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Abstract: Cytochrome P450 enzymes are hemoproteins showing extraordinary
diversity in the reactions they catalyze. We developed a database containing all
the needed data to provide a comprehensive data source on reactions catalyzed
by cytochrome P450 enzymes. This data mainly includes information about the
substrates, products of characterized reactions, and the sequence of these enzymes.
The database was developed by collecting data from reliable protein and reaction
databases like UniProt and RHEA. The work presents an in-depth analysis of
the created database of reactions catalyzed by cytochrome P450 enzymes. This
database can be utilized for future machine learning approaches to predict the
function of uncharacterized cytochrome P450s.
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Abstrakt: Cytochromy P450 jsou hemoproteiny vykazujici mimofadnou rozman-
itost reakct, které katalyzuji. Vyvinuli jsme databazi obsahujici vSechny potiebné
udaje, abychom poskytli komplexni zdroj dat o reakcich katalyzovanych enzymy
cytochromu P450. Tato data zahrnuji predevsim informace o substratech, pro-
duktech charakterizovanych reakci a sekvenci téchto enzymut. Databaze byla
vytvorena shromazdénim udaju ze spolehlivych databazi proteint a reakeci, jako
jsou UniProt a RHEA. Prace predstavuje hloubkovou analyzu vytvorené databaze
reakci katalyzovanych enzymy cytochromu P450. Tato databaze muze byt v
budoucnu vyuzita pro pfistupy strojového uceni k predpovidani funkce necharak-
terizovanych cytochromt P450.

Klicova slova: cytochrom P450; databaze; substrat; produkt; katalyzator; data
mining; distribuce dat; UniProt; RHEA
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Introduction

This thesis aims to contribute to research on cytochrome P450 enzymes initiated
by my supervisor Mgr. Tomas Pluskal, Ph.D. Cytochrome P450 enzymes are a sig-
nificant class of enzymes metabolizing drugs, toxins, and endogenous compounds
in all living organisms. They are also involved in the biosynthesis of various
compounds, such as hormones, fatty acids, and secondary metabolites. However,
the diverse substrates they can bind to and the complex nature of their catalytic
activity make it difficult to predict their substrate specificity and the reaction
outcomes. Understanding the function and regulation of cytochrome P450s is
crucial in various fields, including drug discovery and determining a potential
risk associated with exposure to toxic substances.

This thesis has three main objectives. Firstly, we must address the limited avail-
ability of high-quality data on reactions catalyzed by cytochrome P450 enzymes.
The existing databases of cytochrome P450 enzymes include: The Cytochrome
P450 Homepage [1], which is a precious source for nomenclature and sequence
information, and the Plant CYPs database', which contains only plant P450s with
information like clan, family, species and the function. These databases do not
contain any information on reactions these enzymes catalyze, nor the informa-
tion needed for machine learning applications. Therefore, the main aim of this
thesis is to collect data and curate it to create a comprehensive database of all
known annotated reactions catalyzed by cytochromes P450. The database we
aim to develop can be used as a training and validation set for machine learning
models in the future. By curating and standardizing data from various sources,
the database will help to advance the development of a machine learning-based
approach for predicting the activity of uncharacterized cytochrome P450s.

We collected the data for our database from various sources such as UniProt,
RHEA, and ChEBI. After collecting the data, we analyzed the database to see how
the characterized reactions are distributed in the kingdoms of organisms and how
long these enzymes typically are. We also wanted to see the redundancy of the
substrates in the different kingdoms by visualizing the chemical space and the
most common classes of substrates of these reactions.

'The Plant Cytochrome P450 Database


https://erda.dk/public/vgrid/PlantP450/

In the first chapter, we will look at the cytochrome P450 enzymes, their cat-
alytic cycle, the typical reactions they catalyze and their applications in biotech-
nology and industry. Next, we will show how we collected the data, how we
organized them, the criteria we used for including them in the database and the
overall structure of the database. Finally, we will broadly analyze the created

database.



Chapter 1

Cytochrome P450 enzymes

Cytochrome P450 monooxygenases, also known as CYPs or P450s, are hemoproteins
widely distributed in all types of organisms and play essential roles in natural
product biosynthesis, xenobiotic degradation, steroid biosynthesis, and drug
metabolism [2, 3].

Cytochromes P450 can perform oxidative reactions, with a qualitative distinc-
tion between prokaryotic and eukaryotic CYPs. Eukaryotic CYPs are generally
membrane-bound proteins, unlike prokaryotic CYPs [4, 5]. In eukaryotic cells,
the reactions CYPs catalyze occur in the endoplasmic reticulum. To function
properly, cytochrome P450s require reducing cofactors like NAD(P)H and redox
partner proteins [4].

The name "cytochrome P450" comes from these enzymes’ peak absorbance at
450 nm when bound to carbon monoxide [6]. This property gives the designation
"P450" or "pigment-450 nm."

They are known for their exceptional versatility in catalyzing a wide range of
reactions on various substrates, making them one of the most versatile biocata-
lysts in nature. Cytochrome P450 enzymes facilitate the transfer of an oxygen
atom from molecular oxygen to different biological substrates. The second oxygen
atom is converted into a water molecule via reduction by two electrons [7]. We
can describe the oxidation reaction catalyzed by a CYP by the equation:

RH + O, + NAD(P)H + H” R—OH + NAD(P)" + H,0.
The substrates are on the left-hand side, and the products are on the right-hand
side of the reaction equation.

The cellular location and domain architecture of CYPs categorize them into
ten different classes. Researchers further divide these classes into families based
solely on the homology of their amino acid sequence [6].



1.1 The nomenclature of CYPs

CYPs are named based on a standardized nomenclature system that assigns names
to the family of genes. The nomenclature system is based on the amino acid
sequence identity [8]. A minimum of 40% amino acid sequence identity is required
for assignment to the same family cluster. Additionally, more than 55% sequence
identity is required for subfamily members. CYPs follow the nomenclature: CYP,
followed by an Arabic numeral (family), a letter (subfamily), and another Arabic
numeral (individual gene) [8, 9]. For example, CYP71A1 is a member of the CYP71
family, subfamily A, and is the first gene in that family to be identified.

While CYPs are named based on a standardized nomenclature system that
assigns names to the family of genes, our work does not use this organization
of enzymes. Instead, we focus on the function of these enzymes, as our research
is centered around developing machine-learning applications for predicting the
functions of uncharacterized CYPs. Therefore, our approach emphasizes the
functional characterization of CYPs rather than their classification based on
amino acid sequence identity.

1.2 Architecture and the Functional Domains of
Cytochrome P450 Enzymes: IPR036396 and
PF00067

There is a sufficient number of different CYPs tertiary structures to state that the
P450-fold is conservative [4], meaning the fold of these enzymes remains by large
the same, while the precise positioning of different structural elements may vary
significantly. The typical cytochrome P450 structure is shown in Figure 1.1. Other
enzymes exhibit the P450-fold but do not catalyze traditional P450 chemistry. For
example, the NO reductase, P450nor, prostacyclin synthase and others [4].

1.2.1 Functional Domains

The cytochrome P450 superfamily (IPR036396') is a large and diverse group of
enzymes metabolizing various endogenous and exogenous compounds.

A commonly recognized protein family associated with this superfamily is
the PF00067 or IPR001128%, essential for binding the heme cofactor required for

The InterPro entry for cytochrome P450 superfamily
*The InterPro entry for the Pfam domain



CYP102(P450BM3)

CYP101(P450cam)

Figure 1.1 Structures of two CYPs illustrating the common P450-fold. Figure adopted
from [4].

catalytic activity [9]. In the InterPro database® we can also find other overlapping
entries for the cytochrome P450 superfamily, like IPR002397 (the Cytochrome
P450, B-class), IPR002399 (the Cytochrome P450, mitochondrial) and others.
However, if we look at the domain architectures* for the cytochrome P450s, there
are overall 3603 architectures found, where each of these architectures contains
the PF00067 domain. This is important for the data collection process used in
2.1.2.

1.3 Promiscuity of CYPs

There are two types of cytochrome P450 enzymes: substrate-specific and highly
promiscuous [10].

Some CYPs are highly specific for particular substrates and only metabolize
a narrow range of compounds, while the promiscuous ones can metabolize a
wide range of diverse substrates. These substrates include drugs, toxins, and
endogenous compounds. Promiscuity arises from the active site’s architecture
and the heme iron center’s flexibility, which can accommodate various chemical
structures.

Plant CYPs were initially thought to be highly substrate-specific, regioselec-
tive® and stereoselective® enzymes [10]. However, recent functional data counter

3A bioinformatics database that provides functional analysis of protein sequences by classifying
them into families, domains, and functional sites.

“Domain architectures found in the InterPro database. We are talking about PFAM domains
(the InterPro database shows both the PFAM and the InterPro entry for each domain)

5 Ability to catalyze reactions at specific positions within a substrate mol. selectively

%Ability to selectively catalyze reactions producing specific stereoisomers of a substrate mol.



this belief. Werck-Reichhart suggest that the ability to catalyze multiple reactions
with different substrates may be a driving force behind the evolution of CYPs in
plants [10].

In plants, highly promiscuous CYPs have been reported mainly in terpenoid
pathways [10]. Different plant P450 families have varying degrees of substrate
specificity and permissiveness. Highly promiscuous plant CYPs tend to retain
gene duplicates and undergo evolutionary expansion.

1.4 The cytochrome P450 catalytic cycle

The catalytic cycle of CYPs involves multiple complex steps with the formation
of many different transient intermediates.

The P450 catalytic system includes the substrate, a P450 enzyme (substrate
binding and oxidative catalysis), the redox partner (electron transfer shuttle),
and the cofactor (NAD(P)H) [2]. The enzymes mediate the catalytic oxidation of
target substances, whereby the substrate initially binds to the active site within
the heme domain [6].

There are five stages in the catalytic cycle of CYPs: substrate binding, first
reduction, oxygen binding, second reduction and product release [11]. Gener-
ally, the ferric resting state of the enzyme accepts an RH substrate and forms a
hydroxylated product R-OH, which is then released from the active site. After
forming the product, a water molecule binds and restores the resting state [2].
Figure 1.2 represents the P450 catalytic cycle with its five stages.

To activate oxygen in P450 enzymes, two protons and two electrons must
be delivered. The electrons typically come from NAD(P)H and are supplied
separately [12]. Electrons need to be introduced to the heme-iron continuously
to preserve the P450 catalytic cycle.

1.5 Basic reactions catalyzed by cytochrome P450
enzymes

While all cytochrome P450 enzymes share a common mechanism of catalysis, the
substrate specificity and catalytic activity can vary significantly between different
organisms. Notably, plant cytochromes have specific reaction attributes compared
to other organisms [13].

Plant CYPs participate in various biochemical pathways to produce a vast
diversity of natural plant products, including secondary metabolites such as
phenylpropanoids, alkaloids, terpenoids, lipids, cyanogenic glycosides, glucosino-
lates, and plant hormones [13]. These secondary metabolites are not produced

6
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Figure 1.2 Schematic representation of the catalytic cycle of a P450 enzyme and its
five stages. Here the substrate is represented by S. Adapted figure from [11].

in animals [13] and contribute significantly to the phytochemical diversity via
various oxidative modifications of the carbon skeleton.

Additionally, some plant cytochromes may have specific roles in detoxifying
herbicides [14] and other environmental toxins which are not present in animal
systems. On the other hand, animal cytochromes may play a more prominent role
in the metabolism of endogenous hormones and the detoxification of xenobiotics,
such as drugs and environmental pollutants.

The most common reaction catalyzed by CYPs is hydroxylation, where an oxy-
gen atom is added to a carbon of the substrate (an organic molecule), producing
an alcohol. Additionally, CYPs can catalyze reactions such as dealkylation, de-
halogenation, and epoxidation [15]. These reactions involve introducing oxygen
or removing other atoms from the substrate, such as nitrogen, sulfur, or halogens.
CYPs can also perform several reactions on heterocyclic compounds containing
a ring structure with at least one non-carbon atom [4]. We will introduce the
plant-specific reactions CYPs catalyze in section 1.6.

The most fundamental reactions we will introduce here are carbon hydroxy-
lation, heteroatom oxygenation, heteroatom release, and epoxidation.

1.5.1 Carbon hydroxylation

Carbon hydroxylation, or C-oxidation, is a widely occurring chemical reaction. It
results in the formation of alcohols from various substrates, such as steroids and
alkanes [16]. The way cytochrome P450 catalyzes the hydroxylation of carbons
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Figure 1.3 A figure showing the carbon hydroxylation. Figure adopted from [4].

involves the removal of a hydrogen atom, along with its electron, from a C-H
bond by the compound I ferryl species. This process produces two entities: a
substrate carbon radical and a complex of ferric iron with a hydroxyl radical. In
the next step, the hydroxyl radical reacts with the substrate carbon radical to
form a hydroxylated product while also regenerating the ferric enzyme [4]. The
reaction is shown in Figure 1.3.

1.5.2 Heteroatom oxygenation

Oxygenation is the process of adding an oxygen atom to a molecule. CYPs are
versatile enzymes that can add oxygen to heteroatoms such as nitrogen, sulfur,
phosphorus, and iodine atoms. Many N and S oxygenations were previously
attributed to flavin-containing monooxygenase, but they are P450 reactions [16].
Cytochrome P450 enzymes catalyze oxidations in which the ferryl oxygen is
added to the nitrogen instead of an adjacent carbon in the metabolic product [4].
The reaction is shown in Figure 1.4.

1.5.3 Heteroatom release (dealkylation)

These transformations involve adding a hydroxyl group on a carbon next to the
heteroatom and eliminating the heteroatom by creating a carbonyl group [4]. It
results in an unstable intermediate that subsequently undergoes cleavage between
the carbon and the heteroatom, leading to compounds such as carbinolamines,
acetals, thioacetals, and gemhalohydrins [16]. The mechanism of this reaction
can be described as a typical carbon hydroxylation, which may occur similarly to
halogens like fluorides, chlorides, and possibly bromides, as evidenced by high
kinetic hydrogen isotope effects [16]. The reaction is shown in Figure 1.4.

1.5.4 Epoxidation

Epoxidation reactions involve the formation of an epoxide functional group,
which consists of a three-membered ring containing an oxygen atom and two



adjacent carbon atoms [12]. CYPs commonly catalyze epoxidations. Cytochrome
P450 enzymes efficiently epoxidize olefins with retention of stereochemistry in
the cis-olefin. However, the P450-catalyzed epoxidation of some olefins produces
side products besides the corresponding epoxides. Terminal olefins can cause the
inhibition of cytochrome P450 by forming an irreversible porphyrin N-alkylation
product. The new carbon-nitrogen bond is formed with the terminal carbon atom
C1 of the olefin [17, 16]. Epoxidation is of interest in toxicology, organic synthesis,
and chemists studying the mechanism of chemical epoxidation. The reaction is
shown in Figure 1.4.

1.6 Plant-specialized Cytochrome P450 reactions

One of the most extensive gene superfamilies in plant genomes is the plant CYPs
[13]. The plant genome contains as much as 1% of CYPs in their complete gene
annotations, suggesting that plants are enormous sources for P450-dependent re-
actions [13]. We will show unusual P450-dependent reactions in plant secondary
metabolisms because they differ from the reactions CYPs typically catalyze in
other organisms. These reactions include a three-step oxidation, Baeyer-Villiger
oxidation, methylenedioxy-bridge formation and sterol desaturation. The reac-
tions are shown in Figure 1.5.

1.6.1 Three-step oxidation

The oxidative conversion of ent-kaurene to gibberellin A5 accompanies two
CYPs. Firstly, CYP701A [13] catalyzes the three-step oxidation of ent-kaurene to
ent-kaurenoic acid. The ent-kaurenoic acid is then oxidized to GA;5 by CYP88A
[13]. Both oxidations are shown in 1.5.

Gibberellins are plant hormones derived from diterpenoids [13]. They play a
crucial role in regulating seed germination and the growth of plants.

1.6.2 Methylenedioxy-bridge formation

One of the main furofuran lignans in sesame seeds is (+)-sesamin, which contains
two unique methylenedioxy bridges [13]. Research has demonstrated that the
sesamum CYP81Q1 enzyme [13, 19] is involved in the biosynthesis of sesamin and
that it catalyzes the creation of the two methylenedioxy bridges on (+)-pinoresinol,
resulting in the production of (+)-sesamin via (+)-piperitol. The reaction is shown
in Figure 1.5.



Carbon
Hydroxylation:

[FeO3+ H+— —» [FeOH]3+ él— —» Feod+ HOJI:_
Heteroatom

Release:
I

I
[FeO3+ =lerH2H—>lF0012+ fhll -CH,R ———»

| |
[FeOHP3+ [-I'EI-CHR 1—;-:!}1 -CHR } S
OH (o]

| |
Fe3+ :N-CHR —» rslm ¢HR

Heteroatom !

Oxygenation:
[FeOP3+ =)¥— —» [FeO]2+ ‘-)k— —» Fe3+ C_)-)}—

ﬁ)oxidation and Group
igration:

[FeOP3+ R)=<-—-.. ‘Z_L —-—“—’"H)‘E’<

O R

Vo eERS M

SN
2

Figure 1.4 Afigure showing schematically the basic reactions catalyzed by Cytochrome
P450 enzymes. Figure adopted from [16].

HO R

10



Three step oxidation Methylenedioxy-bridge formation

1

I cvps1al ip

. : O H :\ /g
ent-kaurene ent-kaurenoic acid (+)-pinosterol \\ )~ ‘ A\ _/
o \

) CHy - (+)-sesamin
®

Sterol desaturation. I i

CH,
H
CYP88A - { L [
“H ~ [ ‘P ./ P-sitosterol
‘COOH J A f A
ent-kaurenoic acid Ho ) CYP710A
Baeyer-Villiger oxidation A
., o ‘ f ‘ /d WH
s, o
. ‘ g Tl> H A
: il e f NP HO' N
ISR CYP85A2 . k,&r )
\/[ W CYP85A3 3 p stigmasterol
castasterone brassinolide

Figure 1.5 P450-dependent reactions in plant secondary metabolisms. Figure adapted
from [18].

1.6.3 Baeyer-Villiger oxidation

The product of Baeyer-Villiger oxidation is brassinolide. The biosynthesis of
brassinosteroids involves several P450-dependent oxygenations. Brassinolide is
biologically the most active compound of brassinosteroids that functions in plant
growth regulation and development [13]. The shown reaction in Figure 1.5 is
catalyzed by brassinolide synthase: CYP85A2.

1.6.4 Sterol desaturation

Stigmasterol and brassicasterol are A22-unsaturated sterols found in plants and
fungi. They contain a double bond at the C-22 position in the side chain. CYP710A,
a sterol C-22 desaturase, has been identified to catalyze the desaturation of -
sitosterol to stigmasterol in plants [13]. This C-22 desaturation is shown in Figure
1.5.

11



1.7 Applications of CYPs in biotechnology and
industry

CYPs have a unique advantage over other enzymes because no other enzyme
group has a similar space of accepted substrates and catalyzed reaction types
[20]. Cytochrome P450s offer a wide range of applications in biotechnology.
They include the synthesis of pharmaceuticals, agrochemicals, and high-value
chemicals. CYPs can also be used for bioremediation by helping the degradation of
environmental pollutants. Additionally, they can potentially be used in biosensors
and biofuel cells. These benefits are limited by their low stability, reduced activity
in certain conditions, narrow substrate scope, and dependence on cofactor and
redox partner [2].

12



Chapter 2

The database of reactions catalyzed
by cytochrome P450 enzymes

The practical part of this thesis consists of developing a database of reactions
catalyzed by cytochrome P450 enzymes for machine-learning applications. To
carry out meaningful analyses and provide accurate conclusions, it is essential to
ensure that the data is of high quality, comprehensive and relevant. This chapter
provides an overview of the data collection, the sources of data and the curation
processes used.

2.1 Collection of data from other databases

We worked with several sources of data, mainly with the UniProt database.

UniProt The Universal Protein Resource (UniProt) [21] is a high-quality, compre-
hensive and freely accessible database of protein sequence and functional
information. It provides an up-to-date, complete body of protein infor-
mation. The UniProt databases are UniProtKB (UniProt Knowledgebase),
UniRef (UniProt Reference Clusters), and UniParc(the UniProt Archive).
UniProt also provides cross-references to other relevant databases we used
in the developing process.

RHEA Reactome Homology Enabled Aggregator (RHEA) [22] is an expert-
curated knowledgebase of chemical and transport reactions of biological
interest - and the standard for enzyme and transporter annotation in UniPro-
tKB. It provides a user-friendly interface to search, visualize and analyze
the data. RHEA is freely accessible online.

ChEBI Chemical Entities of Biological Interest (ChEBI) [18] is a database con-
taining information on small molecular entities, including their structures,

13



names, synonyms, and physicochemical properties, like their chemical form.
It provides a systematic, manually curated classification of chemical entities
based on their structural and chemical features. ChEBI is often used with
other molecular biology databases, such as UniProt, to help annotate and
analyze biological systems. Researchers in bioinformatics, systems biology,
and drug discovery widely use it.

2.1.1 Choosing relevant data

Relevant data for a database of reactions catalyzed by CYPs for machine-learning
applications include the name of the enzyme, its UniProt ID, information about
reaction substrates and products, their ChEBI IDs, their SMILES!, the reaction
equation, and RHEA ID. Additionally, relevant data includes the sequence of the
enzyme and any appropriate cofactors or reducing agents of the reaction. We
also want to see in which kingdom these enzymes act, so we need to include
the kingdom name specific for a specific enzyme and the organism name. In our
results, we would also like to see the distribution of lengths of these enzymes,
which means we also include the length of each sequence.

2.1.2 Data collection process

Once we identified relevant data for our database, we collected it from the above-
mentioned databases.

For data collection, we used mainly the UniProt database as it already contains
cross-references to the other two databases used and most of the chosen relevant
data.

We downloaded a JSON file of all reviewed® cytochrome P450 enzymes from
the UniProt database. We searched for the keyword - "PF00067", which is a Pfam
domain specific for cytochrome P450 enzymes [25, 26] as mentioned in 1.2.1. We
also tried searching for the cytochrome P450 superfamily, which gave us the same
results as for the Pfam domain. To state the criteria for inclusion clearly:

+ Only include reviewed entries (characterized) from the UniProt database

+ To include only entries that are for sure cytochromes P450: search for the
Pfam domain characteristic for these enzymes — PF00067

ISMILES (Simplified Molecular Input line Entry) is a chemical notation system designed to
convert a description of a chemical structure to one unique notation. It allows rigorous structure
notification by use of minimal and natural grammar [23, 24].

%a reviewed entry has been manually annotated and reviewed by UniProtKB curators, unre-
viewed entries are computer annotated

14



We extracted the primary accession number (the UniProt ID), protein name,
cofactors and reaction details associated with each protein from the JSON file.

The extraction includes separating the reaction into substrates, products and
reducing agents while removing unwanted participants, such as H(+), H20 and
other unspecific participants of the specific enzyme. We know that the substrates
and the reducing agents are on the left-hand side of the reaction equation, and the
products are on the right. The extraction process also searches for cross-references
to external databases, such as RHEA, and extracts the RHEA ID associated with
the reaction. We stored all the data in a Pandas [27] DataFrame for further
additions of relevant data. If no reaction or cofactor details are found for a protein
in the JSON file, the data is still added to the data frame but missing important
information about the reaction. We left it in the database for future completion
with the use of different databases like BRENDA?, KEGG*, Atlas of Biochemistry”,
or BFD®. So far, not much relevant information has been found about reactions
catalyzed by these enzymes.

Other information needed then includes substrate ChEBI ID, substrate SMILES,
product ChEBI ID and product SMILES. We got this information from a file named
reaction_data.csv, created by our lab colleague. It contains data from the RHEA
database. In this file, each row represents one participant in the reaction. We
had to think of how to access only the ones needed for our database. I created
a dictionary with tuples (UniProt ID, RHEA ID) as a key and searched through
reaction_data.csv for these tuples. In this case, the order of the reaction participant
is the same as the order of the row with its ChEBI ID and SMILES containing
the specific tuple. I first tried to get the ChEBI ID from the cross-references in
UniProt, but the order was different.

The next step was adding the sequence, taxonomy information (organism
name, kingdom name) and PFAM domains of each sequence. We used a lab
colleague’s script to download the taxonomy information (taxa.csv) and PFAM
domains (pfams.csv) and adapted his script to download sequences (sequences.csv)
from the UniProt database. After downloading, we added the information to our
data frame. The final step was adding the sequence length to our data frame.

The source code containing the data collection can be found at GitHub’. [31].

SBRENDA provides reliable data, continuous curation and updates of classified enzymes, and
the integration of newly discovered enzymes [28].

*KEGG is an integrated database resource for linking sequences to biological functions from
molecular to higher levels [29].

>A database of all theoretical biochemical reactions based on known biochemical principles
and compounds [30].

®Big Fantastic Database containing 2.5 billion sequences from UniProt/TrEMBL+Swissprot,
Metaclust and Soil Reference Catalog Marine Eukaryotic Reference Catalog assembled by Plass

"https://github.com/komorn/BcProject.git
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2.1.3 Manual addition of data

Some of the reactions we had in our database were the most general ones for
CYPs. By the most general reaction, we mean the one mentioned in 1.4:

an organic molecule (RH) + O2 + reduced [NADPH-hemoprotein reductase]

an alcohol (R-OH) + H(+) + H20 + oxidized [NADPH-hemoprotein reductase].

We commonly do not want reactions like this in our database because we
want the reactions to be specific. Additionally, we need them to contain all the
needed information for machine-learning approaches, mainly the SMILES of the
substrates and products.

We edited these reactions manually by adding a more specific substrate and
product from the functional description in UniProt. It was only possible for about
half of these reactions.

Other manual addition of data contained editing some of the kingdom’s
characteristics for individual enzymes in our database. The reason behind this
was that from the taxa.csv file, we sometimes did not have a kingdom value. We
searched for the taxonomy information at the NCBI’s Taxonomy Browser.

2.2 Structure of the database

After taking the abovementioned steps, we finally have a database containing
these columns:

« protein UniProt ID + product

« protein name « product ChEBI ID

« reaction « product SMILES

« RHEA ID + organism name

« substrate + kingdom name

« substrate ChEBI ID « superkingdom name
« substrate SMILES « PFAM

+ reducing agent + sequence

« cofactor + length
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The database contains 2925 fully annotated reactions. 1726 unique enzymes
catalyze these reactions.

Overall, we have 3780 records in the database. We kept the other less than 1000
records in the database for future manual addition of data from other databases
like BRENDA, KEGG, Atlas of Biochemistry, BFD or from the function description
in UniProt.

The database is, as of now, available as a .csv file on my previously mentioned
GitHub and also as a .xlsx file on Google Drive®.

A B c D E F G H
protein name reaction rhealD substrates Substrate CHEBIID Substrate SMILES reducing_agent
AOA075TMP8 ' Cytochrome 3-hydroxybe 62212  3-hydroxybenz 17069 OCc1ccec(O)ct reduced [NADPH--hemoprotein reductase
ADAO75TRL5 '« Cytochrome 3-methylphe 62208  3-methylphenc 17231 Cc1ceee(O)ct reduced [NADPH--hemoprotein reductase
ADA087X1C5  Putative cytcan organic n17149  an organic mo 142491 [H] reduced [NADPH--hemoprotein reductase
ADAOC5Q4Y6 « Ferruginol s abieta-8,11,'48080  abieta-8,11,13 86062 CC(C)c1cec2c(CC[C reduced [NADPH--hemoprotein reductase
AOAO0C5Q4Y6  Ferruginol s: ferruginol + 155428  ferruginol 78274 CC(C)c1cc2CC[C@ reduced [NADPH--hemoprotein reductase
ADAOC5Q4Y6 | Ferruginol symiltiradiene 66796 miltiradiene 65037 [HI[C@@]12CCC3= 2 reduced [NADPH--hemoprotein reductas
ADAOC5QRZ2 ' Ferruginol s abieta-8,11,'48080  abieta-8,11,13 86062 CC(C)c1cec2¢(CC[C reduced [NADPH--hemoprotein reductase
AOAO0C5QRZ2  Ferruginol s! ferruginol + 155428  ferruginol 78274 CC(C)c1cc2CC[C@ reduced [NADPH--hemoprotein reductase
AOAOC5QRZ2  Ferruginol s)miltiradiene 66796  miltiradiene 65037 [HIIC@@]12CCC3= 2 reduced [NADPH--hemoprotein reducta:
AOA1D6HSP4  Dimethylnor (6E,10E)-ge 13545  (6E,10E)-gera 74299 CC(C)=CCC\C(C)=Creduced [NADPH--hemoprotein reductase
AOA1D6HSP4  Dimethylnor (3S,6E)-nerc55424  (3S,6E)-nerolic 59958 CC(C)=CCC\C(G)=C reduced [NADPH--hemoprotein reductase
AOA2H4DGV8 Germacrene germacra-1(57964  germacra-1(1(61301 C\C1=C/CC\C(C)=C reduced [NADPH--hemoprotein reductase
ADA2H4DGV8 Germacrene germacra-1(57968 germacra-1(1(61301 C\C1=C/CC\C(C)=C reduced [NADPH--hemoprotein reductase
AOA2H4DGV8 Germacrene germacra-1(58032  germacra-1(1(61301 C\C1=C/CC\C(C)=C reduced [NADPH--hemoprotein reductase
AOA27Z5D854  Xanthotoxol O2 + psoralt68548  psoralen 27616 O=c1ccc2ec3ccoc3c reduced [NADPH--hemoprotein reductase
ADA2Z5D854  Xanthotoxol 6-methoxycc68564  6-methoxycou 178005 C1=C(C=C2C=CC(C reduced [NADPH--hemoprotein reductase
ADA343URWG  Tabersonine (-)-tabersoni61056  (-)-tabersonine 57893 [HI[C@@]12[NH+]3( reduced [NADPH--hemoprotein reductase
ADA517FNB9  Cholesterol | cholesterol 169839  cholesterol 16113 C1[C@@]2([C@]3(C reduced [NADPH--hemoprotein reductase
ADAB17FNC5 | Cholesterol cholesterol 172191  cholesterol 16113 ClC@@]2([C@]3(( 2 reduced [NADPH--hemoprotein reducta:
AOA517FNC6 | Cholesterol |cholesterol 169839  cholesterol 16113 C1[C@@J2([C@]3(C reduced [NADPH--hemoprotein reductase
AOR4Q6 Steroid C26-cholest-4-en49996  cholest-4-en-3 16175 [HIIC@@]11(CCIC@ 6 reduced [2Fe-2S]-[ferredoxin]
(@)

| J K L M N o P Q
cofactor products Product CHEBIID Product SMILES organism_name Kingdom_name superkingdom_name sequence length
heme gentisyl alc 5325 C=1(C=C(C(=CC1 Penicillium expans Fungi Eukaryota MDILQLAP 526
heme 3-hydroxyb 17069 OCc1cccc(O)c1  Penicillium expans Fungi Eukaryota MEPFLLLLI 524
heme an alcohol 30879 o["] Homo sapiens Animalia Eukaryota MGLEALVP 515
heme ferruginol 78274 CC(C)c1662CC[C( Rosmarinus officin Plantae Eukaryota MDSFPLLA 493
heme 11-hydroxy 138942 C=12[C@]3(C)[C& Rosmarinus officin Plantae Eukaryota MDSFPLLA 493
heme 11-oxomilti 167496 [HIIC@@]12CCC: Rosmarinus officin Plantae Eukaryota MDSFPLLA 493
heme ferruginol 78274 CC(C)c1¢c2CC[C( Salvia fruticosa  Plantae Eukaryota MDPFPLVA 492
heme 11-hydroxy 138942 C=12[C@]3(C)[C Salvia fruticosa  Plantae Eukaryota MDPFPLVA 492
heme 11-oxomilti 167496 [HI[C@@]12CCC: Salvia fruticosa  Plantae Eukaryota MDPFPLVA 492
heme (3E,7E)-4,6 74322;48058 CC(C)=CCC\C(C): Zea mays Plantae Eukaryota MELASTMS 531
heme (3E)-4,8-dil 60158;48058 CC(C)=CCC\C(C): Zea mays Plantae Eukaryota MELASTMS 531
heme 8beta-hydr 142464 C\C1=C/C[C@@H Inula hupehensis Plantae Eukaryota MEPFTTFS 495
heme 8-epi-inunc 142470 [HI[C@]12C\C(C)= Inula hupehensis Plantae Eukaryota MEPFTTFS 495
heme 8alpha-hyd 142490 C\C1=C/C[C@@H Inula hupehensis Plantae Eukaryota MEPFTTFS 495
heme xanthotoxo 15709 Oc1c2occc2cc20ci Pastinaca sativa  Plantae Eukaryota MDPAAIFLI 504
heme scopoletin 17488 COc1cc2cec(=0)o Pastinaca sativa  Plantae Eukaryota MDPAAIFLI 504
heme lochnericin 144374 C=1(C[C@I2([C@ Catharanthus rose Plantae Eukaryota MEFVVSLF 506
heme (225)-22-h 1301 [HIC@@]1(CC[C( Paris polyphylla  Plantae Eukaryota MEGLLLLLI473
heme (16S,225)- 191938 [HI[C@]1([C@H](C Paris polyphylla  Plantae Eukaryota MAPVVILFF 485
heme (228)-22-h 1301 [HI[C@@]1(CC[C( Trigonella foenum-: Plantae Eukaryota MSDSDITF 491
heme (25R)-3-0x 71570 [HIIC@@]11(CCIC( Mvcolicibacterium Bacteria Bacteria MTQMLTRF 401

(b)

Figure 2.1 Screenshot of the final database for illustration.

8Google Drive link
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Chapter 3

Analysis of the database

This chapter presents an analysis of our created database, which includes informa-
tion on the sequences, substrates and kingdoms. We investigate the distribution
of CYP sequences across different kingdoms and the length distribution of the
sequences. Furthermore, we compare the results with those of all characterized
and uncharacterized CYPs from the UniProt database’.

How did we download all CYP sequences from UniProt

To download all CYP sequences, we used a Python library called Bioinformatic-
data-collector®. Our colleague created this library. This tool is used for the
generation and execution of SPARQL? queries for usage in bioinformatics. The
script we used to download this data is available on my previously mentioned
GitHub. It is the get_data.py script, also created by our colleague. It defines
a function collect_data which uses the requests module to send a query to
a specified URL and retrieve the results as a Pandas DataFrame. It defines a
function get_uniprot which retrieves data on UniProt proteins using the Unipro-
tQueryBuilder and UniprotSearchConfig classes from the bioinfdatacollector
module. This function uses a filter on PF00067 to include only CYPs. It defines a
function get_query which constructs a SPARQL query. In the __main__ block,
the script calls the function get_uniprot three times to retrieve taxa, protein
names, and protein domains (PFAMs) data. I added a fourth call of this function
to retrieve the sequences. It then retrieves reaction data using the get_uniprot
function and the ReactionQueryBuilder and ReactionSearchConfig classes from
the bioinfdatacollector module. The script then splits the list of reaction IDs into

contains 484323 entries

2Bioinformatic-data-collector (bioinfdatacollector module)

3the standard query language and protocol for Linked Open Data on the web or for RDF
triplestores.
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batches of 20, constructs Rhea search queries for each batch, and retrieves the
corresponding data using the collect_data function. The script then joins the
UniProt and Rhea data frames on the reaction ID and saves the resulting data
frame as a CSV file to reaction_data.csv. This data contains both reviewed and un-
reviewed entries for PF00067, unlike our database, which only contains reviewed
entries (we refer to reviewed as characterized and unreviewed as uncharacterized).

We also check the correctness of the results from all characterized and un-
characterized CYPs with data in the InterPro database. We are only comparing
the data from these two databases for the number of CYP sequences in different
kingdoms. The reason behind this is to compare the data obtained from the
UniProt database by searching for a Pfam domain with the data available in a
database of protein families for the same Pfam domain.

Finally, we classify the substrates into different chemical classes and present
a visualization of the chemical space of the substrates. Our analysis provides
insights into the diversity and substrate specificity of CYPs and the comparison
between the characterized and uncharacterized CYPs.

3.1 Number of sequences in kingdoms

Figure 3.1 shows the number of CYP sequences in different kingdoms. We can
see that the kingdom with the most sequences in our and the UniProt databases
is Fungi.

The most significant difference we can see between figures 3.2a and 3.2b is
in Bacteria, where we only have 132 sequences in our database of characterized
CYPs. However, it is the kingdom with the second-highest number of sequences
in the UniProt database with both characterized and uncharacterized CYPs, which
means that the most uncharacterized and unreviewed CYP sequences are believed
to be from the Bacteria kingdom.

The idea that viral genomes could contain CYP genes was not considered until
the discovery of giant viruses revealed multiple and distinct CYP genes [32]. That
is the reason for the lowest number of sequences from Viruses (Bamfordvirae and
Heunggongvirae).

A surprising result is that Animalia have more sequences than Plantae. From
the numbers we provide for the number of CYP genes in different organisms in
the next section 3.2, it should be the other way around. The reason behind this is
that there are many more sequenced genomes in animals than in plants. As many
as 3,278 unique animals have had their nuclear genome sequenced [33], while
only 1,139 genomes from green plants have been sequenced [34]. Here, for our
database of characterized CYPs, the average number of sequences per organism

20



Kingdom Counts

525 521 Unique Organism Count
500 2oL == 167
75
s 105
Il 51
400 3
w1
< 300
>
o
O
200
132
100
43
0 | )
Fungi Animalia Plantae Bacteria Protista Bamfordvirae
Kingdom Name
(a) Characterized CYPs database
Kingdom Counts
140000 135973 Unique Organism Count
127979 - 1522
120000 . 12518
111433 1850
. 1283
100000 1007 717
. 38
- 4
. 80000
[
3
o
o
60000
40000
20000
8118
0 I 77 4

Fungi Bacteria Animalia Plantae Protista Bamfordvirae Heunggongvirae
Kingdom Name

(b) Characterized and uncharacterized CYPs

Figure 3.1 The number of CYP sequences in different kingdoms. The label in the upper
right of the figures shows how many unique organisms there are in each kingdom for
the given number of sequences.
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from the Animalia kingdom is almost 7. The average number of sequences per
organism from the Plantae kingdom is approximately 4.8. Figures 3.1a and 3.1b
show the number of unique organisms per all sequences in each kingdom.

Comparison between the characterized and uncharacterized CYPs we ob-
tained from the UniProt database and the data from the InterPro database can
be seen in Table 3.1. The numbers of sequences for Protista, Bamfordvirae, and
Heunggongvirae are included in the Others category in the InterPro database, so
we can not provide the actual number of sequences here.

Kingdom UniProt data | InterPro data
Fungi 135973 122518
Bacteria 127979 130149
Animalia 111433 110034
Plantae 100739 98518
Protista 8118 no data
Bamfordvirae 77 no data
Heunggongvirae 4 no data

Table 3.1 Comparison between UniProt data for characterized and uncharacterized
CYPs vs. InterPro data.

The main question is why there is such a big difference between the number
of sequences in our data and the InterPro data in Fungi. This may be caused by
the different database we used (the UniProt), but we still do not think it should
make such a big difference.

3.2 Organisms with the most CYP sequences

Figure 3.2 shows which species from our and UniProt databases have the most
CYP sequences.

In the first subplot 3.2a, we can see that the most abundant organism is
Arabidopsis thaliana, which is known to have 244 CYP genes [35]. In the second
subplot 3.2b it is the fifth organism from plants with the most sequences. Some
plants are known to have more CYP genes than Arabidopsis. These organisms
include Triticum aestivum (more than 1000 isoforms are being expected [36]) or
Vitis vinifera (579 CYP genes [37]). Both can be seen in Figure 3.2b.

Humans have 57 CYP genes [38] - corresponding to the number of sequences
in Figure 3.2a from our database of characterized CYPs. We cannot see human
(Homo sapiens) in the subplot of all characterized and uncharacterized CYPs.
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Figure 3.2 Top 15 organisms by the count of CYP sequences.
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Figure 3.3 Higher bacterial classes that are very common in CYPs.

Drosophilia melanogaster has 87 CYP genes [39], which also corresponds to the
number of sequences obtained from our database.

Animals dominate in the first subplot 3.2a from our database, whereas plants
dominate in the second one 3.2b with nine organisms from the Plantae kingdom
compared to only four organisms that belong to the Animalia kingdom.

In the second subplot 3.2b, we can see that the two organisms with the most
CYP sequences are Fungi.

We also show three higher classes of bacteria in Figure 3.3 with as many
CYP sequences as some of the organisms shown in Figure 3.2. We put these in a
separate figure because they are not species but classes or families.

3.3 The distribution of the length of amino acid
sequences

The analysis of the distribution of CYP sequence length in different kingdoms
is crucial because it can provide insights into the functional diversity of these
enzymes. We can see the length distributions in Figure 3.4. The first subfigure
3.4a shows the length distributions of characterized CYPs. The most characterized
sequences are about 500 amino acids long. We can see an exception in the Bacteria
kingdom where sequences are shorter. This may be caused by incomplete or
fragmented sequences. There are a lot of bacterial genomes and often it is just
incomplete data, or metagenomic sequencing®. This is also probably causing the

*the application of sequencing techniques to analyse the totality of the genomic material
present in a sample [40]
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Figure 3.4 Length distribution of CYPs amino acid sequences in different kingdoms.
The letter n by the kingdom labels indicates the number of sequences.
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high number of bacterial and fungi sequences in 3.1.

Small peaks with longer enzymes are observed around 800 amino acids long in
Fungi and Plantae. In Plantae, with only one enzyme, a bifunctional protein with
two modules (cytochrome P450, oxidoreductase module) has 901 amino acids.
This enzyme has an additional PFAM domain, the PF00248. This PFAM domain
corresponds to the Aldo/keto reductase family. In Fungi, this peak corresponds
to PF00753.

Fungi and Bacteria have a small peak of around 1000 amino acids, which can
be attributed to some bifunctional proteins or parts of gene clusters. In Fungi,
these sequences correspond to PFAMs PF00258, PF00175, and PF03098, while
in bacteria, they correspond to PF00258 and PF00175. Some of these enzymes
from the Fungi kingdom are hybrid enzymes, with two enzymes connected in
one sequence. Examples of these enzymes are Q9HGEO, AOA3G9HRC2, and
A0A455R5H4. All of these contain the PF00175 domain.

The mentioned PFAM domains are:

« PF00258 - Flavodoxin/nitric oxide synthase domain

« PF00175 - Oxidoreductase FAD/NAD(P)-binding domain

PF03098 - Animal haem peroxidase domain

PF0753 - Metallo-beta-lactamase

« PF00248 - Aldo/keto reductase family

Overall, we found that the long sequences contain two PFAM domains, the
main one and the ones shown in Figure 3.4a. These observations suggest that
the length and domain composition of CYPs can vary greatly depending on the
organism and the specific biological functions required.

For Figure 3.4b, we can see the same pattern of peaks as in the first figure
3.4a created from CYPs from our database. The only difference is that we can see
more short sequences, which are probably just some fragments of a sequence,
not a complete sequence.

For further analysis, we only used the created database of characterized CYPs.

3.4 Substrate classification

Classifying substrates from our database allows a better understanding of the
chemical space these enzymes can accommodate and modify. Substrate classi-
fication can help to identify trends and patterns in substrate specificity across
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different cytochrome P450 enzymes, which can lead to new insights into the
function of these enzymes and also into predicting their function.

For the classification of substrates from our database, we used the NPClassifier
[41], a deep neural network for classifying natural products.

The results can be seen in Figure 3.5. We also show how these classes are
distributed into different kingdoms. The first subfigure 3.5a offers all the present
classes of substrates in our database. We can see that Terpenoids and Steroids is
the class with the highest count, where steroids mainly comprise the Animalia
kingdom’s substrates and terpenoids comprise part of the Plantae kingdom. In
animals, terpenoid precursors produce steroids and sterols [42]. Terpenoids
are the largest class of plant secondary metabolites, representing about 60% of
known natural products [43]. The second most common class is Fatty acids.
Cytochrome P450 enzymes catalyze the hydroxylation of fatty acids, and this
metabolic pathway is mainly present in animals. Our classification results show
that most of the fatty acid substrates are from the Animalia kingdom.

The distribution of the other substrate classes in kingdoms can’t be adequately
seen from the first subfigure. We provide a close-up of the substrate classes with
lower counts in subfigure 3.5b.

While in the first two substrate classes, we could have seen Animals dom-
inating, Figure 3.5b shows that other kingdoms dominate. Plants are the most
abundant in the Shikimates, Phenylpropanoids, and Alkaloids classes. This is a
direct result of the facts that the shikimate pathway is not present in animals
[44], the phenylpropanoid pathway [45] produces mainly compounds involved in
plant defence, and the variety of structures of alkaloids is the highest in plants
[46].

3.5 Visualization of the chemical space of the sub-
strates

The last analysis we have done for this thesis is the visualization of the chemical
space of the substrates.

By using a TMAP algorithm®, we generated a hierarchical clustering tree,
representing the relationships between the substrates in our database in a high-
dimensional space. The visualization can be seen in Figure 3.6.

The main reason for creating this visualization was to see if the plant CYPs,
with higher specificity for substrates, take up more of the chemical space than
the animal CYPs, which are more promiscuous.

STMAP (Tree MAP) is an algorithm that generates and distributes intuitive visualizations of
large data sets in the order of up to 107 with arbitrary dimensionality in a tree [47]
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Figure 3.6 Visualization of the redundancy of the substrates in different kingdoms.
Each node represents a unique substrate from our database. The further these nodes are
from each other, the larger the difference between these chemical structures. Legend
shows the colors of different kingdoms.
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Figure 3.7
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We again used different colours for each kingdom to see how much chemical
space the substrates from various kingdoms take up. When we look closer at the
tree, we can see far more nodes from the Animalia and Plantae kingdoms than
the others. We can also see green (Plants) in more branches of the tree than blue
(Animals).

The number of unique substrates from our database is 456. The number of
substrates from Plants is 179, and 149 from Animals. So there is a slight difference
between Plants and Animals.

In Figure 3.6, the end branches are marked with a letter, indicating their
designation in the following Figure 3.7. We created this labelling and figure to
understand better what substrates are present. Most of the marked substrates are
terpenoids, which corresponds to the results we got from our substrate classifica-
tion.

However, the overall result of the visualization is not what we expected. We
expected much more substrates in the Plantae kingdom than in the Animalia
kingdom. We also assumed that the tree would be more spread out. However, this
is a direct consequence of our database containing only 456 unique substrates.

3.6 Future

Our future concerns will begin by continuing with the manual addition of data
on reactions catalyzed by the enzymes we have in our database but currently do
not have information about the substrates and products. This information will be
added from other sources mentioned in 2.1.2. We will then continue by adding
the publication links to the characterized reactions in our database. After these
steps, we also want to add the type of reaction to every reaction in our database.
We plan to expand a developed machine learning-based approach for predicting
an enzyme’s function to cytochromes P450. However, there is a need to develop a
better method that will be able to recognize enzymes that are highly promiscuous,
like CYPs, which can accommodate thousands of substrates.

The next step will be sharing the database with other research groups to
provide a comprehensive database of reactions catalyzed by these crucial enzymes
in all living organisms.
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Conclusion

This thesis provides a comprehensive overview of cytochrome P450 enzymes,
including their nomenclature, architecture, functional domains, and promiscuity.
We discussed the catalytic cycle of P450 enzymes and some of the basic and
plant-specific reactions they catalyze.

We have presented the process of developing a database of reactions catalyzed
by cytochrome P450 enzymes in chapter 2. The database, as of now, contains 2925
fully annotated reactions catalyzed by 1726 unique CYPs. This is a valuable source
for our planned machine-learning applications, mainly involving predicting the
function of the uncharacterized CYPs. The database will be further updated as
new reactions catalyzed by CYPs are characterized.

Furthermore, in chapter 3, we analyzed the developed database regarding
distribution among the kingdoms of organisms, distribution of lengths of amino
acid sequences, substrate classification, and chemical space visualization. The
results we obtained by analyzing the database were surprising, especially in how
many characterized CYPs there are in animals and how many in plants. However,
this is a direct consequence of having far fewer plant genomes than animal
genomes sequenced. Generally, plants tend to have more CYPs than animals, as
plants have evolved to produce various secondary metabolites, many of which
require CYPs for their biosynthesis. Additionally, plants need detoxification
enzymes more due to their sedentary lifestyle.
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Appendix A

Github and Google Drive

The GitHub repository for this project contains several important files. The "all-
CYPS.csv" file includes all the characterized and uncharacterized entries from
UniProt. The "ALLcyps.ipynb" file documents the process of merging data from
"namesNAT.csv", "taxaNAT.csv", and "sequencesNAT.csv" to create "allCYPs.csv"
file. The "cyps_analysis.ipynb" file analyzes data from our database as well as
UniProt, generating the plots presented in chapter 3 of the thesis. Other im-
portant files generated by the "get_data.py” script include "names(NAT).csv",
"taxa(NAT).csv", "sequences(NAT).csv", "pfams.csv", and "reaction_data.csv". The
"npClassifier.ipynb" file is used for substrate classification. The "uniprot_json.json"
file includes all the reviewed entries for PF00067. Python notebook "reaction-
parsing.ipynb" extracts data from a downloaded JSON file and merges it with the
data from the aforementioned ".csv" files to create the "reactionsfromjson.csv"
file, which is manually edited to create the final database. The final database file
is named "cypsDB-new.csv". Additionally, the "substrates.tsv" file contains all the
substrates’ SMILES, which is used for substrate classification. The "tmap.ipynb"
file generates the chemical space visualization. There is also a folder with all
generated plots for this thesis named img. A folder with the HTML file containing
the TMAP tree is in the tmap folder.

A Google Sheets version of the final database is available on Google Drive'.
This Google Drive also shows the plots used in this thesis. QR code below.

!Google drive with the final database
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https://drive.google.com/drive/folders/1_hxgtTwxGwNVXJcwL6npP44o2RnW6a0i?usp=sharing
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