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Abstract : 

Beta-sheets and alpha-helices are the most frequent structural elements composing protein 

structures. Beta-sheets typically highlight complex curved and sequence-dependent surfaces 

of parallel and/or anti-parallel beta-strands. The topology of these curved surfaces are 

described in this work by a unique axis crossing all beta-sheet’s strands. The distribution of 

the distances of the alpha carbons in each strand which are the closest to the axis is given. The 

frequency of the twenty amino acids along the axis is provided. Applications in the field of 

protein structure prediction are mentioned. 
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1. Introduction 

 

Protein beta-sheets composed of parallel or anti-parallel beta-strands  are commonly 

represented as quasi-planar bidimensional surfaces (Pauling and Corey, 1951). Beta-strands 

are frequently six to eight amino acids long (Sternberg and Thornton, 1977a) and are 

juxtaposed, the side-chains being above and below the beta-sheet’s surface, while the 

hydrogen bond network maintaining the common structure of the sheet is established between 

main chain chemical groups of the different alpha amino acids (Chothia, 1973) (Salemme, 

1983) (Salemme and Weatherford, 1981b, a) (Rose et al., 2006). Two beta-strands occur in 

parallel or in anti-parallel depending on their orientation given by the position of the beta-

strands’ N- and C-termini. Parallel and anti-parallel strands differ by the mean values for the 

dihedral angles Phi and Psi which are respectively about -115° and +115° for parallel strands 

and about -145° and +145° for anti-parallel strands (Nesloney and Kelly, 1996). Parallel and 

anti-parallel strands differ also by their amino acid composition (Lifson and Sander, 1979) 

(Otaki et al., 2010). A rule predicting the anti-parallel character from the beta-strands’ 

sequence was derived (Caudron and Jestin, 2012).  Important rules defining the arrangement 

of strands within sheets were identified (Sternberg and Thornton, 1977a, c, b) (Richardson 

and Richardson, 2002). At a higher structural level, the packing of sheets and helices was 

analyzed (Chothia et al., 1977). Similarly, further rules providing three-dimensional structure 

information on beta-strands or on a beta-strand and a helix were recently identified depending 

on the length of the loops connecting the two secondary structural elements (Koga et al., 

2012). Anti-parallel beta-strands show a great diversity of structures while parallel beta-

strands are associated to less flexibility (Salemme, 1983).  

 

Beta-sheets are well predicted from protein sequences (Rost and Sander, 1993) (Steward and 

Thornton, 2002) (Cheng and Baldi, 2005) (Zimmermann et al., 2007) (Zafer et al., 2011) 

(Subramani and Floudas, 2012). Cross-strand pairs of interacting amino acids were studied for 

beta-sheets (Von Heijne and Blomberg, 1977) (Lifson and Sander, 1979) (Wouters and 

Curmi, 1995) (Merkel et al., 1999) (Mandel-Gutfreund et al., 2001) (Zhang et al., 2010). 

 

Observation of protein structures from the Protein Data Bank (PDB) (Abola et al., 1997) 

(Rose et al.) clearly shows that almost all protein beta-pleated sheets are far from planar 

surfaces, but instead are best described in three dimensions as curved bidimensional surfaces. 



This observation was reviewed decades ago for beta-sheets composed of parallel as well as 

anti-parallel beta-strands (Salemme, 1983) (Koh et al., 2006). This curvature of beta-sheets is 

linked to the twist of beta-strands (Chou et al., 1982) which was characterized in particular by 

the angles Phi and Psi (Shamovsky et al., 2000).  

Here, the curved bidimensional surface of protein beta-sheets is characterized by a sheet axis 

defined below. 

 

 

2. Methods 

The program Pdb22 available at the www address (http://mobyle.pasteur.fr/cgi-

bin/portal.py#forms::pdb22) is a program written in perl. It uses as entry files, lists of PDB 

files (pdbxxxx.ent) corresponding to a protein or a protein domain structure which may be 

bound to other molecules and which is described as the first macromolecular chain. The 

program eliminates files associated to polypeptides of less than fifty amino acids from the 

lists as well as files containing overlapping strands, in which at least one amino acid is found 

in two different strands reported in the Sheet key of the PDB files. The list of non-redundant  

protein structures and their PDB files was set up using the program check.pl to remove highly 

homologous sequences such as those of antibodies. The Pdb22 output file (.xls) provides for 

each protein within the list its PDB name, the amino acid number and name in three-letter 

code, the start and the end of beta-strands indicated as amino acid numbers, the name of the 

sheet noted on the lines corresponding to amino acids found at the intersection of a beta-

strand with the sheet axis and the distance D, which is calculated in Angströms and averaged 

per beta-strand for each sheet consisting of n strands using the following equation : 

 

 

 

 

 

 

where mindist(i) is the minimal distance between an alpha carbon of strand i and the sheet 

axis. The distance d is estimated for each pair of amino acids defining an axis characterized 

by the atomic coordinates of one amino acid’s alpha carbon in the first strand and another one 

in the sequence’s last strand. The sheet axis is defined as the axis for which the distance d is 

minimal. For a sheet, the minimum of all distances d is noted D. 



 

The probabilities to find an amino acid on a sheet axis were derived from the analysis of three 

lists of about 800 sheets. The errors on the probabilities given in the tables were calculated 

from the three distinct lists. 

 

 

 

3. Results 

 

To characterize the curved surface of beta-pleated sheets, we define here a sheet axis which is 

a straight line including at least one amino acid alpha carbon from each beta-strand of the 

sheet, and which is generally perpendicular to the sheets’ beta-strands (Figure 1). The axis 

was chosen to cross the first and last strands at amino acids’ alpha carbons. Figure 1 

highlights for the two sheets A and B of a pyruvate phosphate dikinase domain structure the 

axes represented as circles including the set of amino acids which are on the axis or closest to 

the axis. 

 

The mean distance of the closest alpha carbons to the sheets’ axis was calculated from the 

atomic coordinates of protein structures reported in the Protein Databank (PDB) (Abola et al., 

1997) (Rose et al.) (Laskowski, 2011). For a set of 1347 non-redundant domain structures, 

2555 beta-sheets of three or more strands were analyzed to establish the distribution of the 

mean distances per strand to the sheet axis (Figure 2). Noticeably, more than 60% of the 

sheets have an average distance per strand of less than 1.5 Angströms. 

 

The nature of the amino acids found at the intersection between the sheet axis and the beta-

strands were further studied (Table 1). At these intersections, tryptophan (W) was found to be 

enriched by up to 37%, while asparagine (N) was counter-selected at those positions by 33%. 

Five out of six amino acids enriched at those intersections by 10% or more were hydrophobic 

amino acids: tryptophan, isoleucine, methionine, leucine and phenylalanine. The two most 

counterselected amino acids at those intersections were hydrophilic amino acids : asparagine, 

aspartic acid. 

  

 

 



4. Discussion 

 

Together with alpha-helices, beta-pleated sheets represent the most common structural 

components of proteins. The identification of an axis which minimizes the distance to alpha 

carbons of beta-strands provides a means to characterize the sheet’s curved surface. If beta-

sheets were planar, numerous sheet axes could be defined. The sheet’s surface can be 

characterized by one axis crossing all beta-strands of the sheet and which is defined by a set 

of one alpha carbon per strand located on the axis or close to the axis (Figure 1). 

 

Special cases of beta-sheets are beta-barrels, which are composed of beta-strands with no 

edge strand. The notion of an axis consisting of a straight line seems at first incompatible with 

the notion of barrel. For an SH3-type barrel of four beta-strands (NusG structure 2jvv.pdb)  

(Burmann et al., 2012), the length of the beta-strands is however such that a distance to the 

sheet axis (1.53 Angströms) could be computed. For a larger eight-stranded barrel (TRAP 

structure 4ae5.pdb), an average distance to the sheet axis of 4.50 Angströms per strand is 

significant (Henrick and Hirshberg, 2012). 

 

Hydrophobic amino acids are located more frequently in the interior of beta-sheets (Sternberg 

and Thornton, 1977b) (Von Heijne and Blomberg, 1978). In this work it was observed that 

amino acids enriched significantly at the intersection of beta-strands and the corresponding 

sheet axis are hydrophobic amino acids. The enrichment or the counter-selection of specific 

amino acids at these intersections was found to be significant and larger than 30% : this 

property might be used in protein structure prediction approaches for the assessment of 

structure models’ quality.  

 

It is of interest to define an axis crossing all beta-strands within a beta-sheet: this axis was 

characterized by a distance found to be less than 2 Angströms per strand in average for three-

quarters of the beta-sheets. By providing a new tool for the quality assessment of protein 

domain structure models, this simple computational approach may be of use in the field of 

protein structure prediction which is of increasing importance in structural genomics projects  

(Rost et al., 2002) (Fischer et al., 2003) (Moult et al., 2009) (Moult et al., 2011). 
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Table 1. 

Amino acid composition of beta-sheets (S) and of intersections of beta-strands with sheet axes 

(I) in percentages. The probability to find an amino acid in (I) divided by the probability to 

find an amino acid in (S) is given for each amino acid in the third column by the ratio R. 

Errors given in parentheses derive from the analysis 2555 beta-sheets of 1347 proteins 

classified within three lists. 

 

 

 

 

   S   I      R  

         

W 2.17 (0.12)  2.92 (0.25)  1.35 (0.19) 

M 1.96 (0.06)  2.37 (0.11)  1.21 (0.09) 

I 9.20 (0.15)     10.77 (0.38)  1.17 (0.06) 

C 2.31 (0.14)  2.67 (0.14)  1.15 (0.13) 

L 9.12 (0.32)     10.34 (0.24)  1.13 (0.07) 

F 5.80 (0.15)  6.19 (0.21)  1.07 (0.06) 

A 6.29 (0.14)  6.72 (0.3)  1.07 (0.07) 

Y 5.49 (0.1)  5.84 (0.13)  1.06 (0.04) 

V    12.81 (0.16)  13.46 (0.42)  1.05 (0.05) 

E 4.22 (0.12)  4.09 (0.15)  0.97 (0.06) 

R 3.94 (0.06)  3.78 (0.17)  0.96 (0.06) 

H 2.13 (0.06)  1.99 (0.09)  0.94 (0.07) 

Q 3.12 (0.1)  2.90 (0.28)  0.93 (0.12) 

G 4.99 (0.14)  4.47 (0.57)  0.90 (0.14) 

S 5.62 (0.19)  4.89 (0.15)  0.87 (0.06) 

T 7.48 (0.04)  6.24 (0.38)  0.83 (0.06) 

K 4.95 (0.09)  4.12 (0.26)  0.83 (0.07) 

P 1.79 (0.07)  1.42 (0.21)  0.79 (0.15) 

D 3.20 (0.1)  2.47 (0.06)  0.77 (0.04) 

N 3.11 (0.05)  2.07 (0.07)  0.67 (0.03) 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure Legends. 
 

 

 

Figure 1.  

Amino acids on the axis are shown for the Clostridium symbiosum pyruvate phosphate 

dikinase domain structure (2fm4.pdb) (Lin et al., 2006) whose ribbon is represented by links 

between adjacent alpha carbons from amino acids. The amino acids on the axis or closest to 

the axis are numbered 399, 467 and 426, 445 respectively in sheet A characterized by the 

averaged distance to the sheet axis  D = 1.51 Angström per strand (Figure 1A) and 404, 506 

and 497 in sheet B characterized by the distance D = 0.07 (Figure 1B). 

 

 

 

Figure 2.  

 

Distribution of the distance D between 0 and 9.5 Angströms for length intervals of 0.5 

Angströms. The errors were found to be 0.019 for the highest probability of 0.318 for 

distances between 0.5 and 1.0 Angström (second bar), 0.006 for the probability 0.039 for 

distances between 2.5 and 3.0 Angströms (sixth bar) and between 0.001 and 0.005 for the 

remaining probabilities. 
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