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Recent experiments and analysis have demonstrated the
important roles of hydrogen bonding and polar–polar
interactions in driving transmembrane helix–helix association.
Further details of the energetics of helix–helix association and
interhelical packing geometry are being mapped out. Many
sequence motifs and a few spatial motifs promoting helical
associations have also been identified.
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Introduction
Helical membrane proteins, and often their topology, can
be reliably predicted by computation [1–3]. The challenge
now is to understand how transmembrane (TM) helices
fold to form 3-D structure. A critical step of membrane-
protein folding is the assembly of TM helices. In this
review, we examine progress made in the past few years
about the nature of the driving force and the determinants
of TM helical association.

The mechanism of the assembly of TM helices is complex.
An early suggestion about membrane proteins is that they
are ‘inside-out’ soluble proteins with polar cores and non-
polar exteriors facing the lipid. However, structural analysis
indicates that the distribution pattern of polar residues is
more complex [4,5]. It was also thought that interacting
helices are mostly nearest-neighbouring helices in primary
sequences. This rule works perfectly for bacteriorhodopsin,
but the structures of complex membrane proteins showed
that it is not straightforward to predict which pair of helices
interact. For example, calcium-transporting ATPase (pdb: 1eul)
contains 10 helices, and has about 20 different helix–helix
interactions. Among these, only seven are between con-
nected helices [6]. Furthermore, not all connected helices
interact: there are no interactions between helices 2 and 3
and helices 6 and 7 for this protein [7••].

Packing density and voids in membrane proteins
On the basis of the structure of bacteriorhodpsin, Luecke
et al. [8] suggested that membrane proteins are packed
tighter than soluble proteins. Eilers et al. [9•,10] used the
technique of occluded surfaces to show that the packing

densities of residues in membrane proteins are generally
higher than those of soluble proteins. These findings are
consistent with the fact that lateral pressure is exerted to
membrane proteins at the interface between protein and
lipid bilayer. Gly, Pro and Ala have the highest packing 
values [10], as well as the highest coordination numbers
[7••], indicating the important role of these small residues
in facilitating helix–helix interactions

Although membrane proteins are packed tightly, they also
contain numerous voids and pockets [7••]. These packing
defects provide spaces for binding ligands, prosthetic
groups, lipids and water molecules, and facilitate confor-
mational changes essential for protein function. This is
similar to soluble proteins, because many packing defects
are found [11]. Small-to-large mutations in the central 
cavity of the channel of M2 protein from influenza A virus
only causes a modest change in protein stability [12••].
These observations point to the hypothesis that proteins
are not optimized by evolution to eliminate voids.

Composition- and position-dependent
single-residue propensity
Membrane proteins have simple amino acid residue com-
position. Genome-wide analysis of predicted TM helices
reveals residue bias at different locations of the helices and
in different organisms [13], confirming experimental data
(see [14,15] for reviews). The canonical α-helical structures
are often modified by Pro, Gly, pi-bulge and other structur-
al elements [16,17], which may be important for protein
stability and function. The role of Gly in facilitating
helix–helix interactions, especially at helix crossing points,
has been well studied [18,19]. Bending introduced by Pro
may be necessary for ion-conducting [16]. A recent study of
cystic fibrosis TM conductance regulator suggested that,
alternatively, Pro residues may be selected during evolution
to maximizes proper folding of nascent TM segments in the
aqueous phase of the translocan against β-sheet aggregates
before insertion into membrane [20•,21].

An interesting question is whether there is a strong bias for dif-
ferent residues to face lipid or to interact with other helices. By
comparing the differential frequencies of amino acid residues
in single-span and polytopic membrane proteins, Pilpel et al.
[22] developed a scale for residues to face lipid environment.
Aliphatic residues tend to face lipid, and the lipid propensity
of residues is in general agreement with hydrophobicity scale.
Residues not facing the lipid environment are more likely to
interact with residues from another helix. With correction of
unequal occurrence of residues in the TM helices, it was
found recently that the small residues Ala, Gly and Ser have
high propensity for helix–helix interactions [10], and Arg 
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and Gln are less likely to be involved in interhelical 
interactions [7••].

H-bonding in transmembrane regions
The role of van der Waals packing in maintaining membrane
protein folding and assembly has long been recognized [23].
For example, a heptad motif of Leu residues can drive the
association of designed membrane proteins with single TM
helices [24]. The critical role of polar interactions in provid-
ing stability to helix association was recently highlighted in
two important experiments using an engineered leucine 
zipper [25••,26••]. After replacing non-buried residues with
hydrophobic residues (Ala, Val and Leu), engineered leucine
zipper can be solubilized in micelles of SDS and non-ionic

detergents, as well as in biological membranes, where they
self-associate to form oligomers. However, the oligomeriza-
tion is abolished once an Asn residue at position 14 is
mutated to Val, as assayed by analytical ultracentrifugation,
fluorescence, and circular dichroism spectroscopies. NMR
studies showed that a strong hydrogen bond is formed
between the two Asn residues at the dimer interface [26••].
Oligomerization also occurs when Asn is replaced by other
residues with two polar side-chain atoms (Asp, Gln and Glu),
but is undetectable when replaced with residues of one polar
side chain atom (Ser and Thr) and hydrophobes in this sys-
tem [27•]. These experiments suggest that hydrogen bonds
can drive helical assembly. Further oligomerization experi-
ments using helix of polyleucine showed that in addition to

Figure 1

The topological maps of interhelical H-bonds
(top view) of the TM region for 13 membrane
proteins. Two helices are connected by an
edge if there is at least one H-bond between
them. The number of observed interhelical
H-bonds is indicated next to the
corresponding edge. The helices are
numbered by the order in which they appear
in the primary sequence. Reproduced from
[34••], with permission. Labels underneath
structures are Protein Data Bank codes.
Proteins © 2002 John Wiley & Sons, Inc.
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Asp, Asn, Glu and Gln, His can also drive the assembly of
TM helices [28].

Hydrogen bonds in a low dielectric environment have larger
free energy gain than in aqueous solution [29]. Regular sec-
ondary structure elements (α-helices and β-sheet) can satisfy
the main-chain hydrogen bonding potentials and therefore
dominate in the lipid environment. For β-sheet, H-bond
donor and acceptor groups can be saturated by H-bonding
between adjacent β strands. For α-helices, it was originally
thought H-bonds would predominantly exist intrahelically.

The importance of interhelical polar interactions is now firmly
established experimentally in model systems [27•,28], but to
what extent is interhelical hydrogen bond found in natural
helical membrane proteins? Polar and ionizable residues 
constitute 20–22% of all residues in the TM helices [30,31••].
At least one hydrogen bond exists between each pair of 
adjacent helices in bacteriorhodopsin [8]. An H-bond net-
work involving several polar residues was also found in the
crystal structure of rhodopsin [32]. Polar groups are thought
to be used by nature sparingly for interhelical interactions,
since it might cause unintended strong interhelical H-bonds
between helices with disastrous biological consequences
[33]. In a recent computational analysis of a set of 13 struc-
tures of membrane proteins, however, it was found that there
are extensive H-bond connections between helices: almost
all TM helices are involved in interhelical H-bonding
(Figure 1) [34••]. Among all 296 interacting helical pairs for
these 13 proteins, one or more H-bond exists in 53% (158) of
pairs. Side chains from Ser, Tyr, Thr and His are found in
50% of the H-bonds. In addition, the total interhelical atomic
contacts are also different for helical pairs with and without
H-bonds. On average, helical pairs with H-bonds are packed
tighter and have more atomic contacts.

The importance of H-bonds in interhelical interactions is also
confirmed in glycophorin A. The formation of glycophorin A
dimer in membrane involves a well-packed interface. A
recent study by Senes et al. [31••] suggests that, in addition to
van der Waals interactions, weak Cα-H–O H-bonds are
important for the dimerization of glycophorin A. The analysis
of a set of 11 membrane proteins showed that Cα-H–O hydro-
gen bonds are very common, and are strongly favoured by
right-handed parallel helical interactions. They are found to
cluster around Gly, Ser and Thr residues. Polarized FT-IR
and solid-state NMR studies indicated that, in addition to
weak hydrogen bonds, the β-hydroxyl group of Thr87 also
H-bonds with the backbone carbonyl group of Val84 [35].

Interhelical H-bonds are important for stability, assembly,
and sometimes functions of polytopic membrane proteins.
One attractive hypothesis is that hydrogen bonding pro-
vides the necessary driving force for association, which
allows less extensive van der Waals packing interactions to
provide the needed flexibility for movement important for
function [28]. Residues with two side chain polar atoms
(Asn, Asp, Gln and Glu) are rarely found in TM helices
[27•]. However, polar residues Gln, Asn and His in TM
regions experience purifying selection pressure and are
highly conserved, suggesting their important role in main-
taining membrane-protein structure integrity and/or
biological function [36•].

Pairwise interhelical interaction
The overall pattern of helix–helix interactions has been
examined in several studies [7••,10,34••,37]. The contact
plot technique was developed for studying the helix–helix
interface [10,37]. This method calculates interatomic distances
between backbone atoms of interacting helix pairs, and

Figure 2

Serine zipper as an example of spatial motif. (a) Schematic
representation of H-bond between two serine residues on two
adjacent helices. The side chain of each serine residue forms a H-bond
with the carbonyl oxygen of its counterpart. Two side-chain-to-
backbone H-bonds are formed. (b) Serine zipper in bovine cytochrome
c oxidase between helices III and IV. Reproduced from [34••], with
permission. Proteins © 2002 John Wiley & Sons, Inc.
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identifies the helix–helix interface as residues occurring
within 0.5 Å of a local minimum of the distances. An alter-
native method is to compute the alpha shape of
membrane-protein structure and identify contacting
residues as those sharing Voronoi planes [7••]. Studies
using both techniques came to the same conclusion: mem-
brane proteins have a far more diverse pattern of helical
residue–residue interactions than soluble proteins [7••,10].

There are many differences between the patterns of
helix–helix packing interactions for membrane and for sol-
uble proteins. For example, Cys–Cys interactions are very
common in soluble proteins, but are rarely seen in mem-
brane proteins [7••,38]. A simple probabilistic model has
been introduced to quantitatively assess membrane-helical
interfacial pairwise contact propensity for specific residue
pairs [7••]. Perhaps the most obvious pattern is that among
residue pairs with high propensity for interhelical inter-
actions; many are between polar or ionizable residues.
Polar–polar interactions in membrane proteins are far more
diverse than in soluble proteins [7••], a fact consistent with
the prevalent and important roles H-bonds play in main-
taining helical assembly in membrane proteins.

Much of the interhelical packing is due to side-chain–side-
chain interactions. Gly–Gly is the only residue pair that
shows a high propensity for backbone-atom interactions.
The explicit consideration of side-chain atoms is important.
For example, glycophorin A and engineered GCN4
leucine zipper represent two modes of helix association
that are shared by other membrane proteins. The two main
chains of GpA adopt a splayed configuration and the two
chains of leucine zipper tightly wrap around each other
forming a coiled-coil association. By the criterion of main-
chain packing, the TM helices of leucine zipper pack more
tightly than helices in GpA. However, a detailed examina-
tion of packing of the side chains using the alpha shape
method showed that these two proteins have essentially
the same packing efficiency. The average numbers of 
contacting atoms per atom in the interface are the same for
these two proteins [7••].

It is intriguing to consider the possible roles of higher order
interhelical interactions, which surely exist in membrane
proteins. Because the scarcity of membrane protein struc-
tures, the technical challenge is to estimate accurately at
least some of the 1540 possible parameters for three-body
interactions. This situation may soon improve with the accu-
mulation of more membrane protein structures, and perhaps
with the help of statistical modeling, such as bootstrap
resampling with various additional variance stabilization
techniques [39,40].

Sequence and structure motifs
To identify sequence motifs that mediate helix–helix
interaction, Senes et al. [31••] examined exhaustively the
frequency of all pairs and triplets of residues in the pre-
dicted sequences of individual TM helices, and identified

a large number of sequence motifs that are significantly
over-represented in membrane proteins. These include
GG4 (GxxxG), GA4, and many other motifs utilizing small
residues (Gly, Ala and Ser) at position i and i+4, often in
association with a large residue at i±1 and i±2 positions.
Among these, the GG4 motif is well known for mediating
GpA dimerization. Screening tests using the TOXCAT
system for parallel homodimerization with a large random-
ized peptide library showed that many peptides containing
the GG4 motif have high affinity for helix–helix association
[19]. Further experiments showed that oligomerization of
homo helices can be facilitated by other sequence motifs
such as SxxSSxxT and SxxxSSxxT [41]. Recent statisticaly
analysis of helices in soluble proteins showed that GG4 is
also a prevalent sequence motif stabilizing helix–helix
association in soluble proteins [42].

Although the ‘knobs-into-holes’ spatial pattern exemplified
by the leucine zipper is a well-studied general spatial 
pattern for helix interaction, the structural features under-
lying many sequence motifs described in [31••] are not
well known. Senes et al. [43••] identified a connected net-
work of Cα-H–O hydrogen bonds, which are frequently
found in right-handed parallel helix pairs enriched by Gly,
Ser and Thr. One or two GG4 sequence motifs often par-
ticipate in the network, and it is likely that the GG4 motif
drives association of TM helices, in part by promoting
Cα-H–O=C interactions [43••]. The Cα-H–O bond also
stabilizes helix association in soluble proteins [42].

Serine residues have a high propensity to form self-pairs. It
was thought that Ser mostly behaves as a nonpolar residue
because of its tendency to adopt intrahelical hydrogen bonds
with the backbone. However, it is possible that interhelical
Ser–Ser interactions may serve as a basic unit of interaction
behind some of the sequence motifs involving Ser residues.
Experimental work has shown that the hydroxyl groups are
important in the Sxx(x)SSxxT motifs, indicating the require-
ment of an extended H-bond network [41]. Although a single
Ser–Ser contact may not provide adequate affinity for associ-
ation, the cooperative interactions involving several Ser–Ser
contacts may provide the needed stability and specificity.
This is supported by the recent discovery of the spatial motif
of the serine zipper [34••]. In a spatial arrangement analogous
to the leucine zipper, a series of Ser–Ser H-bonds between
two helices can form a serine zipper consisting of multiple
Ser–Ser interactions with a periodicity of seven, which facili-
tates a tight association with five or more H-bonds [34••].
This serine zipper spatial motif is found in the structure of
bovine cytochrome c oxidase. Sequence alignment using 
PSI-BLAST on a non-redundant database of TM domains [31••]
suggests that serine zipper exists in other cytochrome c oxi-
dase proteins whose structures are yet to be solved [34••]. It
is likely that the sequence motif SS7 identified in [31••] may
be directly related to the serine zipper spatial motif.

‘Polar clamp’ is another recently discovered spatial motif
[34••]. It is a general motif that provides favourable 
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stabilization, and may enhance specific orientation of side
chains in the background of generic nonpolar interactions.
In this motif, a residue capable of forming two H-bonds
(e.g. Glu, Lys, Asn, Gln) is clamped by two interhelical
H-bonds formed with two other residues (e.g. Ser) located
on a neighbouring helix at positions i and i+1…i+4. Polar
clamps are found in all of the 13 proteins studied in [34••],
and may be important for protein functions. In many cases,
the SS4 sequence motif identified by Senes et al. is
involved in the polar clamp spatial motif.

Energy function and conformation sampling
Even with better understanding of helix–helix interactions
in the membrane, the task of predicting the 3-D structure
of membrane proteins remain daunting, especially for
polytopic membrane proteins with many TM helices.
Success will probably depend on two critical components:
an efficient method that generates likely candidate confor-
mations, and a potential function that effectively
discriminates native structures from all other structures. It
is important to keep in mind that wild-type membrane
proteins are not necessarily optimized for stability [44•],
and it is possible to engineer hyperstable membrane 
proteins with just a few mutations [45].

Potential functions based on various physical models have
been applied in computational studies of membrane-
protein folding in 2-D and 3-D lattice models [46•,47].
The physical interactions considered include hydropho-
bicity, bending, H-bonding [47], a modified HP model
[48], and a modified Lennard–Jones Go-potential [46•].
These potentials are very informative in painting a likely
scenario of the assembly of TM helices. For example, 
simulation of the folding of the first two TM helices of
bacteriorhodopsin using Go-like potential indicates the
existence of intermediate traps and provides details of
multi-state kinetics. Nevertheless, the effectiveness of
these potentials in discriminating native membrane-
protein structures from other alternative structures is 
inadequate or unknown. Statistical parameters such as
those developed from known protein structures provide an
alternative approach for obtaining potential for predicting
the coarse grained structure of membrane proteins. These
parameters might include propensity for lipid exposure,
pairwise propensity for interhelical interactions such as
those developed in [7••], and possibly parameters for higher-
order interactions in the future. Once more structures of
membrane proteins become available, pairwise propensity
and other parameters could be made position-dependent,
the values of which will depend on the distance of their
locations to the membrane–solution interface.

A third approach for developing effective potential is by
optimization. This approach has been well developed in
the studies of soluble-protein folding. The idea is simple:
an energy or scoring function must have a lower value for
the native structure than for any other alternative decoy
structures. When the scoring function takes the empirical

form of a linear sum of pairwise contacts with coefficients
to be determined, the optimal coefficients can be obtained
by optimization methods such as perception learning and
linear programming [49,50]. State-of-the-art implementations
of optimization methods such as the interior-point method
for linear programming [51,52] are often helpful. A lesson
learned in these studies relevant for membrane proteins is
that parameters of higher-order interactions may be a
necessity for successful folding of proteins [49,50].

For membrane-protein structure prediction, effective sam-
pling of possible conformations is critical. These
conformations provide the candidate pool to fish out the
native-like structure. They can also provide challenging
decoys for developing more discriminating scoring potentials
via optimization. The task is to generate a large number of
conformations that are protein-like. Despite the exponen-
tially increasing number of ways to arrange TM helices, an
important study showed that it is possible to generate com-
putationally a template fold with up to seven canonical
helices [53•].

The basic requirements for generating conformations is
that they have to be self-avoiding walks in 3-D space, and
they need to be membrane-protein like. The generation of
a full atomic structure is challenging because of the large
search space. It is often convenient to use the coarse grain
model and start from a random or a modelled structure, 
and to use Markov chains with various move sets and
Metropolis rules to generate an ensemble of conformations
[47]. To obtain a set of samples following Boltzmann 
distribution of the chosen scoring function would require
significant amounts of burn-in time before conformations
can be harvested.

A promising alternative approach for generating conformation
is the chain growth method [54,55]. This method grows a poly-
mer chain de novo by adding monomers one at a time under
the potential function. The advantage is that a larger region
of conformational space can be searched, because conformations
obtained are independent and uncorrelated. A challenge for
chain growth method is the attrition problem: For soluble
proteins, it is difficult to grow long self-avoiding chains. For
membrane proteins, it is difficult to grow an assembly of
self-avoiding chains that are packed tightly. Because of this
limitation, this method has only been applied typically
[54,55] to lattice models and coarse grained off-lattice 
models. Recent progress in various resampling strategies
suggests that these limitations can be overcome. A more
general approach is the Sequential Monte Carlo method,
which allows importance sampling with arbitrary objective
criteria and can achieve significantly improved efficiency in
sampling [56]. These techniques will probably be useful for
folding membrane proteins.

Conclusions
Experimental and computational studies in the past few
years have provided a much improved understanding
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about the determinants of helix assembly of membrane
proteins. It is clear now that polar residues and H-bonds
play critical roles in the organization of membrane pro-
teins. The geometry of packing in membrane proteins is
also now well understood. A large number of sequence
motifs and several spatial motifs promoting TM helical
association are now known. We can expect that the ener-
getics of helix association will be mapped out in more
detail in the near future, for both model systems and mem-
brane proteins with multiple TM helices. In addition, the
search for higher-order interaction spatial patterns and
their relationships with sequence motifs will probably
bring additional insights into membrane-protein folding.
With this progress, it is likely that experimental design of
novel membrane proteins, computational studies of kinetics
of folding, as well as efforts in solving the challenging prob-
lems of predicting 3-D structures of multispan membrane
proteins on the basis of folding principles will intensify.

Update
A recent Monte Carlo study showed that effective pairwise
membrane potential can be obtained by optimization of
native bR structure against decoy conformations generated
iteratively. This potential can successfully fold bacteri-
orhodopsin. With additional modification, it can also fold
glycophorin A [57].
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