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Short Communication
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Abstract

In this work we apply a bioinformatics approach to determine the most important enzymes of the metabolic network
of Eucalyptus to determine the coverage of the genome in the FORESTS library. We conclude that the library does
not cover completely the metabolism of the organism. However, some important pathways could be analyzed,
especially the lignin synthesis. We found that four of the most important enzymes predicted are involved in this

pathway.
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The genome sequences of several organisms are
available (Kanehisa and Goto, 2000) currently and the ex-
traction of relevant physiological information from these
data is a major challenge. The metabolic networks recon-
structed from the annotated genomes provide an abundance
of information for exploration with bioinformatics (Karp et
al., 1999). In this article we apply a recently developed
graph analysis of metabolism that predicts important en-
zymes (Lemke et al., 2004) of the metabolic network of Eu-
calyptus. Data were obtained from the non-public database
of the Eucalyptus Genome Sequencing Project Consortium
(FORESTS, https://forests.esalq.usp.br/) that contains ap-
proximately 100,000 expressed sequence tags (ESTs) of
this plant.

Cellular metabolism is a complex network of bio-
chemical reactions catalyzed by specialized proteins called
enzymes. The reactions are organized in modules called
metabolic maps with specific catabolic or anabolic func-
tions. The complete set of metabolic maps forms the meta-
bolic network.

An exponentially growing number of organisms have
sequenced genomes (Devos and Valencia, 2001), and as-
suming that the annotated proteins are expressed, we can
reconstruct the metabolic network of the organism (Karp et
al., 1999).
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The investigation of the influence of enzymes on the
network is a critical issue for the bioengineering and phar-
maceutical industry since they can be targets for drugs
(Karp et al., 1999) or they can be genetically engineered to
change the metabolic output of specific metabolites (Ed-
wards and Palsson, 1997). Our approach investigates the
static structure of the components of the network to infer
causal and physiological relationships. In a previous work
we applied our method to Escherichia coli, whose metabo-
lism has been studied in depth, and found a strong correla-
tion between the damage an enzyme causes to the network
and its essentiality (Lemke ef al., 2004), thus showing the
predictive power the method has for determining important
enzymes. In this work we apply this method to the genome
of Eucalyptus that is an important commercial source of
wood and cellulose. In particular, there is a great deal of in-
terest in the bioengineering of plants involving the meta-
bolic pathways of cellulose and lignin to generate
genetically modified organisms with enhanced production
of cellulose and decreased production of lignin.

In our method we have introduced a new quantitative
criterion for enzyme importance: the damage its removal
causes to the metabolic network (Lemke et al., 2004). In the
absence of complete information about kinetic parameters
and the influence of the regulatory network, we cannot pre-
dict all consequences of the deletion of a specific enzyme;
however, we assume that the essentiality of a protein is not
necessarily related to its level of expression as shown by
Rocha and Danchin (2003) for Escherichia coli and Bacil-
lus subtilis. Using only information about the reactions oc-
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curring in an organism, we can determine the number of
metabolites whose production is prevented by the absence
of the enzyme , which we define as the damage d to the net-
work. d is a measure of the number of disrupted pathways
generated by the removal of the enzyme from the network.
To build the network of metabolic reactions for an organ-
ism, we collect all enzyme codes (ECs) and reactions in-
volved in the small molecule metabolism (Edwards et al.,
2001; Masanori, 2004) of Eucalyptus using the KEGG and
FORESTS databases. The small molecule metabolism is a
subset of the complete metabolism that excludes DNA rep-
lication and protein synthesis reactions (Masanori, 2004).

From the FORESTS database, we obtained HTML
files with the set of ECs and corresponding metabolic maps.
Using this information, we searched KEGG for corre-
sponding reactions to build the metabolic network. This ini-
tial metabolic set of reactions can present inconsistencies
since the annotation of biological sequences is error prone
(Devos and Valencia, 2001). Among the most common
problems we find on annotated genomes is the incorrect at-
tribution of function to some genes and the lack of function
of others. When dealing with annotations based on ESTs li-
braries, we also have to deal with large errors in the nucleo-
tide sequence and the fact that we do not have the complete
genome since low-expressed genes are missed. A key ad-
vantage of this technique is that we can be confident that all
the genes we have are really expressed. Absent genes imply
the generation of inconsistent sets of chemical reactions
with missing or false reactions. In our analysis we verify the
consistency of this set, impossible reactions are removed
and highly probable missing reactions are introduced. This
analysis of consistency is helped by the fact that reactions
produce or use metabolites from other reactions. For exam-
ple, the reaction corresponding to an annotated EC may re-
quire a metabolite that is not produced by any other reaction
or is not available from an external source. Then the reac-
tion is not included in the input reaction set for the simula-
tion. In addition, some reactions require metabolites that
are not produced inside the cell. We determine all external
metabolites required and use them as an input for the simu-
lation. Consequently, our generated set of chemical reac-
tions has higher confidence than the one obtained solely
from the annotation process, but is dependent on its accu-
racy.

The metabolic analysis uses a graphical representa-
tion of metabolism. The graph is directed and has two types
of nodes (formally we classify this structure as a bipartite
graph). One node type represents chemical reactions and
the other metabolites. A link between a reaction and a me-
tabolite points towards the metabolite, if the metabolite is a
product, and in the opposite direction, if the metabolite is a
reactant. We treat reversible reactions as two separate reac-
tions. To calculate the damage, we select an enzyme and
delete all reactions it catalyzes; the number of deleted me-
tabolites is defined as d. For more details see reference
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Lemke ef al. (2004). The method was motivated by experi-
ments of systematic mutagenesis where the importance of
each gene is tested for the survival of an organism. The al-
gorithm can be thought of as an in silico knock out of the
ORF that encodes a given enzyme.

The analysis of the EST sequences of Eucalyptus in
the FORESTS database was restricted to ESTs coding en-
zymes which involved the small molecule metabolism.
Some enzymes were excluded from the analysis (32 ESTs);
these proteins catalyzed reactions whose substrates cannot
be produced by any other reaction and their products are
never used. The reactions we used in our simulation are
present in the following metabolic pathways:

* Alanine and aspartate metabolism;

* D-arginine and D-ornithine metabolism;

* Arginine and proline metabolism;

* D-glutamine and D-glutamate metabolism;

* Electron transport and oxidative phosphorylation;

* Galactose metabolism;

* Glutamate metabolism;

* Glyoxylate and dicarboxylate metabolism;

* Inositol phosphate metabolism;

« Inositol metabolism;

* Lysine biosynthesis;

* Lysine degradation;

* Pyrimidine metabolism;

* Purine metabolism;

* Reductive carboxylate cycle;

¢ Riboflavin metabolism;

» B-alanine metabolism;

* Cysteine metabolism;

* Stilbene, coumarine, and lignin biosynthesis;

» Starch and sucrose metabolism;

* Sterol, vitamin K, vitamin E, carotenoids biosyn-
thesis;

* Tyrosine metabolism;

* Phenylalanine metabolism;

* Tryptophan metabolism;

* Urea cycle and metabolism of amino groups;

* Phenylalanine, tyrosine and tryptophan biosyn-
thesis.

We found incomplete metabolic pathways with miss-
ing enzymes; however, the pathway of lignin production
was possible to analyze. In Table 1 we list, in decreasing or-
der of damage, the enzymes associated with high damage
(d) to the network. These enzymes have a higher probabil-
ity than others of being essential for metabolism (Lemke et
al., 2004). The list includes only enzymes with damage
equal or higher than 6. We found that 204 (58.1% of 351)
enzymes cause damage 0 to the network implying that they
are redundant for the metabolism according to our simula-
tion.

Here we give a brief description of the function of
some of the enzymes in Table 1: phenylalanine ammonia
lyase is involved in the elimination of CH3 and may also act
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Table 1 - List of enzymes of Eucalyptus predicted to be associated with highest damage. First column: Enzyme name and EC. Second column: Damage d.

Third column: metabolic maps in which enzymes participate.

Enzyme name (EC) Damage Metabolic maps in which enzyme participates

1. phenylalanine ammonia lyase (4.3.1.5) 22 tyrosine; phenylalanine; nitrogen; alkaloid (II) biosynthesis

2. 4-coumarate-Coa ligase (6.2.1.12) 16 flavonoids, stilbene, and lignin biosynthesis

3. aldehyde dehydrogenase (1.2.1.5) 12 glycolisis/gluconeogenesis; histidine; tyrosine; phenylalanine

4. mevalonate diphosphate decarboxylase (4.1.1.33) 12 sterol biosynthesis

5. monophenol monooxygenase (1.14.18.1) 12 tyrosine; riboflavin; flavonoids, stilbene and lignin; alkaloid (I)
biosynthesis

6. alpha-galactosidase (3.2.1.22) 11 galactose; glycerolipid; sphingoglycolipid; globoside

7. isopentenyl-diphosphate delta-isomerase (5.3.3.2) 11 sterol; terpenoid biosynthesis

8. cinnamoyl-Coa reductase (1.2.1.44) 9 flavonoids, stilbene, and lignin biosynthesis

9. galactinol-sucrose galactosyltransferase (2.4.1.82) 8 galactose

10. cathecol O-methyltransf. (2.1.1.6) 8 tyrosine

11. L-aminoadipate-semialdehyde dehydrogenase (1.2.1.31) 8 lysine biosynthesis and degradation

12. UDP-glucose 6-dehydrogenase (1.1.1.22) 7 pentose and glucuronate interconversions; starch and sucrose; nu-
cleotide sugars

13. homoserine dehydrogenase (1.1.1.3) 7 glycine, serine, and threonine; lysine biosynthesis

14. caffeate O-methyltransferase (2.1.1.68) 6 flavonoids, stilbene, and lignin biosynthesis

15. succinate-Coa ligase (6.2.1.5) 6 TCA cycle; propanoate; C5-branched dibasic acid; CO2 fixation

16. trimethyllysine dioxygenase (1.14.11.8) 6 lysine degradation

17. dihydrodipicolinate reductase (1.3.1.26) 6 lysine biosynthesis

18. glutathione dehydrogenase (1.8.5.1) 6 ascorbate and aldarate; glutamate; glutathione

on L-tyrosine; 4-coumarate-Coa ligase acts on acid-thiol li-
gation; aldehyde dehydrogenase is an oxidoreductase act-
ing on the aldehyde or oxo group of donors, with NAD" or
NADP™ as acceptors; mevalonate diphosphate decarboxyl-
ase is a lyase involved in sterol biosynthesis; monophenol
monooxygenase is an oxidoreductase acting on paired do-
nors with incorporation of molecular oxygen, with another
compound as one donor, and incorporation of one atom of
oxygen; alpha-galactosidase is hydrolase involved in the
hydrolysis of terminal, non-reducing alpha-D-galactose
residues in alpha-D-galactosides, including galactose oli-
gosaccharides, galactomannans and galactohydrolase; iso-
pentenyl-diphosphate delta-isomerase acts on sterol and
terpenoid biosynthesis cinnamoyl-Coa reductase is an oxi-
reductase that acts on a number of substituted cinnamoyl
esters of coenzyme A; galactinol-sucrose galactosyl-
transferase is involved in the hexosyl group transfer, the
first step in biosynthesis of raffinose sugars; L-amino-
adipate-semialdehyde dehydrogenase is an oxidoreductase
acting on the aldehyde or oxo group of donors, with NAD"
or NADP" as acceptors; UDP-glucose 6-dehydrogenase is
an oxireductase and acts on the CH-OH group of donors,
with NAD" or NADP" as acceptor. Also acts on UDP-2-
deoxyglucose; succinate-Coa ligase is involved in acid-
thiol ligation and formation of carbon sulfur bonds;
dihydrodipicolinate reductase is an oxireductase that acts
on paired donors with incorporation of molecular oxygen,
with 2-oxoglutarate as one donor, and incorporation of one
atom each of oxygen into both donors. Requires Fe™ and
ascorbate.

We concluded that the current FORESTS library pro-
vides an incomplete coverage of the metabolic network of
Eucalyptus since key metabolic compounds cannot be pro-
duced with the available set of enzymes. For example, cel-
lulose, a key structural compound cannot be produced. In
order to produce this substance from the compounds UDP-
glucose and GDP-glucose, the enzymes cellulose synthase
(UDP-forming, EC 2.4.1.12) and cellulose synthase (GDP-
forming, EC 2.4.1.29) are required according to KEGG
map’s Starch and Sucrose Metabolism; however, they are
missing in the FORESTS database. With our analysis we
cannot determine whether this is due to an incomplete li-
brary or due to errors on the annotated enzymes or perhaps
because this metabolic pathway is based on ORFs that have
no homologs in any other sequenced organism. The clarifi-
cation of this point demands experimental investigation.
Some metabolic pathways seem incomplete, for example,
in the Arginine and Proline Metabolism, only 2 enzymes
out of 71 are present in the database and in the cellulose
synthesis pathway, only 11 out of 71 are present. In con-
trast, some pathways, such as the Riboflavin Metabolism
seem complete with 11 out of 13 enzymes present and the
Alanine and Aspartate Metabolism with 33 out of 38. We
must point out that KEGG’s metabolic maps are general for
all organisms and not necessarily all enzymes represented
in these maps exist for a given organism. Additionally, me-
tabolism is a complex network of reactions particular to dif-
ferent groups of organisms.

We also found that 32 enzymes catalyze isolated reac-
tions, indicating that the library is not complete. The list of
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excluded ECs is presented in Table 2. However, the lignin
synthesis could be investigated in our analysis. For in-
stance, we determined that its production is prevented if the
ORFs coding enzymes with ECs 6.2.1.12,4.3.1.5, 1.2.1.44,
1.11.1.7,and 1.1.1.195 are deleted. This information can be
also used to decrease the production of this substance.
Among the most important enzymes, four are related to
lignin biosynthesis (see Table 1).

We searched EC numbers in each enzyme class and
found that oxireductases are the most abundant followed by
transferases, hydrolases, lyases, ligases, and isomerases.
The comparison of the number of ECs with the number of
reactions in each enzyme category suggests that oxi-
reductases and transferases are less substrate specific (ratio
of number of reactions to number of ECs) than any of the
other enzyme classes.

Table 2 - List of enzymes excluded from our analysis. These enzymes
catalyze reactions whose substrates are not produced by any other reaction
and whose products are also not used.

Enzyme name (EC)
nicotinate-nucleotide-dimethylbenzimidazole (2.4.2.21)
beta-mercaptopyruvate sulfurtransferase (2.8.1.2)
cystathione beta-lyase (4.4.1.8)
hydroxymethylglutaryl-Coa reductase (1.1.1.34)
lathosterol oxidase (1.3.3.2)
menadione reductase (1.6.99.2)
mevalonate kinase (2.7.1.36)
2°, 3’ -cyclic-nucleotide 2 -phosphodiesterase (3.1.4.16)
adenosine-tetraphosphatase (3.6.1.14)
aspartoacylase (3.5.1.15)
6.3.2.15 (not available in
KEGG)
tyrosine 3-monooxygenase (1.14.16.2)
pantoate-beta-alanine ligase (6.3.2.1)
pectinesterase (3.1.1.11)
polygalacturonase (3.2.1.15)
oxalate oxidase (1.2.3.4)
formamidase (3.5.1.49)
N-formylglutamate deformylase (3.5.1.68)
glutamine-fructose-6-phosphate transaminase (2.6.1.16)
GMP reductase (1.7.1.7)
cysteine dioxygenase (1.13.11.20)
homoaconitate hydratase (4.2.1.36)
cistathionine gamma-lyase (4.4.1.1)
guanidinoacetate kinase (2.7.3.1)
formylmethionine deformilase (3.5.1.31)
glyceraldehyde 3-phosphate dehydrogenase (1.2.1.12)
glutathione-cystine transhydrogenase (1.8.4.4)
aminobutyraldehyde dehydrogenase (1.2.1.19)
alpha,alpha-trehalase (3.2.1.28)
oxalate decarboxylase (4.1.1.2)
phosphoric monoester hydrolase (3.1.3.-)
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Our results also indicate a high level of redundancy,
this was also observed in E. coli, and even in Mycoplasmas
(Mombach et al., 2005) that have very small metabolic net-
works. The damage values we observed can be considered
small (the maximum value is only 22 compounds); this is a
consequence of the property of clusterization of the meta-
bolic network observed by Ravasz ef al. (2002).

Despite the fact that the metabolic network of Euca-
lyptus is incomplete, this work presents a first step towards
the understanding of its overall metabolism. In future stud-
ies we intend to complement our methodology with other
techniques using flux balance analysis that predict the mat-
ter flux through each reaction (Edwards et al., 2001). An-
other possible extension of our work is to use the technique
proposed by Masanori (2004) that considers explicitly the
flux of the atoms participating in a given reaction.
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