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Resumo

Comumente chamada de “copaiba”; a Copaifera multijuga Hayne (CmH) é uma planta do
género Copaifera (Leguminosae-Caesalpinoideae) que ocorre na Amazonia brasileira. Ex-
traido do tronco das arvores, o 6leo-resina de Copaifera spp. é amplamente utilizado por
povos indigenas da regiao amazonica na medicina popular e tem alto potencial associado
a aplicagoes biotecnoldgicas como agente antimicrobiano, anti-inflamatério, antitumoral,
antinociceptivo, antileishmanial e cicatrizante. O Oleo-resina de Copaifera spp. é com-
posto por acidos resinosos e compostos volateis, principalmente sesquiterpenos e diter-
penos Neste trabalho, sesquiterpenos do 6leo-resina da CmH, cendrios biolégicos para
sua biossintese e seus mecanismos quimicos foram coletados de varios estudos. Com base
nessa coleta de dados, em dados de um transcritoma da CmH e em métodos e ferramen-
tas computacionais, foi reconstruida in silico uma rede metabdlica de sesquiterpenos de
Copaifera multijuga Hayne (CmH). Esta rede metabdlica é uma compilagao de reagdes
enzimaticas cobrindo mecanismos de ciclizacao, compostos preditos e cendrios biolégicos
para a biossintese. Os resultados foram convenientemente armazenados em um banco de
dados em grafos projetado especificamente para esta finalidade, tornando-se localizaveis,
acessiveis, interoperaveis e reutilizaveis. O workflow utilizado para a reconstrugao in silico
funciona para multiplos organismos, bem como pode ser adaptado para diferentes tipos

de mecanismos quimicos alterando o conjunto de regras de gramatica de grafos.

Palavras-chave: Copaifera multijuga, rede metabdlica, sesquiterpenos, banco de dados
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Abstract

Ordinarily named “copaiba”, the Copaifera multijuga Hayne (CmH) is a plant of Copaifera
genus (Leguminosae-Caesalpinoideae) occurring in the Brazilian Amazon. Exuded from
the trunk of trees, the oil-resin of Copaifera spp. is widely used by indigenous people
from the Amazon region for healing and in folk medicine, and it has high associated po-
tential biotechnological applications, such as antimicrobial, anti-inflammatory, antitumor,
antinociceptive, antileishmanial and healing. The oil-resin of Copaifera spp. is composed
of resinous acids and volatile compounds, mainly sesquiterpenes and diterpenes In this
study, a range of CmH oil-resin sesquiterpenes, biological scenarios for their biosynthe-
sis, and its chemical mechanisms were collected from several studies. Based on this data
collection, on CmH transcriptome data, and on computational methods and tools, an
in silico sesquiterpene metabolic network of Copaifera multijuga Hayne (CmH) was re-
constructed. The resulting sesquiterpene metabolic network of CmH is a compilation of
reactions covering cyclization mechanisms, predicted compounds, and biological scenarios
for the biosynthesis. These results were suitably stored in a graph database designed for
it, and they became findable, accessible, interoperable, and reusable. The workflow for
the in silico reconstruction can be used for multiple organisms as well as graph grammar

rules can be added or removed to achieve different types of chemical mechanisms.

Keywords: Copaifera multijuga, metabolic network, sesquiterpenes, database
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Chapter 1
Introduction

Copaifera genus plants (Leguminosae-Caesalpinoideae), ordinarily named “Copaiba”,
grow abundantly in Brazil and several other countries in South America. Copaifera multi-
juga Hayne (CmH) is one of the Copaifera genus plants, being a widespread native species
in the Amazon, not endemic to Brazil, but occurring throughout its northern region. Ex-
uded from the trunk of trees, the oil-resin of Copaifera spp. is widely used by indigenous
people from the Amazon region for healing, and in folk medicine (Junior and Pinto, 2002).

In addition, the oil-resin has associated biotechnological potential for applications
such as antimicrobial (Dos Santos et al., 2008; Mendonga and Onofre, 2009a; Pacheco
et al., 2006), antifungal (Deus et al., 2011, 2009), anti-inflammatory (Brito et al., 2005;
de Matos Gomes et al., 2010; Veiga et al., 2006b, 2007), antitumor (Gomes et al., 2008;
Lima et al., 2003b), antinociceptive (de Matos Gomes et al., 2010; Gomes et al., 2007),
antileishmanial (Santos et al., 2008) and healing (Westphal et al., 2007). The oil-resin
of Copaifera spp., including CmH, is composed of resinous acids and volatile compounds,
mainly sesquiterpenes and diterpenes (Leandro et al., 2012).

Terpenes are a large and varied group of natural products playing significant ecological
roles, such as defense and communication, in addition to various applications in industry
and medicine. They are produced by a range of organisms as plants, fungi and bacteria,
through metabolic reactions catalyzed by Terpene synthases (TPSs) (Dewick et al., 2002).

The isoprene units (five carbons; C5), Isopentenyl Pyrophosphate (IPP) and Dimethy-
lallyl Pyrophosphate (DMAPP) are the main substrates underlying the entire terpene
diversity (Vattekkatte et al., 2018). Isoprene units (C5) give rise to Geranyl Diphos-
phate (GPP) (C10), Farnesyl Diphosphate (FPP) (C'15), and Geranylgeranyl Diphos-
phate (GGPP) (C20), using chain elongation (Vattekkatte et al., 2018).

GPP is the substrate for monoterpenes, FPP for sesquiterpenes and GG PP for diter-
penes. However, FPP and GG PP can also be dimerized to form the precursors of C'30 and
C'40 terpenes (Wink, 2010). Depending on the amount of C'5 isoprene units, terpenes are



named as monoterpenes (C'10), sesquiterpenes (C'15), diterpenes (C20), sesterterpenes
(C25), triterpenes (C30), tetraterpenes (C40) and polyterpenes (> C'40) (Wink, 2010).

Terpene synthases (TPSs) exhibit a wide catalytic range and they may yield a variety
of products from the same substrate (Schifrin et al., 2016; Tholl et al., 2005). There
are two different classes of TPSs: Class I and Class II, defined by catalytically essential
amino acid motifs (Chen et al., 2011) (Liu et al., 2014). FPP is the pivotal precursor of
sesquiterpenes through the action of TPSs I (Zhang et al., 2016).

Regardless of the product, the biosynthesis of a sesquiterpene from FPP begins with
the cleavage of Diphosphate (OPP), which is protonation-dependent on prevalently M g**
(Zhang et al., 2016). The resulting FPP cation may directly lead to the formation of
terpenes, while another path leads to a rotation of farnesyl cation and a new OPP addition,
forming cisoid or transoid Nerolidyl Diphosphate (NPP) (Tholl, 2006). The NPP can
have the OPP cleaved, and the resulting NPP cation also can lead to the formation of
terpenes (Tholl, 2006).

The mechanisms of sesquiterpenes synthesis involve C' — C' bonds formation, cationic
intermediates, Wagner-Meerwein rearrangements, carbocation capture by water and hy-
dride, methyl, or allyl shifts caused by conformational changes of intermediate cations (De-
genhardt et al., 2009; Schifrin et al., 2016; Tholl, 2006). In spite of all the variety of
compounds resulting from the many combinations of cyclizations, it is known that all
of them come from four initial cyclization groups: C1 — C10, C'1 — C11, C'1 — C6, and
C1 — C7 (Christianson, 2017).

In silico metabolic networks are computational models comprising the biosynthesis
reactions performed by a cell (Bazzani, 2014). They are the core of Systems Biology,
and aim to model the interactions that occur during the biosynthesis of metabolites by
an organism in a computationally manageable way. Computational techniques, literature
review, and omics® data are employed to achieve this goal (Caspi et al., 2009; Wang et al.,
2017).

The reconstruction of in silico metabolic networks is dependent on the amount and
quality of available omics data (Le Novere, 2015). In general, in silico methods for re-
construction of metabolic networks infer a hypothetic metabolome from genome data
and existing metabolic reactions databases (Wang et al., 2017). In non-model organisms,
where the genome or transcriptome data are not so abundant, metabolic profiling is an
alternative for metabolic networks reconstructions (Kell et al., 2005).

Another method for metabolic networks reconstruction is the prediction of compounds
and reactions from computational simulations. Currently, there are approaches for gen-

erating these chemical networks through computational simulations such as the Artificial

lgenomics, transcriptomics, metabolomics, among others



Force-Induced Reaction (AFIR) (Maeda et al., 2016) and ‘Modelling Pathways as Integer
Hyperflows” (Andersen et al., 2017).

Concerning the focus and level of detail, a metabolic network can be implemented for
qualitative, quantitative or both objectives. Quantitative simulations in a metabolic net-
work can estimate metabolite amounts, in which case one of the most used methods is the
Flux Balanced Analysis (FBA) (Orth et al., 2010). The expected results of a qualitative
perspective include, but are not limited to, the identification of enzymes and reactions, as
well as other conditions that may influence the formation of a metabolome, like cellular or
tissue location, and interaction with other biomolecules (Bazzani, 2014). The component
detail level in a metabolic network can vary. Metabolic networks comprising chemical
mechanisms can represent the steps of each reaction and its initial, intermediate and final
compounds.

Metabolic networks can be stored in various file formats such as BioPax (Demir et al.,
2010), RDF (RDF, 2014), and SBML (Hucka et al., 2003). Although structured files are
versatile and functional, databases allow the management of more extensive and complex
collections. There are many databases for metabolism such as KEGG (Kanehisa and Goto,
2000) or MetaCyc (Caspi et al., 2014). However, the reactions in these databases are in
fact enzymatic reactions with specific multi-step chemical mechanisms (Andersen et al.,
2013). While there is a considerable amount of knowledge about these multi-step chemical
mechanisms in the literature, as in Christianson et al. (Christianson, 2017), Dickschat et
al. (Dickschat, 2016), and Zhang et al. (Zhang et al., 2016), there are few initiatives with
available specific repositories. Examples of such repositories are Jacob Blog (Jacobson,
2017), which brings a catalog of cyclization schemes and MACiE (Holliday et al., 2012),
where the coverage of lyases? is approximately 6%.

In the context of the in silico reconstruction and storage of metabolic networks, a
comprehensive and consistent data schema supports the FAIR Guiding Principles for
scientific data management (Wilkinson et al., 2016). The scope of this work was defined
with the purpose of supporting the generation and management of knowledge about the
biosynthesis of sesquiterpenes by CmH. The method for the reconstruction of the CmH
sesquiterpene metabolic network focuses on the mechanisms of FPP cyclizations using
computational simulations, literature data, and a graph database to store and make it

available.

2Lyases are the enzymes class to which most TPSs belong.



1.1 Problem

There was no available in silico metabolic network for the sesquiterpenes biosynthe-
sis of Copaifera multijuga Hayne (CmH) comprising chemical mechanisms, and initial,

intermediate and final compounds.

1.2 Objective

The objective of this thesis is to reconstruct, store and make available an in silico
metabolic network for the biosynthesis of the sesquiterpenes present in the Copaifera
multijuge Hayne (CmH) oil-resin comprising the chemical mechanisms.

The following specific objectives assist in achieving the primary objective:

e Generate a chemical network with the sesquiterpenes biosynthesis reactions and

their chemical mechanisms, initial, intermediate and final compounds.

e Define and build a workflow for the in silico reconstruction of metabolic networks

based on the generated chemical network.

e Define and implement a graph database to store the reconstructed metabolic net-

work.

e Implement the workflow as a public and available computational tool.

Description of Chapters

Chapter 2 presents fundamental concepts and information on CmH oil-resin sesquiter-
penes, terpene biosynthesis, in silico reconstruction of metabolic networks, generation of
computational chemical networks, and graph databases. Chapter 3 describes the method
used for the reconstruction and storage of the CmH metabolic network of sesquiterpenes.
Chapter 4 presents the results and discussion where related works, limitations and per-
spectives are explored. Chapter 5 presents the conclusions and future work. Apendix I

presents an expanded abstract in Portuguese.



Chapter 2
Background

This chapter presents the fundamental concepts driving this work. Section 2.1 in-
troduces the Copaifera multijuga Hayne (CmH) and a summary of the identified and
described sesquiterpenes in its the oil-resin. Section 2.2 describes the biological topics on
sesquiterpenes biosynthesis. Section 2.3 presents some of the most important methods
for In silico Metabolic Network Reconstruction. In addition, it introduces the generation
of computational chemical networks based on graph grammar, and the NoSQL graph

databases as an approach for storing biological data.

2.1 Copaifera multijuga Hayne

In Brazil and several other countries in South America, Copaifera genus plants from
family Legquminosae subfamily Caesalpinoideae, ordinarily named ‘Copaiba’, grow abun-
dantly (Costa, 2018; Veiga and Pinto, 2002). Copaiba plants are slow-growing trees living
up to 400 years that can reach 25 to 40 meters in height, and their trunk is rough and
dark (Junior and Pinto, 2002).

The taxonomic system for classification is not unified and Table 2.1 shows some dif-

ferent purposed taxonomies for Copaifera genus (Junior and Pinto, 2002).

Table 2.1: Taxonomic classifications of Copaifera genus.

Engler Cronquist Redeflora

Family Leguminosae Juss. Leguminosae Juss. Fabaceae
Subfamily Caesalpinodae Knt Caesalpinodae R. Br. -
Genus Copaifera Copaifera Copaifera




Copaifera multijuga Hayne (CmH) is a widespread native species in the Amazon, not

endemic to Brazil, but it occurs throughout its northern region as shown in Figure 2.1.

Figure 2.1: Regions where the C'mH can be found in Brazil. (Source: Junior and Pinto
(2002); Martins-da Silva (2006)).

According to the Manual of Seeds of the Amazon, Fascicle 9 (Brum et al., 2009), CmH
can reach 60 m in height, with a diameter at the height of chest (HoC) of approximately
120 cm, which far exceeds the more typical diameter of 40 cm of HoC. The leaves measure
12 to 23 cm, with 8 to 20 elliptical and alternating leaflets. Trees are green most of the
time except at the end of fruiting and before the next flowering. The leave shedding is
often observed during the dry months (Brum et al., 2009). In Central Amazon, new leaves
are produced at the same time as the flowering during the months of less sunshine and
higher rainfall (Brum et al., 2009).

The flowers are white, mono-perianth, with four sepals measuring from 4 to 5 mm,
with a red-rusty tone. They have ten stamens with long and glabrous fillets, inserted
in the bud. Ovaries (up to 4 mm) are uniovulated, more or less globose, densely pilose,
with a curved stylet and captioned stigma. The flowers exude nectar and produce large
amounts of pollen (Brum et al., 2009). Bees, such as Trigona spp. and Aphis mellifera
perform pollination (Rigamonte-Azevedo et al., 2004).

The fruits are vegetables, with an average size of 3.6 x 2.9 x 2.0 cm and an average
weight of 8.5 g, initially yellow to red, becoming dark brown with maturation. They have
a globoid shape, flattened laterally, with asymmetric base and a rounded an mucronate
apex. The fruits open entirely through an invaginated longitudinal suture, and their
pericarp is woody, slightly rough, and composed of two parts; internally it is yellowish-
gray, fibrous and velvety (Brum et al., 2009).

Figure 2.1 shows a branch of CmH with fruits. Figure 2.3, adapted from (Brum et al.,

2009), summarizes the phenology phases observed in the region of Manaus.
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Figure 2.3: Phenology phases of CmH. (Source: Brum et al. (2009)).

The Brazilian Institute of Geography and Statistics (IBGE) provides statistical infor-
mation on the quantity and value of the main products obtained through the process of
exploitation of native forest resources through the System of Plant Extraction and Sil-
viculture (PEVS) (IBGE, 2018). Figure 2.4 shows a time series of volume (in tonnes)
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and amount (in R$) of Copaiba oil-resin extracted for commercial purposes from Brazil-
ian forests according to PEVS. Looking at the data since 2013, although production is
relatively stable, the value of the product has increased by approximately 74%.

Copaiba oil-resin — produced volume (ton) Copaiba oil-resin — amount (Million R$)

2011 2012 2013 2014 2015 2016 2011 2012 2013 2014 2015 2016
Year Year

Figure 2.4: Produced volume (in tonne) and amount (in R$) of Copaiba oil-resin extracted
for commercial purposes from Brazilian forests. (Source: IBGE (2018)).

Sesquiterpenes of Copaifera multijuga Hayne

The oil-resin of Copaifera spp., exuded from the trunk of the trees, is composed of
resinous acids and volatile compounds mainly sesquiterpenes and diterpenes (Leandro
et al., 2012). In its diversity, although similar, the Copaifera spp. oil-resin varies in
composition and applications (Veiga et al., 2007), being widely used by indigenous people
from the Amazon region for healing and folk medicine (Veiga et al., 2006b).

Also, the oil-resin properties have been the subject of research in areas as healing (Le-
andro et al., 2012), anti-inflammatory (Brito et al., 2005; de Matos Gomes et al., 2010;
Veiga et al., 2006a, 2007), antimicrobial (Deus et al., 2011, 2009; Dos Santos et al., 2008;
Mendonga and Onofre, 2009b; Pacheco et al., 2006), antitumor (Gomes et al., 2008; Lima,
et al., 2003b), antinociceptive (de Matos Gomes et al., 2010; Gomes et al., 2007), and
antileishmanial applications (Santos et al., 2008).

In this work, the diversity and amount of the identified CmH sesquiterpenes in oil-resin
from the results of several studies as (Lima et al., 2003a), (Veiga et al., 2006a), and (Junior
et al., 2007) was summarized, as shown in Table 2.2. Figures 2.5, 2.6, 2.7, and 2.8 show
the chemical structure and the average concentration percentages for respectively the

polycycle, tricycle, bicycle, and mocycle sesquiterpenes identified in CmH oil-resin.
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Figure 2.5: Policycle sesquiterpenes found in oil-resin of CmH supplemented by their
average percentages.
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Figure 2.6: Tricycle sesquiterpenes found in oil-resin of CmH supplemented by their
average percentages.
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Figure 2.7: Bicycle sesquiterpenes found in oil-resin of CmH supplemented by their aver-
age percentages.



Hyf Hy CH, I#.C ,=CH,
H,C. H.C
H, Hy H;
we St H, H,¢” CH, H,C” “CH,
a-humulene germacrene D germacrene B a-elemene
7.7% 2.2% 0.9% 0.5%
PG /=CH,
CH, CH, ch
HC !
H, Hy
B-bisabolene B-sesquiphellandrene zingiberene B-elemene
0.3% 0.1% <0.1% <0.1%
H,C s oA,
! CH,
—
H, H, He H,C™
H
HCc ~s L H.C H
bicycle germacrene  a-bisabolol  a-bisabolene oxide  B-bisabolol
<0.1% 3% 0.4% 0.2%

Figure 2.8: Monocycle sesquiterpenes found in oil-resin of CmH supplemented by their
average percentages.

Table 2.2: Diversity and amount of the identified CmH sesquiterpenes in oil-resin.

Sesquiterpene (Lima et al., 2003a)  (Veiga et al., 2006a)  (Veiga et al., 2006a)  (Junior et al., 2007) Average percentage
B-caryophyllene 57.46 29.6 58.4 57.5 50.7
a-humulene 8.28 5.7 8.4 8.3 7.7
caryophyllene oxide 0.54 13 0.5 0.5 3.6
a-copaene 2.51 5 2.5 2.5 3.1
a-bergamotene 2.58 4.4 2.6 2.6 3.0
epi-a-bisabolol 0 3 0 0 3.0
germacrene D 2.42 1.5 2.5 2.4 2.2
a-caryophyllenol 0.74 5.8 0.8 0.7 2.0
~y-amorphene 1.88 2.3 1.9 1.9 2.0
calarene 0.3 5.3 1.1 0.3 1.8
o-cadinene 1.67 1.9 1.7 1.7 1.7
a-cadinol 0 2.2 0.4 0 1.3
T-cadinol 0 1.2 0 0 1.2
cedrol 0.37 3.6 0.4 0.4 1.2
a-cedrene 1.12 0 0 1.1 1.1
14-hydroxycaryophyllene 0 1 0 0 1.0
germacrene B 0.98 0.7 1 1 0.9
~y-cadinene 0.58 1.3 0.6 0.6 0.8
a-elemene 0.34 1 0 0.3 0.5
cadalene 0.36 0.9 0.4 0.4 0.5
a-bisabolene oxide 0.42 0 0 0.4 0.4
a-cadinene 0.24 0.7 0.2 0.2 0.3
a-cubebene 0.3 0.4 0.3 0.3 0.3
aromadendrene 0.15 0.6 0 0.2 0.3
[-bisabolene 0.33 0 0 0.3 0.3
[-bisabolol 0.09 0.7 0.1 0.1 0.2
acetoxy-caryophyllene 0.23 0 0 0.2 0.2
[-vetivene 0.12 0.5 0.1 0.1 0.2
ledol 0 0 0.2 0.2 0.2
guaiol 0.19 0 0.2 0.2 0.2
[-sesquiphellandrene 0.1 0.2 0.1 0.1 0.1
longifolene 0.11 0 0 0.1 0.1
Total of sesquiterpenes 84.41 92.5 84.4 84.6 92.47
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2.2 Sesquiterpenes biosynthesis

The metabolites produced in a cell come from metabolic reactions of biosynthesis or
degradation that transform chemical compounds (substrates) into other chemical com-
pounds (products) (Nelson et al., 2008), (Michal and S., 2012). According to Harris (Har-

ris, 2013), some criteria are required to classify a compound as a metabolite:

metabolites are recognized and affected by enzymes;

the product of a reaction may be the substrate for another reaction;

metabolites have a finite existence not accumulating in the cells;

metabolites must have a biological role in the cell, including regulation of its metabolism.

The genome encodes information to produce particular proteins that catalyze the
metabolic reactions and which are called enzymes. Reactions often require a cofactor,
which is an additional inorganic or organic molecule, in this last case, it is a coenzyme (Fis-
cher et al., 2010; Nelson et al., 2008). The set of metabolic reactions that are essential
for an organism, e.g., cellular respiration, comprises the primary metabolism (Michal and
S., 2012). The secondary metabolism includes a set of metabolic reactions, which are not
essentially necessary to the organism and tends to be specific over species.

The biosynthesis of secondary metabolites is a highly coordinated process that includes
the formation of a 'metabolome’ and a secondary metabolic network. The metabolome
is the quantitative complement of low-molecular-weight metabolites present in cells under
a set of physiological conditions (Kell et al., 2005; Oliver et al., 1998). This network may
also require different types of cells, using a range of cell compartmentalization features,
particularly in plants, both to ensure specific biosynthesis and to prevent interference
from extraneous molecules during the process (Wink, 2010).

According to Keller (Keller et al., 2005), the classes of secondary metabolites are
Polyketides (PKS), Non-ribosomal peptides (NRP), Alkaloids and Terpenes. Among the
secondary metabolites, terpenes are a large group of metabolites playing significant eco-
logical roles, and especially those produced by plants, act as a defense against microor-
ganisms, insects and herbivores, as well as a signal to attract insects, animal dispersers of
seeds or fruits, and herbivorous insect predators (Jorgensen et al., 2005).

The canonical metabolic pathway for the biosynthesis of terpenes is the Mevalonate
pathway (MVA), which can produce IPP and DMAPP from acetyl-CoA (Lombard and

'First use of the term metabolome in the literature: (Oliver et al., 1998)
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Moreira, 2011). MVA pathway was first identified in yeast and mammals in the 1950s (Lom-
bard and Moreira, 2011). Since then, it was believed to be the only pathway for the for-
mation of terpenes until the 1990s, when the Methylerythritol phosphate pathway (MEP),
capable of generating IPP and DMAPP from D-glyceraldehyde-3-phosphate (G3P) and
pyruvate, was discovered in bacteria and plants (Lombard and Moreira, 2011).

The MVA pathway generally occurs in eukaryotes, archaea, and the upper plant cy-
tosol while the MEP pathway occurs in eubacteria, green algae (Lohr et al., 2012), and
chloroplasts from higher plants (Kuzuyama, 2002). However, there are exceptions for both
pathways, among them, a group of eukaryotes with plastids (Apicomplexa and some photo-
synthetic eukaryotes) which synthesize IPP and DMAPP from the MEP pathway (Lange
et al., 2000). In addition, the MEP pathway may contribute to cytosolic biosynthesis of
sesquiterpenes by allowing IPP to be shuttled from plastids to cytosol (Arimura et al.,
2008).

The biosynthesis of terpenes can be understood in three stages. The first stage is the
formation of the Cy units of isoprene: IPP or DMAPP from MVA or MEP pathways.
In the second stage, C'5 units of isoprene are condensed to generate three higher prenyl
diphosphates, geranyl diphosphate (GPP: C10), farnesyl diphosphate (F'PP: C'15) and
geranylgeranyl diphosphate (GGPP: C20). In the third stage, GPP, FPP, and GGPP
undergo Terpene synthases (TPSs) catalysis through a wide range of changes in bond-
ing, hybridization, and rearrangements on the carbon skeletons during a cyclization cas-
cade initiated by the formation and propagation of highly reactive carbocation interme-
diates (Christianson, 2006). Figure 2.9 presents the three stages for the biosynthesis of
terpenes and a scheme for plant MEP and MVA pathways.

Depending on the amount of C'5 units, terpenes are named as monoterpenes or iridioids
(C10), sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25), triterpenes (C30),
tetraterpenes (C'40) and polyterpenes (> C40) (Wink, 2010). GPP gives rise to monoter-
penes, FPP to sesquiterpenes and GGPP to diterpenes. However, FPP and GGPP can
also be dimerized to form the precursors of C5y and Cyy terpenoids.

TPSs are the enzymes that catalyze the reactions involved in the biosynthesis of ter-
penes. They exhibit a wide catalytic range and they may yield a variety of products from
the same substrate (Schifrin et al., 2016; Tholl et al., 2005). The formation of multiple
products can be related to many aspects as the substrate geometry (Hong and Tantillo,
2009; Vattekkatte et al., 2015) or minor changes in TPSs structures, which can result
in different carbocation intermediates (Schifrin et al., 2016; Singh and Sharma, 2015).
Even in closely related TPSs genes, their expression may be influenced by factors such
as tissue-specificity (Chen et al., 2003, 2004; Ro et al., 2006; Tholl, 2006), or induced
response (Mercke et al., 2004; Schnee et al., 2006; Yuan et al., 2008).
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Figure 2.9: Three stages of plant MEP or MVA terpenoid biosynthesis pathways.

There are two different classes of TPSs: Class I and Class 11, defined by catalytically
essential amino acid motifs (Chen et al., 2011; Liu et al., 2014). TPSs I convert linear, all-
trans, isoprenoids, geranyl (C10)-, farnesyl (C15)-, or geranylgeranyl (C20)-diphosphate
into numerous varieties of monoterpenes, sesquiterpenes, and diterpenes. The TPSs I bind
their substrate by coordination of a trinuclear divalent metal ion catalytic site (generally
a Mg>T), consisting of a central cavity formed by mostly antiparallel a-helices. This
catalytic site has an aspartate-rich DDxaD/FE motif, and often another NSE/DTE
motif in the C-terminal portion (Kempinski et al., 2015; Lesburg, 1997; Oldfield and Lin,
2012).

TPSs II act by triggering GGPP protonation which results in successive carbocations
and cyclizations to form, for example Copalyl Diphosphate (CPP) (Liu et al., 2014; Old-
field and Lin, 2012). The Dx DD motif of the TPSs II (distinct from the TPS 1 DDzxD/E
motif) catalyzes the reaction, also using a Mg*" cofactor to assist substrate binding and
positioning (Gao et al., 2012).

Particularly for plants, and based on the homology of sequences, Bohlmann (Bohlmann
et al., 1998) classified the TPSs into six subfamilies: a, b, ¢, d, e, and f. Nowadays,
there are seven subfamilies, since the addition of TPS-g (Dudareva et al., 2003). This
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classification has been revised and updated as new discoveries come out, as in (Martin
et al., 2004) and (Chen et al., 2011).

Under the evolutionary aspect, it is agreed that all plant terpene synthases share a
common ancestor, and the TPSs speciation events are close related to the separation
between angiosperms and gymnosperms (Martin et al., 2004; Singh and Sharma, 2015).

Like other proteins, the sequence of amino acid residues influences its three-dimensional
structure (Liu et al., 2014). Mutations in these amino acids can affect their structure,
and hence their function, causing changes in the efficiency, specificity, or concentration
of their products (Hong and Tantillo, 2009; Keeling et al., 2008; Liu et al., 2014; Zhuang
et al., 2012), (Chen et al., 2014).

In addition to conserved domains, the TPSs structure influences their specialization,
since they may contain one or more of six main fold types: a, 3, v, d, €, and (, giving rise
to structures of TPSs (Liu et al., 2014; Oldfield and Lin, 2012). Three of these domains,
a, B and ~, are present in plant TPSs. A summary of the homology and structure based
classifications of plant TPSs can be seen in Figure 2.10, where the TPS I family can have
a,b,d, an e/ f subfamilies. Also, TPS I family can have o or @ and /3 structures. TPS II

family have only subfamily ¢, but have «, 8, and v structures.

TPS | TPS Il
DDxxD motiff DxDD motiff
— Plantae e/f c
—— Gymnosperm d
Angiosperm* a b
N A
Substrate GPP, FPP, GGPP GPP GPP, FPP, GGPP CPP GGPP ’
Monoterpenes Monoterpenes DitaTene
Product Sesquiterpenes Monoterpenes Sesquiterpenes P Diterpenes
. 3 scaffolds
Diterpenes Diterpenes
ap a p v

Figure 2.10: Plant terpene synthases classification.

FPP is the pivotal precursor of sesquiterpenes through of TPS I action (Zhang et al.,
2016). Regardless of the product, the biosynthesis of a sesquiterpene from FPP begins
with the cleavage of OPP, which is protonation-dependent pricipally on Mg¢** (Zhang
et al., 2016). The resulting FPP cation may directly lead to the formation of terpenes, or
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it can pass through a rotation and a new OPP addition, forming cisoid or transoid NPP,
from which the OPP is cleaved again (Tholl, 2006).

The mechanisms of sesquiterpenes synthesis formation involve C'— C bonds formation,
cationic intermediates, Wagner-Meerwein rearrangements, carbocation capture by water
and hydride, methyl, or allyl shifts caused by conformational changes of intermediates
cations (Degenhardt et al., 2009; Schifrin et al., 2016; Tholl, 2006). In spite of all the va-
riety of compounds resulting from the enormous amounts of combinations of cyclizations,
it is known that all of them come from 4 initial cyclization groups: C'1 — C10, C1 — C11,
C1— (6, and C'1 — C7 (Christianson, 2017). The Figure 2.11 illustrates this scenario.
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Figure 2.11: Initial cyclizations from FPP. (Source: Vattekkatte et al. (2018)).

2.3 In silico Reconstruction of Metabolic Networks

In silico metabolic networks are the core of Systems Biology, and aim to model the
interactions that occur during the biosynthesis of metabolites by an organism in a com-
putationally manageable way. Computational techniques, literature review, and omics?
data are employed to achieve this goal (Caspi et al., 2009). The reconstruction of in
silico metabolic networks is dependent on the amount and quality of available omics
data (Le Novere, 2015).

2genomics, transcriptomics, metabolomics, among others
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A metabolic network comprising all possible reactions performed by a cell, is called
genome-scale metabolic network (Bazzani, 2014). In general, methods for reconstruc-
tion of metabolic networks infer a hypothetical metabolome using genome data and ex-
isting repositories of metabolic reactions. These qualitative results have relevance for
exposing the metabolic diversity among the organisms. Examples of these methods are
PathFinder (Goesmann et al., 2002), Optstrain (Pharkya et al., 2004), ab initio recon-
struction of metabolic pathways (Boyer and Viari, 2003), FUNGIpath (Grossetéte et al.,
2010) and PathwayTools (Caspi et al., 2014), among others.

After a qualitative reconstruction of a metabolic network, quantitative analysis can be
performed under the chosen availability of external nutrients simulating the active part
of the network (Bazzani, 2014). The objective of these simulations is to verify how effi-
ciently the metabolic targets are synthesized assuming a steady-state where all produced
metabolites need to be consumed in the cell. This approach simplifies the computational
complexity of the mathematical problem since generally, simulations do not take into ac-
count the time during which the cell metabolism is a quasi-steady-state (Bazzani, 2014).
Also, it is possible to introduce ‘perturbations’ in the system to compare the results (Baz-
zani, 2014). Examples of perturbations are the limitation of external nutrients, knock-out
of genes encoding enzymes, and the introduction of inhibitors. Quantitative simulations
in metabolic networks can estimate metabolite amounts, in which case one of the most
commonly used methods is the Flux Balanced Analysis (FBA) (Orth et al., 2010). Ex-
ceeding the FBA approach, others initiatives such as Dynamic Flux Balance Analysis
(DFBA), have been studied, enabling future developments towards whole-cell models,
including spatio-temporally varying and multicellular systems (QDyas and Stelling, 2017).

In non-model organisms, where genomic or transcriptomic data are not so abundant,
the use of metabolic profiling is an alternative for reconstructing metabolic networks qual-
itatively. Metabolic profiling is cheaper and has higher throughput than proteomics and
transcriptomics, in addition, it favours the analysis of large numbers of samples (Kell et al.,
2005). Changes in the metabolome vary widely relative to changes in the transcriptome
and proteome, and are arguably more tractable numerically (Oliver et al., 1998).

Beyond the methods, it is necessary to design a comprehensive and consistent data
model which copes with the challenge of efficiently storing a metabolic network, while also
achieving the FAIR principles. Databases of metabolic pathways have been constructed
since 1989 (Selkov et al., 1989b) through distinct methods, but only recently for storing
metabolic networks as in (Silva et al., 2017) and (Fabregat et al., 2018). There are distinct
approaches for storing metabolic networks, as summarized in Table 2.3.

The level of detail of a metabolic network varies with regard to the range and amount

of data. As for metabolic reactions, for example, a network may or may not contain the
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chemical mechanisms and intermediate compounds of a reaction. MACIE (Holliday et al.,
2012) is an example of a database of the chemical mechanisms of enzymatic reactions.
Another issue is how to computationally reproduce the details of enzymatic reactions,

leading to an exploration of Biochemical Networks.

Table 2.3: Strategies of storage of some of the main methods or databases related to
metabolic networks.
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Factographic data bank (Selkov et al., 1989a) X
Integrated database (Baher et al., 1992) X
Metabolic knowledge (Karp and Paley, 1994) X
Petri net (Reddy et al., 1993) X
Gaasterland and Selkov (Gaasterland and Selkov, 1995) X
KEGG (Kanehisa and Goto, 2000) X
ERATO (Hucka et al., 2001) X
PathFinder (Goesmann et al., 2002) X
Optstrain (Pharkya et al., 2004) X
Ab initio reconstruction (Boyer and Viari, 2003) X
Genome-scale reconstruction (Forster et al., 2003) X
Petri Net in systems biology (Pinney et al., 2003) X
Yeast reconstruction (Herrgard et al., 2008) X
FUNGIpath (Grossetéte et al., 2010) X
FARM (Dreyfuss et al., 2013) X X
2Path (Silva et al., 2017) X
Reactome (Fabregat et al., 2018) X

2.3.1 Biochemical Networks

Molecules as Undirected Graphs

A convenient and natural way to model chemical molecules is using undirected graphs.
Substrates or products of metabolic reactions are molecules, which can be represented as
undirected graphs where the vertices denote atom types, and the number of edges between

the vertices denotes bond types.
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An undirected graph G can be defined as an ordered pair (V, F) consisting of (Bondy
et al., 1976):

(i) a nonempty set of vertices V;

(ii) a set of edges F disjoint of V;

An edge can be represented by e; = (v;, vj). Example of undirected graph:

V= {Ulv V2, Ug}
E: {61,62}
€1 = (U17 Uz),€2 = (02, U3)

Figure 2.12 shows an example of this abstraction for representing molecules as undi-
rected graph. Figure 2.12a shows the set of vertices V' composed by v; and vs. The set
of edges F is composed only by e;. A Carbon (C) and a Hydrogen (H) atoms can be
represented labeling the elements of V. The single bond between C' and H is represented
by e;. Figure 2.12b shows the set of vertices V' composed by v; and vs. The set of edges
E is composed by e; and e;. A Carbon (C) and Oxygen (O) atoms represented labeling
the elements of V. The double bond between C' and O is represented by the edges e; and

€a.
€ € e,
1 e,
(" ©O——®
V={vy, vp} V ={C, O}
V={v,v, ¢
E iv*se\; / VE i?e |}-i} E={e, e} E={e, e}
€ = (V1,1V2) e = (C,1H) € = (V17 V2) e, = ((g, g))
e, = (Vi) Vy) e,= (L,

(a) Single edge representing a single bond. (b) Two edges representing double bonds.

Figure 2.12: Abstraction for representing molecules as undirected graph.

As a concrete example, Figure 2.13 shows a molecule of FPP represented as an undi-
rected graph. Note that in this example the vertices are not drawn inside a circle, and
the edges are not labeled. The labeled atoms C', H, P, and O represent respectively
Carbon, Hydrogen, Phosphorus, and Oxygen are the vertices. The bonds between the
atoms are the edges, emphasizing that single edges represent single bonds and double

edges represent double bonds.
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Figure 2.13: Molecule of FPP represented as an undirected graph.

Graph Grammar

Graph grammars, or graph rewriting systems, are proper generalizations of term
rewriting systems (Andersen et al., 2013). Graph grammar rules provide a suitable rewrit-
ing formalism to express the feasible chemical transformations in molecules abstracted as
undirected graphs. Using graph grammars rules, the undirected graphs that describe
molecules can be transformed into other distinct undirected graphs describing distinct
molecules. Structural changes in molecules during chemical reactions can be modeled
as graph rewriting rules while preserving the fundamental chemical principles like mass
conservation, atomic types, and cyclic shifts of electron pairs (Andersen et al., 2013).

Double Pushout (DPO) (Lowe, 1993) is a particular rewriting formalism for graph
transformations that covers changes of undirected graph molecules in a rather explicit
and detailed way (Andersen et al., 2013). The DPO considers transformation rules of
form p = (L LKL R) where L, R, and K are called the left graph, right graph, and
context graph, respectively. The map [ is graph morphism [ : K — L and r is a graph
morphism r : K — R.

The rule p transforms G to H, in symbols G 22 H, if there is a pushout graph D
and a ‘matching morphism’ m:L = G such that Diagram 2.1 is valid:

| r

11 ]
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There is a ‘gluing condition” which determines the existence of D whether the rule p

is applicable to match in GG. The ’gluing condition’ has two constraints:

1. There are not distinct elements x,y of L with m(xz) = m(y) and y & I(K).

2. No edge e of G : m(l) is incident to a node in m(L : [(K)).

The first constraint ensures the atoms’ conservation, while the second one ensures that
a bond is not both in the context and in the transformed graph at the same time.

An example of a DPO rule ((L A KL R)) representing a 1, 3 hydrideshift is specified
by three graph fragments in Graph Modeling Language (GML) format (Himsolt, 1997)

as can be seen in the Figure 2.14:

L K R

c c c
Y.

PN AN

c C+ C+ c

A
\d

(a) Graphical representation of the graph grammar rule.

# (Sandbeck, 2016) https://doi.org/10.1021/acs.joc.5b02553
rule [

ruleID "1,3 hydride shift"

left [

node [ id 1 label "C+" ]

node [ id 3 label "C" ]

1

context [

node [ id 2 label "C" ]

edge [ source 1 target 2 label "-" ]
edge [ source 2 target 3 label "-" ]
]
right [

node [ id 1 label "C" ]
node [ id 3 label "C+" ]
1

]

(b) GML code for the graph grammar rule.

Figure 2.14: A graph grammar rule representing an 1,3 hidrid shift.

Metabolic Networks as Hypergraphs

Metabolic networks can be abstracted considering both multiple reactions and multiple
chemical mechanisms in a single reaction. Both levels of abstraction comprise many-to-
many relationships. One example of this is the KEGG reaction (R08695) for the (-
farnesene formation. In the level of reaction, the FPP is converted into S-farnesene and
OPP, as can be seen in the Figure 2.15.
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However, in the level of mechanism, there are hidden intermediate molecules and
chemical transformations. After the cleavage of the OPP, a FPP cation molecule is
formed. Then, the FPP cation loses a H™ giving the final product S-farnesene. This
example of S-farnesene formation is shown in Figure 2.15 with their differences for both

reaction and mechanism levels highlighted.

Reaction level
X N
=
OH OH
/
o— ﬁL o— ﬁ— OH l ‘
FPP o o
B-farnesene
/OH /OH
'Q—ﬁ—o—ﬁ— OH
OPP
N >
FPP ‘ ‘ ‘ ‘ i
o o FPP cation p-farnesene
OH OH
4>0_ﬂ_o—ﬂ—0H L———— H+
OPP-

Figure 2.15: Reaction and mechanism levels of abstraction for the S-farnesene formation.

Directed hypergraphs are a suitable topological representation for metabolic networks
in both reactions and chemical mechanisms levels. Directed hypergraphs can model both
chemical reactions and their chemical mechanisms representing their many-to-many rela-
tionships with molecules through hyperedges (Andersen et al., 2017). A directed hyper-
graph is a hypergraph with directed hyperedges.

A hypergraph H can be defined as a pair (V, &) consisting of (Gallo et al., 1993):

(i) a nonempty finite set of vertices V = {V},Va,...,V,}, with V; CV fori=1,...,n
(ii) a set of edges & = {E1, Fs, ..., Ey}, with E; C Efori=1,...,m.

The edges £ in a hypergraph are called hyperedges. A directed hyperedge is an ordered
pair, E = (V1,V3), of disjoint subsets of V; V; is the tail of E while V4 is its head (Gallo
et al., 1993). Figure 2.16 shows an example of directed hypergraph and its graphical

representation.
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In the context of molecules as undirected graphs (G), V = {G1,Ga,...,G,}. The

chemical transformations occurring with the molecules are represented by € = {FE1, Es, ..., E,,}.
Es
G
Vi={v}
V={V,, V;}

E: = ({v1), {vo, v3})

Figure 2.16: Example of a hypergraph.

Taking the example shown in Figure 2.15, both in reaction and mechanism levels,
the compounds can be abstracted as vertices (represented as undirected graphs) and the
transformations as hyperedges forming a directed hypergraph.

The Figure 2.17 shows the same example of the Figure 2.15 under the directed hy-
pergraph perspective. Figure 2.17a graphically presents the abstraction of the directed
hypergraph for S-farnesene in reaction level. Figure 2.17b graphically presents the ab-

straction of the directed hypergraph for S-farnesene in chemical mechanism level.

Vy={FPP}
Vo= { B-farnesene, OPP"}

Ey={Vy, Vo)

(a) Directed hypergraph for -farnesene in reaction level.

Vy ={FPP}
Vp ={ OPP", FPP cation }
V3 ={ FPP cation }
V4 ={ B-farnesene, H*}
Eq={V1,V2}
E2={V3 V4}

(b) Directed hypergraph for S-farnesene in chemical mechanism level. There is a depen-
dency between the highlighted red and blue sets.

Figure 2.17: p-farnesene formation abstracted as a directed hypergraph for both reaction
and mechanism levels.
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Representing chemical networks with Med®@lDatschgerl

The framework Med@1Datschgerl (Andersen et al., 2016) provides a set of tools to
generate and investigate large chemical networks. In Med@lDatschgerl, each molecule is
handled as an undirected graph where an atom is a vertex, and a bond is an edge. Then,
based on DPO graph grammar rules, the molecule graphs can be rewritten when they
match partially, or totally, a rule simulating a feasible chemical mechanism (Andersen
et al., 2013) (See Diagram 2.1).

A chemical universe of molecules can be reached from a set of start compounds by
iterative application of a finite number of reactions (Andersen et al., 2014). Then, a
derivation graph can be generated by successively applying the rules to an initial set of
molecules and their successive and cumulative results. The resulting chemical reaction
network of a simulation is a directed hypergraph, which preserves the atoms’ type, mass,
and charge (Andersen et al., 2016).

In addition, Med@IDatschger] can work with Simplified Molecular-Input Line-Entry
System (SMILES) format (Minkiewicz et al., 2017), allowing the chemical structures to
be represented unambiguously and in a manner that permits automated reasoning (An-
dersen et al., 2016). The FPP molecule, for instance, can be represented as the SMILES
string:“CC(= CCCC(= CCCC(= CCOP(= 0)(O)OP(= 0)(0)0)C)C)C”. Figure 2.18
shows an example of a DPO graph grammar rule for diphosphate cleavage from FPP. Fig-
ure 2.18 also shows the match of the rule with the molecule and the subsequent rewriting
of the original graph (FPP) to two other molecules: farnesyl cation and a diphosphate
anion.

The Med®@1Datschgerl can be driven using PyM®D, a Python 3 module for bindings
library libM@D. It produces a hypergraph, which can be computationally exploited in-
memory and conveniently exported in a pdf report. It is important to note that the

resulting hypergraph is not stored after execution of the program.

2.3.2 NoSQL Graph Databases

NoSQL databases have occupied significant space in managing large volumes of data
in many areas including omics. This can be explained by the need for solutions for man-
aging High-Throughput Sequencing Technologies (HTS) or Next Generation Sequencing
(NGS) data. These are expected to meet simultaneously fast data access requirements
through database systems, high-performance analytics tools, and efficient and interactive
visualization capabilities for large volumes of data (De Brevern et al., 2015).

Although NoSQL movement does not have a consensual definition, the literature points

out that NoSQL is an umbrella term for non-relational database systems that provide
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rule [
left [
node [ id 16 label "0" 1]
node [ id 3 label "C"
edge [ source 3 target 16 label "-" ]

—

context [

node [ id 1 label "C" ]

node [ id 2 label "C" ]

node [ id 17 label "P" ]

node [ id 18 label "*" ]

edge [ source 1 target 2 label "=" ]
edge [ source 2 target 3 label "-" ]
edge [ source 16 target 17 label "-" ]
edge [ source 17 target 18 label "-" ]
]
right [

node [ id 16 label "0-" ]
node [ id 3 label "C+" ]

Figure 2.18: Graph grammar rule and its application over a graph representing a molecule.

mechanisms for storing and retrieving data, whose modeling is an alternative to tradi-
tional relational databases. According to Corbellini (Corbellini et al., 2017), there are
different types of NoSQL management systems for structured data storage systems, com-
monly classified as Key-Value; Wide Column or Column Families; Document-oriented;
and Graph-oriented databases, henceforth, graph databases. Despite this classification,
the NoSQL databases may be hybrids, that is, they can use more than one storage man-
agement model.

Graphs naturally describe a problem domain and graph databases assemble simple
abstractions of vertices and relationships in connected structures, thus allowing models to
be build and mapped more closely to the problem domain. Graph databases are Database
Management Systems (DBMS) with Create, Read, Update, and Delete (CRUD) methods,
which can store graphs natively or serializing the graph data into a different database

model (Robinson et al.; 2013). The schema in graph databases can store data in the
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vertices, and also in the edges, depending on the database (Silva et al., 2017).

A significant aspect of graph databases is the way they manage relationships between
entities. It is similar to storing pointers between two objects in memory. Regarding
queries performance, indexes can make the data recovery more efficient.

The lack of schema in NoSQL graph databases, despite offering flexibility, can also
remove the interoperability pattern from the data (Lysenko et al., 2016). A graph database
schema may positively influence the maintainability of the graph databases. It enables
the study of the best graph schema for the data, and their relationships with regard to
the normalization of data. A significant point to explore here is the threshold where
the granularity of the vertices negatively influences the complexity and performance of
the queries. Graph Description Diagram for Graph Databases (GRAPHED) (Van Erven
et al., 2018) offers rich modeling diagrams for this purpose.

The performance and intuitiveness of queries in graph databases seems to be the main
reason to use them as discussed in (Fabregat et al., 2018). Graph queries are more concise
and intuitive compared with equivalent SQL queries, which are complicated by joins. In
addition, the engine of the graph databases is different, which leads to another point for
investigation regarding the relationship between an engine and performance.

According to the site db-engines.com, there are currently 29 graph database manage-
ment systems. The site measures their popularity and updates a rank monthly. Fig-

ure 2.19 shows the ranking to June 2018.

Neodj
=+ Microsoft Azure Cosmos DB
Datastax Enterprise
OrientDB
10 -¥ ArangoDB
-8 Virtuoso
Giraph
-& Amazon Neptune
= AllegroGraph
Stardog
GraphDB
=+- JanusGraph
Graph Engine
sqrrl
-¥ InfiniteGraph

0.1

Score (logarithmic scale)

0.01

June 2018, DB-Engines.com

0.001
2013 2014 2015 2016 2017 2018

Figure 2.19: DB-Engines Ranking - trend of graph DBMS popularity. (Source: DB-
Engines (2018)).
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Graph Databases in Molecular Biology

With the advent of NoSQL databases, a fundamental question loomed: would the
NoSQL databases be ready for Bioinformatics? Have and Jensen (Have et al., 2013)
published a paper answering this question for NoSQL graph databases. In their work, they
measured the performance of Neo4J v1.8 and PostgreSQL? v9.05 on STRING (Szklarczyk
et al., 2017) data executing some operations. They found, for example, that the graph
database was able to find the best scoring path between two proteins faster by a factor
of almost 1000 times. Also, the graph database was able to find the shortest path,
when constraining the maximal path length to two edges, 2441 times faster than the
relational database. The conclusion was that graph databases, in general, are ready for
Bioinformatics and they could offer great speedups on selected problems over relational
databases.

Bio4j (Pareja-Tobes et al., 2015) provides a graph based solution for data integration
with high-performance data access and a cost-effective cloud deployment model. It uses
Neo4J to integrate open data coming from different data sources, by considering the
intrinsic and extrinsic semantic features. Corbacho et al (Corbacho et al., 2013) used
the Bio4J graph database for Gene Ontology (GO) analyzes in Cucumis melo. ncRNA-
DB (Bonnici et al., 2014) is a database that integrates ncRNAs data interactions from a
large number of well established on-line repositories built on top of the OrientDB. It is
accessible through a web-based platform, a command-line, and a Cytoscape app called
ncINetView.

Henkel et al. (Henkel et al., 2015) used the Neo4J to integrate the data from distinct
system biology model repositories. This database offers to the community, curated and
reusable models describing biological systems through queries in Cypher Query Language,
the native query language of Neo4J.

Important software for the analysis and visualization of biological networks is Cy-
toscape!. The cyNeo4j plugin (Summer et al., 2015) was designed to link Cytoscape and
Neo4j and enables the interactive execution of an algorithm by sending requests to the
server.

Lysenko et al. (Lysenko et al., 2016) used a graph database to provide a solution to
represent disease networks and to extract and analyze exploratory data to support the
generation of hypotheses in disease mechanisms.

EpiGeNet (Balaur et al., 2016) uses Neo4J to store genetic and epigenetic events

observed at different stages of colorectal cancer. The graph database enhanced the explo-

3https://www.postgresql.org
4www.cytoscape.0rg
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ration of different queries related to colorectal tumor progression when compared to the
primary source StatEpigen®.

The Network Library (Summer et al., 2016) used Neo4J to integrate data from several
biological databases through a clean and well-defined pipeline. 2Path (Silva et al., 2017)
is a metabolic network implemented in Neo4J to manage terpenes biosynthesis data. It
uses open data from several sources and was modeled to integrate important biological
characteristics like the cellular compartmentalization of the reactions.

Biochem4j (Swainston et al., 2017) is another work that seeks integration of open data
from different sources using Neo4J. It goes beyond a database and provides a framework
for this integration and exploration of an ever-widening range of biological data sources.

GeNNet (Costa et al., 2017) is an integrated transcriptome analysis platform that uses
Neo4J to unify scientific workflows by storing the results of the analysis.

BioKrahn (Messina et al., 2018) is a graph-based deductive and integrated database
that takes advantage of the power of knowledge graphs and machine reasoning, to solve
problems in the domain of biomedical science, such as interpreting the meaning of data
from multiple sources or manipulated by various tools. It contains resources related to
genes, proteins, miRNAs, and metabolic pathways.

Arena-Idb is a plataform for the retrieval of comprehensive and non-redundant anno-
tated ncRNA interactions (Bonnici et al., 2018). It uses two different DBMS: a relational
MySQL, and the graph database Neo4J, which is applied to handle the visualization of
the networks in a web page.

Messaoudi (Messaoudi et al., 2018) evaluated the performance time needed for stor-
ing, deleting and querying the biomedical data of two species: Homo sapiens as a large
dataset and Lactobacillus Rhamnosus as a small dataset, using Neo4J and OrientDB
graph databases. They found that Neo4J showed a better performance than OrientDB
using ‘PERIODIC COMMIT’ technique for importing, inserting and deleting. On the
other hand, OrientDB reached best performances for queries when more in-depth levels
of graph traversal were required.

Reactome (Fabregat et al., 2018) is a well established open-source, open-data, curated
and peer-reviewed database of pathways, which recently adopted the graph database
as storage strategy due to performance issues associated with queries traversing highly
interconnected data. The adoption of graph database improved the queries reducing the
average query time by 93%.

Table 2.4 summarizes the contributions of each reported work in this review.

Shttp://statepigen.sci-sym.dcu.ie
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Table 2.4: Contributions of graph-oriented databases for Molecular Biology.

Graph-oriented database Main contribution

Other contributions

Source

Neo4J
Neo4J
Neo4J
Neo4J
Neo4J
Neo4J
Neo4J
Neo4J
Neo4J
Neo4J
grakn.ai
Neo4J/OrientDB
Neo4J
Neo4J

Biological networks
Gene annotation
Data integration
Data integration
Biological networks
Cancer

Data integration
Biological networks
Data integration
Transcriptome analyses
Data integration
Biomedical analyses
Biological networks
Biological networks

Protein-protein interaction

GO analyses

Diseases association
Epigenetic events
Metabolic networks
Biomedical analyses
Metabolic networks
ncRNAs interactions

(Have et al., 2013)
(Corbacho et al., 2013)
(Henkel et al., 2015)
(Pareja-Tobes et al., 2015)
(Lysenko et al., 2016)
(Balaur et al., 2016)
(Summer et al., 2016)
(Silva et al., 2017)
(Swainston et al., 2017)
(Costa et al., 2017)
(Messina et al., 2018)
(Messaoudi et al., 2018)
(Fabregat et al., 2018)
(Bonnici et al., 2018)
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Chapter 3

Material and Methods

This chapter presents the material and the methods for the in silico reconstruction of
the sesquiterpenes metabolic network of Copaifera multijuga Hayne (CmH). Section 3.1
presents the CmH target sesquiterpenes for this in silico reconstruction. Section 3.2
presents the graph grammar rules designed to reproduce the chemical mechanisms of the
biosynthesis of these sesquiterpenes. It also presents the generation of the chemical net-
work using these graph grammars rules. Section 3.3 presents the graph database schema
for storing the generated metabolic network in the Neo4J. It presents the database up-
date with the identification of the predicted compounds based on their chemical structure.
Also, it describes the database update with biosynthesis scenarios from the literature. Sec-

tion 3.4 shows the annotation of sesquiterpene synthases from CmH transcriptome®

using
information from the previous phases.

A chain of software executions is called workflow (Leipzig, 2016), and this method is
described as a workflow where each step adds new information to the in silico metabolic
network. Each information layer comes from a combination of human and computational
interactions, making the workflow semi-automatic. The Figure 3.1 summarizes the a

workflow.

3.1 Sesquiterpenes of Copaifera multijuga Hayne

The sesquiterpenes produced by CmH and the chemical mechanisms of their enzymatic
biosynthesis reactions were identified from the literature. This first literature review
provided a list of sesquiterpenes identified from the oil-resin of CmH. This complete list
of sesquiterpenes and their respective abundance was presented in Table 2.2. In this work,

a set of 27 compounds were taken among them for the in silico metabolic reconstruction.

!Unpublished data.
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Figure 3.1: Overview of the workflow for in silico reconstrucion of the sesquiterpenes
metabolic network of Copaifera multijuga Hayne (CmH).
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This set sum approximately 83% of the CmH oil-resin and it is highlighted by the red
border in the Figure 3.2.

Hs H, CH, I#,G /=CH,
H,C. H.C
H, H Hg
H, = CH, H, H.C H, H,C H,
a-humulene germacrene D germacrene B a-elemene B-bisabolene B-sesquiphellandrene zingiberene
7.7% 2.2% 0.9% 0.5% 0.3% 0.1% <0.1%
BG —CH, H,C s ! %Hg
HSC CH,
HyC H H, C
-
Hy "
H,C Hy H,c CHa I H.G : "
B-elemene  bicycle germacrene  a-bisabolol  a-bisabolene oxide  B-bisabolol B-caryophyllene caryophyllene oxide
<0.1% <0.1% 3% 0.4% 0.2% 50.7% 3.6%

HC

H,C :
H
H.C H, HO" CH,
a-bergamotene y-amorphene o-cadinene a-cadinol T-cadinol y-cadinene cadalene
3% 2% 1.7% 1.3% 1.2% 0.8% 0.5%
Hg! H, CH, H, i
' H, ;:1’ e g
Hy CHy H,C " CH, H, CH, H, he "
a-cadinene 14-hydroxy- guaiol B-bergamotene a-selinene B-selinene y-muurolene
0.3% B-caryophyllene 0.2% <0.1% <0.1% <0.1% <0.1%
0.2%
H.C H, H:S
¢ ? ‘,eL"-CHj £
H,
10, 4y H,C
NG Ha':f3 CHs 1y, E'.z
HO CH, En, CH,
T-muurolol a-copaene calarene cedrol a-cedrene a-cubebene aromadendrene
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BN, N ~83.8 % I 52
H,C H, bH
B-vetivene longifolene (2)-a-santalol
0.2% 0.1% <0.1%

Figure 3.2: Sesquiterpenes found in oil-resin of C'mH supplemented by their average
percentages. The red border highlights the target compounds of this work.

A second literature review provided the chemical bases for building a set of graph

grammar rules representing the chemical mechanisms. These chemical mechanisms are
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limited to the essential set of metabolic reactions for achieving the Copaifera multijuga

Hayne (CmH) target sesquiterpenes.

3.2 Generation of the Sesquiterpenes Metabolic Net-

work

The FPP is the pivotal substrate for the enzymatic reactions that catalyze the produc-
tion of sesquiterpenes. Taking the FPP or its isomer NPP (See Figure 2.11) as a precursor,
graph grammar rules were written to represent the chemical mechanisms responsible for
the production of the target sesquiterpenes shown in Figure 3.2.

Each rule has its particular bibliographical reference and was written in an individual
file using the Graph Modeling Language (GML) format (Himsolt, 1997), which can be
read by Med@1Datschgerl. The set of 18 designed rules express together a set capable of
achieving, during the simulation, each of the 27 target sesquiterpenes of CmH and a vast
number of predicted compounds.

The designed rules may consider molecules (undirected graphs) partially or entirely.
It keeps the computational simulation as generic as possible. For example, in the rule
shown in Figure 3.3, the undirected graph representing the diphosphate O PP is not fully
expressed. A sub-graph is sufficient for a match with the diphosphate molecule since there
is not a different molecule with the same sub-graph during the simulation. Consequently,
there is a fine-tuning between how generic or specific the rules are to work together.

The initial cyclizations from FPP after the OPP loss are 1-11 leading to (E)-humulyl
cation, and 1-10 leading to (E,E)-germacradienyl cation. Alternatively, the four initial
cyclizations of NPP are 1-6 leading to the bisabolyl cation, 1-7 leading to the cycloheptanyl
cation, 1-10 leading to (Z,E)-germacradienyl cation or 1-11 leading to (Z)-humulyl cation.
The initial cyclization 1-7 was not identified in plants. The list of graph grammar rules

used to represent the undirected graph transformations are presented in Table 3.1:
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Table 3.1: List of graph grammar rules used to represent the undirected graph transfor-

mations.
Graph grammar rule Figure Reference
OPP loss from FPP and subsequent 1-11 ring closure 3.3 Christianson, 2017; Degenhardt et al., 2009

OPP loss from FPP and subsequent 1-10 ring closure
OPP loss from NPP and subsequent 1-11 ring closure
OPP loss from NPP and subsequent 1-10 ring closure
OPP loss from NPP and subsequent 1-6 ring closure
Formation of farnesysl cation C3"

1,2 hydride shift

1,3 hydride shift

allyl shift

Capture of a water molecule

2-7 ring closure

2-6 ring closure

1-11 ring closure

2-10 ring closure

Cope rearrangement

Oxyreduction of J-cadinene

Reprotonation of C7 in germacrenoids

Deprotonation (H™ loss)

34
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20

( )
(Christianson, 2017; Degenhardt et al., 2009)
(Christianson, 2017; Degenhardt et al., 2009)
(Christianson, 2017; Degenhardt et al., 2009)
(Christianson, 2017; Degenhardt et al., 2009)
(Christianson, 2017; Degenhardt et al., 2009)
(Sandbeck et al., 2016)

(Sandbeck et al., 2016)

(Rinkel et al., 2016)

(Vattekkatte et al., 2018)

(Steele et al., 1998)

(Dickschat, 2016)

(de Kraker et al., 1998; Garms et al., 2010)
(Degenhardt et al., 2009)

(Colby et al., 1998; Takeda, 1974)
(Townsend, 2005)

(Christianson, 2017; Steele et al., 1998)
(Vattekkatte et al., 2018)
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# (Christianson ,2017) https://doi.org/10.1021/acs.chemrev.7b00287
# (Degenhardt, 2009) https://doi.org/10.1016/j.phytochem.2009.07.030

rule [

ruleID "FPP OPP loss and 1-11 ring closure"

left [
node [ id 10 label "C" ] edge [ source 10 target 11 label "=" ]
node [ id 16 label "0" ] edge [ source 1 target 16 label "-" ]

]

context [
node [ id 1 label "C" ] node [ id 2 label "C" ]
node [ id 3 label "C" ] node [ id 4 label "C" ]
node [ id 5 label "C" 1] node [ id 6 label "C" 1]
node [ id 7 label "C" ] node [ id 8 label "C" 1]
node [ id 9 label "C" ] node [ id 11 label "C" 1]
node [ id 12 label "C" 1] node [ id 13 label "C" 1]
node [ id 14 label "C" ] node [ id 15 label "C" 1]
node [ id 17 label "P" ] node [ id 18 label "0O" 1]
node [ id 19 label "P" ] node [ id 20 label "0O" ]
edge [ source 1 target 2 label "-" ] edge [ source 2 target 3 label "=" ]
edge [ source target 4 label "-" ] edge [ source 3 target 15 label "-" ]
edge [ source 4 target 5 label "-" ] edge [ source 5 target 6 label "-" ]
edge [ source 6 target 7 label "=" ] edge [ source 7 target 8 label "-" ]
edge [ source 7 target 14 label "-" ] edge [ source 8 target 9 label "-" ]
edge [ source 9 target 10 label "-" ] edge [ source 11 target 12 label "-" ]
edge [ source 11 target 13 label "-" ] edge [ source 16 target 17 label "-" ]
edge [ source 17 target 18 label "-" ] edge [ source 18 target 19 label "-" ]
edge [ source 19 target 20 label "-" ]

]

right [
node [ id 10 label "C+" ] edge [ source 10 target 11 label "-"
node [ id 16 label "0O-" ] edge [ source 1 target 11 label "-"

]

Figure 3.3: Graph grammar rule representing the OPP cleavage from the FPP molecule

and the subsequent C'1,C'11 ring closure.
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# (Christianson ,2017) https://doi.org/10.1021/acs.chemrev.7b00287
# (Degenhardt, 2009) https://doi.org/10.1016/j.phytochem.2009.07.030
rule [

ruleID "FPP OPP loss and 1-10 ring closure"

left [
node [ id 11 label "C" ] edge [ source 10 target 11 label "=" ]
node [ id 16 label "0" ] edge [ source 1 target 16 label "-" ]

]

context [
node [ id 1 label "C" 1] node [ id 2 label "C" ]
node [ id 3 label "C" ] node [ id 4 label "C" 1]
node [ id 5 label "C" ] node [ id 6 label "C" ]
node [ id 7 label "C" ] node [ id 8 label "C" ]
node [ id 9 label "C" ] node [ id 10 label "C" ]
node [ id 12 label "C" ] node [ id 13 label "C" ]
node [ id 14 label "C" ] node [ id 15 label "C" ]
node [ id 17 label "P" ] node [ id 18 label "0O" ]
node [ id 19 label "P" ] node [ id 20 label "O" 1]
edge [ source 1 target 2 label "-" ] edge [ source 2 target 3 label "=" ]
edge [ source 3 target 4 label "-" ] edge [ source 3 target 15 label "-" ]
edge [ source 4 target 5 label "-" ] edge [ source 5 target 6 label "-" ]
edge [ source 6 target 7 label "=" ] edge [ source 7 target 8 label "-" ]
edge [ source 7 target 14 label "-" ] edge [ source 8 target 9 label "-" ]
edge [ source 9 target 10 label "-" 1 edge [ source 11 target 12 label "-" ]
edge [ source 11 target 13 label "-" 1 edge [ source 16 target 17 label "-" ]
edge [ source 17 target 18 label "-" ] edge [ source 18 target 19 label "-" ]
edge [ source 19 target 20 label "-" ]

]

right [
node [ id 11 label "C+" ] edge [ source 1 target 10 label "-" ]
node [ id 16 label "0-" ] edge [ source 10 target 11 label "-" ]

]

Figure 3.4: Graph grammar rule representing the OPP cleavage from the FPP molecule
and the subsequent C'1,C'10 ring closure.
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# (Christianson, 2017) https://doi.org/10.1021/acs.chemrev.7b00287
# (Degenhardt, 2009) https://doi.org/10.1016/j.phytochem.2009.07.030
rule [

ruleID "NPP OPP loss and 1-11 ring closure"

left [
node [ id 10 label "C" ] node [ id 16 label "0O" 1]
edge [ source 1 target 2 label "=" ] edge [ source 2 target 3
edge [ source 3 target 16 label "-" ] edge [ source 10 target 11
]
context [
node [ id 1 label "C" 1] node [ id 2 label "C" 1]
node [ id 3 label "C" ] node [ id 4 label "C" ]
node [ id 5 label "C" ] node [ id 6 label "C" ]
node [ id 7 label "C" ] node [ id 8 label "C" 1]
node [ id 9 label "C" ] node [ id 11 label "C" 1]
node [ id 12 label "*" ] node [ id 13 label "*" ]
node [ id 14 label "C" 1] node [ id 15 label "C" ]
node [ id 17 label "P" ] node [ id 18 label "0O" ]
node [ id 19 label "P" ] node [ id 20 label "0" 1]
edge [ source 3 target 4 label "-" ] edge [ source 3 target 15
edge [ source 4 target 5 label "-" ] edge [ source 5 target 6
edge [ source 6 target 7 label "=" ] edge [ source 7 target 8
edge [ source 7 target 14 label "-" ] edge [ source 8 target 9
edge [ source 9 target 10 label "-" ] edge [ source 11 target 12
edge [ source 11 target 13 label "-" ] edge [ source 16 target 17
edge [ source 17 target 18 label "-" ] edge [ source 18 target 19
edge [ source 19 target 20 label "-" ]
]
right [
node [ id 10 label "C+" ] node [ id 16 label "0-" 1]
edge [ source 1 target 11 label "-" ] edge [ source 1 target 2
edge [ source 2 target 3 label "=" ] edge [ source 10 target 11
]

Figure 3.5: Graph grammar rule representing the OPP cleavage from the
and the subsequent C'1,C'11 ring closure.
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# (Christianson, 2017) https://doi.org/10.1021/acs.chemrev.7b00287
# (Degenhardt, 2009) https://doi.org/10.1016/j.phytochem.2009.07.030
rule [
ruleID "NPP OPP loss and 1-10 ring closure"
left [
node [ id 11 label "C" 1] node [ id 16 label "0" 1]
edge [ source 10 target 11 label "=" ] edge [ source 1 target 2 label "=" ]
edge [ source 2 target 3 label "-" 1 edge [ source 3 target 16 label "-" ]
]
context [
node [ id 1 label "C" ] node [ id 2 label "C" ]
node [ id 3 label "C" ] node [ id 4 label "C" ]
node [ id 5 label "C" ] node [ id 6 label "C" ]
node [ id 7 label "C" ] node [ id 8 label "C" 1]
node [ id 9 label "C" ] node [ id 10 label "C" 1]
node [ id 12 label "C" ] node [ id 13 label "C" ]
node [ id 14 label "C" ] node [ id 15 label "C" ]
node [ id 17 label "P" ] node [ id 18 label "O0O" 1]
node [ id 19 label "P" ] node [ id 20 label "0" ]
edge [ source 3 target 4 label "-" ] edge [ source 3 target 15 label "-" ]
edge [ source 4 target 5 label "-" ] edge [ source 5 target 6 label "-" ]
edge [ source 6 target 7 label "=" ] edge [ source 7 target 8 label "-" ]
edge [ source 7 target 14 label "-" ] edge [ source 8 target 9 label "-" ]
edge [ source 9 target 10 label "-" ] edge [ source 11 target 12 label "-" ]
edge [ source 11 target 13 label "-" ] edge [ source 16 target 17 label "-" ]
edge [ source 17 target 18 label "-" ] edge [ source 18 target 19 label "-" ]
edge [ source 9 target 20 label "-" ]
]
right [
node [ id 11 label "C+" ] node [ id 16 label "0-" 1]
edge [ source 1 target 2 label "-" ] edge [ source 2 target 3 label "=" ]
edge [ source 10 target 11 label "-" ] edge [ source 1 target 10 label "-" ]
]

Figure 3.6: Graph grammar rule representing the OPP cleavage from the
and the subsequent C'1,C'10 ring closure.
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# (Christianson, 2017) https://doi.org/10.1021/acs.chemrev.7b00287
# (Degenhardt, 2009) https://doi.org/10.1016/j.phytochem.2009.07.030
rule [
ruleID "NPP OPP loss and 1-6 ring closure"
left [
node [ id 7 label "C" ] node [ id 16 label "0O" ]
edge [ source 1 target 2 label "=" ] edge [ source 2 target 3 label "-" ]
edge [ source 6 target 7 label "=" ] edge [ source 3 target 16 label "-" ]
]
context [
node [ id 1 label "C" 1] node [ id 2 label "C" 1]
node [ id 3 label "C" ] node [ id 4 label "C" ]
node [ id 5 label "C" ] node [ id 6 label "C" ]
node [ id 8 label "C" ] node [ id 9 label "C" ]
node [ id 10 label "C" 1] node [ id 11 label "C" 1]
node [ id 12 label "C" ] node [ id 13 label "C" 1]
node [ id 14 label "C" ] node [ id 15 label "C" 1]
node [ id 17 label "P" ] node [ id 18 label "0O" 1]
node [ id 19 label "P" ] node [ id 20 label "0O" 1]
edge [ source 3 target 4 label "-" ] edge [ source 3 target 15 label "-" ]
edge [ source 4 target 5 label "-" ] edge [ source 5 target 6 label "-" ]
edge [ source 7 target 8 label "-" ] edge [ source 7 target 14 label "-" ]
edge [ source 8 target 9 label "-" ] edge [ source 9 target 10 label "-" ]
edge [ source 10 target 11 label "=" ] edge [ source 11 target 12 label "-" ]
edge [ source 11 target 13 label "-" ] edge [ source 16 target 17 label "-" ]
edge [ source 17 target 18 label "-" ] edge [ source 18 target 19 label "-" ]
edge [ source 19 target 20 label "-" ]
]
right [
node [ id 7 label "C+" ] node [ id 16 label "0-" 1]
edge [ source 1 target 2 label "-" 1 edge [ source target 3 label "=" ]
edge [ source 1 target 6 label "-" 1 edge [ source target 7 label "-" ]
]

Figure 3.7: Graph grammar rule representing the OPP cleavage from the
and the subsequent C'1,C'6 ring closure.
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# (Christianson, 2017) https://doi.org/10.1021/acs.chemrev.7b00287

# (Degenhardt, 2009) https://doi.org/10.1016/j.phytochem.2009.

rule [

ruleID "FPP OPP loss and farnesyl cation C3+ formation"

left [
node [ id 16 label "0O" ] node [ id 3 label "C" ]
edge [ source 1 target 16 label "-" ]
edge [ source 1 target 2 label "-" ]
edge [ source 2 target 3 label "=" ]

]

context [
node [ id 1 label "C" 1] node [ id 2 label "C" 1]
node [ id 4 label "C" ] node [ id 5 label "C" 1]
node [ id 6 label "C" ] node [ id 7 label "C" ]
node [ id 8 label "C" ] node [ id 9 label "C" ]
node [ id 10 label "C" ] node [ id 11 label "C" ]
node [ id 12 label "C" ] node [ id 13 label "C" ]
node [ id 14 label "C" ] node [ id 15 label "C" ]
node [ id 17 label "P" ] node [ id 18 label "0O" ]
node [ id 19 label "P" ] node [ id 20 label "0" 1]
edge [ source 3 target 4 label "-" ] edge [ source
edge [ source 4 target b5 label "-" ] edge [ source
edge [ source 6 target 7 label "=" ] edge [ source
edge [ source 7 target 14 label "-" ] edge [ source
edge [ source 9 target 10 label "-" ] edge [ source
edge [ source 11 target 12 label "-" ] edge [ source
edge [ source 16 target 17 label "-" ] edge [ source
edge [ source 18 target 19 label "-" ] edge [ source

]

right [
node [ id 3 label "C+" 1] node [ id 16 label "0-" 1]
edge [ source 1 target 2 label "=" ]
edge [ source 2 target 3 label "-" ]

]

Figure 3.8: Graph grammar rule representing the formation
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# (Sandbeck, 2016) https://doi.org/10.1021/acs.joc.5b02553
rule [

ruleID "1,2 hydrid shift"

left [

node [ id 1 label "C" ]

node [ id 2 label "C+" 1]

edge [ source 1 target 3 label "-" ]

]

context [

node [ id 3 label "H" ]

edge [ source 1 target 2 label "-" ]
]
right [

node [ id 1 label "C+" ]

node [ id 2 label "C" ]

edge [ source 2 target 3 label "-" ]

]
]

Figure 3.9: Graph grammar rule representing an 1,2 hydride shift.
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C CH C C CH (
# (Sandbeck, 2016) https://doi.org/10.1021/acs.joc.5b02553
rule [
ruleID "1,3 hydride shift"
left [

node [ id 1 label "C+" ]
node [ id 3 label "C" ]
]

context [

node [ id 2 label "C" 1]

edge [ source 1 target 2 label "-" ]
edge [ source 2 target 3 label "-" ]
]
right [

node [ id 1 label "C" ]
node [ id 3 label "C+" ]
]

]

Figure 3.10: Graph grammar rule representing an 1,3 hydride shift.
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# (Rinkel, 2016) https://doi.org/10.1002/anie.201608042
rule [

ruleID "allylic charge shift"

left [

node [ id 1 label "C" 1] node [ id 3 label "C+" ]

edge [ source 1 target 2 label "=" ] edge [ source 2 target 3 label "-" ]
]

context [
node [ id 2 label "C" ]

]
right [

node [ id 1 label "C+" ] node [ id 3 label "C" 1]

edge [ source 1 target 2 label "-" ] edge [ source 2 target 3 label "=" ]
]

]

Figure 3.11: Graph grammar rule representing an allyl shift.
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# (Vattekkatte, 2018) https://doi.org/10.1039/C70B02040F
rule [

ruleID "Capture of H20"

left [

node [ id 1 label "C+" ]

node [ id 2 label "H" ]

edge [ source 2 target 3 label "-" ]
]

context [

node [ id 3 label "0" 1]

node [ id 4 label "H" 1]

edge [ source 3 target 4 label "-" ]
]
right [

node [ id 1 label "C" 1]

node [ id 2 label "H+" ]

edge [ source 1 target 3 label "-" ]
]

]

Figure 3.12: Graph grammar rule representing the capture of water by a cation molecule.
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# (Steele, 1998) https://doi.org/10.1074/jbc.273.4.2078
rule [
ruleID "2-7 ring closure"
left [
node [ id 7 label "C+"]
node [ id 3 label "C" ]
edge [ source 2 target 3 label "=" ]
]
context [
node [ id 1 label "C" ]
node [ id 2 label "C" 1]
node [ id 4 label "C" ]
node [ id 5 label "C" ]
node [ id 6 label "C" ]
node [ id 8 label "C" ]
edge [ source 1 target 2 label "-" ]
edge [ source 3 target 4 label "-" ]
edge [ source 4 target 5 label "x" ]
edge [ source b5 target 6 label "x" ]
edge [ source 6 target 7 label "-" ]
edge [ source 7 target 8 label "-" ]
]
right [
node [ id 7 label "C" 1]
node [ id 3 label "C+"
edge [ source 2 target 3 label "-" ]
edge [ source 2 target 7 label "-" ]
]

]

Figure 3.13: Graph grammar rule representing the C2, C2 ring closure.
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# (Dickschat, 2016) https://doi.org/10.1039/C5NP00102A
rule [

ruleID "1-6 ring closure"

left [

node [ id 1 label "C+" ] node [ id 7 label "C" ]

edge [ source 6 target 7 label "=" ]
]

context [

node [ id 2 label "C" ] mnode [ id 3 label "C" ]

node [ id 4 label "*" ] mnode [ id 5 label "x" ]

node [ id 6 label "C" ] mnode [ id 8 label "C" ]

node [ id 9 label "C" ] mnode [ id 14 label "C" ]

node [ id 15 label "C" ]

edge [ source 1 target 2 label "-" ] edge [ source 2 target 3 label "=" ]

edge [ source 3 target 4 label "-" ] edge [ source 3 target 15 label "-" ]

edge [ source 4 target 5 label "-" ] edge [ source 5 target 6 label "-" ]

edge [ source 7 target 8 label "-" 1 edge [ source 7 target 14 label "-" ]

edge [ source 8 target 9 label "x" ]
]
right

node [ id 1 label "C" ] mnode [ id 7 label "C+" ]

edge [ source 6 target 7 label "-" ] edge [ source 1 target 6 label "-" ]
]

]

Figure 3.14: Graph grammar

rule representing the C'1, C'6 ring closure.
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]

0w N o O W N

10
15
14
11
12
13
14

11 label

# (Garms,
rule [
ruleID "1-11 ring closure"
left [
node [ id 11 label "C+"
]
context [
node [ id 1 label "C" ]
node [ id 3 label "C" ]
node [ id 5 label "x*" ]
node [ id 7 label "C" ]
node [ id 9 label "C" ]
node [ id 12 label "C" 1]
node [ id 14 label "C" ]
edge [ source 1 target
edge [ source 2 target
edge [ source 3 target
edge [ source 4 target
edge [ source 5 target
edge [ source 6 target
edge [ source 7 target
edge [ source 8 target
edge [ source 9 target
edge [ source 3 target
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]
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node [ id 11 label "C" ]
edge [ source 1 target
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Figure 3.15: Graph grammar rule representing the C'1, C'11 ring closure.
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# 2-10 closure rule
# Last review: March, 11, 2018 by Waldeyr Mendes Cordeiro da Silva

# from Kempinski_2015.pdf,

"2-10 closure"

rule [

rulelD

left [
node [ id 10
edge [ source
node [ id 3
]

context [
node [ id
node [ id 2
node [ id 4
node [ id 56
node [ id 6
node [ id 7
node [ id 8
node [ id 9
node [ id 11
node [ id 12
node [ id 13
edge [ source
edge [ source
edge [ source
edge [ source
edge [ source
edge [ source
edge [ source
edge [ source
edge [ source
edge [ source
edge [ source
edge [ source
]

right [
node [ id 10
edge [ source
node [ id 3
edge [ source
]

Figure 3.16: Graph grammar rule representing the C2, C'10 ring closure.
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# (Takeda, 1974) https://doi.org/10.1016/S5S0040-4020(01)90674-X
# (Colby, 1998) https://doi.org/10.1073/pnas.95.5.2216
rule [
ruleID "Cope Rearrangment (HEAT)"
left [
edge [ source 2 target 3 label "=" ] edge [ source 3 target 4 label "-" ]
edge [ source 4 target 5 label "-" ] edge [ source 5 target 6 label "-" ]
edge [ source 6 target 7 label "=" ]
]
context [
node [ id 1 label "C" ] mnode [ id 2 label "C" ]
node [ id 3 label "C" ] node [ id 4 label "C" ]
node [ id 5 label "C" 1 node [ id 6 label "C" 1]
node [ id 7 label "C" ] mnode [ id label "C" ]
node [ id 9 label "C" ] mnode [ id 10 label "C" ]
node [ id 14 label "C" ] mnode [ id 15 label "C" ]
edge [ source 1 target 2 label "-" ]
edge [ source 1 target 10 label "x*" ]
edge [ source 9 target 10 label "x*" ]
edge [ source 8 target 9 label "x" ]
edge [ source 7 target 8 label "-" ]
edge [ source 7 target 14 label "-" ]
edge [ source 3 target 15 label "x*" ]
]
right [
edge [ source 2 target 3 label "-" ]
edge [ source 2 target 7 label "-" ]
edge [ source 3 target 4 label "=" ]
edge [ source b5 target 6 label "=" ]
edge [ source 6 target 7 label "-" ]
]

Figure 3.17: Graph grammar rule representing cope rearrangement.
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# (Townsend ,2005) https://doi.org/10.1104/pp.104.056010

rule [

ruleID "delta-cadinene oxyreduction"

left [
edge [ source 4 target 5 label "-"
edge [ source 8 target 9 label "-"
edge [ source 1 target 10 label "-"

]

context [

node [ id 1 label "C" ] mnode [ id 2
node [ id 3 label "C" ] mnode [ id 4
node [ id 5 label "*" ] mnode [ id 6
node [ id 7 label "C" ] mnode [ id 8
node [ id 9 label "C" ] mnode [ id 10
node [ id 11 label "C" ] mnode [ id 12
node [ id 13 label "C" ] mnode [ id 14
node [ id 15 label "C" ]

edge [ source 1 target 2 label "-" ]
edge [ source 2 target 3 label "=" ]
edge [ source 3 target 4 label "-" ]
edge [ source 5 target 6 label "-" ]
edge [ source 6 target 7 label "=" ]
edge [ source 7 target 8 label "-" ]
edge [ source 9 target 10 label "-" ]
edge [ source 10 target 11 label "-" ]
edge [ source 11 target 12 label "-" ]
edge [ source 11 target 13 label "-" ]
edge [ source 3 target 15 label "-" ]
edge [ source 7 target 14 label "-" ]
edge [ source 1 target 6 label "-" ]

]

right [
edge [ source 4 target 5 label "="
edge [ source 8 target 9 label "="
edge [ source 1 target 10 label "="

]

]

Figure 3.18: Graph grammar rule representing an oxyreduction in an d-cadinene molecule.
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# (Christianson ,2017) https://doi.org/10.1021/acs.chemrev.7b00287

# (Steele,

rule [

ruleID "Germacrenes Reprotonation (C7)"

left [
node
edge
]

context [
node
node
node
node
node
node
node
edge
edge
edge
edge
edge
edge
edge
edge
edge
edge
edge
edge
edge
edge

]

right [
node

edge

Figure 3.19:
molecules.
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representing the reprotonation of C'7 in germacrenoid
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# (Christianson, 2017) https://doi.org/10.1021/acs.chemrev.7b00287
rule [

ruleID "Deprotonation (H+)"

left [
node [ id 1 label "C+" ] node [ id 3 label "H" ]
edge [ source 1 target 2 label "-" ] edge [ source 2 target 3 label "-" ]

1
context [

node [ id 2 label "C" ]
]

right [
node [ id 1 label "C" ] node [ id 3 label "H+" ]
edge [ source 1 target 2 label "=" ]

Figure 3.20: Graph grammar rule representing a deprotonation (H™ loss).

Simulating the Sesquiterpenes Biosynthesis

The set of start compounds was defined comprising FPP, NPP, and H>O molecules,
represented as undirected graphs generated from their SMILES. Also, was defined the set
of target compounds comprising those 27 compounds showed in Figure 3.2, also repre-
sented as undirected graphs. Thus, with the starting and finishing points defined, and
driven by the Python script Hypergraph.py, Med@lDatschgerl calculated the derivation
graph using the designed graph grammar rules to reach the target compounds from the
start compounds. All the target compounds were generated after five iterations using a
general breadth-first expansion strategy (Andersen et al., 2014).

Defining the target compounds as constraints, their presence in the generated chemical
network was checked using integer programming. The IBM CPLEX® Optimization Studio
127 was used for this task. Also, using PETRI-NET (Peterson, 1981) prove it was possible
to get the temporal ordering of reaction sequence from the integer programming results.

The derivation graph is a directed hypergraph (See Section 2.3.1) representing the
metabolic network of reactions and chemical mechanisms that transforms start compounds
into target compounds preserving the atoms type, mass, and charge. The resulting range
of compounds is not limited to the target compounds, and a massive number of predicted

compounds is also generated including all intermediates, as cations.
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3.3 Storing the Sesquiterpenes Network of CmH

After the generation of the metabolic network as a hypergraph, it was stored in the
Neo4J graph database. Figure 3.21 shows the running of the derivation graph calculation
and its storage in the Neo4lJ.

Figure 3.21: Generating the chemical network as a hypergraph and storing it in the Neo4J
database.

Since the chemical network is a hypergraph, and the Neo4J graph database does not
support a hypergraph directly, a schema was modeled to accommodate the hypergraph
as a graph. Graph Description Diagram for Graph Databases (GRAPHED) (Van Erven
et al., 2018) was used to model this graph database schema.

By using GRAPHED, the vertex is represented by a rounded rectangle, with a manda-
tory label inside, and optional elements such as ‘Type’ and ‘Attribute’ between brackets.
The optional ‘Type’ information is used to indicate the domain of the identifier. This
format is similar to tables in the relational model with the attributes’ name on the left,
followed by its type on the right.

The vertices Organism, Sequence, and Scenario were modeled using this notation. The

hyperedges representing the many-to-many relation of Compound vertices, was effectively
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implemented by creating an additional vertex Rule that centralizes the n:n relationships

between the vertices. Also, in this schema there are attributes both in the vertices and

in the edges, since the Neo4J graph database has support for this feature. Figure 3.22

presents the effective way the graph database was implemented.

4 R
Organism:
- *id: int

- ncbiTaxon: String

- ncbiSpecies: String
- ncbiLineage: String

%

Scenario:

*id:int
- scenariold: String
- ncbiTaxon: String
- ncbiSpecies: String
- ncbiAccession: String

L ) - pubmedAccession: String (0..n)
- modName: String <€
(1..n) - experiment: String
- tissue:String
. - condition: String
HAS: - compoundyYield: String
ide i - ec: String
- *id: int
_ diff ; - kegg: String
diff: String - rhea: String
L - iubmb: String J
(1..n)
\ 4
( )
Sequence:
- *id: int r w
- ncbiAccession: String Compound:
- ncbiDescription: String (1..n) (L.n)
- ncbiFasta: String ] ” *id: int
- transcript: String CATALYSES: - modld: String
- transcriptFasta: String i - modName: String
- basedOn: String - *id: int _ - modSmiles: String
- scer_1ar|o|d:_Str.|ng _ - smiles: String (1..n)
\_ ) - ncbiAccession: .Strmg . - chemspider: String
- pubm_edAcce55|_on: String - commonName: String
- experiment: String - molecularFormula: String
- tissue: String. - molecularWeight: String
- condition: String - monoisotopicMass: String
- ec: String - averageMass: String
- kegg: String - nominalMass: String
- rhea: String - imageUrl: String
- iubmb: String
\
(1..n) (0..n)
TO: TO:
- *id: int - *id: int
(0..n)V (1..n)
GRAPHED SCHEMA FOR r \
Rule:
. - *id: String
- mergeld: String
- modld: String
- modName: String
u J

OCCURS:

-*id:int

Figure 3.22: Implemented graph database schema for Neo4J graph database.
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One of the most important practices for database documentation is the data dictio-
nary (Batini et al., 1992), which provides information about the database including the
definitions of all schema objects in the database. The Appendix II presents the data

dictionary for the modeled schema.

Annotation of Predicted Compounds

The resulting hypergraph has a considerable number of predicted compounds gener-
ated together with the target compounds using the same set of graph grammar rules.
The Royal Society of Chemistry provides the ChemSpider (Pence and Williams, 2010)
Web Service which was used to identify these predicted compounds by comparing their
chemical structure. The Python program Compounds.py performed the annotation of the

predicted compounds and their storage in the Neo4J as shown in Figure 3.23.

Figure 3.23: Updating the predicted compounds with annotations from Chemspider dats-
base.

Scenarios for Sesquiterpenes Biosynthesis

The literature provided a collection of scenarios for biosynthesis of a variety of sesquiter-
penes. The scenarios are identified by a ‘scenariold’ and contain information such as
experiment, tissue, condition, yield, EC of the enzymes for the particular enzymatic ac-

tivity. The Planteome ontology? controls the vocabularies used for tissue and experiment

http:/ /www.planteome.org
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conditions. For example, ‘PO:0009046:flower’ represents the ontology for the characteris-
tic reproductive structure of angiosperms. These scenarios were imported to the Neo4J
database and then associated to the annotated compounds by the Python program Sce-
narios.py. Figure 3.24 shows the storage of the scenarios in the Neo4J, and Appendix I11.1
shows these identified scenarios.

Scenarios in the database embody the identified experimental results of enzymes from
various plants catalyzing the synthesis of the same sesquiterpenes found in the CmH

oil-resin.

It can take some time.

Figure 3.24: Updating the database with the scenarios for sesquiterpenes biosynthesis.

3.4 Annotation of CmH Enzymes

In 2011, a CmH transcriptome was sequenced from a cDNA library extracted from
leaves of young and healthy plants of CmH collected from the greenhouse of Medicinal
Plants of the University of Amazon with about 1 and 1.5 m tall, and 0.5 cm and 3.0
cm thick stem (Bastos, 2011). The reads®, sequenced using Roche 454®, were filtered
and assembled. The filtering phase aimed to prevent misassembled contigs in the later
stages by detecting and correcting read errors. The assembly phase aimed to reconstruct
extended sequences (contigs) from smaller sequence (reads) through sequence alignments
using Trinity (Haas et al., 2013).

3Fragments of DNA released by the sequencers in text format.
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A Blast (Altschul et al., 1997) database was built using the amino acids residues from
enzymes retrieved from the scenarios in the database. Then, the CmH transcriptome was
aligned with ‘blastx’ (nucleotides as query and proteins as database) against this Blast
database to identify and annotate the sequences of enzymes catalyzing the synthesis of
the target sesquiterpenes. After that, the results were parsed and stored in the database.

This is the final stage for the reconstruction of the metabolic network of sesquiter-
penes of CmH. It was performed with an interactive prompt by the Python program

Reconstruction.py. Figure 3.25 shows this running.

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwitax.cgi

WARNING: It can take some time.

Figure 3.25: Updating the database with the annotated transcripts of Copaifera multijuga
Hayne (CmH).
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Chapter 4
Results and Discussion

Although the metabolic network of Copaifera multijuga Hayne (CmH) is the most
evident result, it is not the only one. The defined workflow can be used to reconstruct
the metabolic networks of any other plant from its transcriptome. Also, it is possible
to generate different networks for the same organism, changing the set of graph gram-
mar rules and executing new computational simulations. The workflow is modular, and
each step can be performed individually. Another implicit result is the consolidation of
the use of graphs databases for storage of metabolic networks as a viable and efficient
alternative (Silva et al., 2017). Using the graph database, it is possible to plan biolog-
ical experiments by combining information from reactions, compounds, scenarios, and
sequences of sesquiterpene synthases through queries.

In this chapter, the results are discussed highlighting these outcomes, limitations,

perspectives and compared with related works, where possible.

4.1 In silico Sesquiterpenes Metabolic Network of Co-
paifera multijuga Hayne (CmH)

The in silico sesquiterpenes metabolic network of Copaifera multijuga Hayne (CmH)
has been reconstructed and stored in the 2Path Database for Sesquiterpenes (See Sec-
tion 4.2). It covers a range of enzymatic metabolic reactions forming sesquiterpenes,
including predicted compounds and chemical mechanisms for these reactions, which were
generated based on graph grammar rules applied to only the set of initial precursor
molecules: FPP, NPP and H,O. Figure 4.1 shows an overview of the plant terpene
metabolism and the place occupied by the generated chemical network in this context.

The predicted compounds in this chemical network were annotated using data from

ChemSpider (Pence and Williams, 2010), comprising the common name, molecular for-
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Figure 4.1: Generated chemical network in the context of plant terpene metabolism. The
purple box shows all generated feasible reactions from FPP and NPP.

56



mula, molecular weight, SMILES, a two-dimensional image of their chemical structures,
and mono-isotopic, average and nominal mass. The universe of compounds achieved using
the set of graph grammar rules exceeds the target compounds opening a way to inves-
tigate possible alternative sesquiterpene biosynthesis. Figure 4.2 shows the predicted
chemical network with cation molecules in red, and the electrically stable molecules in
blue. Figure 4.3 shows the CmHsesquiterpenes reached using the set of graph grammar
rules (See Table 3.1). A document with all predicted compounds can be downloaded from
http://www.biomol.unb.br/2path/docs/2pathl5_predicted_compounds.pdf.

In nature, enzymes regularly catalyze reactions, enhancing their magnitude. Despite
this, there are cases, including the metabolism of terpenes, where the reaction control and
specificity take priority over rate enhancement (Vattekkatte et al., 2018). Plant mono-
and sesquiterpene synthases generate substantial amounts of different acyclic and cyclic
products making them multiproduct enzymes (Vattekkatte et al., 2018). According to De-
genhardt et al. (Degenhardt et al., 2009), the electrophilic chemical mechanisms controlled
by these enzymes influence the diversity of products. But many other factors influence
multiproduct sesquiterpene enzymes and their cyclization cascades. Some of them are
unknown, while others have been studied, such as pH, the metal cofactor (Vattekkatte
et al., 2018), and evolutionary forces for the functional divergence (Chen et al., 2014).

Sesquiterpene synthases belong to Class I terpene synthases. Their catalytic process
starts with the cleavage of Diphosphate (OPP) mediated by a metal ion, which also
neutralizes the negative charge on the OPP during the reaction, preventing a premature
quenching of the cation. Sesquiterpene synthases have a preference for Mg 2+ as cofactor
in wvitro, but they also accept Mn?** in low concentrations (Vattekkatte et al., 2018).
Although less expressive, there are examples of plant sesquiterpene synthases that show
catalytic activity in the presence of other metal ions (Koéllner et al., 2008).

pH influences both concentration and the specificity of terpenes. In Medicago trucatula,
for example, the enzymatic activity of MtT PS5 occurred in a limited pH range between 5
and 11. This enzyme decreased the production of cadalene and increased the production
of germacrene while the pH became basic.

Particularly for plants, the multiproduct ability of sesquiterpene synthases gives eco-
logical advantages by producing a range of direct and indirect defensive compounds
against herbivores. This range is also influenced by the tissue and environmental con-
ditions. For instance, Kollner et al. (Kollner et al., 2008) showed that Zea mays T'PS23
gene provides two distinct expression patterns in different tissues. Aboveground, the
TPS23 expression after herbivory by lepdopteran larvae on leaves produced a blend of
volatile terpenes attracting parasitic wasps. Underground, in the roots, the T'PS23 pro-

duced only [-caryophyllene after damage by Diabrotica virgifera attracting pathogenic
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nematodes.

The evolution of enzymes over time is related to their cellular processes (Vattekkatte
et al., 2018). In terpene synthases, the multiproduct activity reflects the tendency of
nature to form mechanisms that maximize the range of products with a minimal number
of steps (Vattekkatte et al., 2018). Studies have pointed out that TPSs of plants are often
more related to their own TPSs with similar function than to other plant species (Kollner
et al., 2008). Chen et al. (Chen et al., 2014) found that the volatile sesquiterpene blend,
containing germacrenes, produced by the TPS1 gene of Oryza species may be adaptive.
They suggested that a positive Darwinian selection drives this diversification of terpenoid
biosynthesis in the genus Oryza.

As the blend of the produced sesquiterpenes is broad and influenced by several assay
conditions, the curated annotation of a TPS sequence becomes a difficult task. The
annotation of an enzyme is dependent on the scenario in which the synthesis occurs
because a single enzyme catalyzes the synthesis of several sesquiterpenes.

Enzymes catalyzing the biosynthesis of sesquiterpenes in many scenarios were collected
from the literature and stored in the 2Path database for sesquiterpenes (See Section 4.2).
These scenarios provided a framework of evidence beyond the similarity of the sequences to
support the annotation of the CmH enzymes. They included the NCBI accession number
for the enzymes, the PUBMED accession number for the associated publication with the
experimental results, the experimental conditions, the plant tissue, the compound yield,
EC numbers for the reactions, and cross-references to KEGG, Rhea (Morgat et al., 2016)
and International Union of Biochemistry and Molecular Biology (IUBMB) in a taxonomic
range of species.

The CmH transcriptome was assembled using the software Trinity (Haas et al., 2013),
and the report for the assembly is shown in Table 4.2. A total of 28 sequences of CmH were
annotated as sesquiterpene synthases using these scenarios, and their sequence identifiers
are shown in Table 4.1.

An in silico metabolic network of sesquiterpene biosynthesis that considers chemical
mechanisms and a scenario is valuable for a biological investigation of the target organism.
The importance of an in silico metabolic network lies both in the range of its explicit
information, and in the knowledge that can be deduced from it, allowing several biological

questions to be answered using this information.

4.2 2Path Database for Sesquiterpenes - 2Path15

Before choosing the graph database to store the metabolic network of CmH, we

developed and published a proof of concept for terpenoids, materialized in the 2Path

28



Table 4.1: Transcripts of CmH annotated as sesquiterpenes synthases.

Nr. Transcript ‘ Nr. Transcript

1 TRINITY_ DN17151_c0 gl i1 | 15 TRINITY_ DN10226 c0 gl il
2 TRINITY_DN7739 cO_gl1 il | 16 TRINITY_ DN971_c0_ gl il

3 TRINITY_ DN28883 c0 gl il | 17 TRINITY_ DN5133 c0 gl il
4 TRINITY DN9683 c0 gl il | 18 TRINITY_ DN29555 c0 gl il
5 TRINITY DN8241 c0 gl i1 |19 TRINITY DN24690 c0 gl il
6 TRINITY_DN21516_c0_gl i1 | 20 TRINITY_ DN23966_c0_ gl il
7 TRINITY_DN11019 _c0 g1 i1 | 21  TRINITY_ DN813_c0_ g2 il

8 TRINITY_ DN813_c0_ gl il 22 TRINITY_ DN3207_c0_gl il

9 TRINITY DN22210_c0_gl i1 | 23 TRINITY_ DN4599 c7_ g35 il
10 TRINITY_ DN4599 c7 g34 i1 | 24  TRINITY_ DN4599 c7_ g33 il
11 TRINITY_DN10862_c0_gl il | 25 TRINITY_ DN26667_ c0_gl il
12 TRINITY_DN2357_c0_g2 il |26 TRINITY_ DN2357_ c0_gl il

13 TRINITY_DN8904 cO0 gl il |27 TRINITY_ DN27904 c0_gl il
14  TRINITY_ DN6486_cO gl i1 |28 TRINITY DN21250 cl gl il

Table 4.2: CmH transcriptome assembly stats.

Stats

Total assembled bases 19384458
Average contig 461.11
Median contig lenght 411

N10 1007
N20 637

N30 516

N40 462

N50 433
Percent GC 32.44

database (Silva et al., 2017). 2Path database integrates data from several repositories of
plant metabolism, filtering for terpenoid data. The next natural step was to produce new
data to expand the 2Path database with information on the CmH.

This expansion is following a bottom-up flow. Detailed information on sesquiterpenes
biosynthesis was generated by this work using data from the literature and computational
simulations. This new information should fit as members of the terpenoid metabolic net-
work existing in 2Path database. As this integration is not yet implemented, two databases
are kept: 2Path for terpenoid metabolism and 2Path15 for sesquiterpene metabolism in
an allusion to the 15 carbons skeleton of sesquiterpenes.

A suitable database model and schema makes the search for both explicit and implicit

information more efficient. The 2Path15 graph database schema shown in Figure 3.22,
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presents the organisms connected to the enzymes, which are connected to the two potential
initial precursor molecules: FPP and NPP. In this way, it is possible to connect an
organism and its sequences to the generated chemical network and the scenarios. Table 4.3

summarizes some important numbers from the complete in silico network in the database.

Table 4.3: Database of CmH sesquiterpene metabolic network in numbers.

Object Amount Cypher query

Relationships 7888 MATCH ()->() RETURN count(*)
Vertices 5507 MATCH (n) RETURN count(n)
Compound 2354 MATCH (n:Compound) RETURN count(n)
Organism 17 MATCH (n:Organism) RETURN count(n)
Rule 3043 MATCH (n:Rule) RETURN count(n)
Sequence 50 MATCH (n:Sequence) RETURN count(n)
Scenario 43 MATCH (n:Scenario) RETURN count(n)

Total store size 22.13 MB -

Figure 4.4 shows the complete sesquiterpene network. Particularly for the CmH, the
pathway for any of the target sesquiterpenes can be demanded through a simple Cypher
query. For example, Figure 4.5 shows the pathways for CmH where the §-caryophyllene
is the main compound produced. Both in the Figures 4.4 and 4.5, purple vertices are
organisms, blue vertices are enzymes, green vertices are compounds, gray vertices are
chemical mechanisms (or rules), and the red vertices are scenarios.

Also, each of the resulting compounds, target or not, can be queried from the 2Path15
database using Cypher language, which enables several biological questions to be an-
swered. For example, which enzymes catalyze [-caryophyllene as the main compound
in leaves of adult plants? Alternatively, what are the species whose enzymes were ex-
pressed in recombinant experiments? The answer to these questions and the correspon-

dent Cypher queries are shown in Tables 4.4 and 4.5.

Table 4.4: Example 01 of biological question/answer using cypher query.

Which enzymes catalyze beta-caryophyllene as the main compound in leaves of adult plants?

MATCH (c:Compound{modName:" beta—caryophyllene"})——>(n: Scenario{yield :"main"})

WHERE n.tissue=~"(?i).*leaf.*" AND n.experiment = "adult"

RETURN n.condition, n.ncbiSpecies, n.ec, n.ncbiAccession

condition ncbi species ec ncbi accession

methyl jasmonate exposure Medicago truncatula 4.2.3.57 AAV36464
Spodoptera spp. Exposure  Medicago truncatula 4.2.3.57 AAV36464

Since the data structure of the generated metabolic network is a particular graph,

using graph database is a very intuitive way both to store and query the data. Cypher
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Table 4.5: Example 02 of biological question/answer using cypher query.

What are the species whose enzymes were expressed in recombinant experiments?

MATCH (c:Compound)——>(n:Scenario)
WHERE n.experiment=~"recombinant" AND c¢.modName = "beta—caryophyllene" AND n.yield="main"
RETURN n.ncbiSpecies, n.ec, n.ncbiAccession, n.rhea, n.kegg, c.modName, c.averageMass

nchi species ec nchi accession rhea  kegg modName average mass
Artemisia annua 4.2.3.57 AALT9181 28297 RO08541 beta-caryophyllene 204.3511
Helianthus annuus 4.2.3.57 AAY41422 28297 RO08541 beta-caryophyllene 204.3511
Zea diploperennis 4.2.3.57 ABY79209 28297 RO08541 beta-caryophyllene 204.3511
Zea mays subsp. huehuetenangensis  4.2.3.57 ABY79210 28297 RO08541 beta-caryophyllene 204.3511
Zea luzurians 4.2.3.57 ABY79211 28297 RO08541 beta-caryophyllene 204.3511
Zea mays subsp. mezicana 4.2.3.57 ABY79212 28297 RO08541 beta-caryophyllene 204.3511
Zea mays subsp. parviglumis 4.2.3.57 ABY79213 28297 RO08541 beta-caryophyllene 204.3511
Zea perennis 4.2.3.57 ABY79214 28297 RO08541 beta-caryophyllene 204.3511
Matricaria chamomilla var. Recutita 4.2.3.57 AFM43734 28297 RO08541 beta-caryophyllene 204.3511
Selaginella moellendorffii 4.2.3.57 AFR34007 28297 RO08541 beta-caryophyllene 204.3511
Cucumis sativus 4.2.3.57 AAU05952 28297 RO08541 beta-caryophyllene 204.3511
Medicago truncatula 4.2.3.57 AAV36464 28297 RO08541 beta-caryophyllene 204.3511

queries corroborate the intuitiveness by their convenient semantic structure. The result
adequately stored in a graph database becomes Findable, Accessible, Interoperable, and
Reusable. These are precisely the assumptions of science data management and knowledge

discovery proposed by Wilkinson et al. (Wilkinson et al., 2016).

4.3 2Pathl15 Workflow

The provided a workflow for the reconstruction of in silico metabolic networks covers
essential aspects of the biosynthesis of sesquiterpenes in plants. Based on this workflow,
a series of partial results are combined to produce the in silico metabolic network.

Firstly, target sesquiterpenes from an organism can be collected from the literature
and graph grammar rules designed to represent the chemical mechanisms of the enzymatic
reactions that produce them. Alternatively, a set of arbitrarily defined rules can be used
without necessarily defining target compounds.

The hypergraph resulting from the application of these rules is generated and stored
in the Neo4J graph database using a database schema modeled to accommodate the
hypergraph as a graph. The chemical structures of the predicted compounds is used to
annotate them using data from the ChemSpider (Pence and Williams, 2010) Web Service.
The core of the metabolic network can be augmented with scenarios, which are based on
experimental results from the literature. Finally, the complete in silico metabolic network
of sesquiterpenes is built from transcriptome data.

Different metabolic networks can be generated in two ways:

1. For different organisms by giving transcriptome data as input
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2. For a target organism by changing the set of graph grammar rules or scenarios

The database supports the reconstruction of metabolic networks for multiple organ-
isms, which makes it possible to compare them. Because the workflow is semi-automatic,
and each phase can be performed separately, it simplifies the creation of new networks

and the updating of the database with new scenarios.

4.4 Limitations

The main limitation of the workflow lies in the impossibility of abstracting chemical
geometry in the molecules represented by undirected graphs. For example, the molecules
~-muurolene and 7-cadinene are distinguished by the geometry of the hydrogen bonded
to the carbon 6 as can be seen in Figure 4.6. Such difference cannot be expressed using
an undirected graph. Thus, during the generation of the metabolic network, compounds

whose difference is only in the geometry of chemical bonds are indistinguishable.

(a) y-muurolene. (b) v-cadinene.

Figure 4.6: Abstraction for representing molecules as undirected graph.

This limitation also was the reason for bypassing the isomerization of the FPP to NPP

(See Figure 2.11). In the simulations it was assumed that both are initial molecules.

4.5 Related works

As shown in Section 2.3, the reconstruction of metabolic networks is a diversified pro-
cess with many methods. Some of them comprise chemical mechanisms through compu-
tational simulations as Artificial Force-Induced Reaction (AFIR) (Maeda et al., 2016) and
‘Modelling Pathways as Integer Hyperflows’ (Andersen et al., 2017). Isegawa et al (Isegawa
et al., 2014) used AFIR to predict pathways applying artificial forces to molecules induc-
ing them to approach each other. This work brought energetically viable predictions of

cyclization /rearrangement pathways for carbocation precursors to sesquiterpenes.
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The in silico metabolic network of CmH sesquiterpenes used the ‘Modelling Pathways
as Integer Hyperflows’ to generate the chemical mechanisms. Compared to the work of
Isegawa et al (Isegawa et al., 2014), this approach limited by the chemical geometry. Both
methods have similar chemical goals but use different computational approaches.

The in silico metabolic network of CmH sesquiterpenes was later stored in the 2Path15
database supporting additional analyses. The closest work available with this feature is
the Reactome (Fabregat et al., 2018), which is also a metabolic network database, recently
updated to use the same strategy of storing. Although storing a rich universe of data on
plant metabolism, Reactome!, currently (Release 57 - May 2018) has a small set of terpene

reactions (2), proteins (6), and no chemical mechanism details.

thttp://plantreactome.gramene.org
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Figure 4.3: CmH sesquiterpenes reached in the generated hypergraph using the set of
rules presented in 3.1.
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Figure 4.4: Complete 2Path15 sesquiterpenes metabolic network. Purple vertices rep-
resent the organisms, blue vertices represent enzymes linked to the compounds FPP or
NPP (green vertices) indicating their enzymatic activity. The red vertices represent the
experimental scenarios for the biosynthesis of final compounds.
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ncbiAccession:AAV36464, pubmedAccession: 17924138,

rhea: 28297, kegg: R08541, tissue: P0O|0025034|leaf,

compoundYield: main, condition: PECO|0007115|Spodoptera spp. Exposure,
experiment: adult, ncbiTaxon: 3880, modName: beta-caryophyllene,

ncbiSpecies: Medicago truncatula, ec: 4.2.3.57

Scenarios for the final compounds

OPTIONAL MATCH

pl=(target : Compound) —[:OCCURS]|—>(n: Scenario),

p2=SHORTESTPATH ( (source : Compound) —[r :TO*..12] — >(target : Compound)) ,
p3=(o:Organism{ncbiTaxon:"327897"}) —[*] — >(source : Compound)

WHERE source.modName="FPP" AND target.modName IN ["beta—caryophyllene" ,"H+", "OPP—"]
AND n.compoundYield="main" AND n.condition=~"(7i).*Spodoptera .x*"

RETURN pl,p2,p3

Figure 4.5: CmH pathway for the sesquiterpene [-caryophyllene as main compound in
response to Spodoptera spp. Exposure.
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Chapter 5
Conclusions

This work presents an in silico sesquiterpenes metabolic network of Copaifera multijuga
Hayne (CmH). This network covers the chemical mechanisms of the enzymatic reactions,
automatic annotation of predicted compounds and scenarios supporting their biosynthesis.
These chemical mechanisms, are essentially a chemical network abstracted as a hypergraph
built using graph grammar rules to simulate the transformation of molecules during a
reaction. This chemical network was completed and combined with other information
through a well-defined workflow to form the in silico sesquiterpenes metabolic network of
Copaifera multijuga Hayne (CmH).

The workflow for the in silico reconstruction is a chain of program executions for pre-
diction and annotation of compounds, which fill a graph database together with metadata
from biosynthesis scenarios and a subsequent insertion of the organism of interest in this
context. The resulting graph database was called 2Path15 in an allusion to the 15 carbons
skeleton of sesquiterpenes. The metabolic network was stored under a schema particu-
larly developed for this purpose. Thus, while using the same schema, the database can be
updated independently of the generated network. The storing of the metabolic network
in a database enables efficient data management and knowledge discovery.

The results obtained from the in silico reconstruction of sesquiterpenes metabolic
network of CmH, as well as the potential outcomes that can be achieved using the pro-
posed workflow, have significance for the generation of biological knowledge, since the
application of these results brings an inherent potential for basic science, biotechnological
applications, and sustainable exploitation of the CmH. In addition, designing putative
metabolic pathways is of great interest in synthetic biology (Hadadi and Hatzimanikatis,
2015).
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5.1 Contributions

The contributions are related, but not limited, to the achievement of the specific objec-

tives.

e A set of graph grammar rules for the generation of a chemical network representing

the chemical mechanisms of the CmH sesquiterpenes biosynthesis reactions

e A workflow for the in silico reconstruction of metabolic networks based on the

generated chemical network

e Design and implementation of a graph database schema to store the reconstructed

network
e The workflow as a public and available computational tool

e A set of predicted sesquiterpene synthases of Copaifera multijuga Hayne (CmH)
(approximately 80% of the sesquiterpenes identified diversity)

e Scenarios for experiment design on the predicted sesquiterpene synthases

5.2 Availability

2Path general information, 2Path15 code, list of predicted compounds and more is

available at:

http://www.2path.org

Source

Terpenoids

Publications
2016

(a) 2Path main page. (b) 2Pathl15 git page.

Figure 5.1: 2Path versions available on-line.
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5.3 Future work

The database schema supports the expansion of pathways to sets of different reactions
of terpene synthases. For example, by expanding the set of graph grammar rules, it
is possible to simulate the production of mono-, and sesquiterpenes which use different
cyclizations from those proposed for the CmH. It is also possible to simulate the entire
pathway showed in Figure 4.1 for terpenoid biosynthesis from MVA and MEP pathways
by changing the sets of graph grammar rules and initial compounds.

This is precisely what the 2Path database (Silva et al., 2017) is intended to be - a
database that at the same time integrates information from other data sources and stores
new terpenoid biosynthesis information covering chemical mechanisms and scenarios.

In addition, and already being developed and tested (Esteves et al., 2018), there
is a Web interface to facilitate the work of database users who do not have Cypher
query language skills. The complete Web system will cover in silico reconstruction from
transcriptome experiments with multiple conditions and genomic DNA. In this interface,
the user will be able to generate the in silico metabolic networks by uploading the genomic

data and choosing a set of rules.
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Appendix 1

Resumo Estendido

I.1 Introducao

Plantas do género Copaifera (Leguminosae-Caesalpinoideae), comumente chamadas
de “Copaiba”, crescem abundantemente no Brasil e em varios outros paises da América
do Sul. A Copaifera multijuga Hayne (CmH) é nativa da Amazonia, porém nao endémica
ao Brasil, embora ocorra em toda sua regiao norte. Extraido do tronco das arvores, o
6leo-resina das espécies de Copaifera spp. é amplamente utilizado na medicina popular e
por indigenas da regido amazonica para cura (Junior and Pinto, 2002).

Além disso, o Oleo-resina de Copaifera spp. tem alto potencial biotecnologico associ-
ado e tem sido estudado para aplicagbes antimicrobianas (Dos Santos et al., 2008; Men-
donga and Onofre, 2009a; Pacheco et al., 2006), antifingicas (Deus et al., 2011, 2009),
anti-inflamatérias (Brito et al., 2005; de Matos Gomes et al., 2010; Veiga et al., 2006b,
2007), antitumorais (Gomes et al., 2008; Lima et al., 2003b), antinociceptivas (de Ma-
tos Gomes et al., 2010; Gomes et al., 2007), antileishmanial (Santos et al., 2008) e cicatri-
zante (Westphal et al., 2007). O 6leo-resina de Copaifera spp., inclusa a CmH, é composto
de 4cidos resinosos e compostos voléteis, principalmente sesqui e diterpenos (Leandro
et al., 2012).

Os terpenos sao um grupo grande e variado de produtos naturais que desempenham
importantes papéis ecologicos, como defesa e comunicagao, além de varias aplica¢oes na
industria e na medicina. Eles sdo produzidos por uma variedade de organismos como plan-
tas, fungos e bactérias, através de reacoes metabolicas catalisadas por Terpene synthases
(TPSs) (Dewick et al., 2002).

Unidades de isopreno com 5 carbonos (C5), Isopentenyl Pyrophosphate (IPP) e Di-
methylallyl Pyrophosphate (DMAPP), sdo os principais substratos para toda a diversidade
de terpenos (Vattekkatte et al., 2018). O alongamento da cadeia de carbonos pela adigao
de unidades de C5 isoprene dé origem a Geranyl Diphosphate (GPP) (C10), Farnesyl
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Diphosphate (FPP) (C15) e Geranylgeranyl Diphosphate (GGPP) (C20) (Vattekkatte
et al., 2018).

GPP ¢é o substrato para monoterpenos, FPP para sesquiterpenos e GGPP para di-
terpenos. Entretanto, FPP e GGPP também podem ser dimerizados para formar os
precursores de C'30 e C40 terpenes (Wink, 2010). Dependendo da quantidade de unida-
des de isoprenos, os terpenos sao nomeados como monoterpenos (C'10), sesquiterpenos
(C15), diterpenos (C20), sesterterpenos (C25), triterpenos (C30), tetraterpenes (C40) e
politerpenos (> C'40) (Wink, 2010).

As TPSs exibem uma ampla atividade catalitica e podem originar diversos produtos
partindo de um mesmo substrato (Schifrin et al., 2016; Tholl et al., 2005). H& duas
classes de TPSs: Classe I e Classe 11, definidas por aminoacidos que formam os seus sitios
cataliticos (Chen et al., 2011) (Liu et al., 2014). FPP é o precursor pivd dos sesquiterpenos
através da acdo de TPSs Classe I (Zhang et al., 2016).

Independentemente do produto, a biossintese dos sesquiterpenos a partir do FPP
inicia~se pela clivagem do Diphosphate (OPP), a qual é predominantemente dependente
de Mg** (Zhang et al., 2016). O cation de FPP resultante da clivagem, pode levar di-
retamente a producao de sesquiterpenos, ou pode sofrer uma rotagao seguida da reincor-
porac¢ao do OPP formando um cisoide ou transoide Nerolidyl Diphosphate (NPP) (Tholl,
2006). O NPP, também pode ter o OPP clivado e o cation de NPP resultante, também
pode levar a producgao de sesquiterpenos.

Os mecanismos quimicos de biossintese de sesquiterpenos envolvem a formacao de liga-
¢ao C'— (), cations intermidarios, rearranjos de Wagner-Meerwein, captura de carbocations
por moléculas de agua e shifts de hidrogénio e grupos metil e alil, causados por mu-
dangas conformacionais nos cations (Degenhardt et al., 2009; Schifrin et al., 2016; Tholl,
2006). Apesar da enorme quantidade de combinagoes de ciclizagoes possiveis, a variedade
de compostos resultantes inicia-se com quatro grupos iniciais de ciclizacao: C1 — C'10,
C1—-C11, C1 - (C6, and C'1 — C7 (Christianson, 2017).

Redes metabdlicas in silico constituem o nticleo da Biologia de Sistemas. Elas sao
modelos computacionais representativos das reagoes de biossintese realizadas pelas célu-
las, incluindo interacoes entre compostos, enzimas, cofatores e outras moléculas em um
organismo (Bazzani, 2014). Técnicas e ferramentas computacionais, dados 6micos® e da,
literatura sdo empregados para a reconstrucao de redes metabdlicas (Caspi et al., 2009;
Wang et al., 2017).

A reconstrucao in silico de redes metabdlicas é dependente da quantidade e qualidade
dos dados 6micos (Le Novere, 2015). Em geral, os métodos para reconstrucao de redes

metabdlicas inferem um metaboloma a partir de um genoma e de informagao pré-existente

lgenomica, transcritdmica, metabolémica, entre outras
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sobre reagoes metabdlicas disponivel em bancos de dados Wang et al. (2017). Em orga-
nismos nao-modelo, para os quais os dados 6micos podem nao ser abundantes, o perfil
metabdlico é uma alternativa para a reconstrucao (Kell et al.; 2005).

Outra abordagem para reconstrucao de redes metabdlicas é a predi¢cao de compostos e
reacoes a partir de simulagoes computacionais. Entre as abordagens para geracao de redes
quimicas através de simulagoes computacionais destacam-se Artificial Force-Induced Reac-
tion (AFIR) (Maeda et al., 2016) e Modelling Pathways as Integer Hyperflows (Andersen
et al., 2017).

Em relagao ao foco e nivel de detalhes, uma rede metabdlica pode ser reconstruida
e explorada com objetivos qualitativos, quantitativos ou ambos. Simulagoes quantitati-
vas em uma rede metabdlica podem estimar quantidades do metaboloma, caso em que o
método Fluz Balanced Analysis (FBA) é amplamente utilizado (Orth et al., 2010). Os
resultados qualitativos esperados em uma rede metabdlica incluem identificacdo de en-
zimas, reagoes, condi¢des que influenciam a formacao do metaboloma como localizagao
celular ou tecido, interagdes com outras biomoléculas e outros mais (Bazzani, 2014). O
nivel de detalhe dos componentes de uma rede metabélica pode variar, incluindo camadas
de conhecimento especializado em cada componente da rede como no caso das redes qui-
micas, onde as reagdes tém seus mecanismos quimicos, compostos iniciais, intermediarios
e finais representados explicitamente.

Redes metabdlicas podem ser armazenadas em arquivos de varios formatos como Bi-
oPax (Demir et al., 2010), RDF (RDF, 2014), e SBML (Hucka et al., 2003). Apesar
da versatilidade funcionalidade dos arquivos estruturados, bancos de dados permitem o
gerenciamento de cole¢oes maiores e mais complexas. Existem diversos bancos de dados
de metabolismo como o0 KEGG (Kanehisa and Goto, 2000) ou o MetaCyc (Caspi et al.,
2014). Tais bancos de dados armazenam reagoes metabdlicas enzimaticas compostas de
etapas protagonizadas por mecanismos quimicos nem sempre explicitos. Mesmo existindo
um consideravel volume de conhecimento sobre estes mecanismos na literatura, como em
(Christianson, 2017), (Dickschat, 2016), e (Zhang et al., 2016), h& poucos repositorios
especializados disponiveis. Dois exemplos expressivos sdo o Jacob Blog (Jacobson, 2017),
que contém um catélogo de esquemas de ciclizagoes e o banco de dados MACIE (Holliday
et al., 2012), cuja cobertura de liases? ¢ de aproximadamente 6%.

Neste cenario, um modelo de dados consistente e abrangente para armazenar redes me-
tabdlicas corrobora com os principios FAIR para gerenciamento de dados cientificos (Wil-
kinson et al., 2016). O escopo deste trabalho foi definido com o propésito de criar um

workflow para predi¢ao e gerenciamento de conhecimento sobre a biossintese de sesquiter-

2Liases: classe enzimdtica a qual pertencem a maioria das TPSs.
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penos que compoem o Oleo-resina da CmH no contexto da reconstrucao e armazenamento

de redes metabdlicas in silico.

1.2 Problema

Indisponibilidade de uma rede metabdlica in silico para a biossintese de sesquiterpenos
da Copaifera multijuga Hayne (CmH) com seus mecanismos quimicos, compostos iniciais,

intermediarios e finais representados explicitamente.

1.3 Objetivo

O objetivo desta tese é reconstruir, armazenar e disponibilizar uma rede metabdlica in
silico para a biossintese de sesquiterpenos presentes no 6leo-resin da Copaifera multijuga

Hayne (CmH) incluindo seus mecanismos quimicos.

I.3.1 Objetivos Especificos

e Gerar uma rede quimica de reacgoes de biossintese de sesquiterpenos e seus mecanis-

mos quimicos, compostos iniciais, intermediarios e finais

e Definir e construir um workflow para a reconstrucao in silico de redes metabdlicas

baseado em uma rede quimica gerada

e Definir e implementar um banco de dados em grafos para armazenar a rede meta-

bdlica reconstruida

e Implementar o workflow como uma ferramenta publicamente disponivel para a co-

munidade académica

1.4 Meétodo

O método consiste na acumulacao de informagdo em camadas que completam-se mu-
tuamente para atingir um resultado final que é a prépria rede metabdlica in silico da
CmH. A informacao em cada camada pode ser proveniente de interagdo humana ou com-
putacional, tornando o método semi-automatico. A sequéncia das interacoes esta definida
como um workflow cujas etapas sao descritas a seguir.

A primeira parte consistiu em um levantamento biliografico sobre os sesquiterpenos
presentes no 6leo-resina da CmH. Um segundo levantamento bibliografico buscou identi-

ficar os mecanismos quimicos das reagoes de biossintese desses sesquiterpenos.
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Representando as moléculas como grafos nao direcionados, onde os vétices sao ato-
mos e as arestas sao ligagoes quimicas, regras de gramatica de grafos foram escritas
para representar as transformacoes que ocorrem nas moléculas durante as reagoes. As
transformacoes foram simuladas computacionalmente utilizando a abordagem Modelling
Pathways as Integer Hyperflows (Andersen et al., 2017) através do framework Med@D1Dats-
chgerl (Andersen et al., 2016). Partindo de um conjunto inicial de compostos precursores,
FPP, NPP e H50, e um conjunto de regras de graméatica de grafos, compostos foram
preditos, incluindo aqueles identificados no primeiro levantamento bibliografico.

Esta rede quimica foi armazenada no banco de dados em grafos Neo4J com um es-
quema particularmente desenhado para esta finalidade Van Erven et al. (2018). Partindo
do banco de dados, compostos preditos foram identificados e atualizados utilizando o
Web Service ChemSpider (Pence and Williams, 2010). Em seguida, foram levantados
da literatura, cendrios para a biossintese dos sesquiterpenos preditos e anotados. Estes
cenarios, também inseridos no banco de dados, compreendem dados experimentais, in-
cluindo sequéncias de residuos de aminoacidos de sesquiterpeno sintases, que amparam
as predigoes e anotagoes.

O préximo passo foi montar o transcritoma da CmH utilizando como fonte reads?
sequenciadas usando Roche 454®. As reads provenieram de uma biblioteca de ¢cDNA
extraida de folhas de plantas jovens e saudaveis de CmH, coletadas no viveiro de plantas
medicinais da Universidade do Amazonas (Bastos, 2011). As plantas tinham entre 1 e 1,5
m de altura, 0,5 e 3 cm de largura do caule. O software Trinity (Haas et al., 2013) foi
usado para a montagem.

Os transcritos montados foram alinhados contra as sequéncias dos cenarios armazena-
das no banco de dados usando Blast (Altschul et al., 1997). As sequéncias do transcritoma,

anotadas a partir deste alinhamento foram vinculadas as vias metabdlicas no banco de

dados.

1.5 Resultados

A rede metabdlica in silico de sesquiterpenos da Copaifera multijuga Hayne (CmH),
incluindo os mecanismos quimicos das reagoes foi reconstruida e uma visao geral de seu
conteudo é mostrada na Tabela I.1.

Esta rede metabdlica in silico da Copaifera multijuga Hayne (CmH) permite explorar
as vias metabdlicas biossintese dos sesquiterpenos presentes no oleo-resina, incluindo seus
mecanismos e compostos quimicos. Embora preditos computacionalmente, as regras de

gramatica de grafos usadas para predizer os compostos e reagoes foram escritas com base

3reads: fragmentos de DNA produzidos pelos sequenciadores em formato de texto.
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Tabela 1.1: Rede metabdlica de biossintese de sesquiterpenos da CmH em nuimeros.

Objeto Quantidade
Relacionamentos 7888
Vértices 5507
Compostos 2354
Organismos 17
Aplicagoes de regras de gramatica de grafo 3043
Sesquiterpeno sintases 50

Cenérios 43

Espago em disco 22.13 MB

na literatura especializada, assim como os cenéarios com resultados experimentais em que
as vias metabodlicas ocorrem. A maior parte dos sesquiterpenos presentes no éleo-resina
foram preditos pela a simulacao, ao lado de outros compostos que podem ser produzidos
a partir dos mesmos mecanismos quimicos. Um conjunto de 28 sequéncias de transcritos
da CmH foram anotados como hipotéticas sesquiterpeno sintases.

Embora a rede metabdlica in silico da Copaifera multijuga Hayne (CmH) seja o resul-
tado mais evidente, nao é o inico. O workflow definido pode ser utilizado para reconstruir
redes metabodlicas de qualquer outra planta a partir de um arquivo fasta com seu trans-
criptoma. B possivel ainda gerar diferentes redes para um mesmo organismo, alterando o
conjunto de regras de gramatica de grafos e executando novas simulagoes computacionais.
O workflow é modular e cada etapa pode ser executada independentemente.

Outro resultado implicito é a consolidagdo do uso de bancos de dados em grafos para
armazenamento de redes metabdlicas como uma alternativa vidvel e eficiente (Silva et al.,
2017). Usando o banco de dados, é possivel através de buscas, combinar informagoes de
reacoes, compostos, cenarios, sequéncias de sesquiterpeno sintases para planejar experi-
mentos biolégicos.

Trabalhos futuros incluem a introducao de novas regras de gramatica de grafos para
expandir o workflow de forma a possibilitar resultados que excedam aqueles possiveis de
obter usando apenas as regras para os sesquiterpenos da CmH. Paralelamente, uma inter-
face Web esta sendo desenvolvida e testada para tornar o uso do workflow e a exploracao
dos resultados menos dependente de habilidades técnicas em computagao (Esteves et al.,
2018).

87



Apéndice 11

Data Dictionary

38



2Path15 data dictionary

Object Type Description

Organism Node Label of nodes storing organism data

id int id of an organism

nchiTaxon String NCBI unique taxonomy code

nchiSpecies String NCBI name of the species

nchiLineage String NCBI lineage of the species

Sequence Node Label of nodes storing sequences data

id int id of an sequence

nchiAccession String NCBI unique code for the sequence

nchiDescription String NCBI annotation for the sequence

ncbiFasta String NCBI sequence in fasta format

transcript String annotation of the sequence

transcriptFasta String sequence of the submitted organism in fasta format

basedOn String NCBI_ unique code for the sequence used to annotate the
submitted sequence

Compound Node Label of nodes storing compounds data

id int id of an compound

modid String id of an compound during the hypergraph generation

modName String annotation of a predicted compound

modSmiles String smiles of a predicted compound

chemspider String CHEMSPIDER id for a predicted compound

commonName String CHEMSPIDER name for a predicted compound

molecularFormula String CHEMSPIDER molecular formula for a predicted compound

molecularWeight String CHEMSPIDER molecular weight for a predicted compound

monoisotopicMass String CHEMSPIDER monoisotopic mass for a predicted compound

averageMass String CHEMSPIDER average mass for a predicted compound

nominalMass String CHEMSPIDER nominal mass for a predicted compound

imageUrl String url of the image for a predicted compound

Scenario Node Label of nodes storing scenarios data

id int id of a Scenario
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2Path15 data dictionary

id of a Scenatrio in its source

scenariold String
ncbiTaxon String NCBI unique taxonomy code
nchiSpecies String NCBI name of the species
ncbiAccession String NCBI unique code for the sequence
pubmedAccession String NCBI unique code for the associated publication
modName String annotation of a predicted compound
experiment Strin type of experiment with controlled vocabulary (examples:
P 9 recombinant, adult, seedling)
tissue Strin organ or tissue of the plant with controlled vocabulary (examples:
9 PO|0009046|flower, PO|0025034|leaf)
condition Strin condition in which the experiment was conducted with controlled
9 vocabulary (example: PECO|0007115|Spodoptera spp. Exposure)
compoundYield String yield of the compound in the experiment (main or side)
. Enzyme Commission number for the reaction leading to the
ec String comgound 9
kegg String KEGG database cross reference for the reaction
rhea String RHEA database cross reference for the reaction
iubmb String IUBMB cross reference for the reaction
Rule Node Label of nodes storing rules data
id int id of a rule
mergeld String mg:gre];ar\]tizcrjnld for unify the rule applied for the same chemical
modid String id of the rule during the hypergraph generation
modName String name of the rule
CATALYSES Relationship Label for the relationship between a Sequence and a Compound
id int id of a catalyse relationship
scenariold String id of the scenario (the source id) where the catalysis occurs
ncbiAccession String NCBI unique code for the sequence
pubmedAccession String NCBI unique code for the associated publication
experiment Strin type of experiment with controlled vocabulary (examples:
P 9 recombinant, adult, seedling)
tissue Strin organ or tissue of the plant with controlled vocabulary (examples:
9 PO|0009046|flower, PO|0025034|leaf)
condition String condition in which the experiment was conducted with controlled

vocabulary (example: PECO|0007115|Spodoptera spp. Exposure)
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2Path15 data dictionary

Enzyme Commission number for the reaction leading to the

ec String
compound

kegg String KEGG database cross reference for the reaction

thea String RHEA database cross reference for the reaction

iubmb String IUBMB cross reference for the reaction

HAS Relationship Label for the relationship between an organism and a sequence

id int id of a organism/sequence rlationship

diff String the condition in which the transcript was differentially expressed

OCCURS Relationship Label of the relationship between a compound and scenario

id int id of a compound/scenario relationship

TO Relationship Label of relationships between a compound and a rule or between
a rule and a compound

id int id of a compound/rule or rule/compound relationship

modName index ON :Compound(modName)

modName index ON :Rule(modName)
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Apéndice IV

Publications
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Databases
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Human-Computer Interaction Communicability Eva-
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DOI: 10.1007/978-3-319-77712-2_ 95

94


http://dx.doi.org/10.1504/IJDMB.2017.10007186
https://doi.org/10.1109/BIBM.2016.7822709
https://doi.org/10.1007/978-3-319-77703-0_111
https://doi.org/10.1007/978-3-319-77712-2_95

	Dedication
	Acknowledgements
	Resumo
	Abstract
	Introduction
	Problem
	Objective

	Background
	Copaifera multijuga Hayne
	Sesquiterpenes biosynthesis
	In silico Reconstruction of Metabolic Networks
	Biochemical Networks
	NoSQL Graph Databases


	Material and Methods
	Sesquiterpenes of Copaifera multijuga Hayne
	Generation of the Sesquiterpenes Metabolic Network
	Storing the Sesquiterpenes Network of CmH
	Annotation of CmH Enzymes

	Results and Discussion
	In silico Sesquiterpenes Metabolic Network of CmH
	2Path Database for Sesquiterpenes - 2Path15
	2Path15 Workflow
	Limitations
	Related works

	Conclusions
	Contributions
	Availability
	Future work

	References
	Appendix
	Resumo Estendido
	Introdução
	Problema
	Objetivo
	Objetivos Específicos

	Método
	Resultados

	Data Dictionary
	Scenarios
	Publications

