonable to expect that, in the case of halorhodopsin,
similar conformational changes will be involved in anion
transport. Conformational changes involving proline
hinges have also been invoked as a mechanism for signal
transduction through membranes. Specifically, in GPCRs
and ion channels, proline hinges are suggested to act as
molecular switches in transmembrane-helix-mediated
signaling (reviewed in [20•]). 

Exposed backbone carbonyl groups, on the other hand, can
participate in polar interactions. Such interactions include:
hydrogen bonding to a cofactor, as in bacteriorhodopsin, in
which the carbonyl participates in the hydrogen-bond net-
work that binds the Schiff base [13•]; binding of an ion, as
shown in the calcium pump of the sarcoplasmic reticulum,

in which several backbone carbonyls coordinate the bound
calcium [14•]; hydrogen bonding to water molecules, as in
bacteriorhodopsin [13•]; and interhelical hydrogen-bond
formation, as suggested by molecular dynamics simulations
of the neu/Erb-2 transmembrane heterodimer [21•]. It
should be noted that, because the partition of polar amino
acid sidechains into the membrane core is more strongly
unfavorable [1], the possibility of creating polar interactions
with backbone carbonyls confers functional diversity on
membrane proteins at a relatively low energetic cost.

Several examples of similar distortions in α-helicity can be
found in other transmembrane proteins [3,20•,22]. The
expanding database of membrane protein structures and
the fact that helical transmembrane domains are readily
predicted and their dynamics can, nowadays, be studied
using molecular dynamics simulations [23] strongly sug-
gest that an increasing number of these types of
distortions in α-helicity will be discovered and their relation
to function rationalized. 

Sequestering protein regions from the bilayer
to enhance structural diversity
The lipid bilayer restricts the structural diversity of trans-
membrane domains in membrane proteins. There are
provisions, however, that mitigate the bilayer constraints.
The recently determined structures of two members of the
aquaporin family, human aquaporin-1 and the glycerol
facilitator of Escherichia coli, have revealed a previously
unknown structural feature (Figure 3): two half-helices
with their N-terminal ends pointing to each other in the
center of the membrane [24••,25••]. In principle, placing

Figure 1

Architecture of α-helical and β-barrel
membrane proteins. (a) An example of the
structure of an α-helical membrane protein —
the calcium ATPase of skeletal muscle
sarcoplasmic reticulum ([14•]; PDB entry
code 1EUL). (b) An example of the structure
of a β-barrel membrane protein — TolC from
the outer membrane of E. coli ([59]; PDB
entry code 1EK9). The membrane is
schematically represented by gray blocks.
Note the relatively simple architecture of the
membrane-embedded domains compared
with the extramembrane regions.
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the end of a helix in a bilayer interior is energetically unfa-
vorable because of the partial charge induced by the net
separation of charge at the helix ends [26]. In both struc-
tures, however, this problem is circumvented because the
N-terminal ends face the central hydrophilic pore, away
from the lipids. The functional role of this motif is not
clear. In the case of aquaporin, the authors speculate that
the positive electrostatic field generated by the ends of the
half-helices orients the transported water molecule [24••].
An analogous case has been observed for the KcsA potassium
channel, in which the presence of the conducting pore,
formed as a result of tetramerization, enables short polar
helices to place their ends near the center of the bilayer
[27]. These short helices have been proposed to be part of
the constriction pore and create a region of electrostatic
compensation for the charge on the K+ ion [28]. The out-
lined examples emphasize an increasingly recurrent
feature in membrane protein organization, that is, the use
of β barrels and rings of α helices as barriers that enable
regions of the protein to be placed in a hydrophilic envi-
ronment shielded from the lipid bilayer. This permits a
wider scope of structure for the sequestered regions.
Another illustration of such organization is observed in the
siderophore receptor from the outer membrane of E. coli,
in which an entire soluble domain occupies the hydrophilic
lumen of the β barrel [29].

Another possible strategy to mitigate bilayer constraints is
oligomerization to create protein–protein interfaces
sequestered from lipids. In both aquaporin-1 and the glyc-
erol facilitator, two transmembrane helices (2 and 6) that
are not long enough to span the bilayer are positioned near

the fourfold axis of the tetramer [24••,25••]. The functional
role of these helices is not clear, although in the glycerol
facilitator they have been proposed to be part of a central
hydrophobic channel at the tetramer interface. It should
be emphasized that, although membrane proteins are, in
many cases, oligomeric, the role of oligomerization is not well
understood. It is tempting to propose that, in some cases,
oligomerization might allow a wider scope of structural
diversity at the oligomerization interface. 

Polar residues contribute to membrane protein
folding and stability
It is well established that strong polar residues, including
glutamine, asparagine, histidine, aspartic acid, glutamic
acid, arginine and lysine, are poorly represented in trans-
membrane segments (total frequency less than 5%
compared with 22% in water-soluble regions) [30,31].
These compositional biases can be rationalized in view of
the energetic penalty of partitioning polar residues into
the low dielectric medium of the hydrocarbon region of
the membrane [1]. In general, polar residues appear to be
less mutable when they occur in transmembrane seg-
ments, as opposed to their counterparts in the
extramembranous (water-soluble) regions between trans-
membrane domains, suggesting conserved structural or
functional roles [31,32]. There are now several cases in
which a clear functional role for a polar residue in the
transmembrane region of a membrane protein has been
established. From a structural perspective, however, their
role has only recently begun to appear. Of special rele-
vance is the recent progress in understanding interhelical
hydrogen bonds.

Figure 2

Disruptions in the canonical α-helical
conformation. (a) π-Bulge in helix G of
bacteriorhodopsin ([13•]; PDB entry code
1C3W). The π-bulge at Ala215 causes the
peptide plane between Ala215 and Lys216 to
tilt away from the helix axis, locally disturbing
the α-helical hydrogen-bonding pattern. The
π-helical (i, i + 5) hydrogen bonds are shown
by solid lines. Note that the carbonyl group of
Ala215 does not participate in backbone
hydrogen bonding. (b) Unwinding of helix M4
in the calcium ATPase of the sarcoplasmic
reticulum ([14•]; PDB entry code 1EUL). Note
that the unwinding exposes several backbone
carbonyl groups. Some of these carbonyls are
involved in the coordination of calcium
(denoted by solid lines). (c) Proline kink in
helix C of bacteriorhodopsin ([13•]; PDB entry
code 1C3W). Note the increased spacing of
the backbone below the proline and the
carbonyl of Leu87 devoid of hydrogen bond.
The canonical α-helical (i, i + 4) hydrogen
bonds are denoted by dashed lines.
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Using model transmembrane helices, two independent
studies have shown that an asparagine residue located in the
middle of a transmembrane sequence can drive strong trans-
membrane helix homo-oligomerization [33••,34••]. Because
substitution of the asparagine by a nonpolar residue abol-
ished oligomer formation, it was concluded that the
presence of the asparagine was the necessary requirement
for oligomerization. Further structural characterization using
NMR spectroscopy suggested that interhelical hydrogen
bonding of the polar residue is the source of oligomer stability
[33••]. It is only recently that interhelical hydrogen bonds
have been observed in membrane protein structures. At
least one hydrogen bond exists between each pair of adja-
cent helices within the monomer of bacteriorhodopsin [13•].
In the recently solved structure of the GPCR rhodopsin
[15••], several polar residues were found to participate in
hydrogen bonds between transmembrane helices (Figure
4). Hydrogen bonds have also been observed in the
oligomerization of β-barrel proteins, emphasizing their
possible role in quaternary structure formation [35].

Recent genetic and biophysical studies of membrane pro-
teins have also identified polar residues that might
participate in polar interactions between transmembrane
helices. Lactose permease from E. coli, for example, retains
its function when mutated at any position except for six.
These absolutely necessary residues are polar, supposedly
buried and close in space, raising the possibility of their
participation in interhelical hydrogen bonds (reviewed in
[36,37]). Voltage-gated Na+, K+ and Ca2+ channels have
highly conserved polar residues in transmembrane helices
S2–S4 that might be involved in voltage sensing or trans-
membrane helix association [38]. The outlined examples
emphasize the possibility of key interhelical hydrogen
bonds becoming a theme in membrane protein structure.

What could be their structural role? An interesting possi-
bility is that they contribute to the stabilization of

membrane protein structure. For example, there is evi-
dence suggesting that GPCRs are maintained in a stable
inactive conformation by strong intramolecular interac-
tions [39,40] in order to suppress background signaling. In
the specific case of rhodopsin, such stabilization could
arise, as suggested by Palczewski et al. [15••], because of
the interhelical hydrogen bonds observed in the structure.
It should be noted that the residues involved in inter-
helical hydrogen bonding in rhodopsin appear to be highly
conserved among GPCRs, underscoring the possibility
that hydrogen bonds between transmembrane helices are a
recurrent theme contributing to the stabilization of this
superfamily of essential integral membrane proteins. 

Finally, it is tempting to suggest that, whenever a polar
residue is found towards the center of the transmembrane
helix in single-span membrane proteins, the chances of
oligomerization are high. Such oligomerization could have
deleterious consequences. For example, the single mutation
of a valine to a glutamic acid in the transmembrane domain
of the neu oncogene results in dimerization and constitutive
activation of this protein, leading to abnormal cell prolifera-
tion [41]. It was later determined that dimerization was
induced as a consequence of interhelical hydrogen bonding
between glutamic acid residues [42]. On the other hand,
transmembrane domain oligomerization mediated by inter-
helical hydrogen bonds could be an important mechanism in
single-span membrane protein function. 

Interaction motifs in transmembrane helix
association
As in soluble proteins, motifs can usefully inform us of rela-
tions between membrane protein sequences and structures.
Considerable insight into this subject has been provided by
systematic studies on the glycophorin A (GpA) transmem-
brane helix dimer (reviewed in [43]). Initially, using
mutagenesis experiments, Lemmon et al. [43] identified a
seven-residue motif (LIxxGVxxGVxxT) responsible for the

Figure 3

Architecture of the glycerol facilitator of
E. coli. (a) Side view of the glycerol facilitator
monomer away from the tetramer interface
([25•• ]; PDB entry code 1FX8). Note the two
half-helices (3 and 7) that meet at the center
of the bilayer. (b) View of the monomer from
the periplasm. Note the channel in the middle
of the structure, as well as helices 6 and 2,
which are located at the tetramer interface.
The helices are numbered for clarity.
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specific dimerization of the GpA transmembrane helices.
The subsequent NMR structure of the transmembrane
dimer confirmed the location of the motif at the dimer inter-
face and revealed that the dimer was stabilized by close van
der Waals packing of preformed interfaces [44]. It was later
observed that, in a polymethionine background, the GxxxG
motif was sufficient to mediate helix oligomerization [45].
The general implications of the lessons learned from the
GpA dimer have recently begun to emerge. 

Using a reporter system that monitors transmembrane
helix oligomerization in membranes, a number of trans-
membrane domains exhibiting high-affinity homo-
oligomerization were selected from a randomized
sequence library [46•]. Most sequences contained the
GxxxG packing motif with some variations, such as the
substitution of glycine by small amino acid residues.
Interestingly, a statistical analysis of amino acid patterns in
a large database of transmembrane sequences also showed
the GxxxG pattern, in conjunction with β-branched amino
acid residues at neighboring positions, to be the most over-
represented in the database [47•]. These complementary
studies raise the possibility that GpA-type motifs might be
a recurrent theme in mediating transmembrane helix inter-
actions. Support for this hypothesis is provided by the
recently solved structure of aquaporin-1, in which highly
conserved glycine residues distributed in a GxxxGxxxA
and AxxxGxxxA sequence pattern have been observed at
contact sites between helices [24••]. Analogous patterns
have also been found in the structure of the glycerol facil-
itator from E. coli [25••]. In addition, mutagenesis studies
have demonstrated the involvement of the GxxxG motif in

transmembrane helix oligomerization of viral envelope
proteins of the M13 and hepatitis C viruses [48,49].

Further support for the involvement of glycine in trans-
membrane helix association has been provided by two
studies on the nature of amino acid residues at helix–helix
contacts in the structures of membrane proteins [30,50•].
The authors found that small hydrophobic residues, such
as glycine and alanine, are often found at buried positions
between transmembrane helices and suggested that these
residues are significant contributors to the association of
transmembrane helices.

Currently, the GxxxG motif is the only extensively charac-
terized example of a transmembrane-helix-packing motif.
Recently, however, Langosch and co-workers [51] have
identified a set of homo-oligomerizing transmembrane
proteins that contain a heptad motif of leucine residues,
which appear to mediate transmembrane helix association.
Further research will be needed to assess the general
implications of these findings. 

Predominant helical membrane protein folds
The recent avalanche of genome sequence information,
combined with the reliability of membrane protein topology
prediction methods, enables the study of membrane pro-
teins on a genome-wide scale. These studies estimate that
α-helical membrane proteins comprise 20–30% of all genes
encoded in the genomes of most eukaryotic, eubacterial
and archaean organisms [52,53]. The classification of mem-
brane protein sequences from different organisms
according to topology and function has also provided inter-
esting insights. In archaea, eubacteria and plants,
membrane proteins with 4, 10 and 12 transmembrane
domains (all with the N terminus facing the cytoplasm) are
dominant, whereas 4 and 7 transmembrane domain pro-
teins appear to be more common in yeast and in higher
eukaryotes [52,54–56]. These findings suggest that, in an
analogous manner to soluble proteins, predominant pro-
tein folds occur in helical membrane proteins. In addition,
a correlation between the number of transmembrane
domains and functional processes in the organisms has
been revealed. Organisms with many identifiable transport
systems have greater numbers of membrane proteins with
more than seven transmembrane domains [57••,58],
whereas multicellular organisms have a greater proportion
of seven transmembrane proteins belonging presumably to
the GPCR family [54,56].

Conclusions
The increasing number of solved membrane protein struc-
tures and genome-wide analysis studies have led to new
insights and the revisiting of old concepts. We are now
reaching a new phase in which detailed structure/function
studies on membrane proteins can be accomplished.
These studies should clarify a fascinating question. How
can a simple arrangement of hydrophobic helices support
the functional diversity of helical membrane proteins?

Figure 4

Interhelical hydrogen bonding in rhodopsin. A detail of the hydrogen-
bonding network between transmembrane helices in bovine rhodopsin
([15•• ]; PDB entry code 1F88). The hydrogen bonds are mediated by
highly conserved asparagines, N55 and N78, connecting helices H1,
H2 and H7, and helices H2, H3 and H4, respectively.
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