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Abstract 
Metabolic pathway databases such as KEGG contain 
information on thousands of enzymatic reactions 
drawn from the biomedical literature. Ensuring 
consistency of such large metabolic pathways is 
essential to their proper use. In this paper, we develop 
an efficient method to determine consistency of an 
important class of enzymatic reactions, and test the 
method on the latest release of the KEGG LIGAND 
database. 
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1. Introduction 
Biochemical pathways, such as metabolic, regulatory, 
and signal transduction pathways, constitute complex 
networks of functional and physical interactions 
between molecular species in the cell [3]. Current 
knowledge on chemical compounds, biochemical 
reactions, and biochemical pathways in cellular 
processes, is accumulated in several biological 
databases. In particular, metabolic pathway databases 
such as KEGG [7] contain information on thousands 
of enzymatic reactions drawn from the biomedical 
literature. However, no thorough validation of the 
information contained in these biological databases 
has been performed yet. 

Validation of a metabolic pathway database can 
be made by metabolic reconstruction [2] or by 
comparison against the artificial chemistry defined by 
the chemical compounds and enzymatic reactions that 
are stored in the database [8, 9]. In this paper, we 
focus on the problem of ensuring consistency of the 
enzymatic reactions that are stored in a metabolic 
pathway database. This is known as the automatic 
mapping problem: to determine the optimal atom-atom 
mapping between substrate and product of an 
enzymatic reaction. 

Unfortunately, the automatic mapping problem is 
NP-hard, even in a constrained form [1]. Therefore, 
previous work on the automatic mapping problem is 
either centered on heuristic maximum common 

subgraph algorithms [2, 6] or focused on particular 
cases [1]. 

In this paper, we exploit the knowledge of the 
atomic rearrangement pattern in the enzymatic 
reactions stored in a metabolic pathway database, to 
reduce the automatic mapping problem to a series of 
chemical substructure searches between the substrate 
and the product chemical graph [8, 9]. The advantage 
of our approach is the availability of fast subgraph 
isomorphism and polynomial-time isomorphism  
algorithms for chemical graphs [13]. 

We have implemented tool support for our 
method, and performed an exhaustive validation of a 
substantial portion of the KEGG LIGAND [5] 
database. As a result, we have ensured consistency of 
a large number of enzymatic reactions, and have 
identified several inconsistencies in the information 
about chemical compounds and enzymatic reactions 
stored in KEGG. 

2. Materials and Methods 
Most enzymatic reactions can be classified according 
to the pattern of atomic rearrangement, into the 
following four main classes [9]: combination, 
decomposition, displacement, and exchange reactions. 
In combination reactions, two or more substrates 
combine to form a single product, according to the 
pattern: A + B <=> AB. In decomposition reactions, a 
single substrate is decomposed or broken down into 
two or more products, according to the pattern: AB 
<=> A + B. In displacement reactions, also called 
single replacement reactions, one of the substrates is 
displaced into another one, according to the pattern: A 
+ B−C <=> A−C + B. Finally, in exchange reactions, 
also called double replacement reactions, one of the 
substrates is exchanged by another one, according to 
the pattern: A−B + C−D <=> A−D + C−B. 

We have observed several classes of 
decomposition reactions. For instance, those reactions 
in which a single bond in the substrate is broken and 
another single bond is turned into a double bond, 
according to the pattern: A−B−C <=> A + B=C. 
Besides, there are also pseudo-exchange reactions, in 
which some single and double bonds in the substrate 
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are exchanged, according to the pattern: A−B + C=D 
<=> A=B + C−D. 

The automatic mapping problem can be solved for 
decomposition reactions as follows. Given three 
chemical graphs X, Y, Z, where X is the substrate and 
Y, Z are the products, there is an enzymatic reaction 
decomposing X into Y and Z according to the pattern: 
A−B−C <=> A + B=C if and only if there is a 
subgraph X' of X isomorphic to Y such that X minus 
X' is isomorphic to a subgraph of Z. 

Combination and decomposition reactions are 
symmetrical to each other, and the automatic mapping 
problem can be solved for combination reactions by a 
similar procedure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Visualization of a combination reaction, KEGG 
LIGAND R00180. Color is used to show the correspondence 
between substrate (top) and product (bottom), and atom 
numbering is omitted for readability purposes. 

 
Finally, the automatic mapping problem can be 

solved for displacement reactions as follows. Given 
four chemical graphs X, Y, Z, W, where X, Y are the 
substrates and Z, W are the products, there is an 
enzymatic reaction displacing X and Y into Z and W if 

and only if there is a subgraph Y' of Y isomorphic to 
W, there is a subgraph Z' of Z isomorphic to X, and Y 
minus Y' and Z minus Z' are nonempty and 
isomorphic. Otherwise, if Y minus Y' and Z minus Z' 
are empty, there is a pseudo-exchange reaction 
between X, Y and Z, W. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 

Fig. 2: Visualization of a decomposition reaction, KEGG 
LIGAND R05895. 

 
The previous descriptions translate into detailed 

algorithms in a straightforward way. For instance, the 
detailed description in pseudo-code of the automatic 
mapping algorithm for decomposition reactions is the 
following. Given three chemical graphs X, Y, Z, 
where X is the substrate and Y, Z are the products, 
automap (X, Y, Z) returns an optimal mapping M of 
substrate to product atoms, or an empty atom mapping 
if there is no subgraph X' of X isomorphic to Y, or X 
minus X' and Z are not isomorphic. 

 
automap (X, Y, Z) 
    for each occurrence X’ of Y in X 
        let M be the atom mapping of Y to X 
        let X’’ := X minus X’ 
        if X’’ and Z are isomorphic then 

1210



            return M 
        end if 
    end for 
    return an empty atom mapping 
end 
 
In a similar vein, the detailed description in 

pseudo-code of the automatic mapping algorithm for 
displacement reactions is the following. Given four 
chemical graphs X, Y, Z, W, where X, Y are the 
substrates and Z, W are the products, automap (X, Y, 
Z, W) returns an optimal mapping M of substrate to 
product atoms, or an empty atom mapping if there is 
no subgraph Y' of Y isomorphic to W or no subgraph 
Z' of Z isomorphic to X, or Y minus Y' and Z minus Z' 
are not isomorphic. 

 
automap (X, Y, Z, W) 
    for each occurrence Y’ of W in Y 
        let M be the atom mapping of W to Y 
        let Y’’ := Y minus Y’ 
        for each occurrence Z’ of X in Z 
            let M’ := M 
            extend M’ with the mapping of X to Z 
            let Z’’ := Z minus Z’ 
            if Y’’ and Z’’ are isomorphic then 
                return M’ 
            end if 
        end for 
    end for 
    return an empty atom mapping 
end 

3. Results 
We have implemented some tool support for our 
method, using the PerlMol collection of Perl modules 
for computational chemistry [11]. 

On the one hand, given a candidate enzymatic 
reaction, a first tool solves the automatic mapping 
problem of the substrate to the product, if their 
chemical formulas are compatible. In such a case, the 
output takes the form of a mapping of substrate atoms 
to product atoms with the least possible number of 
broken and created bonds. 

On the other hand, given an enzymatic reaction 
and a mapping of substrate atoms to product atoms, a 
second tool produces a pair of GIF files containing a 
diagram of the reaction, with appropriate atom 
numbering to illustrate the correspondence among 
substrate and product atoms.  Samples of the GIF files 
obtained with this tool are shown in Fig. 1 to Fig. 4. 
This tool relies on the DEPICT algorithm and tool 
support [12]. 

Using these tools, we performed an exhaustive 
validation of a substantial portion of the KEGG 
LIGAND [5] database, release 29.0, which comprises 
a total of 25,930 occurrences of 5,302 compounds in 
6,304 enzymatic reactions. We have cured the 
database by discarding the 344 reactions that involve 
carbohydrate structures from the KEGG GLYCAN 
database, discarding the 589 reactions that involve 
compounds of unknown structure (for which no MOL 
file is available in KEGG LIGAND), and instantiating 
all wildcards in the compounds (substituting carbon 
dihydride for an * group or an X group; cycloheptane 
for an R group; and 1 for n, the degree of 
polymerization). The resulting database comprises a 
total of 21,961 occurrences of 4,493 compounds in 
5,371 enzymatic reactions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Fig. 3: Visualization of a displacement reaction, KEGG 
LIGAND R06827. 

 
We have focused on the two groups of most 

frequent enzymatic reactions: 2,598 reactions with 
four compounds and 651 reactions with three 
compounds among their substrate and product. Among 
the former, 212 reactions are incompatible, and 1,661 
reactions were found to be consistent (6 of them are 
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decomposition reactions, of the form A−B−C−D <=> 
A + B + C−D, 60 are pseudo-exchange reactions of the 
form A−B + C=D <=> A=B + C−D, and 1,595 are 
displacement reactions, of the form A + B−C <=> 
A−C + B. 

Among the latter, 54 are incompatible, and 426 
reactions were found to be consistent (they are all 
decomposition reactions of the form A−B−C <=> A + 
B=C). The remaining 725 reactions with four 
compounds and 171 reactions with three compounds 
require further analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Visualization of a pseudo-exchange reaction, KEGG 
LIGAND R00302. 
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