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Prediction of unknown enzymatic reactions is useful for understanding biological processes such as
reactions to external substances like endocrine disrupters. To create an accurate prediction, we need
to define a similarity measure in the reaction. We have developed the KEGG RPAIR database which
is a collection of chemical structure transformation patterns, called RDM patterns, for substrate-
product pairs of enzymatic reactions. In this study, we compared RDM patterns with EC numbers
which are the well-known hierarchical classification scheme for enzymes. Additionally, we
performed hierarchical clustering of RDM patterns using the information stating whether each sub-
subclass of EC has a particular RDM pattern or not. To represent the variation of RDM patterns in a
cluster, we generalized RDM patterns in the same cluster using the hierarchy of KEGG Atomtypes,
which are the components of RDM patterns. Using this generalized pattern, we can predict which
cluster includes a given RDM pattern even if the reaction of the pattern has not been assigned any
EC numbers. Thus we will be able to define the similarity between enzymatic reactions by using this
cluster information.
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1. Introduction

Recently, a large amount of biochemical information as well as genomic information and
chemical information has become available [5, 6]. For example, in the KEGG LIGAND
database, much information about biochemical small molecules, biochemical reactions,
enzymes, glycans, and drugs are available [1, 12]. Here enzymes are proteins that
catalyze the biochemical reactions; however there are lots of enzymes whose function
have yet to be unveiled. This causes missing enzymes in metabolic pathways and many
unknown reactions should be characterized. Thus, the computational prediction of
unknown enzymatic reactions may be useful for understanding the biological processes
such as xenobiotics biodegradation: reactions to external substances like endocrine
disrupter [2, 7, 8]. To improve the accuracy of prediction, we need to better systematize
the reaction mechanisms of known enzymatic activities and to define an appropriate
measure of similarity among the enzymatic reactions for further analysis. To achieve
these objectives, we performed comprehensive analyses using the EC classification and
KEGG RPAIR database.
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The EC (Enzyme Commission) number is a well-known classification scheme for
enzymes [9, 11]. In EC classification, enzymes are hierarchically classified by types of
catalyzed reactions and their substrates and products. Each EC number consists of the
letters "EC" followed by four numbers separated by periods (e.g. EC 1.1.1.1). The first,
second, and third numbers are called class, subclass, and sub-subclass respectively. The
fourth number represents the substrate specificity. The EC numbers have been utilized
for many computational applications such as classification or prediction of enzymatic
reactions. However, there are also some problems in EC classification. The EC numbers
are classified manually, based on published experimental data, by the IUPAC-IUBMB
Joint Commission on Biochemical Nomenclature. This requirement of published articles
leaves many reactions unclassified. Additionally, the structural transformation between
single compounds pair is unclear since EC represents the relationships between multiple
substrates and multiple products. In order to avoid these problems, we have developed
the KEGG RPAIR database that is a collection of chemical structure transformation
patterns, called RDM patterns, for every substrate-product pairs of enzymatic reactions
[4]. In this study, we compared the RDM patterns with EC numbers and performed
hierarchical clustering of the RDM patterns using the information whether each sub-
subclass of EC has the RDM pattern or not. To represent the variation of the RDM
patterns in a cluster, we introduced the generalized RDM patterns in the same cluster
using the hierarchy of KEGG Atomtypes, which are the components of the RDM patterns.

2. Materials and Methods

2.1. KEGG LIGAND database

KEGG LIGAND is a composite database which contains various databases about
biochemical compounds. In this study we have used ENZYME, REACTION, and
RPAIR from the KEGG LIGAND database (as of 2008/05/13). ENZYME (4976 entries)
is a database of EC numbers and contains names of enzymes, catalyzed reactions, genes,
as well as other types of information. REACTION (7567 entries) is a database of all
biochemical reactions that are included in ENZYME or appear on KEGG metabolic
pathways. RPAIR (8706 entries) is a database of chemical structure transformation
patterns, called RDM patterns, for every substrate-product pair (reactant pair) in
REACTION.

2.2. RDM pattern

2.2.1. KEGG RPAIR database

Each entry in RPAIR contains the alignment of atoms between the substrate-product
pairs and the structural transformation pattern called RDM pattern. In general, one
enzymatic reaction contains multiple substrates and multiple products, which result in
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multiple pairs. Here each pair of chemical compounds should be distinguished by its
biochemical role under the reaction, and in the RPAIR database five types of such roles
have been available with the annotated labels, “main”, “cofac”, “leave”, “ligase” and
“trans”, which are exemplified in Figure 1. In this study, to reduce the noise of poorly
characterized pairs we used only the main type which corresponds to a major component
of pairs in each reaction.

main main

53 +H,0 ©AH + ELOH AB+C @A+ BC

leave trans

Fig. 1. Examples of substrate-product pairs and their assigned types. In the left example, both the pair (AB, AH)
and pair (AB, BOH) are classified as the main type and the other pair (H,O, BOH) is defined as the leave type.
In the right example, there are also two main types and the trans type is assigned the last one. In any cases, the
hydrogen atoms are not considered.

Table 1. Definition of KEGG Atomtypes.
(extracted from http://www.genome.jp/kegg/reaction/KCF .html)

Atom | Atom class Description Atomtype | Description

Cla R-CH;
Clb R-CH,-R
Clc R-CH(-R)-R

Cl alkane Cld R-C(-R),-R
Clx ring-CHy-ring

C Cly ring-CH(-R)-ring

Clz ring-C(-R),-ring
C2a R=CH,
C2b R=CH-R

C2 alkene C2¢c R=C(-R),
C2x ring-CH=ring
Cly ring-C(-R)=ring or ring-C(=R)-ring
Ola R-OH
Olb N-OH
Olc P-OH

(6] 01 single bond old S-OH

0O2a R-O-R
02b P-O-R
02c P-O-P
02x ring-O-ring

2.2.2. KEGG Atomtype

In KEGG RPAIR, all atoms are represented by KEGG Atomtypes, which have been
hierarchically defined by the physicochemical environment of atoms. Mostly, atomtypes
are represented as three letter codes as shown in Table 1. The first letter indicates the
atomic species, the second indicates information about the atomic bonds, and the third
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indicates the information of the substituted groups. In particular, the second level of
hierarchy in KEGG Atomtypes is called the atom class. For example, “C” is the carbon
atom itself, the atom class “C1” represents the carbon atom observed in alkanes and the
atomtype “Cla” represents the carbon atom which connects to another carbon atom and
three hydrogen atoms. There are 68 atomtypes in RPAIR database and a portion of them
is shown in Table 1.

2.2.3.  RDM pattern

An RDM pattern is defined as a set of KEGG Atomtype changes at the reaction center
(R), the difference region (D), and the matched region (M) for each reactant pair (Fig. 2).
R atoms are boundary atoms between the matched regions and the unmatched regions. D
atoms are next to the reaction center (R atoms) in the unmatched regions. M atoms are
adjacent to the R atoms in the matched regions. In most cases R, D, and M atoms are all
single pairs and the RDM pattern is represented as “R;-Ry:Di-D:M;-M,” (Fig. 2).
Multiple pairs in D or M atoms can be considered and are represented by concatenating
all atomtypes using “+”, and multiple pairs in R are represented by multiple RDM
patterns in which R atoms are a single pair. The asterisk “*” in the RDM patterns
indicates that there is no atom or it is only a hydrogen atom. The structural
transformation between single compounds pair is now clear since each entry of the
RPAIR database is a binary pair. Also the RDM pattern represents the transformational
pattern around the reaction center. Hence it can be assumed that the RDM patterns may
basically reflect the reaction mechanism at the site where each enzyme catalyzes. RDM
patterns are generated first computationally by the chemical structure comparison
program SIMCOMP, followed by manual curation [3]. There were 2401 kinds of the
RDM patterns in RPAIR.

N1b_~" Cla
- Cha

N1a

Oba

RDM pattern —> Nla-Nl1b:*-C5a:Clc-Clc

Fig. 2. Examples of a substrate-product pair and its RDM pattern. The red colored atoms (N1la and N1b in the
boundary of the dashed line) are R, the blue and the yellow atoms are D (C5a connected to N1b) and M (Clb
connected to R atoms), respectively. The rest of the matched region is depicted by green color.
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2.3. EC-RDM dot matrix

All EC numbers and corresponding RDM patterns were extracted from the databases.
Then, the EC-RDM dot matrix was created to overview the relationship between the EC
classification and the RDM patterns. The row of the matrix corresponds to sub-
subclasses of EC numbers, and the column of the matrix corresponds to the RDM
patterns. The characteristic relationship between EC sub-subclasses and RDM patterns in
the matrix is shown in the Result section.

2.4. Hierarchical clustering

After obtaining the EC-RDM dot matrix, we performed a hierarchical clustering of the
RDM patterns, using the information whether each EC sub-subclass has a particular
RDM pattern or not. The distance (D) between two RDM patterns (RDM; and RDM5)
can be formulated as follows:

D(RDM,, RDM>) = 1 - Te(V(RDM;), V(RDM.)) (1)

where V(RDM,) and V(RDM,) are respective bit vectors of the RDM patterns RDM1 and
RDM2, and each element of a vector corresponds to the existence (1) or nonexistence (0)
of each sub-subclass of EC. Tc indicates the Tanimoto coefficient which is defined as
follows:

The number of bits where x, =1 and y, =1

Te(x,y)= )

The number of bits wherex, =1 ory, =1
where {x;} and {y;} are bit vectors [10]. We used the average linkage method for the
hierarchical clustering.

2.5. Generalization of RDM patterns

Using the cluster information obtained in the above section, we constructed the
generalized patterns of the RDM patterns to represent the variation of the RDM patterns
in each cluster. We implemented an algorithm that compares character strings of the
RDM patterns in the same cluster to generate their generalized pattern. In this
generalization process, the hierarchy of KEGG Atomtypes (atom species, atom class, and
atomtype) is used. The detailed procedure of generalizing two RDM patterns, RDM; and
RDM,, is described as follows:

Step 1: All possible representations of RDM, are generated and stored in {RDM; }.
Step 2: The following procedures (2-2) are performed for each RDM;; of the set {RDM, }.
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Step 2-2: RDMy; is separated into Ry;, Dy;, and My;. RDM, is also separated into
R», D,, and M,. Then, R;; and R,, Dy; and D,, and M;; and M, are
compared respectively. When multiple atoms are incorporated into each
D or M representation, they are compared at the corresponding position
of atoms. That is, when comparing Dy; (= Dll,-+D21,-) with D, (= D12+D22),
the comparison is done between D'}; and D', and between D?}; and D>,
Step 3: The most matched case is selected and the generalized pattern is generated.

The priority of the matching the atom representations when comparing KEGG
Atomtypes in Step 2-2 is shown in Table 2. Generalized patterns are made via following
conditions. The example of generalization is also shown in Table 2 and Fig. 3.

i) The parts which have complete match in Step 2-2 are output directly.

ii) The parts which have match at the atom class level or atom species level in Step 2-2
are substituted by the atom class or atom species respectively.

iii) The parts which have no match in Step 2-2 are substituted by both components
separated by comma and in parentheses.

Table 2. Definition of the priority in the atomtype comparison and
examples of generalization between atomtypes.

Example of generalization
Priority Description
Original atomtypes Generalized pattern
1 Complete match Plb and P1b Plb
2 Matching at the atom class level 02c and O2b 01
3 Matching at the atom species level Olc and O3b 0
4 No match in comparison P1b and C1b (P1b,C1b)

OIGHO2e =PI PIRPIb
O3H-02b:*-Clb: Plb:PLb

=01 *4P1b.Clby:Plb-Plb

Fig. 3. An example of generalization.
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3. Results

3.1. Relationship between EC sub-subclasses and RDM patterns

There were 3116 EC numbers (195 EC sub-subclasses) which correspond to at least one
RDM pattern (1571 main types). Fig. 4 shows the EC-RDM dot matrix.

Some RDM patterns correspond to many sub-subclasses of EC numbers. For
examples, the RDM pattern “Olc-O2c:*-P1b:P1b-P1b” in the box A in Fig. 4
corresponds to 25 sub-subclasses of EC numbers and “Sla-S2a:*-C5a:C1b-C1b” in the
box B corresponds to 14 sub-subclasses of EC numbers. These patterns are found in
reactions such as the hydrolysis of ATP and the formation of a thioester bond
respectively. These reactions are most significant and can be observed extensively in
biochemical reactions since they are frequently used as the energy source of other
reactions.
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Fig. 4. The EC-RDM dot matrix. The RDM patterns corresponding to at least 2 sub-subclasses of EC are shown
because of simplicity.

Some EC sub-subclasses found in the boxes C, D, E and F correspond to many
RDM npatterns. For example, EC 1.1.1 (box F), EC 4.2.1 (box C) and EC 2.5.1 (box D)
correspond to 98, 83 and 72 RDM patterns respectively. The number of EC numbers
within a certain EC sub-subclass is different depending on the sub-subclass. Therefore
we compared the number of the RDM patterns within each sub-subclass of EC with that
of enzymes included in each sub-subclass of EC (Fig. 5). As seen in the Fig. 5, the



156 Y. Shimizu et al.

variation of the RDM patterns in sub-subclass of EC almost depends on the variation of
the 4th number of EC except EC 2.7.11 and EC 3.6.3 which have only one RDM pattern.
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Fig. 5. Relationship between the numbers of enzymes included in each sub-subclass of EC and the number of
the RDM patterns within each sub-subclass of EC.

3.2. Hierarchical clustering and generalization of RDM patterns

We performed the hierarchical clustering of the RDM patterns by using the information
of existence or nonexistence of sub-subclasses of EC numbers. A part of the resulting
cluster is shown in Fig. 6. It is obvious that the RDM patterns belonging to the same
cluster consist of similar character strings and that the diversity of KEGG Atomtypes in
the RDM patterns are considerably low. On the other hand, KEGG Atomtypes involved
with other clusters are much different from each other, and the difference of such
atomtype representations becomes larger and larger at the higher-level of the hierarchy in
the clustering tree.

Cla02a*ClyClbClh 241 242 321
O1a-02a*ClyCly-Cly 241 242321

OlagQ2a*-ChyiCBy-Cly 241 321 ——
Ola-02a*ClyCl1z-Clz 241 3.21 —
Ola02a*ClyCleCle 241 321 |
Ola-C2a*CIwCid-Cid 2.4.1 3.2.1
Ola0Za™C1z2C1eCle 2499 3.21

OlarOZa*Cl1zC1bCTh 241 2,499 :—_li
Ola-OZa™ClzC1y-Cly 241 2,433 3.2.1

Fig. 6. A part of the clustering tree of the RDM pattern. Only RDM patterns corresponding to at least 2 sub-
subclasses of EC are shown because of simplicity. The RDM patterns are shown at the leaves of the clustering
tree with their corresponding EC sub-subclasses. The full image of the resulting tree is available at the following
URL. http://web.kuicr.kyoto-u.ac.jp/supp/shimizu/ibsb2008/
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Next, we performed the generalization of the RDM patterns. The generalization
starts at the lowest level of the cluster tree, that is the leaf of the tree, then grows up to
higher level of hierarchy, and end at the highest level of cluster, that is the root of the tree.
The generalization process is exemplified in Fig. 7. In particular case of this figure, the
generalized pattern of RDM at the highest level is O1-O2a:*-C1:C-C, which can contain
all of the RDM patterns within the whole clusters. We applied this generalization to all
clusters. The generalized pattern of RDM which correspond to at least 2 sub-subclasses
of EC had comparatively simple forms, however that of RDM which correspond to only
1 sub-subclass of EC tended to have somewhat complicated forms (e.g. (N,C,01b,)-
(N,C,07a):*-(C,0):(N1,C,06)) even if the distance between clusters was equal to 0. This
is because the clusters tend to have many RDM patterns and the diversity within a cluster
itself becomes larger.

01a-02a:*-Cly:C1b-Clb T

GGG ) e ey
01a-02a:*-C1y:C8y-C8y
01a-02a:*-Cly:C1z-Clz

e
01a-02a:*-Cly:Clc-Clc 2 02a.* CLEEC
01a-02a:*-Cly:C1d-C1d Olas02a:"-ClZ:C1C1

01a-02a:*-C1z:C1b-Clb L
01a-02a:*-C1z:C1ly-Cly 0O1la-02a:*-C1:C-C
01a-02a:*-C1z:C1c-Clc

Fig. 7. An example of the result of the RDM generalization.
The clustering tree of the RDM pattern is the same as that of Figure 6.

4. Discussion

In this study, we have systematized the reaction mechanisms based on the EC
classification by hierarchically clustering the RDM patterns. We could successfully
represent the variation of reactions by using the generalized pattern of RDM. For
example, a generalized pattern “N1b-Nla:C2-*:C1b-C1b” can represent five possible
patterns, since the atom class “C2” contains the following five atomtypes: C2a, C2b, C2c,
C2x, and C2y. Because a generalized pattern is generated by the patterns in the same
cluster in which combinations of corresponding EC numbers are similar, variations in
generalized patterns indicate the possible reaction patterns in some EC numbers. Using
this generalization we will be able to calculate which cluster includes a given RDM
pattern even if the relevant reaction has never been assigned to any EC numbers. Then
we will be able to define the similarity measure between known enzymatic reactions
(which are found in the database) and unknown enzymatic reactions and consequently
we may improve the accuracy of the prediction of unknown enzymatic reactions. For
example, we have developed the e-zyme system, which can automatically assign the EC
number to a given compound pair by using the RDM patterns. Incorporating the
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generalization and the similarities of the RDM patterns in the EC assignment process of
the e-zyme, we will be able to improve its accuracy rate.
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