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Abstract

Despite the importance of membrane proteins, relatively little is known even now about their structures due to the practical difficulties associated with the crystallisation of these proteins. Whilst we can identify transmembrane helices and predict their topology with high accuracy, we do not fully understand the forces which drive the packing of these helices in 3D. Recently, however, more membrane protein structures have become available and several computational studies have analysed them. This chapter describes the results of these analyses and their implications for the prediction of 3D structural models for membrane proteins. 

Introduction

Transmembrane (TM) proteins are those that span the membrane lipid bilayer and they are estimated to comprise 20-50% of most genomes (Arkin et al., 1997, Wallin and von Heijne., 1998). They are of great biological significance since they mediate most of the communication between cells and cellular compartments and contain many potential drug targets. Despite their abundance and importance, difficulties in the practical approaches to TM protein structure determination have led to few crystal structures being solved until recently. As a result, compared to water-soluble proteins, little is known about the structure of membrane proteins and, even today, only approximately 0.5% of the 23792 structures in the Protein Data Bank (PDB, Bernstein et al., 1977) are TM proteins (Figure 1). An understanding of the structure of this class of protein is therefore desirable, since it may facilitate structural modelling until high-through-put TM protein structure determination is possible.

Figure 1 near here.

As shown in Figure 2, the central region of the membrane consists of a highly hydrophobic 30 Å thick lipid region, formed by the hydrocarbon chains of the phospholipids. This is surrounded on either side by a 15 Å thick region formed by the highly polar phospholipid head groups. The majority of TM proteins (known collectively as the (-bundle TM proteins) consist of several relatively hydrophobic (-helices, which span the membrane, connected by more polar loops. In contrast, the porin family of TM proteins, and possibly others, span the membrane via a barrel of (-strands and are not considered here. Proteins that span the membrane more than once are referred to as polytopic. 

Figure 2 near here

Characteristics of membrane protein structure

Since TM helices can now be readily identified from protein sequence, (von Heijne and Gavel, 1988, Jayasinghe et al., 2001, Jones et al., 1994, Moller et al., 2001), the current challenge is to predict the 3D packing of these helices. Analysis of TM protein structures is therefore necessary, to establish whether general rules can be identified to account for the folding of all membrane proteins and for use in model prediction. This is a particularly important goal given the discrepancy between the number of TM proteins in the proteome and the number of structures known. 

There are currently approximately 60 membrane protein structures known. Of these only around 20 are non-homologous, polytopic (-helical proteins (Eyre et al., 2004). Their structures are shown in Figure 3. This set is of interest since their multiple TM helices allow analysis of packing interactions, unbiased by inclusion of more than one member of each family. As a result, a number of characteristics of TM protein structure have been identified that are of particular relevance to membrane protein modelling. These characteristics are described in the following sections.

Figure 3 near here. 

Transmembrane helices are long, hydrophobic and parallel

Figure 4 shows the preferences of each residue type for different regions of the membrane (Eyre et al., unpublished data). As would be expected from the hydrophobic nature of the bilayer, the lipid-spanning region of TM helices is enriched in hydrophobic amino acids compared to helices found in soluble proteins (Ulmshneider and Sansom, 2001) and compared to non-lipid-spanning regions of TM proteins (Eyre et al., 2004). This is the basis of many TM helix identification algorithms. In addition, TM helices contain fewer charged and polar amino acids. Interestingly, however, the polar residues serine and threonine show no preference for either TM or non-TM regions. This is likely to be due to their ability to satisfy their hydrogen bonding requirements, even in the hydrophobic environment of the membrane lipid, by interaction with the previous backbone carbonyl oxygen of the same chain (Gray and Matthews, 1984). In addition, Figure 4 shows the 2.5-fold preference of the positively charged residues lysine and arginine for the intracellular head group region, known as the Positive Inside Rule. This phenomenon is thought to be linked to the negative electrical potential that is found inside cells and may provide topological information during membrane insertion (von Heijne and Gavel, 1988).

Figure 4 near here.

Eyre et al. (2004) calculated various statistics concerning the number, length and angle of (-helices and (-sheets in TM proteins, and compared them to the corresponding values for soluble proteins.  The results are broadly consistent with those obtained previously with smaller data sets (Bowie, 1997, Ulmshneider and Sansom, 2001).  The average length of a TM helix is 23±4 residues (Eyre et al., 2004). In contrast the average length of both helices in soluble proteins and non-TM helices in membrane proteins is only 9±5 residues (Eyre et al., 2004). The distributions of the lengths of non-TM (-helices and (-sheets are very similar between soluble and TM proteins. It can therefore be concluded that, apart from the addition of several longer helices that span the membrane, TM proteins do not differ in their secondary structure composition from non-TM proteins. 

The average angle of the helices to the membrane normal is 23±14( (Eyre et al., 2004). This roughly parallel arrangement of TM helices is likely to facilitate the modelling of their packing in comparison to that for the helices in soluble proteins. However, there are large variations so that the degree of helix tilt can not be ignored during modelling (Eyre et al., 2004b).

Interestingly, whilst most TM helices are considerably longer than is required to span the membrane, the structures also contain a number of TM helices that only partially span the bilayer. The role of these helices remains unknown. Unfortunately there appears to be no significant correlation between angle to the membrane normal and helix length (data not shown), excluding the possibility of estimating the tilt of a TM helix from its length during TM protein modelling.

There are differences between lipid-accessible and buried residues

The residues within the TM lipid-spanning regions of the helices can be considered to be found in one of two main environments: either buried or accessible, as shown in Figure 2. The terms buried and accessible are used here to refer to the residues that are buried against other parts of the TM helix bundle or exposed to membrane lipid respectively, rather than the more common usage of buried or accessible relative to water. A small number of residues may also be found lining channels or cavities within the protein.

The different environments of lipid-exposed and buried residues result in different sequence characteristics. Specifically, lipid-accessible transmembrane helix residues are significantly more hydrophobic and less conserved than buried residues. In addition, lipid-accessible regions contain different residue types to buried regions (Eyre et al., 2004). It therefore is possible that membrane protein structure could be predicted by identifying the class to which different residues in the sequence are likely to belong. The characteristics of buried and lipid-accessible residues should be considered from this perspective. 

Early analysis of the preferences of residues for buried or lipid-accessible positions was performed on the photosynthetic reaction centre of Rhodobacter sphaeroides (Rees et al., 1989). Whereas, in this TM protein, the lipid-accessible residues were more hydrophobic than those buried, (Rees et al., 1989) in soluble proteins the buried residues were more hydrophobic (Chothia, 1976). Interestingly, the buried residues in the reaction centre had a very similar hydrophobicity to residues buried within soluble proteins as determined previously by Chothia, (1976).  Hence, soluble and TM proteins can be broadly considered to be internally stabilised in similar ways, with surface residues modified in ordered to facilitate solubility in the required medium. Certainly, TM proteins are not simply ‘inside-out’ soluble proteins, with highly polar internal regions, as has been proposed (Stevens and Arkin, 1999). These results have been confirmed more recently using the 18 non-homologous TM protein structures that are now available (Eyre et al., 2004).

The work of Eyre et al., (2004) generally confirmed the results of the earlier, smaller studies, (Javadpour et al., 1999, Ulmschneider and Sansom, 2001). As shown in Figure 5, glycine, serine and threonine are preferred in buried positions in TM proteins, whereas leucine, tryptophan and phenylalanine prefer lipid-accessible positions. Hence the general trend is followed that lipid-accessible residues tend to be more hydrophobic than those buried. Despite their hydrophilicity, the charged residues lysine and arginine, and the polar residue glutamine, strongly prefer lipid-accessible positions (Eyre et al., 2004). Possible explanations for this unexpected behaviour are described below. 

Figure 5 near here.

In addition to differences in residue content, lipid-accessible residues are significantly less conserved in terms of their sequence than are buried residues (Rees et al., 1989, Eyre et al., 2004). There is presumably strong selective pressure to conserve buried residues so that they continue to interact favourably with their interaction partners on other helices. There will be less selective pressure for lipid-exposed residues to be conserved, since mutations in these residues are less likely to disrupt the folding, and hence the function, of the protein. As a result, throughout evolution, those individuals in which a protein contains a mutation in a buried TM residue are likely to be less viable than those in which the protein contains only mutations in TM lipid-accessible residues. Hence, mutations in buried residues are less likely to be inherited and sequence variation between homologues will be much less at buried positions than lipid-accessible. 

Interactions between transmembrane helices differ from those between soluble protein helices

In soluble proteins, the helices of left-handed coiled-coils interact using a mechanism known as ‘knobs into holes’ or leucine zipper packing (Crick, 1953). This has also been observed to be a common motif in TM helices (Langosch and Heringa 1998). The motif consists of a heptad repeat with hydrophobic residues, particularly leucine and valine, found at the positions buried between the helices. The side chains of these residues interact via extensive hydrophobic interactions, forming ‘rungs’ connecting the two helix-backbones.

Despite the similar hydrophobicity of internal residues in soluble and TM proteins, and the shared use of leucine zipper packing, there are several differences in the way that their helices pack together. TM helices associate more closely than the helices in soluble proteins (Eilers et al., 2000). This may be because the residues buried between helices tend to have shorter side chains than those that are lipid-accessible (Jiang and Vakser, 2000), allowing closer approach of the helix backbones. In support of this, several groups have identified an inverse relationship between the residue volume and its tendency to be found buried at a helix interface (Javadpour et al., 1999, Eilers et al., 2000, Adamian and Liang, 2001)

Another major difference between the packing of the two classes of proteins is the presence, in TM proteins alone, of many additional inter-helix interactions between two polar residues, or between a polar and a charged residue. Adamian and Liang (2001) described the helix-packing interactions of TM proteins as involving a far more diverse set of polar residues than those in soluble proteins. Whilst, in soluble proteins, they observed 3 types of interaction between polar groups on interacting helices, in TM proteins they found 22 different types of polar interaction.

Hence, in addition to the leucine zipper packing, using hydrophobic residues, found in both classes of protein, TM proteins also make use of a wide variety of interactions between polar and charged residues. In TM proteins the greater importance of polar interactions is to be expected, due to their greater strength in the low dilectric lipid environment. Similarly, hydrophobic interactions are likely to be weaker between TM helices, and so they would be expected to play a less important role.

Glycine is important in transmembrane helix packing

A striking trend is the strong preference of glycine for buried positions (Javadpour et al., 1999, Eilers et al., 2000, Adamian and Liang, 2001, Ulmschneider and Sansom, 2001, Eyre et al., 2004). The role of glycine has been specifically studied by Javadpour et al., (1999). Since its side chain consists of a single H atom, glycine allows adjacent helices to approach more closely than any other residue. Perhaps as a result of this, in cytochrome C oxidase, it is often found at helix crossings where, Javadpour et al., (1999) have suggested, it may function as a 'molecular notch' for orientating one helix against another. This motif also occurs in water-soluble proteins (Richmond and Richards, 1978).

The presence of a glycine residue also exposes the polar backbone atoms of its own chain, facilitating the formation of hydrogen bonds and dipolar interactions (Javadpour et al., 1999). These forces are likely to be particularly strong in the hydrophobic environment of the bilayer, and hence may play a major role in protein stability. Whilst interactions between the backbone atoms of different helices are rare in both classes of protein, they seem to be more common in TM proteins than in soluble proteins (Adamian and Liang, 2001). Interactions with the backbone are most common where glycine residues interact. 

Charged residues show unexpected behaviour

Despite the hydrophobic nature of the bilayer, charged residues comprise approximately 8% of all TM lipid-spanning residues (Eyre et al., 2004). Surprisingly, charged residues are not necessarily buried and lysine, arginine and the polar residue glutamine are more common in lipid-accessible than buried positions. In addition, as shown in Figure 6A, when lipid-accessible, charged residues are not necessarily paired with another charge. Hence the presence of opposing charges within a transmembrane region does not facilitate structure prediction by implying that these residues will be located adjacent to one another. Instead they form hydrogen bonds with the phospholipid head groups of the membrane or with other residues of all kinds (Eyre et al., 2004).

Figure 6 near here.

Interestingly, in an investigation of lipid-accessible charged and polar residues, it was found that the vast majority form hydrogen bonds with residues on the same helix (intra-helix) rather than on another (inter-helix) (Eyre et al., 2004). These results are summarised in Figure 6B. The importance of intra-helix hydrogen bonding had not previously been recognised. The role of these intra-helically bonded charged and polar residues is not understood. Since they are so common, there is likely to be some advantage to the presence of charged residues rather than hydrophobic ones at particular positions in the lipid-spanning region. Since they only rarely hydrogen bond inter-helically, this role is unlikely to be associated with maintaining the conformation of the protein by anchoring the TM helices relative to one another. Further work is needed to understand this phenomenon.

More structures are needed to fully characterise the properties of transmembrane pore-lining residues

Many TM proteins contain a channel or pore that traverses the membrane, through which various substrates are transported. This transport is required for many processes of biological significance, such as the maintenance of cellular ion balance, nerve conduction and the uptake of nutrients into cells. Hence the residues that line these pores are of particular interest, since they may give clues about how specificity is achieved.

Pore-lining residues are usually hydrophobic, consisting mainly of isoleucine, alanine, glycine, leucine and valine (Eyre et al., 2004).  This is perhaps unexpected, since it is often suggested that, in order to permit the passage of a polar species such as an ion, a channel must be lined with polar residues. It seems likely that hydrophobic residues lining a pore facilitate rapid translocation by minimising interactions between the transported substrate and the channel walls. 

It is difficult to distinguish pore-lining from buried residues in terms of either residue type or evolutionary sequence conservation. The major difference between the two groups appears to be an enrichment of pore-lining residues with isoleucine relative to buried regions (Eyre et al., 2004). It seems likely that more pore-containing membrane protein structures will be needed before these residues can be fully characterised and pore-lining helix faces identified from sequence. 

The number of pore-lining helices and the diameter of the pore can be predicted

In addition to knowledge of pore-lining residues, it is also valuable to understand more general principles such as the size and shape of the pore. Eyre et al., (2004) identified linear correlations between: 

(i) the total number of TM helices and the number of pore-lining helices and 

(ii) the number of pore-lining helices and the pore diameter. 

As a result, predictions can be made about the proportion of helices that contribute to lining a pore and the likely pore diameter simply from knowledge of the total number of helices. Since the total number of TM helices can now be predicted with relatively high accuracy, this information may facilitate the modelling of membrane proteins.

Membrane protein structure prediction

Until recently there have been few attempts to perform 3D structure prediction on TM proteins. The earliest work in the area analysed TM helices by comparing their characteristics to those of soluble proteins (Rees et al., 1989). This has lead to considerable advances in the automatic prediction of TM helix location and, through the application of the Positive Inside Rule particularly, of TM protein topology (von Heijne and Gavel, 1988). It is now possible to identify TM helices and predict their topology with an accuracy of greater than 90% (Jayasinghe et al., 2001, Jones et al., 1994, Moller et al., 2001). The next challenge is to develop methods to successfully predict the 3D packing of these helices.

There have been many studies of TM protein structure, as summarised in the previous sections. However, this work has until recently been based on few membrane protein structures, or simply on their primary sequence. As a consequence, many of the early attempts at TM protein 3D modelling suffer from the same limitations. The importance of the use of data derived from structure and not sequence for prediction is highlighted by the work of Ulmschneider and Sansom, (2001), who compared the effectiveness of these two methods in discriminating between TM and non-TM spanning regions. The absence of structural TM data has also led to the use of data derived from soluble protein structures for TM protein modelling.

Fleishman and Ben-Tal, (2002) used knowledge of residue environment preferences to predict the likely arrangement of TM helices with greater than 70% accuracy. Ledesma et al., (2002) produced a model for uncoupling protein 1, using computational docking methods. However, in both cases the pair-potentials used were derived from soluble proteins, shown by many to differ considerably from TM proteins (Rees et al., 1989, Eilers et al., 2000, Jiang and Vakser, 2000, Javadpour et al., 1999, Ulmschneider and Sansom, 2001, Adamian and Liang, 2001, Eyre et al., 2004). Pellegrini-Calace et al., (2003) used position-specific membrane potentials to perform simulated annealing for the modelling of TM protein structure. However, due to high computational demands, it is likely to be some years before the method is suitable for the modelling of large TM proteins. In addition, this method also relies upon the docking of protein fragments and residue potentials derived from soluble proteins, which is likely to limit its accuracy. Chen and Chen (2003) have successfully used 3 stage Monte Carlo folding methods for small proteins. Other techniques have included homology modelling of proteins belonging to a family in which at least one structure is known (Giorgetti and Carloni, 2003, Nikiforovich et al., 2001). Unfortunately, only very few families contain a member with a known structure so currently this method has limited applicability. However, it is likely to become the method of choice as more representative structures are determined. 

Now that more TM protein structures have been solved, improved TM structure-based modelling studies can be attempted. There is a need for a simple, computationally inexpensive method for the prediction of TM protein structure for all families. Given the considerable differences between the packing of TM and soluble protein helices, it should use data derived from TM proteins alone. Eyre et al., (2004b) used a hydrophobic-moment-based approach for prediction, using data derived from the analysis of TM proteins to pack the helices and score possible models. Whilst the method was able to identify the buried face of TM helices with high accuracy, there were major problems with translating this single-helix data into a multiple-helix, whole protein model. The work highlighted the importance of helix tilting and kinking in TM protein structure and suggested that more advanced modelling methods are needed that consider these factors. In addition, more channel-containing TM protein structures are needed to enable the characterisation of pore-lining residues and their consequent identification from sequence. 

Conclusions

Over the past few years there has been an increase in the study of TM protein structure and modelling, due to the emergence of a number of new TM protein structures. As with water-soluble proteins, ab initio structure prediction from sequence is challenging. Although we can identify the helices from sequence and predict TM protein topology, packing pairs of helices by identifying buried and lipid-accessible TM helix faces is difficult. Further work and, crucially, more TM protein structures will be needed before 3D modelling of TM proteins is possible.
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