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Abstract. In nature, the degradation of plant biomass, which mostly consists of 

plant cell walls, is implemented by microorganisms synthesizing cellulase class 

enzymes (CCEs). Cell walls fibers are composed of complex of polysaccharides, 

which is split by complicated CCEs. CCEs contain two types of domains. The first 

type is the catalytic domains that decompose polysaccharides. The second type is 

the binding domains with substrates (carbohydrate binding module, CBM). The 

ability of enzymes to decompose polysaccharides is due to the configuration of the 

catalytic site in the catalytic domain; in particular, the catalytic site should contain 

the complimentary binding site to the substrate. In this work, we have developed 

and tested a combined approach to identify CCEs’ binding sites which could make 

the contact zone with plant polysaccharide substrates. This approach was applied to 

the 90 proteins identified with cellulase activity based on data from M. Hess et al.. 

As a result, we have found two consensus sequences of CCEs’ binding sites which 

are complimentary with polysaccharide substrates, Carboxymethyl Cellulose 

(CMC) and Xylan. On the basis of the approach, we have developed a software that 

implements the basic stages of search and detection of binding sites. The developed 

method and the software can be used in the analysis of large groups of proteins 

with diverse substrate specificity to detect functional areas. 

 
Key words: cellulase, graph, site searching algorithm, structure of the protein, binding 

site, biofuels. 

INTRODUCTION 

Nowadays, there are several computational approaches to the assessment of 

macromolecular interactions; in particular, there are widely used varieties of docking [1].This 

method of molecular modeling involves calculations on large arrays of input data, which 

requires a fair amount of time and resources. Therefore, attempting to narrow the searching 

area of the intermolecular contacts to performance of the docking protocols is an important 

step of optimization calculations. 
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This paper describes an approach for filtering binding sites in CCEs, which consists of 

several steps. Its use as a pre-filter in the virtual screening enables to significantly accelerate 

the process of finding areas of binding. 

The objectives of this work are to create methods of finding a consensus sequence of 

binding sites and search complementary binding sites to various substrates, based on the 

analysis of the primary and tertiary structures and substrate specificity of 90 proteins [2]. 

Nowadays, a full set of enzymes needed to degradate energy-intensive cereals and 

lignocellulosic biomass (cellulose, hemicellulose and lignin), is unknown. The Search of such 

CCEs is directed to increase efficiency of technologies of biofuel production [3–5]. For this 

purpose, there are created microbial strains that are transformed by vectors carrying genes of 

various CCEs [6, 7]. These modifications allow the microorganisms to produce a balanced set 

of CCEs needed to degrade lignocellulose. However, the currently known strains do not 

synthesize the optimal complex of CCEs decomposing biomass completely. In particular, this 

is due to the ability of individual enzymes to interact only with certain components of the 

biomass. Therefore, searching for genes and amino acid sequences of natural or synthetic 

CCEs, that includes the structural features of substrate specificity, leads to increased 

efficiency in production biofuels. 

In nature, the splitting of plant polysaccharides is performed by several classes of 

microorganisms [2, 8]; in particular, the bacteria living in the digestive system of herbivores. 

M. Hess et al. [2] researched bacteria taken from a cow’s rumen which adhered to the fibers 

of a vegetative substrate (switchgrass) placed in the rumen. After sequencing of metagenomic 

DNA of bacteria and de novo assembly of genomes, there were selected 90 genes of proteins 

that belong to the seven glycoside hydrolase family (GH3, GH5, GH8, GH9, GH10, GH26, 

GH48), part of which had specific binding domains with carbohydrates (CBM_6, CBM_4_9). 

After testing the products of expression of these genes on the enzymatic activity, the data of 

the hydrolytic activity of each of the 90 proteins on six substrates (CMC, Xylan, IL-

Switchgrass, IL-Miscanthus, IL-Avicel, Lichenan) were obtained. Selected results of the 

experiment are shown in Table 1. 

Used in the testing substrates have a linear polymeric 

structure, and each of them is a component of plant biomass [3]. 

In order to retain and degrade a molecule of the polysaccharide, 

the structure of CCEs should have the characteristic pattern of 

the catalytic domain: a tunnel (groove, "pocket") which contains 

the active site and the binding site with the substrate (Fig. 1), [4, 

9, 10]. Developed in this paper method of search binding sites 

considers both specified features of the tertiary structure of 

proteins and different versions of site models: strict and lax 

Substrate Specificity (specificity to one or a group of substrates). 

ANALYSIS AND METHODS OF PROCESSING OF INITIAL DATA 

Analysis of initial data 

The results of Matthias Hess et al. (Table 1) showed that CCEs, in the same domain 

hydrolase family, have unequal cellulase activity on a set of substrates. As a consequence, the 

activity of CCEs depends on the configuration of their catalytic sites, and not from the 

accessories to hydrolase family. Thus, one of the possible factors that determine the behavior 

of CCEs on the set of substrates belonged to one family can be a deletion of active sites in the 

catalytic center. However, the results of search with the help of Pfam [11] show that almost 

all (71 of 90) proteins have active sites relevant to their domains. Moreover, some proteins 

have not predicted active sites but could decompose substrates. Another possible factor which 

can explain the ambiguous behavior of CCEs is the inaccessibility of the active site on the 

molecular surface in the catalytic center. In this case, the two known active sites of GH5 

Figure 1. Structure of CCEs. 
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family could give no more than four different specific bindings, which were not confirmed by 

an experiment (Table 1). Thus, it was concluded that the activity of CCEs is determined by 

the presence or absence of the areas essential for a complementary binding to the substrate. 

Area of contact CCEs with the substrate consists of a set of binding sites (one or more 

separate short segments of a protein chain) [9]. The analysis of presented data [2] led to the 

conclusion that the binding region for all six substrates (CMC agar, Xylan, IL-Switchgrass, 

IL-Miscanthus, IL-Avicel, Lichenan) possess unique to their properties. Therefore, the main 

purpose of the search of binding areas was to find a set of amino acid areas length k (k-mers) 

for each of substrates, where each set has no common k-mers with other sets. 

 
Table 1. Properties of the family GH5 by the results of work by Matthias Hess et al. [2] 

 

The method of processing initial data 

Conjectural binding site to any of the six substrates was k-mer found in all protein 

sequences that are active on this substrate, and was not detected in any of the other proteins’ 

sequences. Therefore, a simple search for areas of binding sites might look like that. If the 

products of genes G1 and G2 are active on two substrates (C and X), and the product of the 

gene G3 is active on one the substrate (X), then the common k-mers for sequences of genes 

G1 and G2 (and not found in the sequence of the gene G3) can be considered candidates for 

the substrate binding site of C. The more sequences G1 and G2 differ from G3, the more 

number of found candidates for binding sites will be. Thus, in order to reduce the "noise", 

which complicates search for binding sites of CCEs, it was better to separate CCEs genes into 

groups, representatives of which were slightly different in the amino acid sequence, but had 

unequal activity on substrates. Then search for k-mers was made in each group. 

Thus, the search was divided into four stages: 

1. Grouping hydrolases based on simple and multiple global alignments. 

2. Grouping hydrolases, based on the results of the construction of phylogenetic trees. 

3. The algorithm of search of binding domains in the group. 

4. Filtering using modeling of protein structure. 

Grouping hydrolases based on simple and multiple global alignments 

Among the 90 participants from studied hydrolase families, there was conducted global 

pairwise alignment between all proteins using Needleall [12]. The results of alignments 
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confirm the presence of specific relations between proteins within the same family (Fig. 2). At 

the same time, the similarities between the hydrolase families (GH3, GH5, GH8, GH9, GH10, 

GH26, GH48) were not found. This absence of similarity between the sequences of proteins 

from different families means that the binding region for the substrates should be found in 

each family separately. 

Further analysis of each protein family was performed with a series of multiple sequence 

alignments (ClustalW2 [13]) with varying amounts of protein in sets for MSA and alignment 

parameters. The result of alignment did not give enough reason to separate proteins in the 

family into meaningful groups. This may be due to different domain structure, intra-domain 

variability and the need to use "floating" parameters MSA. 

 

 
 

Figure 2. Results of pairwise comparison (alignment) of 90 proteins. The areas for a couple of proteins 

from one a family (in red squares) are the areas of great similarity. 

 

Grouping hydrolases, based on the results of the construction of phylogenetic trees 

The results of the multiple global alignments have shown that the protein sequences have 

many differences that prevent identifying meaningful groups (the groups of proteins that 

differ in activity to the substrate and have minimal differences in the amino acid sequence). 

Therefore, there was made an analysis of proteins domains responsible for the functionality 

CCEs. From each protein in [2] its functional site (domain name or part of it) was isolated and 

there was made the pair alignment of the site with the consensus sequence of the 

corresponding domain of the family (using Pfam [11]). After that the all obtained pairwise 

alignments of the each family were joined for the multiple alignments. Composite multiple 

alignments were obtained with the help of the supporting sequence of the domains for each of 

the seven hydrolase families in Pfam.  
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The results of the MSA were functional regions of proteins of each family. These results 

were a starting point for analysis with phylogenetic trees. The phylogenetic trees war 

constructed with using the algorithm Neighbor-Joining (package MEGA [14]). For each tree 

there were identified several large clades, in which the search for binding domains was made 

(Fig. 3). While dividing the tree into clades we took into account that within the same clade, 

on the one hand, there must be proteins different in substrate specificity (if possible), but on 

the other hand, these proteins have a relation in sequences. 

 

 

Figure 3. Phylogenetic tree constructed for members of the family GH10. The substrate specificity for 

each representative of family. The searching algorithm of binding sites was done in selected subtrees 

(clades). Gene ID of the corresponding genes takes place on the leaves. 

 

The searching algorithm of binding sites in the group 

One of the conditions of the group formation was the presence in the one clade of proteins 

with a variety (different and same) of substrate specificity. This requirement made it possible 

to form in a clade several subgroups containing CCEs with the same activity. On the basis of 

such grouping for each clade there was constructed a graph of activity which nodes were 

matched to subgroup (activity graph) (Fig. 4). Each node of the graph corresponds to a set of 

objects (properties, attributes attributes): a set of protein sequences of members of the 

subgroup, activity on the substrates (the same for all members of the subgroup) and some lists 

of k-mers. Additionally, one extra node (zero vertex) was added to the graph; it did not 

contain a list of sequences of proteins and k-mers, but possessed a hypothetical activity on all 

substrates. The data of activity of 90 CCEs gave the opportunity to separate nodes in the 

graph into seven levels. The node’s level number is the number of substrates; all of the node’s 
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proteins are active on this number of substrates. The edge of the graph connects V1 with V2, 

if all the following conditions are met: 

• Activity corresponding node V2 includes activity corresponding node V1. 

• Node V2 is on neighboring level with V1. If the neighboring level with the V1 was not 

a node that satisfies the above condition, then V2 assumes zero vertex. 

 

 

Figure 4. Activ graph made up of representatives of the studied hydrolase families. Histograms of the 

number of sequences in the nodes. 

 

Algorithm of searching for candidates for binding sites consisted of two traversing of this 

graph. Traversings were realized consistently by levels and started at 6 (from the zero vertex), 

ended at 0.  

At the first graph traversing the list of k-mers was formed in each node. Each list contains 

k-mers which are common for all sequences in the node. If on the new step of the traversing a 

node appears connected by an edge to the zero vertex (Fig. 5,A), then the list of k-mers was 

formed from the all k-mers from the random sequence. k-mer was added to the list of this 

node, if it is found in all of node’s sequences. If on the new step of the traversing a node 

appears not connected with the zero vertex, then k-mers were chosen from lists of all 

nodes(with greater level) which were connected with this node. Similarly, if a k-mer was 

found in all sequences of the node, it was added to the node’s list. If the k-mer was not found 

in any sequence of the node, it was suspected as a binding site with some substrate. The 

substrate was defined as a difference between the current node and the node with greater 

level, which the k-mer was belonged to (Fig. 5,B). Thus, after the first graph traversal each 

node’s list of k-mers was created and the candidates of binding sites have been identified. 

After the first graph traversing found k-mers could be associated with different substrates. 

Such a result was due to the branching of the graph and the independence of a list in the 

nodes. At the same time for a fair division of k-mers by substrates it required to detect that 

each k-mers corresponded to only one substrate. Therefore, after the first graph traversal the 

same k-mers corresponding to different substrates, were excluded from further consideration 

(Fig. 5,C). 
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As it has already been noted, selected k-mers could be obtained from different 

(independent) paths from level 6 to level 0, so the second graph traversal was followed by the 

first. The second traversal checked for the presence of each found candidate for the binding 

site in all nodes that was not involved in its formation. 

 

 

Figure 5. The steps of the searching algorithm for binding sites. 

Filtering with modeling the structure of proteins 

Additional testing of found sites was performed on the three-dimensional structure of 

proteins. By using ModWeb [15], for each of the 90 proteins a 3D-model was constructed. 

Then found k-mers were marked on the constructed structures and their locations were 

identified as one of the list: inside a protein, on the surface of the protein not in a indentation, 

on the protein surface in the indentation. Sites, which formed the surface of indentations 

(pockets or grooves) were taken by us as reliable binding sites. Specific active sites (of each 

family) from Pfam were also marked on protein structures (Fig. 6). 

RESULTS AND DISCUSSION 

The developed method for searching binding sites was applied to the data on the activity 

of 90 protein from seven hydrolase families (GH3, GH5, GH8, GH9, GH10, GH26, GH48). 

At the stage grouping (grouping hydrolases, based on simple and multiple global alignment) 

proteins into families, it appeared that in the data there is one protein family GH48 in which 

was represented by only one protein, and both families GH8 and GH26 were represented by 

two proteins. Such a number of representatives in the family was not enough to reveal the 

characteristic of binding sites to substrates. Furthermore, an activity of only one of these five 

CCEs was detected. Therefore, these genes were excluded from CCEs consideration. 

At the stage grouping (grouping hydrolases, based on the results of the construction of 

phylogenetic trees) by phylogenetic trees (Fig. 3), it appears that the separation of protein 

families by clades produced very small groups. This was due to the insufficient number of 

primary data. That is why, the searching algorithm for binding sites was applied graphs which 

was constructed for families GH3, GH5, GH9, GH10 on the whole(Fig. 4). 

A large number of nodes in the graph which had only one element seriously hampered the 

correct searching for binding sites (k-mers). The algorithm involves the forming of lists of k-

mers which were common to characteristics sequences in a node. Thus, the greater number of 

sequences contained in the node, the more specific k-meres, forming a list, are. On the 

contrary, if the node has only one sequence, its list of k-mers is found uninformatively, 

leading very noisy output. Therefore, besides the activity graphs of families there were 

constructed histograms of the number of sequences in the nodes (Fig. 4). It appeared) that 

only one graph (graph of the family GH10) could be considered quite complete, so the further 

work was done only with it. 

GH10 family contains 21 CCEs with known activity on the substrates. Also if a member 

of the family has been active on a substrate, this substrate was the CMC and / or Xylan. In 
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this family the algorithm had worked correctly with with the parameter k equaled 5. As s 

result there were found three binding site to the substrate CMC and three sites to the substrate 

Xylan. Determination of their location on the modeled protein structures showed that all 

known binding sites were located on the surface of the protein, but only one in each triplet 

(group of three predicted binding sites) was observed in the indentation of the catalytic site, 

which contains the active site (Fig. 6). Using the data of identified binding sites for each 

members of the family GH10 (Table 2), conserved sequences for binding sites of the CCEs to 

substrates CMC and Xylan (Fig. 7) were obtained.  

 

 

Figure 6. Location of predicted binding sites on the three dimensional structure of two proteins of the 

family GH10.Sites correspond to substrates CMC and Xylan (1, 2). Location of Hypothetical binding 

sites with substrates CMC and Xylan is found by the searching algorithm. A: lateral view of the protein. 

B: lateral view of the protein in a section: active sites and predicted binding sites are located in the 

catalytic site on the section. C: a view from the catalytic site. 

 

 

Figure 7. A graphical representation of the consensus sequence of the binding site (Sequence Logo [16]). 

A – binding site with CMC. B – binding site with Xylan. 

 

However, excepting for sites that can complementarily bind only with one particular 

substrate, in the catalytic site of the enzyme other types of sites could be located. There are 

sites which are capable of forming contact with a set of molecules. Moreover, one enzyme 

may have got several binding sites (on the surface) which all are specific to a one substrate 

(Fig. 2).  

Thus, the complete set of specific CCEs binding sites with substrates CMC and Xylan 

may not confine of found two. Exclusion from consideration other substrate specificity 

binding sites (if such existed) could be due to the method of construction activity graph. The 

characteristic detail of the construction is that an edge which connects two nodes placed only 

in adjacent levels (if any of the nodes is not the zero vertex). If we assume that an edge can 
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connect nodes that are not only on the adjacent levels (if none of them is zero vertex), this 

condition adds additional edges to the activity graph. Because of the increasing number of 

edges the number of steps and the number of k-mers(at the output of the algorithm) in the 

searching algorithm also increases (Fig. 8,B). Detected by this graph additional sites probably 

extend the set of found substrate specificity sites. However, such additional k-mers will have 

to pass a procedure of concretization of specificity, since they will be determined by the 

specificity for one of several substrates (Fig. 8,C).  

 

 
 

Figure 8. Modification of the activity graph for the family GH10 (see description in the text). A: The 

activity graph contains compounds of nodes that take place only on adjacent levels. B: The activity graph; 

the way to construct allows the connection of nodes, which take place not only on adjacent levels. The 

difference between numbers of levels could be equal to one or two. C: The part of the graph of activity. 

While the passage of the algorithm on the edge (selected), some new selected k-mers will be candidates 

for the binding sites not with a specific substrate, but with one of the two. 

 
Table 2. Binding sites of the family GH10 with substrates CMC and Xylan 

 
The developed method of search is directed to the detection of sites that match to only one 

specific substrate, but with it you can also find other types of binding sites. In the proposed 

search algorithm of binding sites, at some point (Fig 5,C) k-measures corresponding to several 

substrates were excluded from consideration. Since these k-mers are common for some 
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sequences of CCEs, we can assume that some of them were binding region that is not 

selective to specific substrates. As shown in Fig. 7,C, adding new edges to the activity graph 

may lead to the discovery of sites which substrate specificity cannot not be defined explicitly. 

In that way, the search area of binding sites that do not have substrate specify could be 

narrowed by combining two sets of k-mers: the first – the activity of which was shown on 

several substrates and found on the modified graph, the second – the activity of which was 

uncertain. 

Analysis of protein sequences using Pfam confirmed that the CCEs have a complex 

domain organization, and, except a domain that defines the family, the enzyme can contain 

multiple domains CBM. For example, three members of the family GH10 have a CBM_6 

domain in their structure. It was noticed that these three CCEs formed the clade (subtree) 

number three in the phylogenetic tree (Fig. 3). Thus, the presence of a larger number of 

entries data, not only allows to search sites in clades of phylogenetic tree, but also makes it 

possible to find the area of CBM domains (in this case - of domain CBM_6).  

The developed method found the substrate specificity binding sites even when the original 

sample of CCEs is small. This approach can be modified by offered options and applied to 

representative samples of objects, which represent a sequence of an alphabet, to highlight 

specific areas. 
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