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1. Introduction 

Membrane proteins, constituting ~30% of prot eins encoded by whole genomes (Krogh et al., 
2001), are heavily implicated in all fundamental cellular proces ses and, therefore, represent 
up to 60% of targets for all currently market ed drugs (Overington et al., 2006). Nevertheless, 
in spite of their significance, only few tens of spatial structures of membrane proteins have 
been obtained so far, while design of new types of drugs targeting membrane proteins 
requires precise structural information about this class of objects. Hydrophobic �Â-helices 
represent a dominant structural motif found in membrane-spanning domains of proteins, 
excluding membrane �Ã-barrels. So, a membrane part a large variety of membrane proteins is 
formed by �Â-helical bundle (polytopic proteins) or just by single �Â-helix (bitopic proteins) 
(Fig. 1). Besides structural switching, oligomerization of helical membrane proteins forms 
the basis for various functions in the living cell including reception of extracellular signals, 
signal transduction, ion transfer, catalysis, energy conversion and so on (Ubarretxena-
Belandia & Engelman, 2001). The mechanisms, by which helical membrane proteins fold 
into native structures and functionally oligomerize, are beginning to be understood from a 
confluence of structural and biochemical studies. Folding determinants of a membrane 
protein can be partially understood by dissecting its structure into pairs of interacting 
transmembrane (TM) helices, which, together with the connecting l oops and extramembrane 
domains, comprise the overall structure. Obviously, the fold of helical membrane proteins 
along with their biological activity is largely determined by proper interactions of 
membrane-embedded helices. Either destroying or enhancing such helix-helix interactions 
can result in many diseases (developmental, oncogenic, neurodegenerative, immune, 
cardiovascular, and so on) related to dysfunction of different tissues in the human body.  

Activity regulation of bitopic proteins that ha ve only single-spanning TM domain is mostly 
associated with their lateral dimerization in cell membranes. Bitopic proteins are a broad 
class of biologically significant membrane proteins including the majority of receptor 
protein kinases, immune receptors and apoptotic proteins, which are involved in 
development regulation and homeostasis of multicellular organisms. Homo- and 
heterodimerization of bitopic proteins wa s earlier thought to involve mostly their 
extracellular and cytoplasmic domains, but recent studies have been making it increasingly  
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clear that the single-spanning TM domains are also critical for their dimerization and 
modulation of biological functi on. Upon bitopic protein activation, ligand-dependent or not, 
significant intramolecular confor mational transitions result in rearrangement of the receptor 
domains and following receptor dimerization or switching from one dimerization state to 
another, e.g. ligand-dependent transition from preformed inacti ve dimeric state into active 
dimer of ErbB receptor tyrosine kinase (Schlessinger, 2000; Moriki et al., 2001; Fleishman et 
al., 2002; Mendrola et al., 2002). The so-called “rotation-coupled” and “flexible rotation” 
activation mechanisms (Moriki et al., 2001; Fleishman et al., 2002; Mendrola et al., 2002), 
which were initially proposed for receptor tyro sine kinases and imply active involvement of 
TM domains in dimerization and activation of the receptors via proper TM helix-helix 
packing and rearranging, are possibly widesp read among bitopic proteins. However, if 
biological functions are carried  out using only one homo- or heterodimeric state of bitopic 
protein TM domains, the TM helix-helix interaction can be strong, as in the case of 
permeabilization of the outer mitochondrial membrane by proapoptotic protein BNip3 in 
the course of hypoxia-acidosis induced cell death. Furthermore, amino acid polymorphisms 
and mutations in the TM domain of bitopic pr oteins have been implicated in numerous 
human pathological states, including many types of cancers, Alzheimer’s disease, tissue 
dysplasias and abnormalities (Li & Hristova , 2006; Selkoe, 2001). It was shown that the 
mutations affect both the behavior of the isol ated TM domains in model lipid bilayers, and 
the behavior of the full length receptors in th e plasma membrane. Most probably, the effects 
are exerted via yet unknown mutation-induced  changes in dimeric structure of the TM 
domains. Importantly, it was found that isol ated TM domains revealed ability not only to 
homo- and heterodimerize in membrane-like environment, but also to specifically inhibit 
biological activity of bitopic proteins in cell  membrane (Li & Hristova, 2006; Bennasroune et 
al., 2004; Rath et al., 2007). So, membrane-spanning segments of bitopic proteins represent a 
novel class of pharmacologically important targets, whose activity can be modulated by 
natural or specially designed molecules. Among the most perspective candidates for these 
purposes are artificial hydrop hobic helical peptides, the so-called peptide “interceptors” 
(Bennasroune et al., 2004) or “computer helical antimembrane proteins” (CHAMPs) (Caputo 
et al., 2008), which are capable of specifically recognizing the target wild-type TM segments 
of bitopic proteins and interfering with their la teral association in cell membrane. Therefore, 
understanding the factors that drive packing of �Â-helices in membranes has attracted 
considerable interest of researchers from both scientific and medical communities. 
Nevertheless, in spite of their significance, only few spatial structures of the homo- and 
heterodimeric single-span TM domains have been obtained so far, notwithstanding that 
design of new types of drugs targeting bitopic proteins requires precise structural 
information about this class of objects. 

At the present stage of development of the structural biology methods, obtaining high-
resolution structure of a full-length bitopic pr otein is a scientific challenge. Issues with 
crystallization of membrane proteins are inhere nt to X-ray techniques, whereas NMR cannot 
effectively handle large protein-lipid complexes. The crystallographic methods, which 
recently allowed obtaining high-resolution structure of such multi-span TM receptors as G-
protein coupled receptors (Cherezov et al., 2007), cannot be directly translated to multiple-
domains flexible receptors like receptor kinases and immune system receptors. Therefore, 
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the structural-dynamic properti es of the extracellular, cytoplasmic and intramembrane parts 
of such bitopic proteins are still studied separately. Extensive structural studies of 
extracellular and cytoplasmic domains in different  functional states of the bitopic proteins 
are closely followed by detailed analysis of their TM domain dimerization in membrane 
environment. Apparently, thorough understand ing of all the aspects of TM helix-helix 
interactions in bitopic proteins can only be achieved with multi-disciplinary approach based 
on a comprehensive set of modeling, biochemical and biophysical tools. The already 
available information about structural-dynamic  properties of the dimeric TM domains of 
bitopic proteins along with the biophysical an d biochemical data provides useful insights 
into the protein functioning in the human organi sm on the atomistic scale. This review will 
discuss the applicable methods, from purely th eoretical approaches to direct experimental 
techniques, which recently allowed describing high-resolution dimeric TM domain structure 
for several bitopic proteins and understanding some aspects of structure-function relations 
and their biological activity.  

 
Fig. 1. Representatives of bitopic and polytopic helical TM proteins. 

2. Thermodynamical aspects of helix -helix interaction in membrane 

The balance of forces driving association of proteins in lipid membranes, in particular the 
helix-helix interaction of transmembrane domain s, differs fundamentally from the case of 
protein interaction in aqueous solutions to the such degree that in some cases might seem 
counterintuitive. For the sake of clarity, folding of an �Â-helical membrane protein can be 
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conceptualized as a process that occurs in two thermodynamically dist inct steps, involving 
the formation of independently stable TM helices  and the subsequent specific TM helix-helix 
interactions giving rise to higher-order stru ctures (Popot & Engelman, 1990), in which TM 
helices are usually more or less tilted with respect to the membrane plane. The former step, 
similarly to the case of water soluble proteins, is controlled by hydrophobic interactions, 
profile of which changes essentially once the helices are inserted into the lipid bilayer and the 
hydrophobic side chains can be exposed to hydrophobic environment without energy  
penalties. Lipid-protein interactions are also mo st likely involved, though indirectly, in driving 
the association of TM helices in the form of the entropy term (Helms, 2002; Schneider, 2004). 
Although the formation of higher ordered he lix oligomers decreases the entropy of the 
proteins, the entropy of the lipids is greatly increased. Every TM helix is surrounded by a 
“coat” of lipids more or less tightly associated with it. After interaction of individual TM 
helices, a part of these “frozen” or anyhow correlated lipids (Morrow et al., 1985) is released 
into the membrane lipid pool. Therefore, TM he lix oligomerization would decrease the area of 
protein-lipid interface and thereby increase the overall entropy of t he system, thus 
contributing to stabilization of the protein-prot ein complex. In addition, adjustments of local 
lipid composition of the membrane and matching  the hydrophobic thickness of lipid bilayer 
with the hydrophobic length of TM proteins can regulate lipid-protein and protein-prot ein 
interactions, e.g. resulting in cooperative lipid- mediated protein-protein lateral association into 
signaling platforms in biomembranes (Lee, 2004; Nyholm et al., 2007; Sparr et al., 2005; Marsh, 
2008; Vidal & McIntosh, 2005; de Meyer et al., 2008).  

Specific helix-helix interactions require precise mutual orientation of TM helices, imposing 
certain restrictions on their tilt  angle and tilt direction between dimer axis and normal to the 
membrane, therefore proper hydrophobic matching may influence the specific TM domain 
association. Depending on the specifics of the protein, this would result in sorting different 
biologically relevant states of dimeric bitopic proteins between lipid phases and microdomains 
of cell membrane or in shifting the occupancies of the resultant conformation of t he pair of TM 
helices and proteins depending on the surrounding lipid phase or microdomain (Nyholm et 
al., 2007; Sparr et al., 2005). Even when helices do not exhibit any tendency for specific 
association (Lee, 2004; Nyholm et al., 2007), helix-helix association could still occur as a result 
of poor packing between the lipids and helices, or of a favorable change in entropy due to the 
release of helix-bound lipids upon helix association. In these cases, helix association is 
primarily driven by lipid-protein  interactions rather than strongly favorable protein-protein 
interactions. However, while entropy cons iderations and hydrophobic matching or 
mismatching could partly explain the formatio n of higher ordered TM structures in the 
membrane, it cannot serve the sole explanation of the specificity of TM helix interactions. 

Protein-lipid interaction is not the only noncovalent force involved in the formation of TM 
helix oligomers, van-der-Waals forces and polar interactions also play important roles 
(Senes et al., 2004; Curran & Engelman, 2003). Association of TM helices often proceeds 
through a “ridge-into-groove” or a “knob-into -hole” packing (Langosch & Heringa, 1998; 
Walther et al., 1996). The ridges or knobs on the surface of one TM helix fit well into grooves 
or holes on the complementary helical surface. Such a complementarity of contacting 
adjacent TM ensures most favorable polar and van-der-Waals interactions. Electrostatic 
interactions also cannot be excluded from consideration despite relative rarity of occurrence 
of charged residues in the TM segments and play a specific role in membrane protein  
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folding (Zhou et al., 2000, Zhou et al., 2001; Choma et al., 2000; Adamian et al., 2003; 
Gratkowski et al., 2001), since the strength of such interactions increases with a decreasing 
dielectric constant of the environment. Electrostatic interactions stabilize folded membrane 
structures via polar backbone-backbone, backbone-side chain, or side chain-side chain 
interactions resulting in hydrogen bond formation between adjacent TM helices. 
Contribution of amino acid residues into interaction energy in the hydrophobic 
environment is a function of their polarity. Weakly polar amino acids, like glycine, alanine, 
serine, and threonine are characterized by a relatively small electros tatic component of the 
interaction energy and a complex nature of interaction. In addition to forming electrostatic 
interactions, these polar residues with small side chains also allow two TM helices to come 
into close contact and to tightly pack without significant entropy loss of side chain rotamers 
upon dimer formation (MacKenzie et al., 1997). This does not only facilitate the interhelical 
hydrogen bonding with participation of polar si de chains of serine or threonine, but also 
enables van-der-Waals interactions between surrounding residues. In addition to polar side 
chains, the C�ÂH groups of such tightly packed residues are capable of participating in non-
canonical hydrogen bonding, e.g. with the opposite carbonyl groups across the helix-helix 
interface (Senes et al., 2001). In other words, the marginal polarity of the C�Â proton might be 
sufficient to serve as a hydrogen bond donor in a highly hydrophobic environment. 
However, although the slightly polar residues could form hydrogen bonds with an adjacent 
TM helix, they are able to contribute significantl y to the specific helix-helix interactions only 
consisting in an amino acid context, which pr omotes association of TM helices, e.g. by 
proper packing (Gratkowski et al., 2001; Dawson et al., 2002; Schneider & Engelman, 2004; 
Arbely & Arkin, 2004; Mottamal & Lazaridis, 2005).  

Presence of highly polar residues, like histidine, asparagine, aspartic acid, glutamine, 
glutamic acid, arginine or lysine in the membrane environment can apparently drive 
noncovalent association of TM helices through more specific strong hydrogen bonding and 
salt bridge formation, resulting in very stab le helix oligomers. These residues are rarely 
found in membrane proteins (Arkin & Brun ger, 1998), but it has been shown that the 
presence of a single asparagine, aspartic acid, glutamine, or glutamic acid in a TM helix is 
sufficient to drive stable oligomerization (Gratk owski et al., 2001; Zhou et al., 2000; Zhou et 
al., 2001). While highly polar residues can contribute significantly to the stability of the 
helix-helix interaction, several problems ar ise when these residues are present in a 
membrane. Transfer of highly polar residues into a membrane is thermodynamically 
unfavorable, and only very few of these residues can be tolerated in a single TM helix. 
Furthermore, in membrane environment, the ioni zable side chains of these residues prefer 
uncharged state and their pKa values can vary substantially depending on numerous 
parameters, such as local hydrogen bond network, membrane composition, transmembrane 
potential, and juxtamembrane environment (Smi th et al., 1996; Bocharov et al., 2008a). Since 
highly polar residues could interact with any potential binding partner for hydrogen 
bonding or salt-bridge formation, which create the danger of non-specific helix-helix 
association and misfolding (Schneider, 2004), the polar substitutions are apparently the most 
common pathogenic mutations in membrane prot eins that cause different human diseases 
(Li & Hristova, 2006; Moore et al., 2008). On the other hand, for the polar residues located at 
the level of the lipid headgroups where solubilit y of charged groups is higher than in the 
hydrophobic core but the electrostatic shielding is accordingly mo re effective, the individual 
interactions are not so formidable and can be modulated by external  ligands (Lau et al., 
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2009). In addition, arginine and lysine residues are frequently found at the ends of TM helices, 
where they have a tendency to participate in direct or water-mediated polar–polar interacti ons 
with phospholipid headgroups (Arkin & Brunger, 1998; Wallin et al., 1997; Adamian et al., 
2005) and can modulate the helix-helix dimerization strength (Peng et al., 2009).  

A separate important class of participants of specific TM helix association processes are �Ñ-�Ñ 
and cation-�Ñ aromatic interactions arising either between two aromatic residues or between 
a basic and an aromatic residue, respectively (Johnson et al., 2007; Unterreitmeier et al., 2007; 
Sal-Man et al., 2007). Interactions of aromatic rings of tryptophan, ph enylalanine, tyrosine, 
and histidine residues and their self-association or interaction with protonated cation side 
chains of arginine, lysine, and histidine residues have been proposed to consist of van-der-
Waals and electrostatic forces complemented by correct packing geometry and interactions 
with the aromatic ring quad rupole moment. Besides, the indole, phenol, and imidazole 
group of the aromatic residues can participate in hydrogen bonding across TM helix 
packing interface. Even though weak, C�ÂH- �Ñ interactions enhanced in the low dielectric 
membrane environment can be considered as additional interactions supporting specific TM 
helix association (Unterreitmeier et al., 2007). In addition, aromatic residues have a strong 
propensity to face phospholipids in the headgr oup region and are thought to act as anchors 
for a membrane protein, influencing on helix  tilting and hydrophobic matching in the 
membrane (Adamian et al., 2005). Cation-�Ñ interactions occurring at the headgroup levels 
are often contributed or mediated by addi tional interaction with water molecules. 

3. Common motifs employed for heli x-helix interaction in membrane 

The helical configuration of TM segments imposes certain limitations and regularities on the 
amino acid sequences that are suitable for forming intermolecular  contacts. The TM helix-helix 
association modes can be roughly grouped on the basis of sequence patterning and interhelical 
geometry. Since N- and C-termini of �Â-helical TM domains of bitope proteins are usually 
exposed to extracellular and cytoplasmic sides of membrane respectively, such proteins 
specifically associate into homo- and heterodimers in a parallel manner, in the so-called ‘‘head-
to-head’’ orientation. Both righ t- and left-handed variants of parallel helix-helix dimers with 
most frequently occurring helix- helix crossing angles near -40° and 20°, respectively, and the 
distance of 7-9 Å between helix axes appear to be quite common for TM helix packing in 
membrane (Walters & DeGrado, 2006). The interfaces of TM helices crossing at negative angles 
are often formed by [abcd]n tetrad repeats, in which a and b correspond to interfacial residu es 
(Langosch et al., 2002). Right-handed packing of helix pairs is most often characterized by an i, 
i+4 separation of “small” residues, such as glycine, alanine, serine and threonine, along the TM 
sequence, which is alternately termed “small-xxx-small” or GG4-like motif first exemplified by 
self-assembling TM domain of glycophorin A (MacKenzie et al., 1997). Small residues in this 
motif create a shallow weakly polar groove that complements the surface of an adjacent helix 
and allows the helices to approach closely. The association is stabilized by van-der-Waals 
contacts resulting from the excellent geometric fit and weak polar interactions, which can 
contribute to non-canonical hydrogen bonding between C �ÂH and carbonyl groups across 
helix-helix interface (Senes et al., 2001). Two GG4-like motifs in tandem form the so-called 
“glycine zipper” motif, which is statistically ov errepresented in membrane proteins (Kim et al., 
2005). The geometry of left-handed pairs of TM helices characterized by positive crossing 
angles requires longer [abcdefg]n heptad minimal repeat motifs, where e and g positions are 
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located at the periphery of these helix–helix interfaces and side-chains at a and d positions 
interdigitate repeatedly (Langosch & Heringa, 1998). Such a heptad pattern was originally 
identified in water soluble “leucine zipper” in teraction domains and gives rise to “knobs-into-
holes” packing of side-chains (Lupas, 1996). The left-handed TM helix pairings are mostly 
stabilized along heptad repeats by van-der-Waals contacts of large side chains of valine, 
leucine and isoleucine residues, while slightly po lar interactions of interfacial residues having 
small side chains, like glycine, alanine, and serine, are also important for left-handed 
oligomerization (Lear et al., 2004; Ruan et al., 2004; North et al., 2006). In addition, the TM 
helix-helix dimerization via both tetrad and heptad repeat motifs can be enhanced by �Ñ-�Ñ, 
cation-�Ñ and C�ÂH-�Ñ interactions across helix packing interface with participation of aromatic 
side chains (Johnson et al., 2007; Unterreitmeier et al., 2007). Furthermore, interhelical 
hydrogen bonding with participation of polar re sidues can work in concert with other helix 
packing interactions to strongly stabilize both right- and left-handed mo tifs, which appear to 
be essential for proper alignment of the polar side chains required for formation of h ydrogen 
bonds (Moore et al., 2008). 

TM helix interactions are mostly driven and st abilized by a broad spectrum of forces caused 
by protein-protein interactions vi a such motifs as well as interactions of the helices with the 
membrane environment. The precise interplay of all these forces is unique for each system 
and warrants individual detailed analysis since it often defines the functionality of 
interacting membrane proteins. Currently, many unique sequence motifs that are 
responsible for specific helix-helix association have been identified on the basis of tetrad and 
heptad repeats, which play primarily a permissive role for close helix-helix interactions (for 
a review see refs. Moore et al., 2008; Walters & DeGrado, 2006; Langosch & Arkin, 2009; 
Mackenzie, 2006). The relative importance of the sequence motifs in stabilizing helix-helix 
interactions depends on the specific combination of residues and location of the interacting 
surfaces relative to the N- and C-termini of �Â-helical TM segments (Johnson, 2006). Besides, 
the affinity of TM helix association can be modulated by flanking and non-interfacial 
residues (Zhang & Lazaridis, 2009).  

One or a few potential dimerization motifs can be usually identified in each TM region of 
bitopic proteins that participate in two broad ca tegories of helix-helix interactions (Moore et 
al., 2008). In the first of them, the TM domains form relatively static contacts that might be 
necessary e.g. for the assembly of a functional protein complex or for proper folding and 
export from endoplasmic reticulum. In othe r cases, the TM domains can undergo dynamic 
conformational changes between alternative dimerization modes important e.g. for signaling 
process that can involve a change in association state and/or lateral, vertical, and rotational 
motions in the membrane. Such triggering interactions cannot play  a thermodynamically 
dominant role in overall protein conformational  transitions, but are quite capable of fine-
tuning the system energetics, leveraging TM coupling and restricting the pool of the allowable 
conformations of the full length bitope proteins in the course of their biological activity.  

4. Predicting spatial structure of dimeric transmembrane h elices by 
molecular modeling 

Molecular modeling is a reasonably quick and efficient tool for quantitative assessment of 
the possible modes of helix association in membranes, especially when direct structural 
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methods fail to provide the necessary insights or are prohibitively resource-consuming. 
Moreover, relative simplicity and stability of  homo- and heterodimers of TM domains of 
bitopic proteins facilitates development and application of computational techniques for 
assessing the helix-helix interactions in membranes. Though only a few experimental spatial 
structures of TM helical dimers are available so far, molecular modeling offers quite 
reasonable atomic-scale models of dimeric structures.  

Adequate molecular modeling of TM protein-protein interactions is impossible without a 
proper representation of the membrane. Three generic techniques have been developed for 
representing the membrane environment for th e purpose of membrane protein simulations. 
The simplest option is to model the effect of heterogeneous membrane environment 
implicitly by means of some potential of mean force. This is commonly achieved by adding 
special terms to the potential energy function of a protein in the framework of so-called 
implicit or “hydrophobic slab” membrane mo dels (Efremov et al., 2004; Feig & Brooks, 
2004). Though this kind of representation can not provide atomistic details of protein-
membrane interactions, it adequately mimi cs the basic membrane properties, such as 
membrane transversal hydrophobicity, thickne ss, curvature, and transmembrane voltage. 
These approaches are quite computationally effective and allow fast sampling of the protein 
configurational space and reasonably guessing the key trends of protein behavior in 
membrane (spatial structure in the membrane-bound state, geometry of binding, etc.). The 
second group of modeling techniques employs explicit membrane representation. The 
simulations are carried out for full-atom hydrated lipid bilayers or detergent micelles with 
imposed periodic boundary conditions (Forre st & Sansom, 2000). This class of models is 
capable of providing the most reliable dimeric structures of TM peptides. Unfortunately, 
due to large size of the systems (up to 106 particles), such calculations are very time- and 
resource-consuming. Finally, the third class of membrane models, so-called “coarse-grain” 
(CG) models, is a reasonable trade-off between the simplicity of the former and accuracy of 
the latter approach (Sansom et al., 2008). In CG-models, standard groups of atoms are 
replaced with “grains”, thus reducing consider ably the number of degrees of freedom in the 
protein-membrane systems.  

The approaches commonly employed for such studies can be subdivided into three major 
categories: molecular docking, Monte Carlo and molecular dynamics simulati ons. A group 
of docking techniques is intended for fast identification of homo- and heterodimeric states of 
bitopic protein TM domains based on their am ino acid sequence (Casciari et al., 2006). 
Usually, one of the TM monomers is considered as a target, and the other as a ligand, the 
conformational lability being limited for one or both of the monomers defined with the 
parameters of the backbone and side chains typical for �Â-helical TM segments. The 
membrane is either ignored or modeled implicitly. This method allows quick scanning for 
spatially complementary surfaces with optimally matched geometrical, 
hydrophobic/hydrophilic, and electrostatic prop erties of the interacting TM helices, and 
thus predicts potential dimerization interf aces and intermonomer hydrogen bonds. 
However, due to restrictions imposed on the TM helix mobilities and due to many physical 
factors of protein-protein and protein-lipid in teractions being ignored, docking methods are 
typically used only for initial characterization  of the specific helix-helix packing, to be 
subsequently supplemented by other methods.  
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