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ABSTRACT 
 
   Glycosyl hydrolases are a well-known group of enzymes, which hydrolyze the glycosidic bond 
between carbohydrates, or between a carbohydrate and different molecules. Glycosyl hydrolases 
play a vital role in the human body, and are widely used in industrial applications. Glycosyl 
hydrolases classification is based on substrate specificity and amino acid or nucleotide sequence 
similarity which reflects their evolutionary relationship. 
   Our aim, in this study, was to carry out the classification of glycosyl hydrolases, based solely 
on structural similarity which was made possible by the several structures available in the 
databases and the availability of computing power to conduct such a computationally intensive 
task, in a reasonable time-frame. It was also aimed that the structural similarity based 
classification be compared to the present classification system.  
   Based on an all-against-all comparison, we conducted a structural comparison of glycosyl 
hydrolases. The results are presented graphically. The graphical representation defined 24 
structurally homologous classes. The classification was validated using Cα - Cα distance analysis 
and amino acid sequence cluster analysis. 
   Advantages of this method are that – being an automated method – it is fast, simple and 
reproducible. Glycosyl hydrolases could be classified into 24 separate classes. N-glycosyl and 
O-glycosyl hydrolases (both forming binding and catalytic domain classes as well) were clearly 
different, the former consisting of 8 classes, and the latter consisting of 16 classes. Structural 
classes simplified the previous classification system. This classification represents the current 
glycosyl hydrolase family system, but also extends it especially concerning the clan system. 
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Introduction

 

   Glycosyl hydrolases (GH) are a well-known 
and intensively researched group of enzymes, 
which hydrolyze the glycosidic bond between 
carbohydrates, or between a carbohydrate and 
different molecules. Carbohydrates are 
diverse molecules and participate in many 
biochemical pathways, and so are glycosyl 
hydrolases. Therefore their deficiency can 
cause serious, and often inheritable disorders, 
like, for example, lactose intolerance [1] or 
Fabry disease [2]. Apart from the human 
medical research purposes, these enzymes are 
utilized widely in biomass degradation, [3] 
bioethanol synthesis [4], waste processing [5] 
and pest control [6], to name but a few 
applications. 
   Glycosyl hydrolases belong to the E.C. 3.2. 
group, and are currently categorized into 
about 160 entries, based primarily on their 
substrate specificity [7]. Another 
classification system is based on sequence 
similarities, hydrophobic cluster analysis and 
catalytic mechanisms [8, 9], and assigns 
glycosyl hydrolases into GH families [10]. 
However, enzymes with different substrate 
specificities are sometimes found in the same 
family and enzymes that hydrolase the same 
substrate are sometimes found in different 
families. [11] The number of families in this 
classification system has already grown 
beyond 100. Based on folding similarities 
[12], about every other family is assigned to 
either of the clans. 
   When the above classification was 
 

created, 3-dimensional structures [13] and 
structural comparison methods barely existed. 
Shortly after this, to complement the existing 
systems, a classification, based on folding and 
structure similarities, was suggested [14]. 
However, neither the computational 
performance nor the numbers of known 
structures nor structural comparison methods 
were sufficient to develop such a system. In 
recent years, however, conditions became 
appropriate to classify macromolecules 
according to their structure [15]. One such 
system is Dali Fold classification (FSSP), 
which is based on an “all-against-all” 
comparison of the PDB (Protein Data Bank) 
database [16]. The major drawback of this 
system is that its classification relies on 
PDB90, a representative subset of PDB 
excluding structures that share more than 90 
% of sequence similarity, and only the top 20 
results are shown. 
   In this paper we describe the structural 
comparison of glycosyl hydrolases utilizing 
an all-against-all approach of domain 3D 
structure comparison. The results of the 
analysis were represented graphically. Using 
hierarchical cluster analysis [17, 18] and 
graphical representation, structurally 
homologous classes were identified. This 
classification was validated by amino acid 
sequence cluster [19, 20] (ClustalW-Protdist) 
and Cα - Cα distance analysis [21] (PRIDE 
Cluster), and contrasted to the existing 
classifications. 

Material and methods 

Structures 

   The glycosyl hydrolase protein structures 
were downloaded from the Brookhaven 
Protein Data Bank [16, 22]. Every structure 
that contained the words MUTANT or 
COMPLEX anywhere in the PDB-file 
(exceptions to REMARK lines) were 
automatically removed from the comparison 
by a custom made BASH script.  
 

Structural comparison by DaliLite 

   A total of 789 domain structures from 498 
PDB entries were compared. DaliLite [17, 23] 
v2.1 was used for the extraction and the 
structural comparison of domains in list mode 
(one-against-all). Every single structure was 
compared to all the other available structures. 
Output files were transformed to HTML by 
DaliLite, and processed by different custom 
made BASH scripts. A 2-dimensional matrix, 
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with the compared domain structures on both 
axes and the normalized similarity indices in 
the intersections, was constructed from the 
output data. Normalization was required 
because the value of similarity indices depend 
not only on the level of homology, but also on 
the size of the compared structures. 
Normalization was applied by transforming 
the value of similarity indices (Z-scores) to 
percentage, the index value of self-
comparison (comparing the structure to itself, 
total identity) being 100 % in each line (1 line 
= 1 structure) of the matrix. 
   Together with the construction of the 
matrix, a supporting chart was also created 
automatically, which contained the domain ID 
(derived from the PDB name), sequence 
length, E.C. number, CATH [24, 25] ID, 
CAZY [26, 27] family number and clan ID, 
name (e.g. endo-1,4-beta-xylanase), source 
organism and secondary structure 
composition of the structure. Occasional 
corrections were made manually. 
   On the matrix, a hierarchical cluster analysis 
was conducted using the Cluster program [17] 
utilizing the Kendall’s Tau algorithm [28], 
then the cluster was refined and corrected 
manually. Only full lines or columns were 
moved at once, to preserve the relative 
position of structures. The classes were 
already revealed by the cluster analysis; only 
less homologous parts needed some manual 
intervention. The order of the classes was also 
changed according to the nomenclature. Then 
the supporting chart was sorted according to 
the matrix. 

Structural comparison by PRIDE Cluster 

   The PRIDE algorithm calculates structure 
similarity based on Cα - Cα distances. 
Therefore the results are based only on the 
atomic coordinates of Cα atoms; amino-acids 
sequence, secondary structure content, or the 
topology of secondary structural elements are 
disregarded. PRIDE Cluster makes a 
classification of several structures. 
   The same structure database was used as for 
the comparison with DaliLite, in the order of 
the sorted DaliLite matrix. The coordinates of 
the Cα atoms were extracted and stored in a 
separate document by a custom made BASH 
script, and run on the PRIDE Cluster. The 
results were presented in the same way as 
with using DaliLite. 
 
Amino acid sequence comparison by 

ClustalW and ProtDist 

   In order to identify amino acid sequence 
clusters, multiple alignment of domain 
sequences were conducted, using ClustalW 
v1.83. The same structure database was used 
as for the DaliLite comprison, in the order of 
the sorted DaliLite matrix. The sequences of 
the proteins were extracted and stored in a 
separate document by a custom made BASH 
script, then were multiply aligned using 
ClustalW. From the multiple alignment, a 
protein distance matrix was produced by 
ProtDist, utilizing the Jones-Taylor-Thornton 
model. The results were presented in the same 
way as of DaliLite. 

 
Results and discussions 

 
Structural comparison by DaliLite 

   A total of 789 domain structures from 498 
PDB entries were processed. Six hundred and 
eighty-one O-glycosyl (E.C. 3.2.1.x), 93 N-
glycosyl (3.2.2.x) and 15 S-glycosyl 
hydrolase (E.C. 3.2.3.x, now E.C. 3.2.1.147, 
see also the Enzyme Nomenclature, 1992) 
structures were compared. The result of the 

all-against all comparison is a 2-dimensional 
matrix, converted to percentage and 
represented graphically (1 value = 1 pixel). 
The clustered matrix showed distinct nodes 
(classes) on the graph. The clustered matrix 
showed distinct structural classes of different 
size (black rectangles), as well as similarities
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Fig. 1. Image of the structural similarity matrix of glycosyl hydrolases, according to DaliLite. Each pixel represents one 
pair wise comparison. 
Similarity: white: 0 - 8 %, green: 9 - 25 %, orange: 26 - 50 %, blue: 51 - 75 %, black: 76 - 100 %. Regions: A: N-
Glycosyl hydrolase catalytic domains, B:  N-Glycosyl hydrolase binding domains, C:  O-(S)-Glycosyl hydrolase 
catalytic domains, D: O-(S)-Glycosyl hydrolase binding domains, E: Unclassified domains. 
 
between some of the classes (black 
dots/lines/boxes outside the rectangles) (Fig. 
1). Rectangles are domains that can be 
considered as structurally homologous 
groups, because of their similarity in 3D 
structure. In some of the classes, a number of 
subclasses could be obtained. Domains in the 
same subclass usually show at least 50 %, or 
higher structural similarity value. The size of 
the rectangles, only represent the number of 
domains available for analysis. The symmetry 
anomaly seen in the upper and lower part of 

Fig. 1 is due to the nature of structural 
comparison of DaliLite, because the Z-score 
(similarity index) value is different if one 
compares structure 'A' to structure 'B' or 
structure 'B' to structure 'A'.  Classes were 
numbered separately for N- and O-glycosyl 
hydrolases. The classes were set against 
CATH, CAZY, and E.C. Both O-glycosyl and 
N-glycosyl hydrolases formed separate 
classes, while S-glycosyl hydrolases were 
indistinguishable in one of the O-glycosyl 
hydrolase classes. Less than 2 percent of the 
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domains did not fit into any class. Apart from 
one sole domain, O-glycosyl and N-glycosyl 
hydrolases were not mixed. As a matter of 
fact, O- and N-glycosyl hydrolase classes 
barely show any, even distant structural 

similarity to each other, according to DaliLite. 
Altogether, from the 622521 (789*789) pair 
wise comparisons, we had 152253 results, 
which means 24.45 % of the compared pairs 
showed some level of structural homology.

 
Structural classes and subclasses 

   The summary of the structurally homolo-
gous classes is presented in Table 1. In the 
E.C., CATH, CAZY FAMILY and CAZY 
CLAN columns of Table 1, each and every 
entry present in the class is shown, regardless 
of whether there was only a single represen-
tative, or multiple instances. The classes are 
shown in the same order as in Fig. 1. 
   N-glycosyl hydrolases formed 8 classes 
altogether, 7 of them contained catalytic 
domains (88 domains, designated region A), 

and 1 contained binding domains (5 domains, 
designated region B). N-glycosyl catalytic 
domains seem to be quite uniform within their 
class, only 2 of the 7 classes contained 
multiple E.C. numbers (i.e. were 
polyspecific). Concerning CATH, 2 classes 
contained multiple CATH entries. No CAZY 
entries were present in the catalytic domain 
classes. The sole binding domain class 
contained multiple E.C. and CATH entries, as 
well as a CAZY entry. 

 

 
 

Fig. 2. Similarity matrices for I. DaliLite, II. Pride Cluster and III. ClustalW/ProtDist. 
Each pixel represents one pair wise comparison. 
I. Similarity: white: 0 - 8 %, black: 9 - 100 %. II. Similarity: white: 0 - 80 %, black: 81- 100 %. III. Difference: white: > 
4 , black: 0 – 4. 
 
   O-glycosyl hydrolases formed 16 classes 
altogether, 10 of them contained catalytic 
domains (657 domains, designated region C), 
and 6 contained binding domains (27 
domains, designated region D). S-glycosyl 
hydrolases (E.C. 3.2.3.1, now E.C. 3.2.1.147) 
were only present in class C4. O-glycosyl 
catalytic domains were more diverse within a 
class than their N-glycosyl counterparts. 
Apart from the C3 class (which contained a 
sole entry from E.C., CATH, CAZY and 
CAZY CLAN, respectively), only 2 of the 10 

classes were monospecific, and 7 others 
contained multiple entries from both CATH 
and CAZY, 4 of them even containing 
multiple CAZY CLANs. Binding domains 
were more uniform (probably because of the 
low number of domains), 3 of the 6 classes 
contained a sole entry from E.C. and CAZY, 
3 classes contained a sole entry from CATH. 
   The remaining domains (12 domains, desig-
nated region E) could not be assigned to any 
classes above. These domains were highly 
diverse concerning E.C., CATH and CAZY. 
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   Despite the low number of N-glycosyl 
hydrolases, almost the same number of 
catalytic domain classes could be obtained as 
O-glycosyl hydrolases. Unlike catalytic 
domains, N-glycosyl binding domains only 

formed 1 class, probably because of the 
extremely small number of binding domains. 
Domains from the same E.C. entry often 
appeared in different classes, sometimes even 
from the same PDB file. 

 
Table 1. Summary of the structurally homologous classes of glycosyl hydrolases. 
The domain, E.C., CATH, CAZY FAM. and CAZY CLAN cells show how many different entries could be assigned to 
the given classes. 
 

Domains Class Domains E.C. CATH 
CAZY 
FAM. 

CAZY 
CLAN 

Representative enzyme 

1 25 1 1 - - Shiga Toxin A Subunit 
2 30 1 4 - - Ricin A Chain 
3 14 1 1 - - ADP-Ribosyl Cyclase 

4 10 2 1 - - 
Pyrimidine Nucleoside 
Hydrolase 

5 5 2 2 - - 
3-Methyladenine DNA 
Glycosylase 

6 2 1 1 - - Uracil-DNA Glycosylase 

N-glycosyl 
catalytic (A) 

7 2 1 1 - - MTA/SAH Nucleosidase 
N-glycosyl 
binding (B) 

8 5 2 2 1 - Endo-1,4-beta-Xylanase A 

1 171 2 2 3 - Lysozyme 
2 12 2 4 2 1 Chitosanase 
3 13 1 1 1 1 Polygalacturonidase 
4 303 33 35 28 4 Beta-Galactosidase 
5 48 2 2 3 2 Endo-1,4-beta-Xylanase 
6 54 5 7 6 2 Cellobiohydrolase 
7 34 2 6 4 2 Neuraminidase 
8 2 2 - 1 - 6-Phospho-beta-Glucosidase 
9 3 1 1 1 - Endoglucanase 

O-(S)-
glycosyl 

catalytic (C) 

10 17 4 2 2 1 Beta-Agarase B 
11 3 1 1 1 - Endo-1,4-beta-Xylanase Y 
12 2 2 1 1 - Glucoamylase 
13 2 1 - 1 - Cellobiohydrolase 
14 8 3 2 1 - Endo-1,4-beta-Xylanase D 
15 2 1 1 1 - Endo-1,4-beta-Xylanase A 

O-(S)-
glycosyl 
binding (D) 

16 10 2 3 4 - Endoglucanase C 
Unspecified 

(E) 
- 12 7 9 4 1 

Lysosomal alpha-
Mannosidase 

 
 
   A unique feature of the graphical 
representation of the similarity matrix is the 
appearance of lines or dots (boxes) outside the 
rectangles (homologous classes). These 
domains are the ones which show similarity to 

domains from different classes. This reveals 
structural entities within domains that share 
structural similarities, independent of classes. 
Some of these ‘remote’ homologies can be 
explained. For example structural subsets of 
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the binding modules can be found in some of 
the catalytic domains where the catalytic core 
of the enzyme resembles to that of a binding 
module (Fig. 1 and Fig. 2/I region C, class 6). 
These regions share the same – substrate 
binding – function. For other distant 

similarities there is no obvious explanation as 
yet, and the appearance of these is under 
investigation. These can be caused by the bias 
found in the structural database (structure 
determination errors) or the limitations of the 
comparison method. 

 
Structural comparison by PRIDE Cluster 

   In order to support the structural 
classification introduced previously, another 
structural comparison was conducted using 
PRIDE Cluster. The result matrix is sorted 
and presented in the same manner as earlier. 
Similar subclasses were identified as with 
using DaliLite. The outlines of the classes are 
recognizable; however the identification of 

some classes is not obvious. The PRIDE 
algorithm is more sensitive to distant 
structural similarities, so the results contain 
more “noise”, as seen on the graph. For 
example, see class C4, where its outline is 
visible, but it does not appear as a uniform 
cluster. (Fig. 2/II).  
 

 
Classification using amino acid sequence similarity  

   In order to set the structural classification 
against the CAZY system, we conducted an 
amino acid sequence comparison. The amino 
acid sequences of the domains were multiply 
aligned using ClustalW, and then a protein 
distance matrix was calculated using the 
Jones-Taylor-Thornton model of ProtDist. 

The result matrix is sorted and presented in 
the same manner as earlier. Whereas the 
subclasses are perfectly visible and match the 
results of DaliLite and PRIDE, between some 
of the subclasses sequence similarities 
occurred that did not correspond to the 
structural comparison results. (Fig. 2/III). 

 
 

Conclusions 

 

   Based on structural similarity, glycosyl 
hydrolases could be classified into 24 separate 
classes. N-glycosyl and O-glycosyl 
hydrolases were clearly different, the former 
consisting of 8 classes, and the latter 
consisting of 16 classes. Binding and catalytic 
domains formed separate classes, 
respectively. This structural classification 
clearly differs from both CAZY and CATH 
databases, despite the expected uniformity 
between these databases. The data extracted 
from the graphical representation represents 
the fold similarity better between domains, 

but interestingly, structurally homologous 
classes in glycosyl hydrolases did not concur 
to a single CAZY CLAN, which is supposed 
to represent fold similarities. PRIDE analysis 
created a similar node clustering, although it 
is more sensitive to distant structural 
similarities. 
   Clearly, understanding glycosyl hydrolases 
(and enzymes as such) the construction of 
databases based on different approaches is 
essential. This work hopes to add to the better 
understanding of this – functionally and 
structurally diverse – group of enzymes. 
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