Protein sequence/supersecondary structure relationship.                 Sequence patterns.

Alexander Kister

Department of Health Informatics, University of Medicine and Dentistry of New Jersey, School of Health Related Professions, 65 Bergen Street, Newark, NJ 07107, USA

Abstract

Motivation: It is known from Anfinsen’s experiments that there are strict regularities for determining protein structure uniquely from amino acid sequences. Knowledge of sequence/ structure relationship principles will allow us to understand the basis of protein folding algorithm. 

Results:

Proteins with an identical supersecondary structure were shown to share common sequence pattern even if they have very low sequence similarities. To find common sequence regularities for these proteins, a novel algorithm of supersecondary structure-based multiple sequences alignment was developed. It based on the suggestion that an alignment of pairs of residues that are connected by the hydrogen bonds is interdependent.  The alignment of proteins with the same supersecondary structure reveals that up to 30-35% of positions in sequences are ‘conserved positions’. Residues at the conserved positions form the pattern of a supersecondary structure that could be used for protein classification as a ‘sequence tag’ of sandwich proteins with a given supersecondary structure.
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Supplementary information: Supplementary data are available on Bioinformatics online

1. Introduction 

Understanding protein sequence-structure relationship is key to solving many problems of molecular biology, such as annotation of genome sequences, protein structure prediction, protein-protein interaction, and protein evolution, among others. A fundamental insight into sequence-structure relationship of proteins is due to Anfinsen, who showed that all information about native structure of a protein is encoded in its amino acid sequence (Anfinsen, (1973). Therefore, it is to be expected that similar sequences would encode similar structures and that structure can be determined by analogy with known protein structures of similar sequences. The idea that sequence similarity translates into structural similarity underlies most modern high-accuracy algorithms of structure prediction (Bowie et al, 1991, Wallner B. and Elofsson, (2005), Dalton  and. Jackson (2007), Misura et al (2006), Nayeem et al (2006), Kopp and Schwede (2004), Xiang, (2006), Tramontano A. and Morea V. (2003)).

Crucial question in sequence-structure field is: how similar must the sequences be in order for their structures to be similar? To answer this question it is necessary to define what is meant by sequence and structure similarity. Similarity among sequences can be measured with alignment procedures, which are designed to maximize the number of matching residues that are identical or chemically similar (Chakrabarti, (2006), Edgar, Batzoglou (2006)). To determine similarity of structures, one may superpose Ca atoms coordinates of residues in different structures and obtain root mean square deviation (RMSD) of the distances among Ca atoms (Koehl (2001), Jewett et al (2003), Konagurthu, (2006), Vlanovicek et al (2002), Carugo, (2007)). Using these definitions of sequence and structure similarity, it has been shown that proteins tend to share similar three-dimensional structures when their sequence identity exceeds 30% (Ginalski, (2006)). An important corollary of this result is that though each residue makes some contribution to 3D structure formation, the relative weights of the contributions vary greatly. A relatively small number of residues conserved throughout evolution are expected to be critical to structure stability. Residues conserved across all proteins with similar 3D structure are referred to as structure determinants. 

The concept of structure determinants may help explain various exceptions to the statement that 30% sequence similarity results in structure similarity. The exceptions occur in either direction: some sequences with very low residue similarity have very similar structure (Chothia (1986), Tian, Skolnick, J. (2003), Devos, Valencia (2000), Espadaler, 2005) Tian, Skolnick (2003), Devos, Valencia (2000)), while others, with very high sequence similarity, have very different 3D structures (Alexander et al (2007)). Assuming the decisive role in structure formation of just a few key residues, we can explain why very similar sequences are structurally dissimilar by positing that they do not share structure determinants. Conversely, even widely dissimilar sequences could fold into similar structures if they share a set of structure determinants.

Analysis of this investigation focuses on the relationship between amino acid sequences and supersecondary structures (SSS) of beta sandwich-like proteins. The reason of this analysis, rather than between sequences and 3D structures with atomic coordinates, because a) the concept of SSS identity is much more rigorous than the semi-quantitative notion of 3D structure similarity. By definition, beta sandwich proteins have identical SSS if they have same number of strands in the two beta sheets and same order (arrangement) of strands in these beta sheets; b) existence of structural classification of SSS, which is based on the arrangement of strands in the two main beta sheets (Chiang et al, 2007). Proteins with identical SSS may markedly differ in the number and composition of residues within strands, and in length and conformation of loops among strands. These data give the possibility to compare very different sequences to uncover protein sequence regularities, unrelated with family similarity, but common for a particular supersecondary structure.

This research evaluates the hypothesis that proteins with identical SSS - regardless of degree of sequence identity among sequences, which can be as low as 10%. - share a number of ‘conserved positions’ occupied either by exclusively hydrophobic or by exclusively hydrophilic residues. Residues at the conserved positions are called ‘SSS determinants’, because they are expected to be critical to SSS formation.

Another hypothesis that was tested in this work is that of uniqueness of SSS determinants. It was suggested that each SSS ‘archetype’ is described by a distinctive set of SSS determinants that could not be found in proteins with a different SSS. In other words, each set of determinants is SSS-specific: it is a kind of a ‘tag’ that identifies all proteins with a given SSS. As such, SSS determinants can be used for protein classification.

Identification of SSS determinants involves multiple sequence alignments of all proteins with same SSS. The widely used alignment algorithms - PSI-BLAST, HMM - are not applicable to sequences with very low sequence similarity. Therefore, for comparison of sequences of proteins that share same SSS, a supersecondary structure-based multi-sequence alignment algorithm was developed. The proposed method involves ‘projecting’ common supersecondary structural features onto the sequence to reveal SSS determinants. 

An essential feature of this algorithm is that the sequences are first divided into fragments that correspond to secondary structure elements - strands and loops, which are then aligned individually. Another important characteristic is that the alignment of residues in strands is centered on residues that form hydrogen bond contacts between strands. Residues that form hydrogen bonds serve as ‘nucleus’ of alignment. This stratagem – alignment of residues that play a role in supersecondary structure formation - allows one to compare sequences with very low similarity and variable lengths which would be impossible to do with the traditional alignment techniques. 

2 MATERIALS AND METHODS

2.1 Study material

Sandwich-like proteins comprise a large group of great sequence diversity and variety of biological functions, but all composed of two beta sheets packed face-to-face. Recently, a classification of SSS of sandwich proteins was developed, which serves as an organizing framework for the new ‘SSS Database’ (http://binfs.umdnj.edu/sssdb) (Chiang, (2007)). Proteins in the database are grouped in accordance with their SSS. Classification is based solely on identification of corresponding strands and the knowledge of inter-strand hydrogen bonds, which determine the arrangement of strands within a domain. The supersecondary structural classification does not take into account sequence similarity, and proteins with same SSS can have very different amino acid sequences with less than 10% of residues identity and may belong to different families and superfamilies in SCOP and CATH databases (Murzin et al., 1995, Orengo et al, 1997). 

For multiple sequences alignment a representative set of protein sequences was chosen according to the SCOP database classification. The lowest classification unit in SCOP database may be called a ‘cluster-species’. Usually, all proteins from same SCOP clusters have the same number and arrangement of strands in a protein domain, i.e. they have identical SSS motif. For supersecondary structure classification in SSS database all SCOP clusters were classified according to their SSS motifs. In this research for an alignment of proteins with the same SSS motif one or two randomly selected proteins is selected from each cluster with a given SSS motif. The goal of this paper is to uncover and describe conserved sequence characteristics, the SSS determinants, for proteins of each of three SSS motifs shown in Fig. 1a, b, c.

2.2 Algorithm for the alignment of proteins with same supersecondary structure

The goal of sequence alignment is to maximize the number of conserved positions that are occupied by identical or similar residues in all aligned sequences. To achieve this goal one sometimes needs to allow for ‘gaps’ within sequences so that similar amino acids can be assigned to the same position despite having different sequential indices within the sequence. 

The search for conservative positions entails comparing amino acids at aligned position with respect to their chemical and physical properties as well as to their structural role. The most popular heuristic methods of sequence alignment, such as PSI-BLAST and HMM, use dynamic approach to examine numerous variants of alignments to estimate the number of conserved positions (Altschul et al., 1997, Durbin et al., 1999). However, when it comes to widely non-homologous sequences, standard methods are ineffective in uncovering conserved positions. For proteins of low sequence similarity, structure-based sequence alignment can be applied instead (Konagurthu et el. 2006, Yang, Honig, 2000, Kim, Lee (2007)). The advantage of using structural data for purposes of alignment is in that structure is less susceptible to change than sequence during evolution. On the other hand, comparison of structures is more difficult than of sequences because the criteria of assessing structure similarity are not well defined (Ye, Godzik (2005)).

To test our hypothesis that proteins with identical SSS but with widely dissimilar sequences share common sequence characteristics, a new algorithm of sequence alignment was introduced. The essential aspect of this algorithm is that the alignment procedure is performed separately for residues in loops and strands.     
a) Two rules for alignment of residues in strands. Consider structures A and B shown in Fig. 2a. In the first structure, residues a and a’ in strands I, and II, respectively, form a hydrogen bond between the main chain atoms, and in the second structure residues b and b’, in strands I and II, respectively, are connected by a hydrogen bond. 

Rule 1. If residues a and b as the result of alignment are assigned the same position index, then residues a’ and b’ should be also be aligned to each other. 

Rule 2. No gaps are allowed for alignment of residues in strands. 

Consider, for example, alignment of residues in strands I, II and III in structures A and B shown in Fig. 2a. Let us pick a residue in structure A that forms an inter-strand hydrogen bond with another residue such as residue a1 in strand I which shares a hydrogen bond with residue a’1. Suppose that residue a1 is aligned with residue b1 in strand I of structure B. It then follows from Rule 1 that residues a1’ and b1’ are aligned with each other. Rule 2 states that no gaps are allowed within the strands, so downstream residues a2 and a3 in strand I of structure A must be aligned with residues b2 and b3 in strand I of structure B. Likewise, residues a5 and a’3 in strands II in structure A must be aligned with residues b8 and b’3 in structure B. Invoking Rules 1 and 2 in this manner allows one to alignment all residues in strands II and strands III as illustrated in fig. 3a. Thus, initial alignment of a pair of H-bond-forming residues in different structures in combination with Rules 1 and 2 leads to unambiguous alignment of all residues within a beta sheet.   

It should be noted that the above-described procedure of sequence alignment works well only for hydrogen contact network that define beta sheet whose strands do not have bulges, such as the one shown in fig. 2a.  However, if inter-strand hydrogen bonds cause a bulge in a strand (see strand 3 in structure B fig. 2b), then the strand needs to be divided into two pieces in order to preserve the ‘no gap within each strand’ rule. Residues of each strand piece are aligned independently. For example, strand 3 in structure B is divided into two parts: residues [b’7, b10, b’8] in one, and residues [b11, b12, b13] in the second one. It is clear that if strand 3 were not broken up into two, there would have been a gap within this strand as a result of alignment of residues from structure A and B.

Various variants of alignment are possible depending on the initial choice of the pair of H-bonded residues. The variant that maximizes the number of conserved positions is the one to be preferred. Let us consider an alternative variant of aligning structures A and B, in which residue a1 is matched with residue b3. This initial choice of matched residue pair leads to the alignment presented in fig. 3b. The number of possible variants is, however, quite limited; since there are only a few initial choices of residues pairs around which all other residues are aligned. Usually strands are connected by 2-4 hydrogen bonds; consequently there are only 2-4 variants of alignment of residues in a beta sheets

b) Alignment of residues in the loops. The multiple sequence alignment is performed independently for sequence fragments of each loop. Thus, all sequences in proteins that corresponded to loops between strand 1 and 2 are aligned among themselves, same for loops between strands 2 and 3 and so forth. Because conformation of loops may be very variable in different proteins, no structure data are used in loop alignment.

2.3 Selection of conserved positions. 

The optimal sequence alignment is the one with the maximum number of conserved positions of whole beta sandwich sequence. It combines the best variants of alignments of residues in each of the two beta sheets and the best local alignments for each loop. If the numbers of conserved positions are identical or very close in several variants, the priority is given to the variant in which one or several of the conserved positions are occupied by a single residue or a very few similar residues. Another important parameter that is taken into consideration in selecting of the best alignment is the value of RMSD of Ca atoms of aligned residues in the strands.

In sequence alignments the conserved positions are occupied by chemically similar residues with similar structural properties. The precise definition of what constitutes ‘residue similarity’ for purposes of alignment could vary: in some instances conserved positions are occupied only by identical residues, in others - only by charged residues, in others - only by hydrophilic or only by hydrophobic residues. Selection of most appropriate definition of residue similarity in this research was guided by the following considerations. Sequences of proteins with same SSS are so diverse, that it is exceptionally rare to find conserved positions occupied by a single residue in all sequences. It is known that in many investigations were demonstrated critical importances of distribution of hydrophobic and hydrophilic amino acids in defining the secondary structures (Hennetin et al., 2003, Xiong et al., 1995, Eudes et al., 2007, Mandel-Gutfreund, Gregoret, 2005). Generalizing the later idea to the level of SSS, hydrophobicity and hydrophilicity of residues was chosen as the criterion for selection of conserved positions in the alignment procedure. 

3 RESULTS 

As the result of multiple sequence alignment positions were classified as conserved hydrophobic or hydrophilic if all residues at a given position - with one exception allowed - belong to the either hydrophobic (V, I, L, M, F, W, and C) or hydrophilic (Q, N, E, D, R, K, H, T, S, G and P) group of residues. Two residues, A and Y, according to our observation of the extent to which they are conserved in sandwich proteins - have roughly equal chance of being either in hydrophobic conserved positions in strands or in hydrophilic conserved positions in loops. The residues at all conserved positions constitute the defining sequence pattern of SSS. To test the specificity of the pattern, the EMBOSS/Preg program (Rice et al., 2000) was applied to 50,577 sequences of proteins found in SCOP database.

The pattern for SSS motif 2E (fig. 2 a). According to SSS database 418 proteins belong to this SSS motif (designated as 2E motif). The SSS motif 2E describes proteins of 2 folds, 4 superfamilies, 4 families and 6 clusters. Results of alignments of 7 representative sequences are presented in Table 1 (see Supplementary Material). In total 27 conserved positions was found – 14 were hydrophilic and 13 were hydrophobic. Residues at these positions form the defining pattern of motif 2E (Fig. 3). The search for protein sequences with this pattern picked up 340 ‘true positives’ (out of total of 418 contained within 50,577 sequences). Permission to mismatch one position in the pattern gives additional 75 true positive sequences (415 out of 418). Remaining 3 proteins with the motif 3E (true negative) that were not picked up in the search have 2 or 3 mismatching positions. The search of pattern without mismatch revealed 8 proteins that are not described by 2E motif (false positive). All these proteins are sandwich-like proteins with 7 strands, but have different SSS motifs. 

The pattern for SSS motif 2U (fig. 2 b). According to SSS database, 15 proteins belong to this SSS motif (2U). The SSS motif 2U contains proteins of 2 folds, 4 superfamilies, 4 families and 6 clusters. Results of alignments of 6 representative sequences are presented in Table 2 (see Supplementary Material). Residues at 15 hydrophobic and 16 hydrophilic conserved positions form the pattern for motif 2E (see the sequence pattern of this SSS motif in Fig. 3). Although, proteins described by this motif belong to different superfamilies, several of the conserved positions are occupied by just a few similar residues Search for sequences containing the pattern characteristic of motif 2U uncovered all 15 proteins of this motif and no sequences with other motives (100% specificity and sensitivity).

The pattern for motif 3D (fig. 2 c). In SSS database, 48 proteins belong to 3D motif, which encompasses proteins from of 3 superfamilies, 4 families and 12 clusters. Proteins from different superfamilies have very variable sequences with less than 10% of residues identity. Results of alignments of representative sequences are presented in Table 3 in Supplementary Material). Residues at 14 hydrophobic and 21 hydrophilic conserved positions form the pattern for this motif. Search for the protein sequences with this pattern disclosed 17 true positives and 1 false positive. Permission to mismatch any one position in the pattern picked up additional 28 true positive (for a total of 45 out of 48 proteins with this motif) and 26 false positive sequences. Remaining 3 proteins with motif 3E had 2 mismatching positions. 

 4 DISCUSSION

Existence of ‘motif patterns’ characteristic and specific for very diverse group of sequences describing the same SSS supports the idea that a number of key residues play the decisive role in SSS formation.  

Residues in a protein domain could be conceptually divided into two groups: a small select set of SSS determinants - about 25-35% of all residues – that are critically responsible for design (arrangement of strands) of a SSS; and larger group of remaining residues, with ‘supporting roles’ in structure formation. 

Substitution (mutation) of SSS determinants is generally limited to residues that belong to same group – either hydrophilic or hydrophobic – as the residue being substituted for. We observed typically no more than one or two mutations in the conserved positions in a protein, which were not ‘same-type’ mutations (Table 1, 2 and 3, see Supplementary Material). By contrast, mutations of residues of the ‘supporting’ residues are much more variable and exchange of hydrophobic for hydrophilic amino acid and vice versa are common.

Sequences can be analyzed with respect to their structural determinants and support residues. Four scenarios are possible: 1) both SSS determinants and supportive residues are similar across all analyzed proteins.  These proteins are relatively similar to each other on a sequence level, and have similar SSS and most likely similar 3D structure; 2) SSS determinants are similar, while among supportive residues there is a large degree of variability. This results in low total sequence similarity. Most likely, that these proteins have identical SSS and many variations in 3D structures. In this work, proteins of this kind were studied, they have very diverse sequences (high variability among support residues). 3) Large variability is observed both among the SSS determinants and among the supporting residues. These proteins have very low total sequence similarity of proteins and most likely belong to different SSS motifs. 4) Large variability among SSS determinants, but high degree of similarity among most of the residues in the support group: here there is a high total sequence similarity of proteins. Proteins likely belong to different folds, since they do not share SSS determinates. As an example, consider two very different tertiary structures: a 3-[image: image1.png]


 helix fold and an [image: image2.png]


/[image: image3.png]


 fold which share 88% sequence identity (Alexander et al., 2007). This example illustrates the idea that fold can be encoded by only 12% of the amino acids (7 SSS determinants) and led the authors to conclude that 49 residues in these proteins (‘a support group’) “provide a relatively neutral sequence background".

Our work suggests that the key point of sequence/structural relationship analysis is to reveal the conserved positions, whose residues serve as SSS determinants. In order to overcome the problem of aligning residues in very dissimilar sequences we employed, so-called, “blind” residue procedure in the first step of alignment.  In the blind alignment the chemical properties of residues to be aligned are not taken into consideration, only their structural role – their participation in H-bond formation – counts.  Once hydrogen bond-forming residues in sequences are aligned to each other, alignment of all other residues follows. Only then, on the next step selection the optimal variants of the alignment, residues content at each position analyzed to determine the conserved positions. 

Notable feature of the alignment method proposed in our work is that alignment of just one pair of H-bonded residues automatically generates alignment of all other residues that make up the beta sheet. The choice of which pair of residues should serve as linchpin of alignment is made retroactively, by comparing various variants of alignment with respect to how many conserved positions each one results in. The choice of initial pair can sometimes be guided by commonsense considerations, such as those ‘structurally significant’ residues such as Cys, or Trp should probably be aligned in all sequences. These residues suggest a particular alignment variant that can be later tested against others.

Another advantage of this alignment procedure is that it is mostly based on hydrogen bond contacts. (fig.2a). In fact, this alignment can be considered as a kind of superposition of a rigid body - networks of hydrogen bonds between residues, which crucially decrease the number of possible variants of alignments.
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Legend

Figure 1. Schematic presentation of the arrangement of strands in SSS. 

The numbers represent the strands that make up sheets I and II. Hydrogen bonds are indicated with lines between strands. Structural and sequence characteristics, and SSS classification are presented in the SSS database. SSS describes proteins of a) 1 fold, 3 superfamilies, 4 families and 11 domains – SSS motif 2E; b) 4 superfamilies, 4 families and 6 domains – SSS motif 3D; c) 2 folds, 4 superfamilies, 4 families and 6 domains - SSS motif 2U. 

Fig. 2. The beta sheets with 3 anti-parallel strands in structure I and II.

The strands are schematically shown by arrows. The hydrogen bonds between residues are presented by dotted lines. a) “Regular” beta sheet, with standard H-bond contacts between residues in strands; b) strands with a bulge (strand 3) may create “non-regular” H-bond contacts – one residue (b13) form hydrogen bonds with two residues (b’1 and b9).  

Fig. 3 Sequence alignments based on hydrogen bonds contacts. The positions, which are occupied by matching residues, are numbered.  The alignment in the variant a) corresponds to 11 pairs of corresponding residues, and 10 mismatching positions (marked by “-“); the variant b) – 13 pairs of corresponding residues and 6 mismatching positions.

Table 1 The hydrophobic/hydrophilic sequence pattern for proteins of the motif 2E, 2U and 3D 

Patterns are shown in PROSITE format. Residues, which occupy the conserved positions, are shown in brackets. The variable positions are marked as x.  The expression {d - r} x shows that a distance (number of residues) between two consecutive conserved positions is varied between d and r.
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