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A Method for Species Comparison of Metabolic Networks

Using Reaction Profile
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Comparative analyses of the metabolic networks among different species provide important
information regarding the evolution of organisms as well as pharmacological targets. In this
paper, a method is proposed for comparing metabolic networks based on enzymatic reactions
within different species. Specifically, metabolic networks are handled as sets of enzymatic
reactions. Based on the presence or absence of metabolic reactions, the metabolic network
of an organism is represented by a bit string comprised of the digits “1” and “0,” called the
“reaction profile.” Then, the degree of similarity between bit strings is defined, followed by
clustering of metabolic networks by different species. By applying our method to the metabolic
networks of 33 representative organisms selected from bacteria, archaea, and eukaryotes in
the MetaCyc database, a phylogenetic tree was reconstructed that represents the similarity
of metabolic network based on metabolic phenotypes.

1. Introduction

To obtain the energy necessary for cellular
activities, cells within organisms take up many
kinds of material in the form of food, etc. The
cells break down and synthesize materials re-
quired for self-maintenance and growth via an
enormous number of chemical reactions. These
chemical reactions occurring in an organism are
known collectively as “metabolism,” which con-
sists of enzymatic reactions that result in the
conversion of certain compounds (substrates)
into other compounds (products) by the action
of enzymes (proteins). As the product of a reac-
tion is used as the substrate of other reactions,
a large-scale and complex metabolic network is
formed. These reactions are now stored in sev-
eral public databases, including KEGG 1) and
MetaCyc 2), which are available on the World
Wide Web. For example, KEGG is a collection
of manually drawn metabolic maps.

Metabolisms are important targets for un-
derstanding cell processes. Comparative analy-
sis of the metabolic networks among different
species provides essential information on the
evolution of organisms and on pharmacologi-
cal targets, and there has been a great deal of
research in this area in recent years. Some ex-
amples of the application of computer analy-
sis to metabolic networks include (1) metabolic
pathway clustering based on genomic informa-
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tion 3),4), where metabolic pathways are com-
pared by assigning genes on the genomes to
each of the enzymes that constitute a specific
pathway and (2) pathway alignment based on
functional similarity among enzymes 5) where
metabolic pathways are clustered by assign-
ing enzymes based on an enzymatic hierarchy.
On the other hand, phylogenetic classification
based on single genes, such as rRNA 6), does
not provide a complete and accurate picture
of evolution because it does not take into ac-
count evolutionary leaps due to gene transfer,
duplication, deletion, and functional replace-
ment 7). Thus, importance is placed on com-
parison and investigation of phylogenetic trees
created from a variety of standpoints 8). Here,
I focus on comparison of phylogenetic trees be-
tween metabolic phenotypes and genomic se-
quences, and a variety of related proposals have
been made 8)～10).

In this study, a method was developed for
comparing different species based on metabolic
expression profiles. The method consists of
comparing different species to acquire new
knowledge regarding interspecies phylogenies.
This is done by considering the metabolic net-
work as a set of metabolic reactions, and the
whole network is expressed as a bit string en-
coding the presence (1) and absence (0) of re-
actions that comprise the network.

Section 2 discusses related research. The pro-
posed method is described in Section 3, and
Section 4 presents results obtained using the
proposed method in an actual comparison of
metabolic networks. Finally, Section 5 summa-
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rizes problems and future work.

2. Related Work

There have been previous studies related to
the purpose of this research, as reported by
Hong, et al. 8). They proposed a method for
species comparison of metabolic networks based
on the combination of metabolites that com-
prised the enzymatic reaction, and analyzed the
metabolic pathways of 42 microorganisms. The
method proposed by Hong, et al. classifies the
overall metabolic networks into 64 individual
sub-networks on the basis of metabolic map
classifications. The numbers of reactions in-
volved in each sub-network were counted and
used for estimation of the reaction content pij .

pij = 100 × rij/Rj (1)
where rij is the number of reactions in the jth
sub-network in organism i, and Rj is the num-
ber of non-duplicate reactions involved in the
jth sub-network. In this case, the reaction con-
tent becomes synonymous with a sub-network.
The Pearson correlation coefficient was used
to assess the degree of similarity D between
the reaction content pi1, pi2, · · · , piN of organ-
ism i with the reaction content pj1, pj2, · · · , pjN ,
which is defined as:

D =
1
N

∑

k=1,N

(
pik − p̄i

σi
)(

pjk − p̄j

σj
) (2)

where p̄i and p̄j are the averages of values
in pi1, pi2, · · · , piN and pj1, pj2, · · · , pjN , respec-
tively. σi and σj are the standard deviations of
these values. Then, clustering was performed
using the furthest neighbor method 8).

Nevertheless, with this definition of Hong’s
method, if the numbers of reactions in the
metabolic map are identical, these will not be
distinguished, even where the types of reaction
are different. Consider the case where, within
organisms S1, S2, and S3, the presence or ab-
sence of enzymatic reactions r1, r2, r3, and r4

have relationships shown in Fig. 1. The reac-
tion contents of two organisms S2 and S3 be-
come the score value 75; even where the exist-

reactions
r1 r2 r3 r4

organism S1 1 1 1 1
organism S2 1 1 1 0
organism S3 0 1 1 1

Fig. 1 The reaction profile of three organisms in the
string that encodes reaction’s presence or ab-
sence in an organism.

ing enzyme reactions are of different types, they
thus become the same score. In addition, the
clustering results from the method of Hong, et
al. are impacted by the metabolic map classifi-
cations.

Taking the points described above into con-
sideration, a method is proposed as described
in the following section.

3. Method

3.1 Metabolic Network and Reaction
Profile

The metabolic network of an organism is
treated as a set of the enzymatic reactions.
Consider two different organisms, S and S′,
with metabolic networks N and N ′, respec-
tively. The set R of all reactions included
within the metabolic networks of organisms S
and S′ is taken as R = {r1, r2, · · · , rn} . Here,
multiple isozymes catalyzing the same reaction
were counted only once, and multifunctional
enzymes were counted as many times as they
catalyze different reactions. Enzymatic reac-
tions are distinguished by the combinations of
metabolites —— called “reaction types.” Du-
plication of reaction types is not allowed within
a set R. For R, the reaction profile of organ-
ism X is represented by a bit string Px =
bx1bx2 · · · bxn (a sequence of digits “0” and “1”).
When a bit bxi is set to 1 in a bit string, it means
the corresponding reaction ri (1 ≤ i ≤ n) is
present for organism X, while 0 means the re-
action is absent.

3.2 Similarity Measure between Reac-
tion Profiles

For defining the degree of similarity, a va-
riety of numerical methods, such as the Pear-
son correlation coefficient, have been proposed.
However, in this study, the Tanimoto coeffi-
cient 4),11) was used. The Tanimoto coefficient
is an index that strongly shows the relative cor-
relation between two elements 4).

The degree of similarity T (X, Y ) of the reac-
tion profile Px = bx1bx2 · · · bxn of organism X
and the reaction profile Py = by1by2 · · · byn of
organism Y are defined in accordance with the
Tanimoto (Jaccard) coefficient as follows.

T (X, Y ) =
Nz

Nx + Ny − Nz
(3)

Nx and Ny are the numbers of 1 bits in the reac-
tion profiles Px and Py, respectively, and Nz is
the number of common reactions in both reac-
tion profiles Px and Py. By definition, T (X, Y )
is the number in the range 0 to 1; the closer to
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1, the higher the degree of similarity between
the two reaction profiles, while the closer to 0,
the lower the degree of similarity between the
two reaction profiles.

For example, the reaction profiles of organ-
isms S1, S2, and S3 of Fig. 1 become 1111,
1110, and 0111, respectively. Here, T (S1, S2) =
3/4 = 0.75, and T (S2, S3) = 2/4 = 0.5; thus,
the similarity between the reaction profiles of
S1 and S2 is higher than that between the re-
action profiles of S2 and S3.

3.3 Clustering
Using the degree of similarity T as defined in

Section 3.2, a dissimilarity score D(A, B) was
defined between reaction profiles.

D(A, B) = 1 − T (A, B) (4)
Then, on the basis of the dissimilarity D, a
distance matrix for all organisms was created.
Clustering was performed on the dissimilarity
matrix. Although there are various clustering
methods, such as the group average method and

Table 1 List of organisms used in this analysis.

Organism Code Number of Reactions
Archaea
1 Archaeoglobus fulgidus DSM4304 AfD 791
2 Methanococcus jannaschii DSM2661 MjD 693
3 Methanobacterium thermoautotrophicum delta H MtD 702
4 Pyrococcus furiosus DSM 3638 PfD 720
5 Thermoplasma acidophilum DSM 1728 TaD 502
6 Thermoplasma volcanium GSS1 TvG 773

Bacteria
1 Aquifex aeolicus VF5 AaV 687
2 Borrelia burgdorferi B31 BbB 473
3 Clostridium acetobutylicum ATCC824 CaA 896
4 Caulobacter Crescentus Cc 812
5 Campylobacter jejuni NCTC 11168 CjN 728
6 Campylobacter jejuni RM1221 CjR 682
7 Escherichia coli K-12 EcK 1041
8 Escherichia coli O157 EcO 855
9 Enterococcus faecalis V583 EfV 817

10 Haemophilus influenzae KW20 Rd HiK 836
11 Helicobacter pylori 26695 Hp2 542
12 Helicobacter pylori J99 HpJ 614
13 Mycobacterium leprae TN MlT 745
14 Neisseria meningitidis serogroup A Z2491 NmA 790
15 Neisseria meningitidis MC58 NmM 800
16 Pseudomonas aeruginosa PAO1 PaP 1093
17 Porphyromonas gingivalis W83 PgW 796
18 Streptococcus pneumoniae R6 SpR 848
19 Streptococcus pneumoniae TIGR4 SpT 717
20 Streptococcous thermophilus LMG 18311 StL 762
21 Streptococcus pyogenes MGAS10394 Sy1 874
22 Streptococcus pyogenes MGAS8232 Sy2 768
23 Streptococcus pyogenes SF370 serotype M1 Sy3 868
24 Vibrio cholerae N16961 VcN 848
25 Yersinia pestis CO92 YpC 1184
26 Yersinia pestis KIM YpK 946
Eukarya
1 Human Hu 1187

the centroid method, in this study, the furthest
neighbor method was used in addition to the
method proposed by Hong, et al.

4. Experiments and Results

4.1 Experiments and Results
To evaluate the effectiveness of the proposed

method, the metabolic networks were compared
among different species.

Reaction profiles were constructed from the
MetaCyc database update version 2004-09-27,
33 sequenced organisms (6 archaea, 26 bacte-
ria, 1 eukaryotes). A list of the organisms is
shown in Table 1. Table 1 lists organism name,
abbreviation, and the number of enzyme reac-
tions found in that organism. The number of
enzyme reactions within the table is the number
of enzyme reactions in the metabolic networks
of each species.

The MetaCyc database was provided in flat
file format, and reconstructed with MySQL.
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Fig. 2 Clustering result based on reaction profiles of 33 organisms.

The distance matrix is calculated using
Perl. Statistical processing software R Version
2.3.0 12) was used for clustering and for the cre-
ation of a phylogenetic tree diagram. As a re-
sult, 33 reaction profiles consisting of 3744 bits
were obtained. The phylogenetic tree obtained
as is shown in Fig. 2. The abbreviations (e.g.,
MtD and MjD) in Fig. 2 represent the organ-
ism names, and these correspond to their for-
mal names shown in Table 1.

4.2 Discussion
Within the phylogenetic tree shown in Fig. 2,

the six species of archaea —— Methanobac-
terium thermoautotrophicum delta (MtD),
Methanococcus jannaschii DSM2661 (MjD),
Archaeoglobus fulgidus DSM4304 (AfD), Py-
rococcus furiosus DSM 3638 (PfD), Thermo-
plasma volcanium GSS1 (TvG), and Thermo-
plasma acidophilum DSM 1728 (TaD) ——

were classified within the same cluster (Clus-
ter 1). Further, the sole eukaryote, Human
(Hu), was located apart from these organisms
(Cluster 2). The proposed method successfully
achieved distinct separation of the archaea, the
bacteria, and the eukaryote. The proposed
method showed a similar tendency to the clus-
tering results for archaea and bacteria using the
method of Hong, et al. 8).

The 26 species of bacteria were widely
separated; they were divided into gram-
positive proteobacteria, gram-negative bacte-
ria, and other. Nine species were classified
as gram-positive bacteria, and the eight spe-
ices of gram-positive bacteria —— Streptococ-
cus thermophilus LMG 18311 (StL), Clostrid-
ium acetobutylicum ATCC824 (CaA), Strep-
tococcus pneumoniae R6 (SpR), Streptococ-
cus pneumoniae TIGR4 (SpT), Enterococ-
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cus faecalis V583 (EfV), Streptococcus pyo-
genes MGAS10394 (Sy1), Streptococcus pyo-
genes MGAS8232X (Sy2), Streptococcus pyo-
genes SF370 serotype M1 (Sy3) —— were
classified within Cluster 3. Thus, the gram-
positive bacteria, with the exception of Borre-
lia burgdorferi B31 (BbB), were all found at
relatively neighboring positions within Cluster
3.

BbB was clustered away from the other bac-
teria. The number of enzymatic reactions com-
prising BbB is 473, which is only abound half
the number of enzymatic reactions of Sy3 (868),
which has a similar number of ORFs to the
other bacteria 13) listed in KEGG update ver-
sion 2006-07-04 1). Therefore, there is a strong
possibility that there are deficiencies in the
metabolic reaction data for BbB, and such defi-
ciencies are considered to have an effect on the
clustering results.

In addition, I used the furthest neighbor
method. However, this method is weak with
regard to the outlier 14). This weakness may
have been responsible for the distant cluster-
ing of BbB. It will be necessary to evaluate
which clustering technique is best for the pur-
pose of this research by applying other cluster-
ing techniques, and comparing the results in fu-
ture studies.

Moreover, it is possible that this result was
due to the limitations of the method. The pro-
posed method does not consider the situation
where a similar but not identical reaction be-
tween species —— i.e., “divergent-pathways.”
For example, Escherichia coli has a transferase
that synthesizes citrate and coenzyme A from
oxaloacetate, acetyl-coA and H2O (citrate syn-
thase). However, Chlorobium limicola does not
have the reaction. Instead of the reaction,
Chlorobium limicola has a transferase that syn-
thesizes citrate and coenzyme A from oxaloac-
etate, acetyl-coA, ADP and phosphate (ATP
citrate synthase) 15).

Proteobacteria are generally classified as
α-proteobacteria, ε-proteobacteria, and βγ-
proteobacteria. With regard to the metabolic
networks of these species, while organisms be-
longing in the same species, such as Neisse-
ria meningitidis serogroup A Z2491 (NmA)
and Neisseria meningitidis MC58 (NmM), were
grouped closely together, there was good sep-
aration of each of the groups α, ε, and βγ,
including Aquifex aeolicus VF5 (Aav). These
results show that, among the proteobacteria,

there may exist groups with metabolic networks
similar to those of gram-positive bacteria, as
well as groups with metabolic networks that
are not similar to those of gram-positive bac-
teria. This was recently reported by Zhang, et
al. 16). With regard to these organisms, fur-
ther detailed investigations are required to de-
termine where on the metabolic map their char-
acteristics are located.

Although the proposed method closely resem-
bles the method proposed by Yamada, et al. 4),
there are several important differences, includ-
ing the purposes of the respective methods and
the fact that genes are used as the standard in
the method of Yamada, et al.

5. Conclusions and Future Work

A method was proposed for comparing
metabolic networks among different species
based on their reaction profiles by considering
metabolic networks as a set of enzymatic reac-
tions. This method is a combination of the com-
monly used bit expression for data, the Tani-
moto coefficient method, and clustering, and is
relatively easy to implement. The method was
applied for 33 actual species, and its validity
was demonstrated.

It is anticipated that metabolic network data
will become available in future for a vari-
ety of organisms, including eukaryote-specific
metabolic pathways. It would be possible to
obtain more knowledge considering the diver-
sification of metabolic phenotypes using this
method. Further knowledge will be acquired
by comparison of phylogenetic trees between
metabolic phenotypes and genomic sequences.

Nevertheless, the analysis of metabolic net-
works based on the method proposed here has
the problem that it is markedly impacted by
data deficiencies. Thus, it will be necessary to
introduce (1) verification of influence that lack
of data has on clustering results, (2) consider-
ation of the divergent-pathways, (3) compari-
son of results according to a variety of cluster-
ing methods, and (4) statistical scale that will
guarantee the reliability of results.
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