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of deficiency/excess as the measure of structural and functional specificity is presented. The 
experimentally observed distribution of hydrophobicity in the protein body is compared to the 
idealized one expressed by a three-dimensional Gauss function. The differences between these two 
distributions reveal the specificity of structural/functional characteristics of the protein. The residues 
of hydrophobicity deficiency versus the idealized distribution are assumed to indicate cavities with the 
potential to bind ligands, while the residues of hydrophobicity excess are interpreted as potentially 
participating in protein-protein complexation. The distribution of hydrophobicity irregularity seems to 
be specific for particular structures and functions of proteins. A comparative analysis of such profiles is 
carried out to identify the potential biological activity of proteins of unknown function. 
 
Response to Reviewers: Comments to the reviewers 
 
Reviewer #1 
 
The sentence "protein structure determines its biological function" got changed to the form : 
"The spatial distribution of amino acid residues and particularly distribution of their specific 
hydrophobicity in a protein structure is assumed to influence the biological function". 
 
Reviewer #2 
 
Ad.1. The section INTRODUCTION has been modified making the problem of NBP less exposed. The 
paper describing the structures of NBP form is in press currently. The appearance of that paper will 
make clear the idea of NBP and the usefulness of the presented method. The real proteins available in 
PDB allowed the comparative analysis of the NBP proteins reveling some substantial differences and 
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Piwowar M, Kochanczyk M, Flis L, Malawski M, Szepieniec T, Evangelista G, Minervini G, Polticelli F, 
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amino acid sequence proteins not present in nature. Chem Biodivers, in press). 
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The new correlation coefficients and new pictures are given in Fig.7. The appropriate discussion is 
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Abstract 

The proteins composed of short polypeptides (about 70 amino acid residues) representing the 

following functional groups (according to PDB notation): growth hormones, serine protease 

inhibitors, antifreeze proteins, chaperones and proteins of unknown function, were selected 

for structural and functional analysis. Classification based on the distribution of 

hydrophobicity in terms of deficiency/excess as the measure of structural and functional 

specificity is presented. The experimentally observed distribution of hydrophobicity in the 

protein body is compared to the idealized one expressed by a three-dimensional Gauss 

function. The differences between these two distributions reveal the specificity of 

structural/functional characteristics of the protein. The residues of hydrophobicity deficiency 

versus the idealized distribution are assumed to indicate cavities with the potential to bind 

ligands, while the residues of hydrophobicity excess are interpreted as potentially 

participating in protein-protein complexation. The distribution of hydrophobicity irregularity 

seems to be specific for particular structures and functions of proteins. A comparative analysis 

of such profiles is carried out to identify the potential biological activity of proteins of 

unknown function.  
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Introduction 

Techniques aimed at engineering proteins for pharmacological use, with enhanced stability or 

improved functions, are being widely developed nowadays [1-3]. The investigation of 

proteins exhibiting desirable activity among the proteins present in organisms, as well as the 

generation of new proteins resulted in the development of polypeptide sequence libraries [4, 

5]. Designing polypeptides that modify the biological activity of other proteins [6], exhibit 

new or altered catalytic properties [7] and high stability [8] is one of the goals of 

pharmaceutical research. The calculation of the number of all possible sequences containing 

50 amino acid residues composed of 20 standard amino acids revealed that only a minority of 

these sequences occur in nature [9]. The huge number of protein sequences not observed in 

nature seems to be the space hiding many biological functions not exploited in the 

biochemical pathways developed so far by living organisms. Attempts focused on the 

investigation of protein folds within libraries containing totally random sequences have been 

made [9, 10]. The search for pharmacologically active proteins among Never Born Proteins 

(NBPs) is one of the aims of the EUChinaGRID project [11]. In the project, the search for 

biologically active proteins that have not been created during evolution is performed in silico 

using two complementary methods: ROSETTA [12] and the “fuzzy oil drop” (FOD) model 

[13-17]. The results of this investigation are presented elsewhere [18].  

Before the space of NBPs can be exploited, the existing proteins of defined chain length were 

taken under consideration with respect to their active-site properties. The characterization of 

biological activity of known proteins can help to determine the possible biological functions 

of NBPs. In our study, the position of potential active sites (understood also as the ligand-

binding sites) is assigned on the basis of hydrophobicity deficiency in particular proteins. The 

biological activity has been identified based on the FOD model [19-22]. The number of 

sequences having 70 amino acid residues and a known 3-D structure is relatively large. It is 

impossible to present their characteristics in one paper. Proteins participating in the formation 

of large complexes (ribosomes) and those interacting with DNA or RNA as well as proteins 

with bound ligands are described elsewhere [23, 24].  
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Materials and methods  

Data 

The tool available on the Protein Data Bank [25] webpage aimed at searching for proteins that 

satisfy particular criteria was used to select proteins according to the defined polypeptide 

chain length (70 amino acid residues). Proteins containing less than 72 and more than 68 

amino acids were pre-selected from the group of entries found in PDB (July 2007). In the next 

step, the structures which lacked the coordinates of main chain atoms in the middle of the 

sequence were rejected. The proteins chosen for analysis and presented here are a subset of 

the selected entries and belong to one of the following functional groups: growth factors, 

serine protease inhibitors, antifreeze proteins, chaperones and proteins of unknown function 

(Table 1). The data for the analyzed structures were taken from investigations carried out 

using X-ray crystallography [26-28] and NMR techniques [29-40]. Additionally, the SH3 

domain is discussed with respect to the various proteins that contain it and their different 

biological functions [41]. 

 

Sequence and structure analysis 

Protein sequences and structures were compared within the set of selected chains (Table 2). 

Sequence alignment was performed using the LALIGN program [42] from the FASTA 

package [43], version 35, with scoring matrix PAM250 and gap open/extension penalties 

equal to -10/-2. Additionally, for sequences from the SH3 domain family multiple sequence 

alignment was produced with the aid of ClustalW [44]. Structure similarity was measured 

using DaliLite [45] for pairwise structure comparison and resulted RMS-D values calculated 

for the C atoms were taken for further analysis (see the Statistical section for details).  

 

Binding site recognition 

The FOD model was applied to identify the distribution of hydrophobicity in the selected 

proteins [17, 21]. The idealized hydrophobicity distribution is represented by the three 

dimensional Gauss function, according to Eq. 1:  
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jHt represents the theoretical hydrophobicity at j-th point (xj, yj, zj) – position of the effective 

atom (averaged side chain position or Cα atom for GLY), while the inverse of sumHt  is the 

normalizing constant. The point at which the Gauss function reaches its maximum is located 

in the geometric center of the macromolecule. Theoretical hydrophobicity is calculated after 

the translation of a molecule, so that its centroid coincides with the origin (this is why all 

mean values are equal to 0). The values of x y zσ ,σ ,σ (traditionally interpreted as standard 

deviation), calculated separately for each dimension, represent the size of the “drop”, which 

depends on the length of the polypeptide chain (and the size of a macromolecule) under 

consideration [14]. 

 

The empirical hydrophobicity distribution (as observed based on the hydrophobic properties 

of residues in real proteins) is calculated by applying the Levitt [46] function, according to 

Eq. 2: 
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jHo  represents the empirical hydrophobicity of the j-th amino acid residue; 
r

iH , r

jH  are the 

hydrophobicity characteristics for the i-th and j-th amino acid residues, respectively; rij is the 

distance between the j-th and i-th effective atoms representing the side chain position of a 

particular amino acid; c expresses the cut-off distance, which has a fixed value equal to 9.0 Å, 

as stated in the original paper [46]; finally, the inverse of sumHo  is the normalizing constant. 

jHo collects the hydrophobic interactions of the j-th residue with others localized within the 

specified distance c. Any hydrophobicity scale [47-53] may be applied to calculate the 

observed distribution of hydrophobicity. Despite some differences between hydrophobicity 

parameters in these scales, it was found that these differences do not significantly influence 

the final results [18]. The hydrophobicity scale applied for the calculations presented in this 
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paper is based on the “fuzzy oil drop” model. The hydrophobicity parameter is estimated 

according to the relative position in the three-dimensional Gauss function. This approach 

makes possible the calculation of the hydrophobicity of ligand molecules. Since the model 

(“fuzzy oil drop” model) is assumed to be used for folding process simulation in the presence 

of ligand molecule [15, 17] the self-consistency of the hydrophobicity scales for amino acids 

and ligand molecules is of high importance [17]. The quantitative comparison of this scale 

with commonly used ones is also shown in [15].  

Since both values of hydrophobicity (theoretical and empirical) are normalized, the difference 

between these values, calculated according to Eq. 3, represents the deviation of the empirical 

hydrophobicity versus the theoretical one, at a particular point in space (effective atom of the 

j-th amino acid residue).  

j j jH Ht Ho      (3) 

jH  maxima are related to hydrophobicity deficiency, which is expected to indicate a 

potential binding site. The potential ligand may bind in this area as a complementary element 

compensating the hydrophobicity deficiency and producing a smoothed hydrophobicity 

distribution. Negative values of 
jH   represent an area of excess hydrophobicity. When 

located on the protein surface, an area with such characteristics is expected to represent a 

potential area responsible for protein-protein interactions.  

 

The similarity estimation on the basis of the 
jH  profile 

The spatial distribution of amino acid residues and particularly distribution of their specific 

hydrophobicity in a protein structure is assumed to influence the biological function. The 

jH   profiles also appeared sequence- and structure-dependent. Consequently, the 
jH   

profiles expressing the irregularities (deficiency or excess) of hydrophobicity are used to 

compare and measure the specificity of particular proteins. The 
jH   distribution in the 

protein structure, represented for example in the form of ribbon model, reveals a remarkable 

discrepancy of hydrophobicity (deficiency/excess) between clusters of residues, which may be 

treated as potential functional sites.  
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Information entropy 

Screening the hydrophobicity discrepancy along the polypeptide chain (presented in the form 

of a 
jH  profile) reveals fragments of sequence characterized by high values of 

jH  . Two 

extreme instances of hydrophobicity discrepancy profile may be distinguished. The first one 

occurs when there is exactly one well-defined sequence fragment (consecutive residues) with 

high positive 
jH   values, suggesting that this fragment forms a binding site. The second case 

takes place when there is more than one sequence fragment with positive 
jH  , evenly 

distributed along the polypeptide chain. The degree of predictability of the formation of such 

functional sites is high in the first case, while the second case represents low predictability. 

The level of predictability can be easily measured using the information theory – and 

information entropy in particular. The amount of information carried by a particular system 

(represented by 
jH   profile in our example) may be calculated.  

The first case can be treated as deterministic (residues of one fragment with high 
jH   are 

determined to meet in the space). The second case represents a random case (with randomness 

understood as equal probability for each fragment to participate in a common structural 

element).  

The case with many 
jH   maxima can also represent a protein with one or more binding sites. 

However, small polypeptides (around 70 amino acid residues) are expected to contain at best 

one well-defined binding site.  

The characterization of a binding site can be expressed quantitatively using the probability 

theory.  

The entropy of a binding site involving residues close in sequence is low (first case), 

compared with the entropy of a binding site formed by residues evenly distributed in sequence 

(second case). Information entropy (SE) calculated for fragments with positive 
jH   ( p

jH  ) 

according to Eq. 4 measures the amount of predictability (according to original definition – 

uncertainty) of the organization of residues forming a binding site (see the examples discussed 

in [20]): 

2log
K

j j

j

SE = p p   (4) 
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where K denotes the number of fragments with positive 
jH  , and 

1

N pij

i
j p

i= t
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p =

ΔH




  (5) 

where Nij represents the number of positive 
jH   values belonging to j-th fragment and 

p

tH   

is the sum of all positive 
jH   values of the whole polypeptide chain. 

The SE+ characterizes a particular protein and may describe an active site (fragments with 

positive values). Another parameter used in our study of binding sites is the information 

necessary to localize residues creating a binding site (I [bit]). The participation of particular 

residues in active site creation is understood as the probability of the conjunction of events 

(close mutual localization) and can be calculated according to Eq. 6:  

2

1

log
K

j

j=

I = p   (6) 

where K has the same meaning as in Eq. 4. 

Both parameters (SE, I) describe similar characteristics of the active site formed by selected 

residues participating in the organization of a particular function-related structure 

The SE
max

 (the highest uncertainty) describes the situation when all solutions are equally 

probable (all positive 
jH   fragments are equally probable – discussed as the second case). 

max

2

1

1 1
log

K

j

SE
K K





  (7) 

The SE
max

 calculated for equal pj values describes the random situation in which each 

fragment is equally represented (in the scale of p). The difference between SE
max

 and SE and 

may be used to measure the distance in the probability between a particular solution (active 

site construction) and a completely random result [20].  

The same analysis may be applied to negative 
jH   values (SE-).  
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Statistical analysis 

The parameters describing the similarity of proteins under consideration were analyzed from a 

statistical point of view. The correlation coefficient measuring the relation between sequence 

similarity (expressed by Waterman-Eggert score) and structural similarity (expressed by 

RMS-D), and biological function similarity (expressed by differences between SE and I 

parameters introduced in section 2.5, and shown in Table 2) was calculated using the 

Statistica Program [54]. All pairs of chains listed in Table 2 were taken into account in this 

analysis. The level of significance was selected at α=0.05. The Spearman’s correlation 

coefficient [55] was calculated due to the absence of normal distribution. It is a non-

parametric measure of correlation between two variables, without making any other 

assumptions about the particular nature of the relationship between the variables and no 

preliminary distribution analysis (for normal distribution of the variables the calculation of the 

Pearson correlation coefficient is applicable).  

The correlation coefficient was calculated also pair-wise for proteins representing similar 

jH   profiles to measure the degree of similarity between them. 

 

 

Results and discussion  

The set of proteins fulfilling the polypeptide chain length criterion (approx. 70 amino acid 

residues) is quite large and diverse with regard to their biological function. The analysis of 

proteins crystallized as individual molecules is presented in this paper.  

 

jH   profile analysis 

All proteins in the presented set are characterized based on 
jH   profiles and SE calculations. 

The similarity between 
jH   profiles is analyzed in respect to structural similarity and to the 

results of sequence alignment. The same interpretation is assumed in respect to the SE values. 

If the SE based comparison appears compatible with structure and sequence comparison it 

could be used as equivalent to the other methods requiring the superposition or alignment.  

 

http://en.wikipedia.org/wiki/Non-parametric_statistics
http://en.wikipedia.org/wiki/Non-parametric_statistics
http://en.wikipedia.org/wiki/Correlation
http://en.wikipedia.org/wiki/Variable_%28mathematics%29
http://en.wikipedia.org/wiki/Variable_%28mathematics%29
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Growth factors 

The group of insulin-like growth factors I (IGF-1) represented in PDB by four entries (Table 

1) which appeared to be of identical sequence. This is why solely 1BQT is presented in this 

paper. The 
jH   profile shown in Fig. 1a together with the spatial distribution of 

jH   values 

(Fig. 1b,c) is quantitatively characterized in Table 2. Other proteins belonging to this group 

represent some differences in 
jH  profile although they are not of significant importance 

(results not shown here). Thorough analysis, however, reveals that the 
jH  profile of 1PMX 

differs the most from the others. This observation coincides with the fact that only 1PMX 

exhibits the structure of IGF-1 complexed with a peptide inhibitor. 

Both the structure of IGF-1 complexed with the peptide identified from the phage display 

library [35], and the structure of the same protein complexed with a detergent [56] revealed 

that the binding sites are located in fragments B (residues 1-29) and A (residues 42-62). The 

interactions between IGF-1 and peptides are hydrophobic and formed by residues 3,4,13,17 

and 54. The 
jH   values of these resides represent local maxima or are in their close 

neighborhood (Fig. 1b, c).  

The correlation coefficients calculated pair-wise for 
jH   profiles of proteins that belong to 

the group of growth factors appeared to be significant (very low values of p). It suggests that 

the 
jH   profile similarity is able to represent the structural (functional) similarity of proteins 

under consideration.  

 

Serine protease inhibitors 

The comparison of the 
jH  profiles (Fig. 2a) as well as the SE values (Table 2) for proteins 

representing serine protease inhibitors indicates that although these proteins share similar 

function, their structures display some differences.  

The 
jH   profiles (Fig. 2a) and the structure representation (Fig. 2b) visualize to what extent 

the 
jH   similarity influences the values of SE parameters.  

The local 
jH   minimum close to residue 15 significantly suggests a common localization of 

the area potentially responsible for the interaction with other proteins (Fig. 2a), which was 
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actually confirmed experimentally when the complex structure of the inhibitor with bovine 

trypsin was resolved [57]. The following residues form a protein-protein interface: 11, 12, 14-

18, 20, 21, 23, 52 and 57. The entropy of such a functional site should therefore be small, and 

this is confirmed by the SE- values (Table 2), which are lower than those for the 

overwhelming majority of structures analyzed in this study. The 
jH   values of these residues 

do not suggest the recognition of these residues to be responsible for biological function. 

Neither local maxima nor local minima are represented by these residues.  

The correlation coefficient calculated for 
jH   values appeared significant only for the pair 

1EGL and 1DWM suggesting high similarity between these two proteins. The 1BBI molecule 

differs versus the others (Fig. 2c) what can also be seen taking S scale as the criterion.  

 

Antifreeze proteins  

This functional class is represented by proteins belonging to the group responsible for 

protection against the ordering of water molecules, and the subsequent formation of ice. 

The antifreeze protein from the North Atlantic ocean pout (1MSI) and its mutated counterpart 

(1KDE), which exhibit 97.14% sequence identity, display very similar (although not 

identical) 
jH  profiles (Fig. 3a) and hydrophobicity distribution (Fig. 3b). In this case, 

sequence identity is reflected in structure similarity (RMS-D=0.8 Å). The SE values are very 

close to each other (Table 2). The comparison of the SE with respect to the sequence/structure 

similarity may be used to visualize the mutual relation between these two characteristics and 

shows to what extent the SE can be treated as a similarity measure. These examples were 

selected to show how the sequence and structural similarity influences the 
jH   profile and 

the SE.  

These two proteins are good examples for the FOD model. The three-dimensional Gauss 

function taken to represent the hydrophobic environment during the protein folding process 

directs the hydrophilic residues toward the protein surface and the hydrophobic residues 

toward the center of the molecule in order to form a spherical shape. In the case of these 

structures it has succeeded.  

Antifreeze proteins lower the temperature of ice growth with respect to the bulk of the 

solvent. This phenomenon, known as thermal hysteresis, is supposed to be the result of the 

adsorption of antifreeze proteins on the surface of ice [58-62]. The mechanism by which 
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antifreeze proteins contribute to thermal hysteresis in fish is not completely understood. Some 

explanations of this phenomenon suggest the reduction of the solubility of the antifreeze 

proteins in the solution as one of the causes of hysteretic activity [63]. Other studies [26, 64] 

identify N14, T18 and Q44 as the key residues for antifreeze protein (type III) – ice 

interaction and reveal the amphipathic character of the ice-binding site. Interaction with ice is 

of low specificity character. This is why the detailed interpretation of their 
jH   values is not 

the point. The scale for 
jH   values was selected intentionally to visualize the high 

accordance of the protein structure to the theoretical model suggesting the mechanism of the 

folding process to be accordant with the assumed model.  

The antifreeze proteins display very short fragments (only one residue in 1KDE) of high 

hydrophobicity deficiency. These fragments are almost entirely “buried” in the central part of 

the molecule (and inaccessible on the protein surface), which suggests these molecules are 

unlikely to bind ligands (no hydrophilic cavity in this protein). The protein molecule is 

covered with residues with 
jH   close to 0 (Fig. 3b, yellow color) and some surface fragments 

exhibiting excess hydrophobicity (Fig. 3b, orange), which may indicate the potential location 

of an area responsible for protein-protein interactions, as observed in other proteins [18]. On 

the other hand, the presence of a hydrophobicity deficiency area on the surface is in 

agreement with the experimental observation which suggests that the possible disorder of 

water molecules prevents the structuring of water molecules during the freezing process. The 

residues suspected of being responsible for the antifreeze activity [64] belong to the 

hydrophilic fragment on the surface (Fig. 3c).  

The high value of correlation coefficient (Fig. 3a) confirms high similarity of 
jH   profiles 

noted after visual inspection of them. 

 

Chaperones  

Proteins responsible for controlling the folding process are represented by four structures 

although three of them (1U96, 1U97, 1Z2G) have identical sequences (1U96 and 1Z2G were 

excluded from the discussion). The protein 2GUZ does not exhibit any significant sequence 

similarity to 1U97. The SE parameters for proteins representing chaperones are given in Table 

2. The very well-defined and long fragments of hydrophobicity deficiency can be recognized 

based on low SE+. The 
jH   profiles (Fig. 4a) with a few marked minima, such as those 
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observed for these structures, are characteristic of compact shapes with long unstructured 

loops that stick out (Fig. 4b, c). 

The correlation coefficient (Fig. 4a) seems to express quantitatively the relatively low 

similarity of 
jH   profiles for proteins in this group.  

The lack of accordance between SE parameters and between 
jH   profiles (low value of 

correlation coefficient) despite of quite high structural similarity seems to be due to the long 

extended N- and C-terminal polypeptide fragments in 1U97 which are absent in 2GUZ (Fig. 

4b,c). This makes the approximation of 1U97 to the sphere (ellipsoid described by 3-D Gauss 

function) not appropriate.  

 

Proteins of unknown biological function  

The proteins belonging to this group are of particular interest. The comparison of 
jH  profiles 

suggests that there are no proteins of mutual similarity in this group, a result confirmed by the 

SE parameter values (Table 2) The comparison of profiles for the proteins of this group with 

those of proteins of known biological function may be the way to recognize similar proteins 

and, possibly, their biological function. This is a difficult challenge for the FOD model.  

Taking into account all the selected structures containing 70 amino acid residues in the 

polypeptide chain, some similarities may be found. The 
jH  profile of a human protein of 

unknown function (2CRE) appeared to be similar to the profiles of two structures which 

belong to the SH3 domain. Namely, these are fragments of the human cytoplasmic protein 

NCK2 (1U5S:A), classified as a metal-binding protein, and the kinase-binding protein 1 

(2DA9) found in mice – a regulator of ubiquitous kinase (Ruk), which regulates apoptosis 

(Fig. 5a). The ribbon models of these three proteins (2CRE, 1U5S:A and 2DA9) and their 

surface representations with highlighted areas of hydrophobicity excess/deficiency are shown 

in Fig. 5b. The sequence similarity between these proteins calculated using the LALING 

program is summarized in Table 3. The gaps suggested in Fig. 5a appeared to be in agreement 

with the gap localized using sequence similarity estimation making the 2CRE and 2DA9 
jH   

profiles more similar.  

The 2CRE and 1U5S:A can be found as proteins of highest similarity in terms of SE 

parameters (Table 2), although higher sequence similarity (according to LALIGN) has been 

found for 2CRE and 2DA9.  
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According to the recognition procedure based on 
jH   profile analysis, the protein 2CRE of 

unknown biological function can possibly be a metal-binding protein (as 1U5S-A) or a 

kinase-binding protein 1 (as 2DA9). Another common characteristic of these three proteins is 

that they share the SH3 domain fold. The group of SH3 domains will be presented in the next 

part of this paper.  

The comparison of correlation coefficient for 
jH   profiles suggests the high similarity 

between 2CRE and 1U5S:A what is in accordance with the SE parameters (Table 2).  

 

The SH3 domains  

The SH3 domains constitute a family of proteins characterized by different functions. 

Nevertheless, they are taken into consideration in the analyzed dataset because of the 

similarity found between 
jH  profiles of one protein with unknown function and two 

structures from this group (see above). The relatively differentiated 
jH   profiles of SH3 

domains are shown in Fig. 6a together with the standard deviations (SDs) of 
jH  presented in 

Fig. 6b, calculated for each position of multiple sequence alignment taking into account a 

non-redundant data set (identical profiles were eliminated). Loops, as well as  strands, 

contain fragments characterized by high SD (Fig. 6d). Higher variability is, however, 

observed within areas on fragments with high 
jH  (Fig. 6c), therefore suggesting that they 

coincide with areas of possible biological activity as SH3 domains differ with regard to their 

function depending on the systems they are part of.  

The pair-wise comparison of 
jH   profiles by means of correlation coefficient is given in 

Table 4.  

 

Statistical analysis  

In order to quantify to what extent the SE and I parameters are able to measure the 

structural/functional similarity the correlation coefficients between parameters describing 

similarity of sequence, 3-D structure and 
jH   profiles were calculated. Sequence alignment 

scores (Waterman-Eggert), RMS-D values and differences of SE and I parameters shown in 

Table 2 were variables used in correlation analysis.  
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The calculation of correlation coefficients was used to describe relationship between measures 

of sequence, 3-D structure and 
jH   profile similarities. The results are summarized in Table 

5. For undisputable similar structures low RMS-D and high Waterman-Eggert score was 

obtained and negative (as expected) significant correlation between RMS-D and sequence 

similarity measure was obtained.  

The proteins belonging to the category of “unknown function” were different since their 

structure were not classified according to the function related criteria.  

Since no normal distribution has been observed for all variables, the Spearman coefficient 

was calculated to measure the degree of mutual relation the significance of which was 

additionally tested. The results are shown in Table 5. The most interesting are the significant 

correlations between 
jH   profile based parameters and those traditionally used for similarity 

estimation: sequence and RMS-D values. The significant correlation was found to be present 

between sequence and SE+|and between sequence and SE-|. On the other hand the 

significant correlation between RMS-D (structural similarity) and  maxSE
 and between 

RMS-D and SE-|. It suggests that other 
jH   based parameters are applicable for sequence 

and for structure. It may be concluded that the sequence and structure comparison can be 

performed using 
jH   although more extended analysis shall be performed. The technique of 

multiple alignment (such as multiple sequence alignment – MSA) applicable for the set of 

jH   profiles comparison is under consideration. It could make possible large scale 

comparison of structures introducing the structural insertion/deletion operation.  

 

 

Conclusions 

Prior to the analysis of the biological activity of NBPs, real proteins were characterized with 

respect to their structural characteristics and active-site architecture. The FOD model was 

applied to identify the location of possible ligand-binding sites. The ligand binding sites, ion 

binding sites, protein-protein interactions area can be recognized on the basis of the 

hydrophobicity excess/deficiency distribution all over the protein body [13-17, 19-24]. The 

FOD model applied to other proteins (including proteins participating in protein-protein 

complexes) showed that this model can be used as a tool for active site localization in proteins 
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(including ligand-binding sites). The applicability and reliability of the FOD model depends 

on the class of enzymes analyzed, as shown in [22].  

The oil-drop model introduced by Kauzman [65] expresses the characteristics of a protein 

molecule as a construction based on the hydrophobic core in discrete form. The FOD model 

based on the three-dimensional Gauss function makes this model suitable for the 

differentiation of protein molecule character. Many proteins presenting irregularities and 

characteristics deviating from the idealized hydrophobicity distribution were presented 

elsewhere [15, 17]. The antifreeze proteins which show structures highly in agreement with 

the idealized model represent very interesting examples of the applicability of the FOD 

model. The functional characteristics of these proteins, highly soluble in aquatic environments 

may be seen in Fig. 3. The minimal differences between the theoretical and the observed 

hydrophobicity throughout almost the entire protein body, as expressed by the 
jH   values, 

which are near zero, confirm the reliability of the model. The irregularity of hydrophobicity 

observed in many proteins has been the subject of extensive analysis. The relationship 

between hydrophobicity profiles and biological function, expressed in the hypothesis on the 

obligatory presence of the ligand during the protein folding process to ensure high specificity 

towards specific ligands (including substrates), is also currently being explored [66]. The 

second example of the applicability of the FOD model is the search for similarity. Two SH3 

domains – 1U5S:A and 2DA9 – appeared to exhibit SE parameters similar to those of 2CRE – 

a protein of unknown biological function. For this reason, it is possible to put forward a 

hypothesis that this protein may also have a similar function as the above-mentioned proteins, 

although such similarity in SE parameters should not be taken for granted among SH3 

domains. The 
jH   profiles seem to be rather function-dependent. For SH3 domains, the 

location of biological activity (generally represented in red on the 
jH   profiles) is in line 

with the highest variability of 
jH   for large fragments with low differentiation, which 

suggests common structural and different functional characteristics. This observation is 

understandable given the relatively varied biological activity of the proteins containing SH3 

domains. 
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Tables 

Table 1 A list of proteins selected for analysis, divided into six groups: growth factors, 

serine protease inhibitors, antifreeze proteins, chaperones, proteins of unknown function and 

SH3 domains (the PDB IDs in parentheses show deposited structures of identical amino acid 

sequence excluded from the discussion) 

 

Group Protein name PDB ID 

Growth factors Insulin-like growth factor 1 
1BQT, (1PMX, 2GF1, 

3GF1) 

Serine protease 

inhibitors 

  

Trypsin/chymotripsin Bowman-Birk inhibitor 1BBI, (2BBI) 

Eglin C 
1DWM, 1EGL 

Antifreeze proteins Antifreeze protein type III 1KDE, 1MSI 

Proteins of unknown 

function 

Protein MTH_1184 1GH9 

Putative uncharacterized protein 1RYJ 

UPF0337 protein yjbJ 1RYK 

Putative uncharacterized protein 1YVC 

HEF-like protein 2CRE 

Zinc finger CW-type PWWP domain protein 1 2E61 

UPF0165 protein AF_2212 2NWT 

Chaperones 
Cytochrome c oxidase copper chaperone 

1U97,  

(1U96, 1Z2G) 

Mitochondrial import inner membrane translocase 

subunit TIM14 

2GUZ 

SH3 domains 

Phospholipase C-gamma 1HSQ 

Myosin-3 isoform 1RUW (1VA7) 

Obscurin 1V1C 

CRK-associated substrate  1WYX 

SH3-domain kinase binding protein 1 2DA9 

Pro-Ser-Thr phosphatase-interacting protein 2DIL 

SH3 multiple domains 1 2DNU 
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Table 2 SE [bit] and I [bit] characteristics of proteins representing growth factors, serine 

protease inhibitors, antifreeze proteins, chaperones, proteins of unknown function, proteins 

similar to 2CRE and SH3 domains. 

 

Group 
PDB 

ID:chain 
SE+ 

maxSE
 

maxSE
-

SE+ 
I+ SE- 

maxSE
 

maxSE
-

SE- 
I- 

Growth factors 

1BQT:A 2.24 3.17 0.92 18.99 2.81 3.32 0.51 32.82 

Serine protease inhibitors 

1BBI:A 2.70 3.46 0.76 40.55 1.88 3.32 1.44 33.69 

1DWM:A 2.91 3.17 0.26 31.71 2.62 3.00 0.38 28.29 

1EGL:A 2.53 3.00 0.47 22.75 2.48 3.00 0.52 22.75 

Antifreeze proteins 

1KDE:A 2.76 3.17 0.41 32.85 2.26 3.17 0.91 37.64 

1MSI:A 2.82 3.32 0.50 38.80 2.59 3.46 0.87 35.63 

Chaperones 
1U97:A 1.87 3.00 1.13 15.40 2.49 3.17 0.68 34.06 

2GUZ:A 2.84 3.32 0.47 31.92 2.47 3.32 0.85 35.24 

Proteins of unknown 

function 

1GH9:A  2.05 3.32 1.27 38.58 2.30 3.42 1.02 39.40 

1RYJ:A 2.82 3.46 0.64 38.41 3.08 3.58 0.50 43.55 

1RYK:A 2.98 3.46 0.47 43.49 2.99 3.46 0.47 31.07 

1YVC:A 2.28 3.32 1.04 24.10 3.11 3.46 0.35 42.27 

2E61:A 2.42 3.00 0.57 29.93 2.47 3.17 0.70 29.52 

2NWT:A 0.75 2.58 1.83 8.94 1.84 2.81 0.97 21.72 

2CRE:A 3.25 4.00 0.75 57.23 3.40 4.09 0.68 54.92 

Proteins similar to 2CRE 

2DA9:A 3.15 3.33 0.17 35.34 2.88 3.46 0.57 45.32 

1U5S:A 3.36 4.00 0.64 61.50 3.43 4.00 0.57 54.44 

1U5S:B 1.96 3.00 1.04 26.71 2.29 3.17 0.87 36.41 

SH3 domains 

1HSQ:A 3.17 3.59 0.42 36.28 2.70 3.59 0.88 41.98 

1RUW:A 2.37 3.00 0.63 30.32 2.78 3.00 0.22 25.80 

1V1C:A 2.99 3.17 0.19 30.61 2.75 3.17 0.43 32.87 

1WYX:A 2.68 3.33 0.66 27.70 2.80 3.32 0.52 38.56 

2DA9:A 3.15 3.32 0.17 35.35 2.89 3.46 0.57 45.33 

2DIL:A 2.82 3.58 0.77 34.29 3.11 3.70 0.59 37.50 

2DNU:A 3.02 3.70 0.68 38.05 3.25 3.81 0.57 55.27 
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Table 3 Sequence similarity for two pairs of proteins. Two proteins (2DA9, 1U5S) with 

known biological activity are compared to the one (2CRE) of unknown biological function 

 

 2CRE – 2DA9 2CRE – 1U5SA 

Identity 42.3 % 31.9 % 

Similarity 77.5 % 75.4 % 

Number of gaps 1 3 

Sequence alignment score  

(Waterman-Eggert) 139 121 

RMS-D [Å] 3.5 2.2 
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Table 4 Correlation coefficients for jH  profiles of proteins from the group of SH3 

domains. The significant correlations are given in bold. N – number of points, R – 

Spearman’s rank correlation coefficient, p – p value 

 

 1RUW 1WYX 1V1C 1HSQ 2DIL 2DNU 

1WYX 

N=68 

R=0.1085 

p=0.3784 

     

1V1C 

N=68 

R=0.0360 

p=0.7708 

N=68 

R=0.1137 

p=0.3558 

    

1HSQ 

N=68 

R=0.2545 

p=0.0362 

N=68 

R=0.0668 

p=0.5883 

N=68 

R=-0.0654 

p=0.5960 

   

2DIL 

N=69 

R=0.1204 

p=0.3243 

N=68 

R=0.1703 

p=0.1650 

N=68 

R=-0.2379 

p=0.0508 

N=69 

R=0.0118 

p=0.9236 

  

2DMU 

N=68 

R=0.0016 

p=0.9897 

N=68 

R=0.0442 

p=0.7202 

N=68 

R=-0.0747 

p=0.5449 

N=70 

R=0.1323 

p=0.2749 

N=69 

R=0.5810 

p=0.0000 

 

2DA9 

N=68 

R=-0.0021 

p=0.9867 

N=68 

R=0.1974 

p=0.1066 

N=68 

R=0.1362 

p=0.2682 

N=70 

R=0.1731 

p=0.1519 

N=69 

R=0.2861 

p=0.0172 

N=70 

R=0.3910 

p=0.0008 
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Table 5 Correlation coefficients measuring relationship between similarities of sequences and 3-D structures, and jH   profiles. R – 1 

Spearman’s rank correlation coefficient, p – p value. The significant values are given in bold 2 

 3 

 4 

 

 

Waterman-Eggert score 

 
SE+|  maxSE

  maxSE
- SE+ I+| SE-|  maxSE

  maxSE
- SE- I-| 

SE+| R=-0.1490 

p=0.0459 

        

 maxSE
 R=0.0789 

p=0.2925 
R=0.4653 

p=0.0000 

       

 maxSE
- SE+ R=-0.1456 

p=0.0512 
R=0.5635 

p=0.0000 

R=0.0772 

p=0.2012 

      

I+| R=0.0261 

p=0.7284 
R=0.4936 

p=0.0000 

R=0.6099 

p=0.0000 

R=0.1762 

p=0.0033 

     

SE-| R=-0.1979 

p=0.0077 

R=0.2415 

p=0.0001 

R=0.4700 

p=0.0000 

R=0.1423 

p=0.0180 

R=0.3055 

p=0.0000 

    

 maxSE
 R=0.0929 

p=0.2150 
R=0.2540 

p=0.0000 

R=0.8295 

p=0.0000 

R=-0.0084 

p=0.8890 
R=0.4743 

p=0.0000 

R=0.4688 

p=0.0000 

   

 maxSE
- SE- R=-0.2318 

p=0.0017 

R=0.0356 

p=0.5556 

R=-0.0850 

p=0.1592 

R=0.0938 

p=0.1200 

R=-0.0932 

p=0.1223 
R=0.3613 

p=0.0000 

R=-0.0945 

p=0.1173 

  

I-| R=0.1101 

p=0.1413 
R=0.2131 

p=0.0004 

R=0.5738 

p=0.0000 

R=-0.0331 

p=0.5843 
R=0.3413 

p=0.0000 

R=0.3520 

p=0.0000 

R=0.7045 

p=0.0000 

R=-0.0810 

p=0.1796 

 

RMS-D [Ǻ] R=-0.2798 

p=0.0467 

R=0.1903 

p=0.1452 
R=0.2635 

p=0.0419 

R=0.1005 

p=0.4450 

R=0.2370 

p=0.0683 
R=0.4217 

p=0.0008 

R=0.1302 

p=0.3214 
R=0.2937 

p=0.0228 

R=0.2065 

p=0.1135 
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Figure captions 5 

Fig. 1 jΔH  profile of 1BQT representing the group of growth factors with residues 6 

responsible for biological function (interaction with the IGF-1 antagonist F1 as 7 

observed in 1PMX) presented as green points (a), its surface representation (b) and 8 

ribbon model with residues engaged in biological function presented as spheres (c). 9 

The color scale on the right is applied to differentiate the jΔH  values in 3-D 10 

representations. The values of correlation coefficients calculated pair-wise for all 11 

proteins belonging to this group of proteins are given to show the strong similarity 12 

between the jΔH  profiles 13 

 14 

Fig. 2 jΔH  profiles of proteins representing the group of serine protease inhibitors with 15 

residues (42-48) of eglin C (1DWM, 1EGL) that take part in protein-protein 16 

interactions (observed in 1CSE, 1SIB or 1TEC) presented as green points. The 17 

correlation coefficient (and p value to estimate the significance) for these two 18 

profiles is given as well (a) Ribbon models of these proteins with residues of eglin 19 

C (1DWM, 1EGL) that take part in protein-protein interactions (observed in 1CSE, 20 

1SIB or 1TEC) presented as spheres (b). The color scale shown on the right of the 21 

graph is applied to 3-D representations 22 

 23 

Fig. 3 jΔH  profiles of proteins representing antifreeze proteins with key residues 24 

interacting with ice. The correlation coefficient (and p value to estimate the 25 

significance) for these two profiles is given as well (a). Surface representations of 26 

these proteins (b) and ribbon models with key residues interacting with ice, 27 

presented as spheres (c). The color scale shown on the right of the graph is applied 28 

to 3-D representations 29 

 30 

Fig. 4 jΔH  profiles of proteins representing chaperones with residues forming copper-31 

binding sites for cytochrome c oxidase copper chaperone, 1U97 (observed in 32 

1U96). The correlation coefficient (and p value to estimate the significance) for 33 

presented profiles is given as well (a). Surface representations of these proteins (b) 34 

and ribbon models with residues forming copper-binding sites in cytochrome c 35 
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oxidase copper chaperone, 1U97 (observed in 1U96) (c). The color scale shown on 36 

the right of the graph is applied to 3-D representations 37 

 38 

Fig. 5 jΔH  profiles of protein of unknown biological function (2CRE) aligned on jΔH  39 

profiles of SH3 domains of Ruk (2DA9) and NCK adaptor protein 2 (1U5S:A) with 40 

vertical green lines denoting gaps in alignment. The correlation coefficients 41 

(together with p values to measure the significance) for two variants of alignment 42 

of profiles for 2CRE and 2DA9 are given as well. (a). Aligned ribbon models of 43 

these three structures with residues found as insertions in the alignment shown as 44 

ball-and-stick, and surface representations of these structures (b). The color scale 45 

shown on the right of the graph is applied to 3-D representations 46 

 47 

Fig. 6 jΔH  profiles of protein representing SH3 domains taking into account the multiple 48 

sequence alignment (a), standard deviations (SDs) reflecting the dispersion of 49 

jΔH values at each position of the alignment (b), aligned ribbon models of these 50 

structures colored according to jΔH values (c) and the ribbon model of the SH3 51 

domain from S. cerevisiae Myo3 (1RUW) colored according to SD values (d) 52 
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