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ABSTRACT

Moycobacterium tuberculosis (Mtb) and the Human Immunodeficiency Virus 1 (HIV-1) are re-
sponsible for the development of Tuberculosis (TB) and Acquired Immunodeficiency Syndrome
(AIDS), respectively. These are the infectious diseases with the highest mortality rates in
the world and Mtb/HIV-1 co-infection further aggravates the severity and burden of both
diseases. Additional information on how these pathogens interact with the host and gain
reciprocal advantages in co-infection is fundamental to devise better therapeutic strategies.
Therefore, it is essential to identify and study all host-pathogen Protein-Protein Interactions
(PPIs) not only considering a single pathogen and the host but a network of interactions be-
tween the three organisms. The use of computational tools for the analysis of PPIs provides
efficient assessment, integration and interpretation of data from vast arrays of experiments.
However, despite the numerous interactions that have been reported in the literature, there
is currently no single database where PPI information for Human Immunodeficiency Virus
(HIV), Mtb and human proteins is integrated and can be efficiently accessed.

In this thesis, we aim at providing an integrated and informative network of all known
interactions between HIV-1, Mtb and human proteins. To this end, the Syndemic Protein
Interaction NETwork (SPINET) was designed focusing on the development of a database for
data storage and a web tool for data analysis and visualization. The approach presented in
this thesis includes the design and implementation of a relational database, the collection of
350,653 HIV-1, Mtb and Human PPIs from multiple sources and the development of a web
interface allowing the search, analysis and visualization of the Protein-Protein Interaction
Networks (PPINs) formed between these organisms.

This work can represent a valuable resource for the scientific community, providing valu-
able insights on the study of TB, AIDS and Mtb/HIV-1 co-infection. The implementation of
SPINET allowed, for the first time, the identification of 81 human proteins that have been
experimentally validated to interact directly with Mtb and HIV proteins and also to analyze
the inter-species networks formed by these proteins. Interestingly, it was highlighted that,
although none of the 81 identified proteins have known inhibitors, they directly interact
with other human proteins for which inhibitors have been produced. This list includes
tumor necrosis factor inhibitors, that have been used to treat AIDS and are known to pro-
mote TB. Other inhibitors that have not been used in the context of these diseases and are
potential candidates to be evaluated has host-directed therapies were also identified. This
opens new pathways for research toward better control of these deadly diseases.



RESUMO

Mycobacterium tuberculosis (Mtb) e o Virus da Imunodeficiéncia Humana 1 (HIV-1) sdo,
respetivamente, os agentes responsdveis pelo desenvolvimento da Tuberculose (TB) e do
Sindrome da Imunodeficiéncia Adquirida (AIDS). Estas sdo as doengas infeciosas com
maior taxa de mortalidade no mundo, e a coinfecgdo Mtb/HIV-1 agrava ainda mais o im-
pacto de ambas as doengas. Consequentemente, informagdes adicionais sobre como estes
patégenos interagem com o hospedeiro e manipulam os seus mecanismos de defesa durante
a coinfecgdo sdo fundamentais para o desenvolvimento de estratégias terapéuticas mais efi-
cazes. Assim, é essencial identificar e estudar todas as intera¢des proteina-proteina (PPIs)
entre hospedeiro-patégeno, ndo, apenas, considerando um tnico patégeno e hospedeiro,
mas uma rede de intera¢Oes entre os trés organismos. O uso de ferramentas computa-
cionais para a andlise de PPIs oferecem mecanismos eficientes para a avaliagdo, integragao
e interpretacdo de elevadas quantidades de dados experimentais. No entanto, apesar das
intimeras interag¢des que tém sido reportadas na literatura, atualmente, ndo existe um tinico
repositério em que dados de PPIs para HIV, Mtb e hospedeiro humano estejam reunidos e
possam ser eficientemente consultados.

Nesta tese, um dos principais objetivos passou por conseguir disponibilizar uma rede
integrada e informativa de todas as intera¢des conhecidas entre proteinas de HIV-1, Mtb e
humanas. Neste sentido, o Syndemic Protein Interaction NETwork (SPINET) foi planeado
tendo como foco o desenvolvimento de uma base de dados e de uma ferramenta web para
armazenamento, andlise e visualizagdo de dados de PPIs. A abordagem apresentada nesta
tese inclui o design e a implementacdo de uma base de dados relacional, onde foi possivel
armazenar 350,653 PPIs experimentalmente validadas entre proteinas humanas, de HIV-1
e Mtb. Estas intera¢des foram recolhidas de mdltiplos repositérios e de literatura cientifica.
Adicionalmente, uma interface web que permite a consulta, andlise e visualizagdo das redes
de PPIs formadas por estes organismos foi desenvolvida.

O trabalho apresentado nesta tese pode representar um recurso relevante para a comu-
nidade cientifica, fornecendo informacdes valiosas no estudo da TB, AIDS e da coinfec¢do
Mtb/HIV-1. Com a implementacdo do SPINET, foi possivel pela primeira vez, identi-
ficar 81 protefnas humanas com evidéncia experimental de interagirem simultaneamente
com proteinas de HIV e Mtb. Curiosamente, destacou-se que, embora nenhuma das 81
proteinas identificadas tenha inibidores conhecidos, estas interagem diretamente com out-
ras proteinas humanas sobre as quais diversos inibidores foram produzidos. Esta lista

inclui inibidores do fator de necrose tumoral, que tém sido usados para tratar a AIDS, e



que sdo conhecidos por aumentar o risco de desenvolver TB. Outros inibidores que nunca

foram usados no contexto destas doencgas e que podem representar potenciais candidatos

a serem avaliados como terapias direcionadas ao hospedeiro foram também identificados.

Este trabalho abre, assim, novos caminhos e possibilidades para a investigagdo, no sentido

de melhor controlar estas doencas mortais.
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INTRODUCTION

1.1 MOTIVATION

The emergence of high-throughput and computational techniques for screening and pre-
diction of PPIs are currently providing massive amounts of data. The analysis of this type
of data has the potential to bring important advances in a wide set of fields. However,
no single study has the power to provide a complete information on all interactions of an
organism interactome, so data from different studies need to be integrated. The integration
of PPI data is not a trivial task, not only for scientists without computational background
but also for computational scientists. PPI data is spread among multiple repositories, in
disparate formats and with different nomenclatures, making its combination very difficult
and time-consuming. The overlap of information is very low, making the use of information
from a single source very incomplete and biased. Another huge limitation is the fact that
high-throughput methods generate high rates of false positives and false negatives. The
combination of data from multiple sources, generated by multiple studies with different
methods and the combination of other types of biological data can provide a huge enhance-
ment in the construction of more complete and reliable networks. Therefore, leading to
the potential discovery of novel, more accurate and personalized diagnostic and treatment
techniques.

PPINs are often modeled as graphs, where proteins are represented as nodes and inter-
actions as connections between nodes. This representation allows PPI data to be analysed
using graph-theoretical methods. In fact, most studies made on PPI data have been using
graph-based algorithms to analyze PPI data [1, 2, 3]. Visualization of graphs has been also
deeply explored over the last decades, not only in the context of PPINs but also in other
research fields [4, 5, 6]. In recent years, a lot of platforms focusing on the storage, visual-
ization and analysis of PPI data have been implemented to overcome the above-mentioned
issues. However, there is none or little data standardization among these platforms.

In general, the availability of PPI data for an organism varies depending on the knowl-
edge and size of the organism proteome and also on the capacity to handle the organism

in the laboratory. For example, in the case of Mtb, these challenges include, among others,



1.2. Goals

its slow growth in vitro and the necessity of using a biosafety level 3 laboratory. Many
organisms secrete virulence effector proteins into host cells, where they interact with host
proteins to modulate the host mechanisms of defense. However, these dynamic interac-
tions between host and pathogen have not been fully understood. Thus, the construction
of inter-species PPINs is of extreme importance to study these complex interactions. This
is especially important and challenging for Mtb and HIV-1 that are obligate intracellular
human parasites.

However, despite the numerous interactions that have been reported in databases or in
scientific literature between proteins of HIV or Mtb with human proteins there is currently
no single database where this information can be efficiently accessed. Thus, this work
focuses on the development of a computational platform for PPI data storage, visualization
and analysis. Additionally, another objective of this thesis is to perform multiple analyses
of the collected data.

1.2 GOALS

The overall objective of this study was to provide researchers with a concise but informative
network of all known interactions between HIV-1/Mtb and human proteins.

The specific aims of this thesis were:
1. Review some of the major PPI databases, visualization and analysis tools;

2. Collect, process and standardize PPI data from multiple repositories and from the

literature;

3. Develop and implement a relational database to store the collected data and to pro-

vide a standardized and structured data format to the scientific community;
4. Develop a web tool to visualize and analyze the collected data;

5. Perform multiple data analysis.

1.3 STRUCTURE OF THE DOCUMENT

This document is organized in the following way:

Chapter 2 - Tuberculosis and Human Immunodeficiency Virus

Introduction to the TB and HIV diseases and Mtb/HIV-1 coinfection.



1.3. Structure of the document

Chapter 3 - Protein-Protein Interactions

Description of the current state of the art in the PPI field followed by the presentation
and description of useful bioinformatics tools and databases for its storage, analysis and
visualization. Biological data integration limitations and challenges are also addressed in

this chapter.

Chapter 4 - Methodology and Implementation

Here, the methodological steps of the work developed in this thesis are outlined and de-
tailed. The main topics addressed were the SPINET database requirements, design, imple-
mentation, testing and maintenance. Data collection, curation, visualization and analysis

are also addressed.

Chapter 5 - Results
The main results generated in this thesis are presented in this section. These included data

statistics, network measures and the analysis of the PPI sub-network formed by human
proteins that interact with both Mtb and HIV proteins.

Chapter 6 - Discussion
Discussion of some of the major results presented in this thesis. Emphasis was given to the

discussion of the main characteristics of the SPINET platform and to the discussion of the

analysis made on the multiple networks.

Chapter 7 - Conclusion

Main conclusions of the work done during this thesis, followed by a description of possible

improvements and future work.
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TUBERCULOSIS AND HUMAN IMMUNODEFICIENCY VIRUS

TB is by itself an intricate public health threat. Furthermore, TB is one of the major mortality
causes in HIV-positive individuals. HIV weakens the immune system, increasing the risk of
developing TB. In fact, latent TB is more likely to advance to active TB after coinfection with
HIV [7]. The diagnostic and treatment of coinfected people is challenging and depends on
the individual circumstances of each patient. The World Health Organization (WHO) has im-
plemented several initiatives to reduce the global burden of Mtb-HIV coinfection including
measures to achieve better surveillance, improved diagnosis and the implementation of TB
preventive therapy in HIV-positive individuals with latent TB.

2.1 TUBERCULOSIS
2.1.1  Epidemiology

TB is the ninth leading cause of death worldwide and the leading cause of a single infec-
tious agent. In 2017, the WHO reported 6.4 million new cases of TB, up to 6.3 million in
2016, equivalent to 64% of the estimated incidence of 10 million [8]. TB was responsible for
about 1.6 million deaths in 2017, a decline from the 1.7 million reported in 2016 [8]. Despite
the decline in the number of TB cases and deaths, the number of Multidrug-Resistant Tu-
berculosis (MDR-TB) is still high. In 2017, 558 0000 new cases with resistance to rifampicin
were reported. Rifampicin is the most effective first-line drug to treat TB and 82% of the
rifampicin cases were MDR-TB. Most of the estimated number of incident cases in 2017 oc-
curred in Southeast Asia (44%), Africa (25%) and the Western Pacific Region (18%) [8]. The
top five countries, with 56% of the estimated cases, were (in descending order) India, In-
donesia, China, the Philippines and Pakistan [8]. Figure 1 shows the estimated TB incidence

in 2017, for countries with at least 100 ooo incident cases.
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Figure 1: Estimated TB incidence in 2017, for countries with at least 100 0oo incident cases [8].

2.1.2  Pathophisiology

TB is an ancient infectious disease caused by the bacterium Mtb. Mtb is spread by small
airborne droplets, expelled by people with active TB. These minuscule droplets can remain
airborne for minutes to hours and once inhaled, the droplets settle throughout the airways.
When in contact with the lungs, Mtb may cause infection of the respiratory system. In some
patients, Mtb is also able to disseminate to other organs and cause extrapulmonary TB.

In most cases, if the contaminated droplets are trapped in the upper parts of the air-
ways where the mucus-secreting goblet cells exist, the infection is prevented [9]. When
the infected droplets bypass the mucociliary system and reach the alveoli, an innate im-
mune response is triggered and alveolar macrophages quickly surround and ingest the
bacteria trying to prevent infection [10]. Regardless of whether the infection is controlled
or progresses, the mycobacteria continue to multiply. In this stage, macrophages produce
proteolytic enzymes and cytokines in an attempt to degrade the bacteria [9]. The microor-
ganism continues to grow until reaching sufficient numbers to overcome the cell-mediated
immune response. For people with intact cell-mediated immunity, the next response of the
organism is the formation of granulomas around the Mtb organisms. In weaker immune
systems, the wall formed by the granulomas loses integrity and the bacilli are able to escape
and spread in the lungs and eventually also to other organs [9].

TB may develop differently in each patient depending on several host, pathogen and
extrinsic factors [11]. The stages of TB disease include latency, primary disease, primary
progressive disease and extrapulmonary disease. In the latent stage, the mycobacteria per-
sist in the body but no symptoms occur. In the early infection, the immune system fights the



2.1. Tuberculosis

infection and patients may have fever, paratracheal lymphadenopathy or dyspnea. In this
stage, the infection may or may not advance to active disease. In the early primary progres-
sive stage, when the immune system does not control the initial infection, the inflammation
of tissues continues. Patients often have fever, fatigue, weight loss and a nonproductive
cough develops. In the late primary progressive stage cough becomes productive, patients
experience progressive weight loss, rales and anemia. When the disease reaches the extra-
pulmonary stage, the infection migrates to other locations of the body. The most serious
location is the central nervous system, where infection may result in meningitis or space-

occupying tuberculomas.

2.1.3 Diagnosis and Treatment

The standard method of diagnosis of TB is the examination of a sputum smear for the
presence of the Mtb. This approach sometimes requires the detection of the bacilli in a
growth solid media for 3 to 6 weeks since Mtb grows slowly. Another option is a method
that uses high-performance liquid chromatography to isolate and differentiate cell wall
mycolic acids coming from the bacteria in 4 to 14 days can be used [12]. For individuals
suspected of having MDR-TB or HIV-associated TB, the WHO recommends that Xpert
MTB/RIF be used as an initial diagnosis. The Xpert MTB/RIF assay simultaneously detects
Mtb and resistance to rifampin in less than two hours. With this assay, it is possible to
purify, concentrate, amplify (by PCR) and identify targeted nucleic acid sequences in the
Mtb genome providing real-time detection [13]. Another widely used diagnostic test is the
Mantoux Tuberculin Skin Test (TST). This test is performed by injecting 0.1 ml of tuberculin
purified protein derivative commonly into the inner surface of the forearm. When correctly
administrated a pale elevation of the skin (6-10 mm) should be identified. The skin test
reaction should be read between 48 and 72 hours after administration. The interpretation
of this test depends mostly on two factors: (1) the measurement of the skin elevation and
(2) the person risk of being infected with TB. This test is technically difficult to administer
and read often resulting in misleading readings if the tester has insufficient skill [14]. The
Interferon Gamma Release Assay (IGRA) test is also widely used and consists on a blood test
to diagnosis active and latent TB infection. This test is based on the fact that white blood
cells from people that have been infected with Mtb will release interferon-gamma when
mixed with antigens derived from Mtb. However, despite the simplicity of this test, it does
not help to differentiate latent TB infection from TB disease [15].

The standard treatment regimen for TB infected patients includes an induction phase
consisting of isoniazid, rifampin, pyrazinamide and either ethambutol or streptomycin as
protection against unrecognized resistance to one of the tree core drugs. Once susceptibility

to the three core drugs has been confirmed, ethambutol (or streptomycin) can be discontin-
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ued. After 2 months of therapy, pyrazinamide can be stopped. Isoniazid and rifampin are
continued for 4 more months [16].

Patients in treatment should undergo sputum analysis weekly until sputum conversion
is documented. The standard 6-month treatment regimen is a long course of treatment
compared with other infectious diseases. The prolonged regimen poses many difficulties
including the management of drug toxicity. Thus, it is important to periodically test patients

for toxicity [16].

2.2 HUMAN IMMUNODEFICIENCY VIRUS
2.2.1  Epidemiology

HIV is the second leading cause of death from a single infectious agent right below TB.
In 2017, between 670 000 and 1.3 million people died, which represents a considerable fall
since the 2004 peak of deaths, where about 1.9 million HIV related deaths were declared
[17]. In 2017, 1.8 million new HIV infections were reported, adding up to a total of 36.9
million people living with the disease [18]. The majority of HIV-positive individuals are
located in sub-Saharan Africa, with an estimated 19.5 million infected people, 53% of the
estimated incidence worldwide [18]. Globally, HIV-related deaths dropped by 34% and
new HIV infections by 47% since the peak in 1996 [18].

2.2.2  Pathophisiology

HIV is a lentivirus of the retroviridae class of viruses that cause the HIV infection and over
time AIDS. There are two types of HIV, HIV-1 and HIV-2. HIV-1 is most virulent and
infective than HIV-2 and it is responsible for the majority of infections worldwide. The
virus is transmitted through the contact of contaminated body fluids such as semen or
blood. The transmission of HIV can also occur between mother and child before or during
birth and by breastfeeding. Sexual transmission is the most common way that HIV is passed
from person to person, followed by needle sharing between intravenous drug users.

The HIV infection develops in three stages. The earliest stage, the acute HIV infection,
develops within 2 to 4 weeks after infection. During this time, commonly people have fever,
headaches and rash. In this stage, the virus multiplies rapidly and spreads throughout the
body destroying the infectious-fighting CD4 cells of the immune system [19]. The level of
HIV in the bloodstream is very high in this stage, increasing the risk of transmission. In
the second stage, the chronic HIV infection, HIV continues to multiply in the body but at
very low levels. People with chronic HIV infection may not have any symptoms, but they
can transmit the virus to others. The final and most severe stage of HIV infection is the
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AIDS. In this stage, the immunological system is highly debilitated, which potentiates the
co-infection by other pathogens, including Mtb.

2.2.3 Diagnosis an Treatment

In the early stages of the disease, infected patients may manifest nonspecific symptoms
such as fever, lymphadenopathy and myalgia. However, these symptoms usually resolve
spontaneously after a period of days or weeks. In addition, these symptoms are also charac-
teristics of other viral infections and consequently, the HIV infection is often missed when
specific diagnostic methods are not used [20]. In the chronic state, HIV infected individuals
may manifest persistent lymphadenopathy, weight loss, fever, peripheral neuropathy and
dementia.

HIV diagnosis is performed by recurring to blood or body fluid collection, which is
posteriorly analyzed by enzyme immunoassays, nucleic acid amplification tests or west-
ern blot analysis. In the fourth-generation enzyme immunoassays, recombinant antigens
capture anti-HIV antibodies, immunoglobulin G and immunoglobulin M using antihuman
antibodies plus direct determination of p24Ag, allowing recognition of HIV infection prior
to seroconversion. The nucleic acid amplification tests can detect the virus by recurring to
specific amplification primers, which is followed by RNA detection by using labeled probes.
In the western blot assay, the selected antibodies bind to fixed HIV proteins, which then
create a pattern that can be read as positive, negative or indeterminate.

Improvements in diagnosis technologies are crucial in preventing the spread of the dis-
ease. Some of the available diagnostic assays lack in sensitivity and specificity or do not
detect early HIV infection or AIDS, contributing to the spread of the disease [21].

HIV is an incurable disease. Treatment against HIV infection is called Antiretroviral Ther-
apy (ART). ART reduces plasma viral load allowing the normalization of CD4" T cell levels.
However, if the treatment is stopped a resurgence of virus counts occurs. The conventional
ART consists of the administration of three or more drugs to target different steps in the
HIV replication cycle. ART does not cure HIV, however, it helps people to live longer,

healthier and also reduce the risk of transmission.

2.3 HIV/MTB COINFECTION
2.3.1 Epidemiology
HIV and Mtb potentiate each other, accelerating the deterioration of the host immunological

function [7]. In fact, the risk of developing active TB is estimated to be between 16-27 times

greater in HIV-positive than in HIV-negative individuals [8]. TB remains the leading cause
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of death among people living with HIV [7]. In 2016, there were 464 633 reported cases of
HIV-positive TB [8]. About 0.3 million HIV-positive people died from TB, almost half of
the total number of HIV related deaths [7]. From the estimated 10.4 million people that fell
ill with TB in 2006, 10% were people living with HIV (74% in Africa) [8].

2.3.2 Pathogenesis

TB and HIV infection impact the pathogenesis of each other. HIV infection alters the course
of TB infection, increasing substantially the risk of developing active TB. On the other
hand, it is known that TB increases the levels of HIV replication, propagation and genetic
diversity [22]. CD4"T cells are central in controlling the TB infection, thus the decreasing
number of this cells during HIV infection contributes to the increased risk of developing
TB or the reactivation of latent TB. HIV also leads to a dysfunctional granuloma formation,
making the immune system unable to combat Mtb. Full knowledge of the pathogenesis of
interaction between TB and HIV infection is not yet achieved. Nevertheless, it is clear that
treatment of HIV with ART reduces the risk of TB.

2.3.3 Diagnosis and Treatment

HIV-Mtb coinfection presents several challenges related to diagnosis and treatment. HIV-
positive patients infected with TB often lack symptoms associated with TB, leading to
missed cases. At higher cell levels of CD4'T cells, it is more common to manifest pul-
monary TB. Extrapulmonary and miliary TB becomes more prevalent at lower CD4" T cell
counts. Furthermore, granuloma formation is disrupted as CD4™" T cell counts decline and
cavitary lesions may not be seen.

The treatment of HIV-Mtb co-infected patients may be difficult, as drug interactions be-
tween ART and TB chemotherapy may cause some unfavorable results. Co-toxicity and
increased side effects deteriorate even more the patient health. Coinfected patients are
advised to only start the TB treatment 2-8 weeks after ART, depending on the degree of
immunodeficiency [23].

Coinfection increases the risk of misleading diagnosis. The detection of TB in HIV-
positive patients is also more difficult. Several studies have been conducted to improve
the screening of TB in HIV infected patients [24, 25]. Some of these studies revealed good
results with a sensitivity of about 79% in HIV-positive people using the Xpert MTB/RIF
diagnosis assay [26]. However, there is still a need for efficient methods for diagnosing TB
in HIV positive individuals.
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3.1 POTEIN-PROTEIN INTERACTION DATA

Since the sequencing of the first human genome carried out by the Human Genome Project
and Celera, omics acquired a crucial importance in further theoretical and practical ad-
vances within the field of genetics [27]. Proteomics succinctly is the systematic study of
the functions, structures and interactions of proteins with the aim of providing detailed de-
scriptions of the structure, function and control of biological systems in health and disease
[28].

A particular field of proteomics focuses on the nature and role of interactions between
proteins. Most biological processes including transcriptional activation/repression, immu-
nity, metabolism, signaling cascades and biochemical pathways are mediated through pro-
tein interactions. Hence, there is a need to understand the chaotic network that forms
these processes in order to achieve a better understanding of human diseases and therefore
devise better therapeutics [28, 29, 30].

PPIs are commonly understood as physical contacts with molecular docking between
proteins in a living organism in vivo [31]. PPIs play diverse biological roles and differ
based on the composition, affinity and lifetime of the associations [28]. Biological factors
such as cell type, cell cycle phase and state, development state, protein modifications, the
presence of cofactors and presence of other binding partners also influence PPIs [28].

PPIs can be categorized based on their structural and functional characteristics. Based
on their composition PPIs can be classified as homo- or hetero-oligomeric. If a PPI occurs
between identical chains, it is classified as homo-oligomeric, whereas if it takes place among
non-identical chains is classified as hetero-oligomeric [30]. PPIs can also be classified as
obligate or non-obligate based on their stability. In an obligate PPI, the monomers are
not stable structures on their own, whereas the components of a non-obligate interaction
can exist independently [30]. As a measure of their persistence PPIs can be classified as
transient or permanent. Permanent PPIs are usually very stable and irreversible. Transient
interactions are formed and broken easily and can be classified as strong or weak. Weak

transient interactions are characterized by a micromolar dissociation constant and lifetimes
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of seconds [32]. Strong transient interactions may last longer, have a dissociation constant
in the nanomolar range and can shift from an unbound/weakly bound to a strongly bound
state when triggered by, for example, ligand binding [32].

It has been shown that mapping PPIs can provide valuable insights into protein function
and molecular mechanisms of cellular processes by facilitating the modeling of functional
pathways [29, 33, 34].

In recent years, large amounts of PPI data have been generated by high-throughput ex-
perimental methods, such as two-hybrid systems, mass spectrometry and protein chip tech-
nologies. Analyze such amounts of data presents itself as a challenge to experimental
investigations [28]. Thus computational methods for PPI networks analysis has become
a necessary tool for understanding the function of uncharacterized proteins and achieve

better knowledge of biological processes.

3.2 EXPERIMENTAL APPROACHES TO THE GENERATION OF PROTEIN INTERACTION
DATA

Proteins seldom act alone but rather execute their functions through interactions with other
proteins. As protein and their interactions are fundamental for most biological processes,
it is essential to discover and characterize these protein interactions in order to understand
the molecular mechanisms of underlying biological processes [35]. This chapter is intended
to provide an overview of the most used experimental methods to generate PPI data.

In the beginning, PPIs data was generated via intensive small-scale experiments, yield-
ing a small and limited number of PPIs and consequently providing a data set of limited
size. These data, presented in individual research papers, can be considered to be fairly
reliable since it was subject to stringent controls and evaluation in the peer-review process.
However, the development of high-throughput approaches such as the Y2H system, MS
and protein microarrays, allowed the generation of vast arrays of PPl data. These high-
throughput methods generate a high amount of false positives. Thus, validation of the data
generated by these methods is recommended.

This section will focus on experimental approaches to generate PPIs, reviewing some of
the most important and most used techniques to generate PPI data.

3.2.1  The Y2H System

Perhaps the most common approach to the detection of interacting proteins in vivo is the
Y2H system, also known as “interaction trap”. The Y2H system is a molecular-genetic
approach that facilitates the study of PPIs and was firstly described by Fields and Song [36].

This procedure is carried out by screening a protein of interest against a set of potential

12
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protein partners inside the yeast nucleus. The term “two-hybrid” derives from the two
“hybrid” proteins created by the fusion of each one with a DNA Binding Domain (DBD)
and an Activation Domain (AD) of a Transcription Factor (TF). The protein fused to the DBD
is denominated as “bait” and the protein fused to the AD as the "prey” [37]. After the
interaction between the bait and the prey, the DBD and AD are brought into sufficient
proximity to switch on the reporter gene resulting in gene transcription[28]. This process
starts a growth or color reaction that can be detected in specific media. Figure 2 shows a
schematic version of the Y2H system.

In large-scale screenings, it is common to screen multiple baits against a library of preys.
This method is denominated library screening approach. Another commonly used ap-
proach in large-scale screening is the matrix approach, in which an array of defined preys
is substituted for the library [38].

The Y2H method has several limitations and therefore in some cases it is not possible
to detect if there is an interaction between the target proteins. Such limitations include
the fact that some proteins do not interact in the yeast nucleus, that many interactions are
triggered by post-translational modifications not available in yeast and that some proteins
are toxic to yeast [39]. However, despite the fact that Y2H present various limitations,
it was rapidly accepted by the scientific community which led to dozens of thousands
of publications, remaining the most popular method when it comes to discovering novel

protein interactions.

3.2.2  MS Aproaches

Another approach to PPIs detection uses quantitative MS to reveal the composition of entire
protein complexes. One of the most common applications relies on the combination of Affin-
ity Purification and Mass Spectrometry (AP-MS). In this technique, on the affinity purification
step, proteins of interest are expressed in-frame with an epitope tag, which is then used as
an affinity handle to purify the tagged protein (the bait) along with its interacting partners
(the preys). Then the bait proteins are systematically precipitated along with any associ-
ated proteins onto an affinity column. In an optional step, the purified protein complex can
be resolved by one-dimensional SDS-PAGE, so that proteins are separated by their mass.
Then the protein bands are separated by protein size and posteriorly the protein bands are
digested with trypsin. Finally, the component proteins are detected by MS and analyzed
with bioinformatic tools. Figure 3 shows a schematic version of the AP-MS experiment.
The advances in MS approaches made over the past few years now enable the discovery
of PPIs within protein complexes on a proteomic scale. The knowledge gathered from such

projects may then be applied on drug target discovery, validation pipelines, to elucidate
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Figure 2: The yeast two-hybrid system [38]. (A) A bait is expressed as a fusion to a DBD. The
DBD-bait binds to the operator sequences present in the promoter region upstream of the
reporter gene but does not activate its transcription since the DBD-bait does not contain
an activation domain. (B) A prey is expressed as a fusion to an AD. The AD-prey fusion
has the capability to activate transcription but because it is not actively targeted to the pro-
moter it does not activate transcription of the reporter gene. (C) The interaction between
bait and prey targets the AD-prey fusion protein to the promoter, thereby reconstituting
an active transcription factor. The hybrid transcription factor is bound to the promoter
upstream of the reporter gene and therefore activates transcription. The readout of the
activated reporter gene is measured either as growth on selective medium or in a color
reaction (lacZ). Only the DBD-bait or the AD-prey on its own do not allow growth on
selective medium (HIS-) and do not display blue staining in a color assay (lacZ-), whereas
an interacting DBD-bait and AD-prey display growth (HIS+) and blue color (lacZ+).
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Figure 3: A general overview of an affinity purification and mass spectrometry experiment [40].
(a) The protein of interest (often epitope-tagged, blue) is purified from a cell together with
its binding partners (orange and green). Contaminants (red) can also be present. (b) In
an optional step, proteins in the complex can be separated by SDS-PAGE. (c) Proteins are
subjected to proteolysis (usually with trypsin). (d) Mass spectrometry (MS) analysis of
peptides. In most cases, this involves peptide separation by reversed-phase liquid chro-
matography followed by two MS events: in the first scan, the mass/charge ratio (m/z) of
the intact peptide is measured. The most abundant peptides are then specifically selected
and subjected to fragmentation, yielding a tandem MS (MS/MS) spectrum (a simplified
MS/MS scan is shown for one of the peptides). (e) Database searching and statistical soft-
ware are used to interpret the MS data to yield a list of proteins that were present in the
initial sample, including the tagged protein, its interacting partners and contaminants.

systematically pathways and the functional context in which proteins operate in a variety

of organisms and cell types [41].

3.2.3 Protein Microarrays

Protein microarrays, also known as protein chips, is a high-throughput technology that al-
lows a fast, straightforward and efficient screening of protein-protein interactions alongside
with a vast amount of other information during a single assay [42]. The first applications
of microarrays were centered on DNA-related applications. To retrieve information about
proteins a similar approach was developed, protein microarrays. The key advantage of mi-
croarrays is the use of nonporous solid surfaces, such a glass, that allow precise deposition
of molecules in a highly dense and ordered way. Protein microarrays allow the examination
of protein expression levels and the acquisition of quantitative and qualitative information
about proteins of interest [28].

A protein microarray consists of a miniaturized and parallel assay system that contain
small amounts of purified proteins in a high-dense and ordered format. Protein microar-
rays are commonly prepared by immobilizing proteins onto a microscope surface. After
the proteins immobilization, they can be probed for a variety of functions including for
PPIs inference (functional protein microarrays). Finally, the resulting signals are measured
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Figure 4: A typical microarray image [43]. Each spot corresponds to one of the organism’s thou-
sands of proteins. The intensity of the dot indicates the amount of protein present. An
enlarged image of one of the 48 blocks is depicted below the protein chip.

by detecting fluorescent or radio.isotope labels [43]. Figure 4 shows a typical microarray
image.

An advantage of the generation of PPIs in an array format is that the conditions of the
experiment can be controlled by the investigator. This includes not only factors such as pH,
temperature, ionic strength and the presence or absence of cofactors but also the modifi-
cation states of the proteins under investigation. Another important advantage of protein
microarrays is that thousands of proteins can be spotted on a single slide, enabling the gen-
eration of multiple PPIs with minimal sample consumption. In addition, hundreds or even
thousands of copies of an array can be fabricated in parallel, enabling the same proteins
to be probed repeatedly with many different molecules under many different conditions.
These features make microarray technology well suited to PPIs prediction [44]. However,
the correct interpretation of data obtained from protein microarrays to create extensive
networks of PPIs remains a considerable challenge.

3.3 COMPUTATIONAL METHODS FOR THE PREDICTION OF PROTEIN-PROTEIN INTER-
ACTIONS

Experimental techniques are applied to generate PPI data. However, these techniques are
time and money expensive and require some expertise. In addition, there are some discrep-

ancies between the data generated by different experimental techniques [45]. Computa-
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tional approaches can offer an alternative to these experimental techniques. Computational
techniques have been applied to the generation, indexing, validation, analysis and extrap-
olation of PPI data [46, 47, 48]. This section will focus on the computational prediction of
PPI, reviewing a number of techniques including genome-scale, sequence-based, structure-

based, learning-based and network topology-based approaches.

3.3.1 Genome-Scale Approaches

The sequencing of complete genomes for various organisms has enabled the prediction of
PPIs at a genomic scale. Genomic-scale approaches typically perform a comparison of gene
sequences across genomes and are often justified on the basis of the correlated evolutionary
mechanisms of genes [28].

One of these approaches is the gene neighborhood conservation. The main idea of gene
neighboring is that related genes are located close to each other in the genome and proteins
encoded by these genes may physically interact with each other [49]. This method searches
if two genes are neighbors in organism X also if their orthologs in organism Y are also neigh-
bors. This may imply that protein-protein interactions impose evolutionary constraints to
keep genes together [50]. Although simplicity makes this method very attractive, it may
produce some false negative results because distantly located genes may not be recognized
as interactors even if they encode proteins that interact with each other [49].

Protein phylogenetic profiles are also used to predict PPIs. The phylogenetic profile of a
protein is a binary vector that represents the presence or absence of a protein across a set of
organisms. The main idea of this method is that functionally related genes remain together
across organisms. This method is an “upgrade” of the gene neighboring method which
can detect some interactions that gene neighboring may fail to detect [49]. However, this
method presents some drawbacks such as the fact that it can only be used with complete
genomes, it can not be applied to essential proteins and the number and distribution of
the target genomes can influence the results drastically [49]. This method is experimentally
validated as it has been shown that proteins with similar phylogenetic profiles are likely to
be functionally linked and to interact with each other [51, 52].

The gene fusion method is also commonly used to predict PPIs. This method predicts a
functional link between two proteins when they are separated in one organism and fused
in one protein in another organism [50]. A major advantage of this method is its reliability
since gene fusion events are very informative about the functional relationship. On the
other hand, fusion events are not abundant, especially in prokaryotes [49].

17
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3.3.2 Sequence-Based Approaches

Another approach to PPI prediction is based on information regarding sequential homol-
ogy. This approach was introduced by Mattews et al. [53] and is based on the concept that
an interaction in one species can be used to predict an interaction in another species [28].
This approach consists of a systematic search of interologs, potential orthologs of known
interacting proteins partners, to identify potentially conserved interactions in different or-
ganisms.

In 2001, Wojcik and Schachter [54] proposed a sequence-based prediction approach that
takes into account the domain profiles of proteins. The domain information of each interact-
ing protein in one species may help predict interactions in another species, as interactions
generally occur between protein domains. In this method, PPI data for a source organism is
transformed into a domain interaction map to construct a domain profiles with the multiple
alignments of the domain sequences for each cluster. Two domain clusters are connected
if the number of interactions between them has a value above a threshold. Finally, each
domain cluster is mapped to a similar set of proteins in a target organism. The predicted
PPIs are then based on the connectivity between domain clusters.

3.3.3 Structure-Based Approaches

Structure-based approaches allow more detailed analysis of protein interactions than the
genome-scale and sequence-based approaches. Structural approaches can determine, not
only whether two proteins interact, but also the physical characteristics of the interaction,
and residues at the protein interface which mediate the interaction [55]. A classic structure-
based approach for detecting PPIs is the docking method which detects PPIs by predicting
the structure of docked protein complexes. The detection of docked proteins is performed
tirstly by developing a scoring function that can discriminate between correctly and incor-
rectly docked orientations and then a search method is applied to identify correctly docked
orientations with reasonable reliability [28] The algorithm applied in this method, searches
for protein complexes by treating proteins as rigid bodies and generates a list of possible
docked complexes. These complexes are scored based on the energy of their association,
i.e. the evaluation of statistical potentials, electrostatics and hydrogen bonding. Optionally
it is possible to introduce flexibility through side-chains rearrangements.

In 2002, Aloy and Russel [56] shown that protein complexes with known three-
dimensional structures offer better conditions to identify reliable PPIs. This can be achieved
by modeling putative interactions upon three-dimensional protein complexes and then de-
termining the compatibility of the proposed interaction and the complexes. This compati-
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bility is measured by empirical potentials using molar-fraction random state models based
on the observed tendency of residues to persist on protein surfaces.

Alternatively, Aytuna et al. [57] proposed an algorithm that takes into account the simi-
larities in interface surfaces. This algorithm starts with a set of structurally known protein
interfaces and searches for pairs of proteins having similar residues. Proteins with similar

residues have more probability of interacting with each other.

3.3.4 Network Topology-Based Approaches

PPINs can be useful resources to predict new or to identify the reliability of protein in-
teractions. Topological features of PPINs can provide valuable information on this task.
For example, Goldberg and Roth [58] proposed the use of clustering coefficients based on
neighborhood cohesiveness. The main idea of this method is that two proteins are more
likely to interact if they share many interacting neighbors, thus having mutual clustering
coefficients. This property is very common in small-world networks, which is the case of
PPINs.

Based on the idea that interactions involving proteins that have many interacting part-
ners are likely to be false positives and that highly interconnected sets of interactions or
interactions forming a loop are likely to be true positives, Saito et al. [59] proposed an
Interaction Generality Measurement (IG1). This measurement is defined as the number of pro-
teins that directly interact with a target protein pair, as reduced by the number of proteins
interacting with more than one protein. This is a local measurement as only considers the
direct neighbors of a protein. However, in a subsequent work [60] the authors extended this
measured to consider the topological properties beyond the direct neighbors of a protein.
Other methods based in the IG1 was also proposed by other authors. For example, Chen et
al. [43] presented the Interaction Reliability by Alternative Path (IRAP) approach to measure
the reliability of an interaction in terms of the alternative path. This approach uses the
reversed and normalized IG1 as initial edge weights to reflect the local reliability of each
interaction in a PPIN.

Probabilistic weighted interaction models are also commonly used to estimate the proba-
bility that a pair of proteins interact directly and stable [61, 62, 63].

3.3.5 Learning-Based Approaches

Various ML techniques are recognized as useful and reliable methods for the prediction
of PPIs. Given a set of known interactions, an ML system can be trained to recognize in-
teractions based on specific biological features. The prediction of PPIs can be defined as
a classification problem. Therefore, multiple ML techniques can be applied to determine
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Figure 5: A schematic version of text mining approaches for protein-protein interaction prediction
[49]. In general, each literature mining system consists of three steps: Named Entity
Recognition or NER step, it does the identification task of protein. Zoning step, in this
step the text split into basic building blocks and extract sentences from the text. PPI step
that uses various algorithms to infer protein-protein interaction.

whether a pair of proteins are interacting or noninteracting. However, sometimes datasets
are not balanced, i.e. there are much more noninteracting than interacting PPIs, and may
be noisy and contain missing values [64]. Therefore, the selection of an adequated classifi-
cation technique is a challenging and important task.

The most common ML techniques include Support Vector Machine (SVM), K-Nearest Neigh-
bour (KNN), Naive Bayesian (NB), Artificial Neural Networks (ANN), Decision Tree (DT) and
Random Forest (RF). A brief summary of the main features of these techniques is presented
in Table 1.

Text mining techniques can also be applied to extract useful knowledge from large data
sources and therefore to predict PPL. In general, literature mining systems are performed
in three steps. The Name Entity Recognition (NER) step, consists of the identification of
protein names. The second step, the zoning, the text is split into basic building blocks
and sentences are extracted from the text. Finally, the protein-protein interaction extraction,
where multiple algorithms are used to infer a possible PPI. Text mining approaches that
use machine learning may not be as reliable as manually curated data, but the fast growth
of publications in this field can make these methods a valuable resource. Figure 5 shows a

schematic version of text mining approaches for PPI prediction.

3.4 COMPUTATIONAL ANALYSIS OF PROTEIN-PROTEIN INTERACTIONS

PPINs can be described as complex systems of proteins formed by biochemical events and
electrostatic forces that serves multiple biological functions. At a computational level, a
PPIN is commonly represented mathematically by a graph G = (V, E) consisting of nodes (V)
and edges (E). In a graph, proteins are represented as nodes and interactions as edges. Two
proteins that interact with each other are represented as adjacent nodes and are connected
by an edge.
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Table 1: A summary of ML approaches for PPI prediction. Advantages and limitations for each
approach are presented along with a reference to studies where they have been applied.
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Classifier

Description

Reference

NB

Simple and easy to interpret.

Ability to handle diverse heterogeneous data.

Copes well with missing values.

Assumes conditional independence between datasets.

Performance deteriorates when dependencies between fea-
tures exist.

[65], [66]

KNN

Simple to understand.
Requires no training.

The computational cost and memory requirement grows
rapidly with increasing feature vectors dimension.

[671, [68]

SVM

Can handle non-linear separable datasets.
Copes well with high-dimensional data.
It is very powerful.

The parameters can greatly affect the results.

[69], [70]

RF and DT

Can handle missing values.
Copes well with high-dimensional data.
Can integrate diverse heterogeneous data.

The patterns in data can be easily explained.

[71], [72]

ANN

Good generalization capabilities.

Ability to recognize complex patterns.

(73], [74]
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Mining the organization of PPINs can yield a variety of insights [75]. For example, the
assignment of putative roles to uncharacterized proteins as neighboring proteins in a graph
are generally considered to share functions (“guilt by association”) [28]. PPINs can also
provide details about the steps within a pathway or help to characterize the relations be-
tween proteins of multi-molecular complexes [75, 76, 77]. In addition, densely connected
subgraphs in the network are likely to form protein complexes that function as a unit [28].
Other characteristics can also be explored as for example the topological features and cen-
tralities of the network to enhance our understanding of the biological system.

In general, although graphs are well-known structures, the computational analysis of
PPINS is challenging, with these major difficulties being commonly encountered:

e The high number and heterogeneity of nodes and edges complicate the network visu-
alization [5].

e Some protein interactions are not reliable. Experimental methods for interactomics
such as Y2H assays produce high amounts of false positives (physical interactions
detected in the screening method that are not reproducible in an independent system)
and false negatives (protein-protein interactions undetected by the screening method)

[78].

e Some proteins can have several different functions and consequently belong to multi-
ple functional groups. Classic clustering approaches usually produce disjoint clusters,
allowing a protein to belong to only one cluster, therefore impeding a realistic assign-
ment of multifunctional proteins to clusters [79].

e Two proteins from different functional groups frequently interact with each other
increasing the topological complexity of the PPIN, posing difficulties to the detection

of unambiguous partitions [28].

A common approach to understand and characterize complex networks is the exploration
of the topological features of such networks [80, 81, 82]. These features include small-world

properties, scale-free degree distributions and hierarchical modularity.

3.4.1 Topological Features of Protein-Protein Interaction Networks

In 1957, Rapoport [83] studied perhaps the simplest useful model of a network, the random
graph. In this model, a fixed number n of vertices are randomly connected by undirected
edges to create a network. Networks of different types can be distinguished by their degree
distributions. The degree distribution P(k), a concept introduced by Barabasi and Oltvai
[84], quantifies the probability that a selected node in a network will have exactly k links.

Random networks follow a Poisson distribution. However, real-world networks are not
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like random graphs. Real networks can be classified by their degree distribution, PPINs
typically follow a power-law degree distribution P(k) ~ k~7. These networks are known as
scale-free networks and are characterized by having few nodes with many edges and many
nodes with few edges [85]. Biologically this means that most proteins participate in only a
few interactions, while a small set of hubs, highly connected nodes, participate in dozens of
interactions. Another characteristic of PPINs is that hubs rarely directly link to each other
[86].

PPINSs are also characterized by a property called “small-world effect”, which states that
any pair of vertices can be connected through a short path of a few links [87]. Although
random networks show the small-world property, scale-free networks have path length
much more small and are called “ultra-small” [88]. This short path length indicates that
local perturbations in metabolite concentrations could affect an entire network very quickly
[28].

Multiple centrality measures can be used as an evaluation of the importance of compo-
nents in a network. Four of the most representative centrality measures are the Degree
Centrality (DC), Closeness Centrality (CC), Betweenness Centrality (BC), and Eigenvector Cen-
trality (EC).

e DC of a node measures the number of edges of the node. This measure can be helpful
to identify nodes with high importance in the network. However, this measure does
not take into account the rest of the network and the importance given to this measure
strongly depends on the network size. For example, in a study conducted by Joeng et
al, the authors found that proteins with high DC (hubs) are three times more likely to
be essential than proteins with only a small number of links [89].

e BC of a node measures the number of shortest paths in a network that pass through
the node. Proteins that have high BC participate in many more interactions than
others, thus these proteins are more likely to be essential to the organism survival
than proteins with fewer interactions [90].

e CC of a node measures how close the node is to other nodes in the network. The
distance between two nodes is defined as the length of the shortest path between
them. The smaller the sum of the distance of the node to all other nodes, the higher
its closeness is [91].

e EC measures the centrality of a node taking into account that each neighbor will have
a different weight in the centrality of the node. This notion is known as "prestige” in
social networks. A node is considered more central if it is connected to many central
nodes. Thus, this measure takes into account not only the quantity but also the quality
of node connections [91].
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The unique topological features that characterize each PPIN play an important role in
the computational analysis of these networks providing crucial information for inferring
functional properties of the network.

3.4.2  Modularity Analysis

Complex networks can usually be decomposed to several highly inter-connected sub-units.
The identification of these sub-units is very important as they may help to discover the
unknown function of these functional modules [92]. A functional module in a PPIN may
represent a set of functionally associated proteins that are involved in a given biological
process or function [28]. Several graph-based approaches have been employed to identify
functional modules in PPINs. However, due to the presence of unreliable interactions and
the fact that real functional modules are overlapping, i.e. one protein may participate in
multiple biological processes or functions, these approaches tend to be limited in accuracy
[93]-

The identification of functional modules in PPINs can be successfully accomplished
through the use of cluster analysis. In general, modularity detection can be performed
by three primary approaches [94]: (i) divisive (or top-down) techniques, in which initially
the entire graph is considered as a cluster and then edges are successively removed to detect
other clusters until further division is no longer worthwhile; (ii) agglomerative (or bottom-
up) techniques, in which modules are constructed by adding elements to an initial seed, i.e.
initially every vertex is in a separate cluster and successively pairs of clusters are merged
until the clustering can no longer be improved; (iii) force-directed methods, in which nodes
belonging to the same module are considered to be spatially close.

Several studies have been conducted and multiple algorithms aiming at modularity anal-
ysis have been developed [95, 96, 97]. However, each algorithm has its own advantages and
disadvantages being able to exhibit good and bad performances in different cases. The main
challenges for PPINs modularity analysis are: (i) the fact that PPI data yield a significant
amount of false positives and miss a high fraction of existing interactions; (ii) clusters may
overlap each other and therefore traditional cluster approaches that assign each protein to
a single cluster do not suit this problem well; (iii) the recent advances in high-throughput
techniques have led to a huge amount of PPI data making the computational clustering
difficult; (iv) it is difficult to determine the number and size that each cluster should have.

Topological metrics can also be incorporated into modularity analysis of PPINs in order
to be able to retrieve more accurate conclusions. For example, bridging nodes in PPINs
serve as the connecting nodes between protein modules. Therefore, the removal of the
bridging nodes yields a set of components disconnected from the network. Thus, using this
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measure can be an excellent preprocessing procedure to estimate the number and location
of modules in a network.

3.5 APPLICATIONS

As stated before, the analysis of PPI and PPIN can provide valuable insights into the cellular
organization, processes and functions. There are many applications following this analysis.
Some of the main applications in which the discovery and exploration of PPI can be applied
are described below:

e Identifying protein and protein complexes and predicting their functions. The most
basic application of PPINSs is the prediction of protein functions. This prediction gen-
erally relies on the fact that interacting proteins may belong to at least one common
functional class, and thus knowledge of the function of a subset of the proteins in-
volved in the network may lead to an accurate prediction of the function of the re-
maining subset of uncharacterized proteins [98]. Asthana et al. [61] proposed the
use of semantic similarity and semantic interactivity to measure the reliability of PPIs
based on Gene Ontology (GO) annotations to construct weighted PPINs. Then flow-
based modularization algorithms are used to identify overlapping modules in the
weighted PPINs.

e Essential protein identification. Essential proteins are indispensable to maintain nor-
mal function of life activities in living organisms. These proteins play important roles
in the studies of pathology, synthetic biology and drug development [99]. Topological
analysis of PPINs can be used to systematically assess the biological importance of
bridging and other nodes in a PPIN. For example, by integrating network topology
with gene expression profiles, Li et al. [100] and Tang et al. [101] exploited the Pear-
son correlation coefficient and edge clustering coefficient to weight PPIs and predicted
essential proteins on the weighted PPINs.

e Discovering signal transduction pathways. Many approaches have been proposed to
discover signal transduction pathways from PPINs. Shlomi et al. [102] developed an
algorithm, QPath, that given a query pathway and a network of interest, searches the
network for homologous pathways, allowing both insertions and deletions of proteins
in the identified pathways. The identified homologous pathways are scored accord-
ing to their variation in terms of the protein insertions and deletions against the query
pathway, the sequence similarity between their constituent proteins and the query pro-
teins and the reliability of their constituent interactions. Gitter et al. [103] proposed
an alternative method to discover signal transduction pathways. Taking into account

that pathways are directed and PPIs are undirected, they developed three algorithms
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based on either weighted Boolean satisfiability solvers or probabilistic assignments
to formalize the orientation problem in protein interaction graphs as an optimization
problem. To construct weighted PPINs, they used two weighted schemes. The first
weighting scheme is to increase the weights for those interactions that are supported
by multiple databases. The second one is based on the type of experiments used
to detect the interactions. The discovered paths may match several known signaling
pathways and suggest new mechanisms that are not currently present in signaling
databases.

e Disease gene prioritization. The analysis of PPINs could provide biological insights
into disease mechanisms. Chen et al. [104] used the PPI data and confidence scores
inferred from Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) [105]
to discover new genes related to brain development. By applying a shortest path
algorithm on a weighted graph, they identified new candidate genes falling in at
least one of the shortest paths connecting two known genes that are related to brain
development. I. To identify potential drug target proteins, Li et al. [106] applied
graph theory to the human PPIN, in which proteins were weighted by descriptors of
protein primary structure and PPIs were weighted by the confidence scores. Proteins
with higher weights were considered to be stronger potential drug targets.

36 BIOLOGICAL DATA INTEGRATION

Over the last years, the rapid technological advances have led to a exponential growth
of biological data. Therefore data management assumes a key step in present biological
projects ensuring proper data sharing, integration and annotation. Numerous databases
containing biological knowledge are available online and are daily assessed by scientists all
over the world. However, the use of different databases to achieve a better understanding of
any biological question is not a straightforward task. The information spread across these
repositories is stored in multiple and disparate formats and nomenclatures [107]. These
issues lead to an incomplete use of all the knowledge made available as scientists most of
the times only use information of one source since analyses based on multiple sources are
more difficult and subjected to errors. For example, the same protein might have different
identifiers in each repository and the lack of mapping between these identifiers make the
integration of this information almost impossible [108].

Data integration frameworks can be classified into two major categories, eager and lazy
[109]. In the eager approach, the data are structured into a global schema and stored in
a single data repository. In the lazy approach, data remains on different sources and are
integrated on demand based on a global schema used to map the data between sources or
are made available through hyperlinks to the original sources. Both approaches have their
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advantages and disadvantages and the choice between them depends on multiple aspects
such as the amount of data, their availability and the quality of existing infrastructures.

In the case of PPI data integration, there are two main aspects to take into account. First
is collecting data from as many sources as possible in order to create a unified interaction
network. The second is to combine the PPI data with other types of biological data.

3.6.1  Protein-Protein Interaction Data Integration from Multiple Sources

With the emergence of high-throughput methods for PPI detection multiple public reposi-
tories to store these data were created. However, the data either directly submitted to these
repositories or manually curated from the literature is stored in multiple and disparate for-
mats and with different and ambiguous protein identifiers. These problems prevent the
proper unification of these data and, consequently, a greater coverage of the interactome
space.

In recent years, the International Molecular Exchange Consortium (IMEx) [110] is promot-
ing a standard format, the Protein Standards Initiative for Molecular Interactions (PSI-MI) data
exchange format, in an attempt to uniform the way interactions are formatted and codi-
fied. This data format was adopted by some PPI databases including Molecular Interaction
Database (MINT), Database of Interacting Proteins (DIP) and Molecular Interaction Database (In-
tAct). However, despite the efforts to adopt this data format most databases do not follow
it in a uniform manner or did not adopt it at all. Thus, using all available PPI data in an
integrated way is still not trivial for most computational biologists.

Despite the challenges, it is essential to perform PPI data integration in order to obtain
high confidence networks. Interactions present in multiple sources and detected in multi-
ple and by multiple detection methods are more reliable than those detected by just one

experiment.

3.6.2  Combining Protein Interaction Data With Other Types of Biological Data

The combination of PPI data with other types of biological data is a key aspect in the
analysis of the networks formed by these interactions. Not only it will increase the reliability
of the interactions but will also provide valuable additional knowledge that interaction data
did not contain.

High-throughput methods for detecting PPI generate high rates of false-positives and
false-negatives. One way of verifying the reliability of an interaction could be through the
use of information contained in databases like Universal Protein Resource (UniProt) [111].

Proteins that are never colocalized are not likely to interact with each other. Shared phe-
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notypes, correlated expression and shared GO terms can also support the reliability of an
interaction.

The use of known inhibitors targeting PPI could also bring valuable insights to the anal-
ysis of the networks formed by these interactions. Studying how these inhibitors perturb
PPINs can be very useful in understanding disease mechanisms. However, targeting PPIs
has been extremely challenging to convert into therapeutics with only a few compounds fol-
lowing for trials over the last years [112]. Some databases like TIMBAL [113] and Inhibitors
of Protein-Protein Interaction Database (iPPI-DB) [114] were implemented over the last few
years and store data on small-molecule inhibitors of PPIs. These databases can be a useful
source of information to use together with PPI and other biological data. Other types of bi-
ological data like gene expression data can also be used to identify essential proteins [115],
identify protein complexes and functional modules [100, 116] and discover disease signal-
ing pathways and regulatory networks [117]. This kind of information provides valuable

biological insights that otherwise cannot be achieved with the use of PPI data alone.

3.7 PUBLIC PROTEIN-PROTEIN INTERACTION DATABASES

In the last years, high-throughput technologies have generated massive amounts of PPI data
of various organisms. These data are currently stored in several databases. The majority
of the data contained in these databases are manually curated from literature data-mining.
However, there is none or little data standardization among these databases, with each
presenting different data structure, format and mode of description. Currently, more than
100 PPl related repositories are available online [110]. Some of the major open PPI databases
will be described as follows:

e The Biological General Repository for Interaction Datasets (BioGRID) [118] is an
open-access database that focuses on the manual curation of experimental validated
genetic and protein interactions that are reported in peer-reviewed biomedical publi-
cations. At this moment (December 2017), it comprises more than 1.4 million curated
interactions derived from over 57 thousand publications. This database represents in-
teraction records for 66 model organisms, including humans, with a recent emphasis
on central biological processes and specific human diseases. All data contained in this

database can be consulted in https://thebiogrid.org/.

e MINT [119] stores information about molecular interactions extracted from experi-
mental works published in peer-reviewed journals. Genetic and computational in-
ferred interactions are not included in this database. All data contained in MINT are
manually curated and can be freely accessed online at http://dip.mbi.ucla.edu/dip/.
In addition, MINT includes a separated database of human protein interaction data,
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the HomoMINT. Currently (December 2017), MINT comprises more than 277 thousand

curated interactions from 255 organisms derived from over 1964 publications.

DIP [120] combines data from a variety of sources to create a single and consis-
tent set of PPI. The data stored in the DIP database were curated, both, manually
and using computational approaches. At this moment (December 2017), DIP com-
prises more than 81 thousand curated interactions from 834 organisms derived from
over 8233 publications. This database also provides tools that allow users to ana-
lyze, visualize and integrate their own experimental data with the information about
PPIs available in the database. The data stored at DIP can be consulted online at
http://dip.mbi.ucla.edu/dip/.

IntAct [121] is a molecular interaction database for modeling, storing and analyz-
ing molecular interaction data. The data stored in IntAct is either curated from the
literature or from direct data depositions. Currently (December 2017), IntAct com-
prises more than 794 thousand interactions from over 20047 publications. Recently,
the MINT and IntAct databases have merged their efforts to make optimal use of lim-
ited resources and maximize the curation output. All data curated by MINT curators
have been incorporated into the IntAct database. Both IntAct and MINT data are
freely available at http:/ /www.ebi.ac.uk/intact.

The Human Protein Reference Database (HPRD) [122] is a database of curated pro-
teomic information that provides a collection of human PPIs linked to protein features
such as protein function, post-transcriptional modifications, enzyme-substrate rela-
tionships, subcellular localization, protein isoforms and domain architectures. At this
moment (December 2007), HPRD comprises more than 41 thousand PPIs. Data con-
tained in this database is manually extracted from the literature and can be consulted
at http://www.hprd.org/.

The Human Immunodeficiency Virus Type 1 (HIV-1), Human Interaction
Database (HIV-1 HID) [123] available through the National Library of Medicine
(NLM) at https://www.ncbi.nlm.nih.gov/genome/viruses/retroviruses/hiv-1/
interactions/ aims to provide scientists in the field of HIV/AIDS research a de-
tailed summary of all known interactions of HIV-1 and the human host. The data is
collected of published reports of two types of interactions, protein interactions and hu-
man gene knock-downs that affect virus replication and infectivity. This database has
been designed to retrieve PPIs without restrictions and includes Reference Sequence
(RefSeq) protein accession numbers, National Center for Biotechnology Information
Gene identification numbers, brief descriptions of the interactions, searchable key-

words for interactions and PubMed identification numbers (PMIDs) of journal articles
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describing the interactions. A total of 4 co6 human genes are described participating
in 14 102 interactions.

38 RESOURCES FOR PROTEIN-PROTEIN INTERACTION NETWORKS VISUALIZATION
AND ANALYSIS

Scientists in the domain of Bioinformatics that study PPINs have to deal with huge amounts
of data. They have to rely on comprehensive data from web resources. Getting an overview
of the complex networks formed by PPIs is crucial to understanding living systems. Visual-
ization supports this complex task. In the last years, bioinformatics has come up with a lot
of tools that support the analysis of such complex networks. They provide multiple func-
tionalities to layout and query the network, to visually integrate the network with expres-
sion profiles, phenotypes and other molecular states and to link the network to databases
of functional annotations among others. Some of the most promising PPl web resources
[124] will be described as follows:

e Cytoscape [125] is an open source Java-based bioinformatics software project for vi-
sualizing biomolecular interaction networks and integrating it with high-throughput
expression data and other molecular states. It has an intuitive user interface and sev-
eral features such as filters, attribute browser and so on. Cytoscape has a high degree
of customization through the addition of multiple external plug-ins. An important
feature is that Cytoscape is able to manage and visualize nested networks and thus
create network hierarchies. Cytoscape supports and can export files in multiple for-
mats. Furthermore, Cytoscape is able to link the network to databases of functional
annotations such as the GO.

o Cytoscape.js [4] provides a JavaScript (JS) Application Programming Interface (API) to
enable software developers to integrate graphs into their data models and web user
interfaces. With this tool, it is possible to render PPINs in an interactive way on
a server. Cytoscape.js provides interesting features such as the incorporated graph
algorithms such as connectivity search, shortest path, minimum spanning tree, mini-
mum cut, ranking and centrality measures. In terms of performance, cytoscape.js can
render thousands of graph elements on average hardware.

e Agile Protein Interaction DataAnalyser (APID) [126] is a Java-based resource that allows
the visualization of PPIs as a graph. APID allows queries of several input proteins.
The visualization is dynamic and provides options for zooming, filtering and limit de-
tails. It also allows the addition of other proteins to the previously generated graph.
However, it lacks visual clustering, highlighting certain nodes and edges and associa-
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tions to diseases are not available. The data can be exported in a tabular format and
the graph can be stored as an image. Import possibilities are very limited.

Protein Interaction Network Visualizer (PINV) [127] provides PPINs visualization as
graphs in browsers having Javascript installed and activated. The use of BioJS and
D3 framework to create an HTML5 application offers a wide range of possibilities for
visual analysis online. However, it presents some performance limitations for large
and dense graphs. The user interface is very intuitive. The visualization is dynamic
and provides options for zooming, filtering, highlighting, coloring and even upload-
ing expression data. PINV also provides circular layouts, heatmaps and simple table
views. The graphs can be exported both graphically and as text tables.

STRING [105] is an interactive network viewer that only requires a web browser
with the Flash plugin. The query interface is simple and includes data from sev-
eral databases for multiple organisms. Graphs are rendered dynamically and offer
multiple possibilities. STRING provides a variation of four different designs, namely
confidence, evidence, action and interactive view. It is also possible to apply filters
and control features, zooming and scaling functionality. The nodes and edges are col-
ored. Node colors represent direct associations. Edge colors are mapped to types of
evidence and line thickness represents confidence. An important feature that STRING
offers is functional options for clustering and enrichment. Finally, the graphs can be

exported as several file formats, both as graphics and as text.

Unified Human Interactome (UniHI) [128] is a Java-based resource that makes use of
the Cytoscape Web for the network visualization. The user interface is simple and
intuitive. This resource is capable of dealing with large graphs. However, the graph
does not include any visual details. UniHI makes use of clustering and enrichment
functions and includes common control features such as zoom, repositioning and
scaling. Details of a protein are provided in a separated window by clicking on a
node. Information on the target proteins is extracted from the KEGG database. The
information provided on pathological associations are scarce or nonexistent. Export
options include text files, png and pdf.
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METHODOLOGY AND IMPLEMENTATION

The development of the tools described in this thesis was devised to be divided into three
main tasks. The SPINET database development, the data collection and curation and finally
the data analysis and visualization tool. Figure 6 shows the global architecture of the
SPINET web server. This thesis took part in the development of tasks 1, 2 and 3. Task 1
consisted in the collection of PPI data from major web repositories and from the literature
and on the creation of multiple parsers to convert the data into a single and structured
data format. In task 2 the SPINET database was designed and implemented to follow the
proposed requirements. Task 3 consisted of the analysis of the data collected and on the
creation of a visualization tool.

4.1 SPINET DATABASE

An essential aspect of the development of a database is the subdivision of the development
process in multiple phases focusing on different aspects. The collection of these phases,
called the Software Development Life Cycle (SDLC), assumes a relevant importance in the
organization of this process. The development of the SPINET database was carried out
following an SDLC, in particular, the waterfall model. The phases involved in this model
include:

1. Requirements Analysis
2. Design

3. Implementation

4. Testing

5. Maintenance
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Figure 6: SPINET architecture.

4.1.1  Requirements Analysis

Due to the high heterogeneity of PPI data stored in multiple repositories available online, se-
lecting which information is essential and which information holds redundancies or unim-
portant details becomes even more important but difficult task. In the requirements analysis
phase, the specifications of what the database should be able to provide are gathered and
analyzed. In this phase, some of the specified requirements that SPINET database should

be able to answer were:
e Study PPINs online;
e Be "user-friendly” to users without computational background;
e Integrate data from the primary PPI databases and from the literature;

e Map different nomenclatures (the same biological object (e.g. a protein) might be

identified with a different name in each repository);
e Provide a unique data format, allowing to uniformly use all available information;

e Provide more reliable and informative networks by combining PPI data with other

types of biological data;
e Filter interactions by the number of experimental detection methods;

e Filter predicted and experimentally validated interactions;
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Filter interactions by score;

Filter interactions by organism;

Link the interaction with the original reference/source;

Link proteins/interactions with known inhibitors.

4.1.2  Database Design

The database design phase was divided into three main steps:
e Conceptual model design;
e Logical model design;

e Physical model design.

Conceptual model

Using an entity-relationship representation, the conceptual model was implemented to cre-
ate a high-level overview of the database. This data model was developed based on the
requirements specifications gathered in the requirements analysis step and was indepen-
dent of any physical consideration. This model is focused on defining important entities
and the relationships between them. Figure 7 shows the conceptual schema of the SPINET

database.

Logical model

In general, the logical data model is considered the implementation of the conceptual data
model. The logical data model consists of data entities, keys, attributes and relationships
between the entities. This model is focused on defining the data as much as possible,
regardless of how it is to be implemented. The steps followed in the implementation of the

logical model were:
1. Specify primary keys for all entities;
2. Define the relationships between different entities;
3. Define the attributes of all entities;
4. Resolve many-to-many relationships;
5. Normalization.

Figure 8 shows the logical schema of the SPINET database.
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Figure 8: SPINET database logical model.
Physical model

The final step in the design of the database is the design of the physical data model. This

model represents how the database will be built in the Database Management System (DBMS).

In this model, the data type of each attribute is specified and constraints are defined. Figure
g shows the physical schema of the SPINET database.

The design complexity increases from the conceptual to the logical to the physical model.
Therefore, in summary, with the conceptual model we aim to understand at a high level
what are the different entities in our data and how they relate to one another, then we move
to the logical model to understand the details of our data without worrying about how they
will be implemented and finally the physical model to know exactly how to implement our
data model in the DBMS of our choice. All the database schemas were created using the
Visual Paradigm software.

4.1.3 Database Implementation

For the implementation of the SPINET database, the MySQL Workbench DBMS was used.
This is a free, robust, and flexible relational DBMS that effectively removes the need of

costly unsupportable informatics overhead associated with other systems such as Oracle or
DBa.
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Figure 9: SPINET database physical model.

To avoid redundancy and dependency of data we made sure that the database obeys
to the database normal forms. These normal forms ensure that are no repeating fields
and groups (first normal form), there are no partial dependencies between records (second
normal form) and that there are no transitive dependencies between records (third normal
form). The current schema of the database consists of 9 tables and is shown in Figure 10.

Finally, the database was imported into phpMyAdmin allowing us to manage it in an
easier and more efficient way from anywhere. Figure 11 shows the implemented database

on phpMyAdmin.

4.1.4 Database Testing

Regarding database testing, multiple tasks were performed to ensure proper database func-
tionality, data integrity and data mapping.
Some of the tasks performed in the database testing were:

e Check for any incorrect data;
e Try to upload inconsistent data to some tables and see if any failure occurs;
e Try to upload repeated information;

e Insert child data before inserting the respective parent’s data;
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> URL VARCHAR{ 100)
# Description TEXT

>

_] Inhibitor v
idInhibitor INT

> assay_description TEXT

»assay_type VARCHAR(45)

> chembl_maolregno INT
2 literature_name VARCHAR{45)

> > smiles V ARCHAR{150)
»>
Figure 10: SPINET database schema.

Tabela = Acgdes Registos @ Tipo Agrupamento (Collation) Tamanho Suspenso
Detection 3¢ | Procurar g Estrutura % Pesquisar #¢ Insere ﬁ\_\mpa @ Elimina 207 InnoDB utf8_general_ci 32 KB -
Inhibitor w B Procurar }4 Estrutura % Pesquisar i-{: Insere @ Limpa @ Elimina 7,735 InnoDB  utf8_general_ci 1.6 ME -
Interaction 1 Procurar {4 Estrutura % Pesquisar Fe Insere §# Limpa @ Elimina ~4,343,452 InnoDB  utf8_general_ci 594 MB
Interaction_has_Inhibitor 3y || Procurar 4 Estrutura % Pesquisar #¢ Insere ﬁ Limpa @ Elimina e InnoDB utf8_general _ci 48 KB -
Interaction_Information 1y Procurar {4 Estrutura % Pesquisar Fc Insere @_L\mpa @ Elimina ~1,565,475 InnoDB  utf8_general_ci 479.5 MB

Protein ¥ [ ] Procurar Js Estrutura % Pesquisar F¢ Insere §§Limpa @@ Elimina 27,863 InnoDB  utf8_general_ci 57.4 M8 -
Protein_has_Inhibitor W Procurar 4 Estrutura % Pesquisar #¢ Insere & Limpa @ Elimina 11,203 InnoDB  utf8_general_ci 4.5 MB

Reference ¥¢ || Procurar 4 Estrutura % Pesquisar % Insere @ Limpa @ Elimina 47,166 InnoDB  utf8_general ci 15 B =
Source = Procurar 4 Estrutura % Pesquisar F¢ Insere g Limpa @ Elimina 1e InnoDB utf8_general_ci 48 KB

9 tabela(s) Soma 94,884 InnoDB utf8_general_ci 1.1 GB @ Bytes

Figure 11: Implemented database on phpMyAdmin.
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e Try to delete a record referenced by the data in another table;
e Check whether the references for foreign keys are valid;
e Check whether the field is mandatory while allowing NULL values;

e Check whether the length of each field is of sufficient size.

Besides the above-mentioned tasks, multiple Structured Query Language (SQL) queries
were performed to ensure data integrity from the database to the user.

4.1.5 Database Maintenance

Maintaining and upgrading the database is a never-ending phase. As soon as new require-
ments arise, the SDLC will be again restarted and almost all of the above steps will have to
be remade.

During this phase, some minor changes have been done, such as the alteration of the

name of some attributes, data types and constraints.

4.2 DATA COLLECTION AND CURATION

The first step in performing PPIN analysis is, naturally, building the network. Nowadays,
several databases store huge amounts of PPI data. The combination of the data stored
in these databases allied with information from other biological databases can be used to
build more reliable and informative networks. At this moment, the data used in this project
was collected from multiple sources (APID, BioGRID, DIP, HPRD, IntAct, MINT, HIV-1
HID, STRING, UniProt, TIMBAL and from the literature [129, 130]). However, the data
stored in these repositories exhibits multiple and distinct formats, increasing the difficulty
of integrating these data into a uniform format. Moreover, the majority of PPI databases
adopts different nomenclatures: the same protein might be identified with a different name
in each database.

Taking into account the abovementioned issues, using the Python [131] language multiple
parsers were implemented in order to uniformize the data from the different sources. In

general, all the parsers perform the following tasks:

e Data filtering: remove interactions where at least one interactor does not belong to the
interest organisms (Homo sapiens, Human Immunodeficiency Virus Type 1 and Mycobac-
terium tuberculosis H37Rv); Remove proteins without uniprotID; Remove inconsistent
data; Remove repeated data.

e Protein id mapping and enrichment: using the UniProt Retrieve/ID mapping tool
https://www.uniprot.org/uploadlists/, convert the database internal identifiers to
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UniProt identifiers. Before downloading the identifiers list, UniProt allows retrieving
additional information about each protein. In our case we are interested in retriev-
ing the following information: original identifier, UniProt identifier, RefSeq, protein
names, gene names (primary), gene names (ORF), gene names (synonym), protein
function, protein pathway, organism name, organism taxonomy, sequence length, se-
quence, subcellular location and gene ontology. This method allows not only to obtain

a uniform data format but also to enrich data with valuable biological insights.

e Check if the proteins, interaction, source, detection method and pubmedID are al-
ready in the SPINET database. In the negative case, this information is written in
multiple files for further upload to the database. This allows avoiding data redundan-

cies.

Regarding literature and inhibitors data, similar parsers were implemented adapted to
each case. Additionally, using the easyPubmed package [132], an R [133] script was devel-
oped to efficiently search and retrieve scientific publication records from PubMed. Figures
12 and 13 show the SPINET data warehouse and parsers architectures respectively.

4.3 DATA VISUALIZATION AND ANALYSIS

Having the database implemented and populated, the next step was to be able to benefit
from the huge amount of data without being overwhelmed by it. The evaluation made on
the already available resources for PPI visualization and analysis allowed to conclude that
none of them fulfills all of our requirements. Thus, there was a need for a new visualiza-
tion and analysis framework that will support features such the combination of PPI and
inhibitors data, the presence of both inter and intra-species interactions and the inclusion
of different algorithms.

4.3.1 Data Analysis

With the data collected, and resorting to the Python package NetworkX [134] it was possible
to create 6 different networks with different properties. A network formed with all proteins,
only with human, Mtb or HIV proteins, with both human and Mtb proteins and finally with
human and HIV proteins.

Topological analysis of the networks

To analyze each of the generated networks, multiple measures were calculated:
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Figure 12: SPINET - Data warehouse. Figure 13: Parsers architecture.

e Network density: the density of a graph G is the ratio of the number of edges and
2m

nn—1)

the number of possible edges. Thus, density(G) = , where n is the number

of nodes and m is the number of edges in G.

e Network diameter: the diameter of a graph G is the maximum eccentricity among
the nodes of G. Thus, diameter(G) = max{e(v) : v in N(G)}. The eccentricity e of a

node v is the maximum distance from v to any node w. That is, e(v) = max{d(v, w) :

win N(G)}.

e Network radius: the radius of a graph G is the minimum eccentricity among the
nodes of G. Therefore, radius(G) = min{e(v) : vin N(G)}.

e Network center: the center of a graph G is the set of vertices of eccentricity equal to
the radius. Hence, center(G) = {vin N(G) : e(v) = radius(G)}.
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e Average path length (I): in a graph G, the average path length is the average shortest

path between every pair of nodes. Thus, I = nln—1) Yi+jd(vi,wj), where n is the
number of nodes and d(v;, w;) is the length of the shortest path between nodes i and
j.

e Clustering coefficient: the clustering coefficient is a measure of the degree to which
nodes in a graph tend to cluster together. In practice, it is the fraction of triangles
(three connected nodes) that actually exist over all possible triangles in its neighbor-

hood. The average clustering coefficient for the whole graph is the average of the local

1 number of triangles connected to node i
values C;, C = =Y/’ ; C;, where C; = f - 8 -
n number of triples centered around node i

e Scale-free property: a scale-free network is typified by the presence of hubs whose
degree greatly exceeds the average. The presence of hubs will give the degree distri-
bution a long tail fitting a power-law degree distribution (P(k) ~ k7). To determine
whether each network exhibits the scale-free property the python powerlaw package
[135] was used. This package was used to calculate the parameter alpha, to plot the
probability density function, the cumulative distribution function (p(X < x)) and the
complementary cumulative distribution function (p(X > x), also known as the sur-
vival function). We used log-log axes since a typical histogram on linear axes is not
helpful for visualizing heavy-tailed distributions.

e Small-world property: in a small-world network the distance between any pair of
nodes is relatively small when compared to random networks. In these networks the
typical distance L between two randomly chosen nodes grows proportionally to the
logarithm of the number of nodes # in the network, that is: L « logn. To determine
whether each network exhibits the small-world property the average-path length was
calculated and then compared with the value of the logarithm of the number of nodes.

Centrality measures

In a network, especially in biological networks like PPINs, every node has a different im-
portance. For example, a node with a high degree is more probable to be an essential node
in the network compared to a node with a lower degree. The importance of a node can
be mathematically determined through the calculation of many centrality measures. In the

analysis of each node four major centralities measures were used, as follows:

e DC: this measure assigns an importance score based purely on the number of edges
held by each node. In this case, to be able to compare this measure across different

networks, we calculated the normalized degree for each node #; as follows: DC(n;) =

1
N 1% where ¢; is the number of edges held by the node and N — 1 corresponds to
the maximum possible number of edges that a node can have (normalization).
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e CC: corresponds to the sum of the length of the shortest paths between the node
and all other nodes in the graph. The node with the highest closeness centrality

has on average, the shortest distance to all the other nodes. Mathematically, the CC
N-1

B aneG d(”i/ le)
minimum distance to all the other N — 1 nodes (normalization) and Lo d(n;,n;) to

is calculated as follows: CC(n;) , where N — 1 corresponds to the

the total distance of n; to all other nodes in G.

e BC: measures the fraction of shortest paths between every pair of nodes in the graph

7

that passes through the node. This measure shows which nodes act as ”bridges”
between nodes in a network and can be mathematically calculated by the following

8j(1:)
jak = - i
ormula: BC(n;) = (N—1)(N —2)/2’ where }; Tor corresponds to the fraction

]
of shortest paths that pass through the node n; and (N —1)(N —2)/2 is the total

number of pairs of nodes (normalization).

e EC: like DC it measures the influence of a node based on its number of edges. How-
ever, EC also takes into account how “well” connected a node is by measuring the
number connections of their neighbors, and so on through the network. By calculat-
ing the extended connections of a node, EC can identify nodes with influence over the

whole network, not just to those directly connected to it. EC(n;) = %Zj A;EC(n)),
where A corresponds to the leading eigenvalue of the matrix A (this measure should
satisfy Ax = Ax, where A is the adjacency matrix of the graph G with eigenvalue A.
By virtue of the Perron-Frobenius theorem, there is a unique and positive solution if
A is the largest eigenvalue associated with the eigenvector of the adjacency matrix A
[136]) and }_; A;;EC(n;) is the sum of the centralities of the node 1; neighbors.

4.3.2 SPINET Visualization and Analysis Tool

To overcome some of the research gaps and to fulfill the established requirements, the
SPINET visualization and analysis tool will try to accomplish, among others, the following
tasks:

e Study PPINs in an interactive way;

e Be "user-friendly” to users without computational background;

Generate appealing networks in different layouts;

Generate networks with both inter and intra-species PPIs;

Apply multiple filters;
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Integrate information of known inhibitors of both proteins and interactions;

Perform multiple centrality measures;

Perform multiple clustering algorithms;

Make use of other useful algorithms.

Data Visualization

To be able to visualize the collected data, we decided to develop a simple tool to visualize
and analyze sub-networks in an interactive and appealing way. Towards this aim, the
SPINET analysis and visualization tool was written using the JS programming language,
the Cascading Style Sheets (CSS) style sheet language, the HyperText Markup Language (HTML)
language and the JS library cytoscape.js. The tool holds multiple menus and buttons with
the following functionalities:

e Layout menu:

With the SPINET visualization tool it is possible to use three different layouts to specify
how the networks are positioned in the viewport:

1. Force-directed layout: through the use of force-directed graph drawing algorithms it
is possible to position the nodes of the networks so that all the edges are of more or
less equal length and there are as few crossing edges as possible (Figure 14).

2. Concentric by centrality layout: in a concentric layout, the higher the centrality value
of a node (in our case the CC), the closer the node will be to the center of the graph.

3. Hierarchy by centrality layout: this layout is very similar to the concentric layout. The
higher the centrality value of a node (in our case the CC), the higher the position the
node will occupy in the graph.

¢ Centrality measures menu:

With this tool, it is also possible to calculate the above-mentioned centrality measures
DC, CC, BC and EC. These measures can be consulted by clicking on a node (this shows
the node and the 1st-grade neighbors) and the measures will be displayed in a box. If we
want these measures to be calculated to all nodes, the measures need to be selected from
the topological analysis menu and then a list with all nodes and respective value will be

displayed. The two alternatives are shown in figures 15 and 16.

e Clustering menu:
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Figure 14: Force-directed layout.
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Figure 15: Centrality measures of the protein INS1 (UniProtKB - Q965T2).
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Figure 16: Eigenvector centrality for all proteins in the network.

K-means, K-medoids and Markov Cluster clustering algorithms can be performed
through the clustering menu of the SPINET visualization tool. By running any of these
algorithms a random color will be assigned to each cluster. These algorithms were im-
plemented resorting to the cytoscape.js extensions cytoscape-k-means.js and cytoscape-

markov-cluster.js [137].

1. K-means Algorithm: this is one of the simplest clustering algorithms. The goal is to
find groups in the data, with the K variable representing the number of groups. The
algorithm works iteratively to assign each node to one of the K groups based on the
features that are provided. Initially, K initial random centroids are chosen, then every
node is assigned to the closest centroid. After this, K new centroids are computed
by averaging the examples in each cluster. Finally, if the centroids do not change
the algorithm stops, otherwise the previous steps are repeated until the centroids’
composition does not change. To run this algorithm in this tool, it is required as input
the number of clusters (k), the distance metric (Euclidean, Manhattan and Max) and

the maximum number of iterations that the algorithm should do.

2. K-medoids Algorithm: the k-medoids algorithm is very similar to the k-means algo-
rithm, the major difference between them is the manner in which the cluster centers
are initialized. In k-medoids, the cluster centers (medoids) are random nodes from
the graph. To run this algorithm the inputs are the same as the ones required by the

K-means algorithm.

3. Markov Cluster Algorithm: this is a fast and scalable cluster algorithm for graphs
based on simulation of (stochastic) flow in graphs. This algorithm tries to find highly
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Figure 17: Markov Cluster algorithm layout.

interconnected regions (clusters) in the network by doing random walks upon the
graph to discover where the flow tends to gather, and therefore, where clusters are.
The algorithm was discovered by Stijn van Dongenat at the Centre for Mathematics
and Computer Science in the Netherlands [138]. The only input that this algorithm
requires is the inflate factor, that influences the size of the clusters. The higher the
inflate factor, the smaller the clusters. Figure 17 shows how the Markov Cluster results
are displayed in the SPINET visualization tool.

e Other algorithms menu:

Within the SPINET visualization tool, it is also possible to make use of three different
search algorithms. The A* Search, Breadth-First Search (BFS) and Depth-First Search (DFS)
algorithms. All these algorithms are widely used in pathfinding and graph traversal.

1. A* Search Algorithm: this algorithm is used in this tool to find the shortest path
between two nodes in the network. It takes as input the start protein and the target
protein and returns the path and distance between the two nodes. It also shows in
the network the path, highlighting the edges of the path between the two proteins.
Figure 18 how this algorithm is presented to the user. In this case, the path between
the proteins NPM1 (UniProtKB - Po6748) and RANBP1 (UniProtKB - P43487) is shown
(NPM1 — Rv2oy74 — DCAF1 — vpu — RANBP1).

2. BFS: this algorithm visits all nodes in the network. First, it starts at an arbitrary node
and then explores all the neighbor nodes at the present depth and only then moving
to the nodes at the next depth level.
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Figure 18: A* Search algorithm output layout.

3. DEFS: this algorithm also visits all the nodes in the network but explores the network
as far as possible along each branch before backtracking, repeating this procedure

until all nodes are visited.

o Other features:

This tool also presents features such as the filtering of proteins by organism, the search
of proteins by identifiers showing the protein and the first-grade neighbors and allows the

exportation of the network as a png image file.
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RESULTS

5.1 DATA STATISTICS

As already mentioned, at this moment, the data integrated into the SPINET database was
retrieved from 11 different repositories and from 2 scientific articles. The integrated set
of interactions consists of 4,737,904 interactions between 27,863 different proteins. The
interactions can be divided into predicted or experimentally validated. Only the 350,653
unique experimentally validated interactions between 22,171 proteins were used to produce
all the results included in this dissertation. In addition, the SPINET database also includes

information about 7,735 inhibitors targeting 60 different human proteins.

5.1.1 Interactions Distribution

The experimentally validated interactions were detected using 177 different experimental
methods (grouped by PSI-MI). As shown in Table 2, we can see that as expected the species
with the largest number of interactions is Homo sapiens with 342551 interactions. Table 3
also shows the number of interactions between the three species and the respective number
of proteins. The number of interactions between human and HIV proteins goes according
to what was expected with 2916 interactions between the two organisms. On the other
hand, it was expected that the number of interactions between human and Mtb proteins
would be higher, especially if we take into account that 186 out of the 196 interactions were
described in a single source ([130]). Of the 186 interactions, only 12 can be found in another
source, which goes according to the fact that the mechanisms by which Mtb disrupts the
host immune response are still very poorly understood. This also shows that recent studies
are still not stored in the major PPI data repositories, reflecting the fact that these platforms
are not regularly updated.

Most interactions were found just in one or two sources (Table 4) and were normally
detected also by one or two detection method (Table 5). The interactions overlap between

the different sources is very low with almost 60% being only found in one or two of the



5.1. Data Statistics

Table 2: Number of proteins and interactions per species. (*This number is different from the total
number of interactions (350653) because interactions between organisms were counted in
both organisms.)

Species Number of Interactions =~ Number of Proteins
Homo sapiens 342551 17788

HIV-1 2930 10

Mtb H37Rv 8284 3983

Total 353765 27863

Table 3: Number of interactions between species and respective number of proteins.

Interactions Proteins
Homo sapiens Mtb H37Rv HIV-1  Homo sapiens Mtb H37Rv HIV-1
Homo sapiens 339439 196 2916 17655 192 1776
Mtb H37Rv 196 8008 - 39 3947 -
HIV-1 2916 - 14 10 - 8

multiple sources, reinforcing the need for an integration of this type of data into a single
and structured source to build more reliable and informative PPINSs.

It was observed that the majority of the interactions were detected using high-throughput
methods. Affinity methods were the most used experimental assay to the screening of PPIs
being used 482,337 times (one interaction can be detected by multiple types of experimental
assays). Table 6 shows the number times that each one of the top 5 most used PPI detection

methods was used.

5.1.2 Inhibitors Data

Regarding inhibitors data, as already mentioned the SPINET database include data on 77,735
inhibitors targetting 6o different human proteins. The integrins are the proteins that are
targeted by the higher number of inhibitors with the ITGB3 (UniprotKB - Po5106) protein
alone being targeted by 2,191 different inhibitors. Table 7 shows the 6 proteins that are
targeted by a higher number of inhibitors.

On the other hand, the inhibitors that target the higher number of proteins are the
compounds with the following ChEMBL IDs: CHEMBL369635, CHEMBL88478, and
CHEMBL173552 targeting 7 different proteins each. Table 8 shows 5 inhibitors that target a

higher number of proteins.
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Table 4: Distribution of interactions across different sources.

Number of Sources

Number of Interactions

SN U A~ W

196056

122509

23056
4711
877

122

Table 5: Distribution of interactions in SPINET database across different detection methods.

Number of Detection Methods Number of Interactions

15
16

41

106725

156137
46961

90
47

Table 6: Number times that each one of the top 5 most used PPI detection methods was used.

Detection Method

PSI-MI Number of Occurrences

Affinity Chromatography Technology

Two Hybrid

Anti Tag Coimmunoprecipitation

Anti Bait Coimmunoprecipitation

Enzymatic Study

MTI:0004 482337
MTI:0018 83956
MI:0007 43088
MI:0006 24909
MTI:0415 18249
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Table 7: Top 6 proteins targeted by the higher number of inhibitors.

UniprotID

Gene Name Number of inhibitors

Pos106
Po8514
P13612
Pos5556
P629g42
Qoog87

ITGB3
ITGA4
ITGA2B
ITGB1
FKBP1A
MDM2

2191
1307
1308
1266
693
639

Table 8: Five inhibitors that target a higher number of proteins.

Compound ID PubChem CID

Chemical Name Number of Proteins

CHEMBL369635
CHEMBLS88478
CHEMBL173552
CHEMBL429876
CHEMBL2332367

9851886
9961766
11799915
176873
10196873

Cilengitide
Cyclo(-RGDfK)

(o) e N BN
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5.2 NETWORK MEASURES
5.2.1 Properties of the Integrated Protein-Protein Interaction Network

After the data being collected and stored in the SPINET database, the next step was to
create and analyze the networks formed by these interactions. Multiple parameters were
calculated for each one of the six different networks. In table 9 it is possible to verify the
properties of each network.

As expected, the network with all proteins has the higher diameter and radius value.
However, the network formed only by Mtb proteins presents a considerably higher density
value (excluding the HIV network that has a 0.5 density value due to the low number of
proteins), this goes according to the fact that despite having a lower number of proteins
the Mtb network has a high number of interactions. The Mtb network also has the highest
clustering coefficient, meaning that this network has a higher tendency to contain groups
of nodes that are densely connected internally.

Regarding the scale-free property, the powerlaw python package was used to fit the data
to a power law distribution. The gamma value of each network can be consulted in table
9. Despite the fact that the usual gamma value for scale-free networks is between 2 and
3 [139], which is the case of the human-Mtb, human-HIV and human networks, with the
graphic analysis made on the human-Mtb-HIV we can conclude that this network can be
considered to fit a scale-free network. Figure 19 shows the graphic analysis of the human
network. As we can see the degree distribution follows the power-law distribution with
many nodes having few edges and few nodes (hubs) having a high number of edges. The
PDE, CDF and CCDF graphics also seem to fit a power law distribution. In the case of
the Mtb network, the results were inconclusive both in the statistical analysis and in the
graphical analysis (Table 9 and Figure 20). In the case of the HIV network, due to the small
number of interactions, the analysis was not significant.

All networks can be considered small-world having a low average path length. The
human network has the lowest average path length of 3.12 (excluding the HIV network),
meaning that the distance between two random proteins is of 2.23 edges, in a mean.

5.2.2  Centrality measures

The four previous referred centrality measures, DC, BC, CC and EC were calculated for
each one of the six different networks. In the next subsections, the results for the proteins
with higher centralities measures are shown.
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Figure 19: Scale-free analysis of the Human-Mtb-HIV PPIN.
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Figure 20: Scale-free analysis of the Mtb PPIN.
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5.3. Human Proteins Interacting With Both Organisms

Human-Mtb-HIV Network

In the network formed by the three organisms, as expected, the proteins with higher cen-
trality measures are predominantly human proteins. The first non-human protein to appear
is the HIV protein gag polyprotein occupying the 72nd place with a DC of 0.0247, BC of
0.0058, CC of 0.3622 and EC of 0.0441. In the first 200 places are also the envelope glycopro-
tein gp160 (UniProtKB: Pog578), tat (UniProtKB: Po4608), gag-pol polyprotein (UniProtKB:
Po4585) and nef (UniProtKB: Pog601) proteins. In the case of Mtb proteins, the first to ap-
pear is the Mtb nucleoid-associated protein EspR (UniProtKB: PgW]By) which occupies the
1486th place with a DC of 5.8638e-04, BC of 0.0349, CC of 0.3084 and EC of 7.124e-4. The
proteins F420H(2)-dependent biliverdin reductase Rv2074 (UniProtKB: PgWLL7) and the
probable conserved lipoprotein LpgN (UniProtKB: O53780) are also between the 2000 pro-
teins with higher centrality measures. Table 10 shows the 10 genes with higher centrality
measures in this network. In the network formed only by human proteins, the proteins with
higher centralities remain the same, with their centrality values suffering minor changes.
The low number of HIV interactions/proteins does not cause remarkable changes, with the

centrality values remaining similar in the human-HIV network.

Mtb Network

In the network formed with only Mtb proteins, the proteins with higher centrality measures
are shown in table 11. However, despite the relevance of these proteins in this network,
when compared with its importance in the network formed by the three organisms, we no-
ticed that other proteins (e.g. IpqN (UniProtKB: O53780), esxA (UniProtKB: PgWNK7) and
espB (UniProtKB: PgW]JDg) overcome these ones in terms of centrality measures. For exam-
ple, the protein 4-hydroxy-tetrahydrodipicolinate reductase (gene name: dapB; UniProtKB:
P9gWP23) which is the protein with higher centrality measures in the Mtb networks, in the
Human-Mtb-HIV network is only the 2oth Mtb protein with higher centrality measures.

5.3 HUMAN PROTEINS INTERACTING WITH BOTH ORGANISMS

In the network formed by all interactions, 81 human proteins that interact with both Mtb
and HIV proteins were identified. Using the python package goatools [140], a GO enrich-
ment analysis of these genes was performed, the p-value of each GO term was generated
using a false rate discovery correction with Benjamini/Hochberg (non-negative) with a p-
value cutoff of 0.05. As result, a list of 46 enriched terms (7 Molecular Functions (MFs), 18
Biological Processs (BPs) and 21 Cellular Compartments (CCs)) was obtained. Figure 21a shows
the 7 enriched MFs. Almost every enriched term is related to binding activity with only
the protein serine/threonine phosphatase activity term being related to other function. In
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Table 10: Top 10 genes with higher centrality measures in the network formed by the three organ-

isms.
Gene Description ‘ DC ‘ BC ‘ CC ‘ EC
Functions as a ubiquitin E3 ligase
TRIM25 and as an ISG15 E3 ligase. Involved 0.0965 | 0.0475 | 0.4056 | 0.1041

in innate immune defense against viruses.

Receptor tyrosine kinase involved in the
NTRK1 development and the maturation of the 0.0965 | 0.0256 | 0.4028 | 0.1310

central and peripheral nervous systems.

Functions as a cell surface receptor and

erforms physiological functions on the
APP P Py & ) 0.0979 | 0.0626 | 0.4036 | 0.0722
surface of neurons relevant to neurite

growth, neuronal adhesion and axonogenesis.

Transcription factor that recognizes and
JUN binds to the enhancer heptamer motif 0.0688 | 0.0149 | 0.4000 | 0.1273
5-TGA[CG]TCA-3".
RNA-binding protein that binds to the
ELAVL1 3’-UTR region of mRNAs and increases 0.0810 | 0.0425 | 0.4007 | 0.0766
their stability.

Mediates the ubiquitination and subsequent

CUL 0.0540 | 0.0105 | 0.3891 | 0.1042
3 proteasomal degradation of target proteins. >4 2| 93%9 +
Activates several signaling cascades to
EGFR convert extracellular cues into appropriate | 0.0605 | 0.0216 | 0.3949 | 0.0786

cellular responses

Act t i
TPs3 cts as a tumor suppressor in many 00515 | 0.0154 | 0.3028 | 0.0889
tumor types.

UBC Polyubiquitin precursor.. 0.0508 | 0.0148 | 0.3925 | 0.0784

R tor for the leucine-rich 1
XPO1 eceptor for the leucine-rich nuclear 0.0564 | 0.0141 | 0.3857 | 0.0727

export signal (NES).
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Table 11: Top 10 genes with higher centrality measures in the Mtb network.

Gene ‘ Description ‘ DC ‘ BC ‘ CcC ‘ EC
Catalyzes the conversion of
dapB L 0.0524 | 0.1282 | 0.3512 | 0.5273
(HTPA) to tetrahydrodipicolinate.
Maintains intracellular redox homeostasis
whiB3 by regulating catabolic metabolism and 0.0391 | 0.0833 | 0.3367 | 0.2495
polyketide biosynthesis
Uncharacterized PPE famil tein PPE22.
PPE22 n.c ara.lc. erze . amt y protem > 0.0182 | 0.0342 | 0.3146 | 0.0782
Was identified as a high-confidence drug target.
Involved in the biosynthesis of the
wbbL mAGP complex, an essential component 0.0212 | 0.0282 | 0.3072 | 0.0787
of the mycobacterial cell wall.
Catalyzes the 2’-O-methylation of the
rsml ) L ] 0.0243 | 0.0367 | 0.3092 | 0.0566
ribose of cytidine 1402 (C1402) in 16S rRNA.
Involved in the regulation of response
Rv2669 2 0.0223 | 0.0272 | 0.2951 | 0.0754
to oxidative stress.
Catal the phosphorylati f pantothenate,
coaX aralyzes .e P osp' oryla 1o.n © pan? enate 0.0144 | 0.0204 | 0.3058 | 0.0792
the first step in CoA biosynthesis.
Involved in the tRNA
tsaE . . 0.0137 | 0.0195 | 0.3041 | 0.0792
threonylcarbamoyladenosine modification.
Involved in the methylmalonate-semialdehyde
mmsA . o 0.0123 | 0.0181 | 0.3062 | 0.0673
dehydrogenase (acylating) activity
Rvoozy Involved in protein secretion. 0.0123 | 0.0141 | 0.2981 | 0.0779
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the case of the BP enrichment analysis, Figure 21b shows the 18 enriched terms. It should
be noted that BPs like activation of innate immune response and positive regulation of
telomere maintenance via telomerase were enriched. The most enriched CCs were cytosol,

membrane and nucleoplasm. All enriched CCs terms are given in Figure 21c.
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Figure 21: Functional annotation analysis of the 81 human proteins that interact with both Mtb and
HIV proteins.

In addition, a pathway enrichment analysis was performed using the Database for Anno-
tation, Visualization and Integrated Discovery (DAVID) functional analysis tool. The p-value
of each GO term was generated using a Benjamini correction with a p-value cutoff of 0.05.
Figure 21d shows the 11 pathways that were significantly enriched. The most enriched path-
way was the mRNA surveillance pathway. Several other pathways involved in infectious
diseases were also enriched. For example, the Chagas disease (American trypanosomiasis),
Hepatitis C, Herpes simplex infection and legionellosis pathways.

To explore the interactive relationships between the 81 human proteins that interact with
both Mtb and HIV proteins and his first-degree human proteins that have known inhibitors,
we performed a PPIN analysis based on the data contained in the SPINET database. We
obtained a network of 175 proteins (9 HIV-1, 26 Mtb and 140 human proteins) and 60
nodes representing the number of inhibitors that each protein has. The Integrin alpha-4
(gene name: ITGA4; UniProtKB: P13612) gene was the most highly connected, interacting
with 43 other human proteins. This protein does not interact directly with Mtb or HIV
proteins but interacts with 33 other human proteins that interact with proteins of these

two organisms. The Myc proto-oncogene protein (gene name: MYC; UniProtKB: Po1106),

60



5.3. Human Proteins Interacting With Both Organisms

Exportin-1 (gene name: XPO1; UniProtKB: O14980) and Polyubiquitin-C (gene name: UBC;
UniProtKB: PoCG48) also interact with a high number of proteins in this sub-network,
interacting with respectively 43, 43 and 38 different proteins. Among these ones, the only
one that interacts with both Mtb and HIV proteins is the Polyubiquitin-C interacting with
the Mtb protein-tyrosine-phosphatase ptpA and with the HIV vpr, vif, gag, rev and tat
proteins. Figure 22 shows the graphic aspect of the generated sub-network. This network
was visualized by the SPINET Visualization Tool. In Figure 23, it is also possible to consult

the number of inhibitors of each protein.
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DISCUSSION

In this thesis, we presented SPINET, a framework for PPI data integration, storage, analysis
and visualization. The SPINET was created to address the current issues present in the use,
manipulation and analysis of PPI data. Nowadays, PPI data are spread among multiple
repositories that contain different information stored with different nomenclatures. The
SPINET database will serve as a data warehouse storing data contained in the main PPI
data repositories in a uniform and structured way, making it a viable primary source for
the consultation of HIV-1/Mtb and Human PPIs. This tool can also be used as an initial
resource for the analysis and visualization of sub-networks formed by the user proteins of
interest.

Data sharing, integration and annotation are key aspects among the scientific community.
However, the efficient use of the data highly depends on the existence and adoption of
standards, shared formats and nomenclatures. In the case of PPI data, some efforts were
made to overcome these issues. These efforts began about ten years ago with the creation of
a common file format for representing PPI data, the Minimum Information about a Molecular
Interaction eXperiment (MIMIX) [141]. This file format consisted of a list of information that
had to be supplied when describing an experimental molecular interaction in a journal ar-
ticle. More recently, the IMEx consortium proposed a standard format for PPIs, the PSI-MI.
The guidelines introduced by this initiative allowed the creation of a new exchanging for-
mat with a set of controlled vocabularies for different types of information (e.g. established
names for types of detection methods). However, despite the efforts of some of the main
PPI data repositories to adhere to these initiatives, each repository did it in a different way.
Thus, the use of data from multiple sources is usually made in a biased way. SPINET is
one of the few PPI platforms where all data from the main repositories can be found using
a wide variety of identifiers for a set of proteins of interest. Furthermore, SPINET can pro-
vide additional information about the proteins involved in the generated networks as well
as information on known protein inhibitors. This last feature brings additional value to this
platform allowing not only the consultation of PPI data but also the possibility to study
potential drug target to treat these diseases. Additionally, the SPINET is equipped with an



analysis and visualization tool that allows an initial analysis of sub-networks queried by
the user.

The data stored in the SPINET database was collected from 11 different repositories and
from 2 scientific articles, making it one of the largest (if not the largest) repository of hu-
man, Mtb and HIV-1 PPI data. Protein data was retrieved from UniProt, inhibitor data
from TIMBAL (TIMBAL) and PPI data from IntAct, MINT, STRING, HPRD, APID, DIP, Bi-
oGRID, HIV-1 HID and from the works of Yi Wang et al and Bennett H. Penn et al [129, 130].
These platforms constitute some of the major data repositories available for these types of
data. We collected a total of 4,737,904 interactions between 27,863 different proteins in-
cluding 350,653 experimentally validated interactions. To maximize the scientific validity
of the results, the work produced in this thesis was focused on experimentally validated
interactions. As expected the majority of these data corresponded to human interactions.
However, a considerable number of interaction involving Mtb or HIV proteins were found.
The number of known interaction between human and Mtb proteins is small, with only
196 interactions reported. This fact is related to the challenges and limitations of working
with Mtb in the laboratory. These include, among others, its slow growth in vitro and
the necessity of using a biosafety level 3 laboratory. In fact, only 10 interactions between
these two organisms were found in other databases. The remaining 186 interactions were
retrieved from recent literature, highlighting the fact that these platforms do not frequently
integrate newly generated data in their databases. The low number of interactions between
these two organisms also reflects the lack of knowledge on how human innate immune sys-
tem responds to Mtb infection, largely because of the difficulties in studying lung-specific
immunity in humans [142]. Regarding inhibitors data, we found information on 7,735 in-
hibitors targeting 60 different human proteins. The four most targeted proteins are all
integrins, with some of them having a role in microbial infection. For example, the Integrin
beta-3 (gene name: ITGB3; UniProtKB: Po5106), is involved in HIV-1 infection by interact-
ing with the extracellular viral Tat protein, enhancing angiogenesis in Kaposi’s sarcoma
lesions [143]. Integrin beta 3 has also shown to be a contributor to macrophage-related
inflammation [144]. Thus it is conceivable that its inhibition might be useful as a host di-
rected therapy to treat high inflammation levels often associated with severe active TB. This
kind of information can be deeply explored and potentially provide valuable insights for
targeting specific proteins in specific diseases using already launched and approved drugs.

In this thesis, we presented a statistical analysis of the data collected from the multiple
sources and then stored in the SPINET database. We verified that most of the interactions
are only available in one or two databases, reinforcing the need for platforms like SPINET
to unify all known interactions. Regarding experimental PPI detection methods, most of the
interactions were also detected by one or two experimental methods. These experimental
detection methods are almost entirely constituted by high-throughput methods. A big
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problem associated with high-throughput methods is that they generate high rates of false
positives. In this aspect, SPINET can offer a set of filters that aim to produce PPINs with a
higher reliability. It is possible to filter predicted from experimentally validated interactions,
filter by number of sources, number of experimental detection methods, score (if provided
in the study), study (pubmed id), by original database among many others. In addition,
to improve the confidence of a interaction it is also possible to access information about
the proteins involved in the interaction. For example, it is possible to consult information
about the cellular compartment of each protein. Proteins that are never co-located are not
probable to interact with each other.

With the data already stored and validated, it was possible to create six different net-
works. The Human-Mtb-HIV, Human-Mtb, Human-HIV, Human, Mtb and HIV networks.
Multiple network measures were calculated for each one of the networks and the results
were given in Table 9. Due to the low number of HIV interactions compared with human
and Mtb interactions, this organism does not considerably change the properties of the
other networks. Excluding the Mtb and HIV networks that resulted in inconclusive and
not significant results in the scale-free analysis, the other networks all follow a scale-free
organization as their degree distribution followed a power law distribution. Previous stud-
ies made on human [145] and Mtb [146] PPINs also showed that these networks follow the
scale-free property. Despite the fact that our analysis on the Mtb network resulted in a
value slightly outside the common range (2<7y<3) and the graphical analysis turned out
to be inconclusive, we can conclude that perhaps the fact that our analysis, unlike most
published studies, does not use computationally generated interactions, and consequently
leading to a smaller number of interactions, can be the key factor to that differences. The
average clustering coefficient, along with the average shortest path are strong factors to
determine if a network exhibits the small-world property. Although the average cluster-
ing coefficients of our networks appear to be small, they are in most cases, much higher
than average clustering coefficients of random graphs with the same number of nodes and
edges [147]. This reflects the fact that PPINs have a higher tendency to form clusters. In
addition, our networks have a shorter average path length than expected when compared
with random networks with the same dimensions. This means that any two proteins are
separated by fewer interactions than expected regardless of the size of the network. All
of our networks have an average path length lower than 6, reflecting the popularised ”six
degrees of separation” theory used in social networks [148]. With these two characteristics,
we can conclude that our networks fit the small-world property having small path lengths
between nodes.

As shown in this thesis and in other studies, PPINs normally manifest the scale-free and
small-world properties. But biologically speaking, what does that mean? In a PPIN, the
small-world property means that there is great connectivity between proteins. Naturally,
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this level of connectivity has important biological consequences, allowing an efficient and
quick flow of information within the network [149]. However, if the network is so highly
connected, why don’t perturbations in a single protein affect the entire network? This char-
acteristic can be explained by the scale-free property. In scale-free networks, the majority
of proteins participate in only a few interactions, while few proteins (hubs) participate in
many interactions in the network. This characteristic grants PPINs a high stability because
if a failure occurs at a random protein, the likelihood that a hub would be affected is very
small [84]. However, if some major hubs are targeted, the network can be turned into a set
of disconnected networks. This fact goes in accordance with the fact that hubs are enriched
with essential/lethal proteins. Thus, the study of these highly connected proteins assumes
high importance. In this thesis, to determine the importance of each protein in the respec-
tive network, some of the major centralities measures (DC, BC, CC and EC) were calculated
for the generated networks.

Centrality gives an estimation of how important a protein is for the connectivity of the
network. Multiple centrality measures can be calculated to identify important proteins
in different contexts. Hubs can be important for the stability of the networks, however,
sometimes proteins that act as bridges between protein complexes or proteins that lay in
the shortest paths between multiple pairs of proteins can be of higher importance for the
network. For example proteins with high BC sometimes represent proteins that lie on
communication paths and can control information flow. Proteins with high BC normally
represent important proteins in signaling pathways and can represent potential targets for
drugs. Tables 10 and 11 show the top 10 genes with higher centrality values (mean of the
four values) for the Human-Mtb-HIV and Mtb networks respectively. In the first network,
between the top 10 proteins with higher centrality, the only one that interacts with both
Mtb and HIV proteins is the Polyubiquitin-C (gene name: UBC; UniProtKB: PoCG48) inter-
acting with the Mtb protein-tyrosine-phosphatase ptpA and with the HIV vpr, vif, gag, rev
and tat proteins. Ubiquitination has been associated with protein degradation, DNA repair,
cell cycle regulation, kinase modification, endocytosis, and regulation of other cell signaling
pathways. Regarding Mtb and HIV infection, it is known that UBC protein participates in
the budding, maturation and assembly of HIV virion, however, their role in the Mtb infec-
tion is still unknown. Other protein like TP53, JUN, APP, ELAVL1 and XPO1 also interacts
with HIV proteins. In the case of the Mtb network, the proteins that have higher centralities
in this network are not the same when compared with the ones that have higher values in
the Human-Mtb network. This means that some proteins assume a higher relevance when
in contact with the host in comparison with their relevance to the Mtb network. For exam-
ple, the nucleoid-associated protein EspR (UniProtKB: PgW]B7) that only appear in the 86th
place in terms of centrality in the Mtb network is one of the most relevant Mtb protein when

in contact with the host. This makes total sense as this a is a relevant protein in controlling
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the virulence of Mtb by specifically regulating expression of the exported EspA protein,
which is required for ESX-1 secretion system to function [150]. Thus, the study of central
proteins in individual and in combined networks provided by the SPINET platform stands
out as an interesting resource for identifying and study proteins that could go unnoticed
in the organism PPIN but stand out when including proteins from other organisms. This is
especially relevant for Mtb and HIV-1 that are obligate intracellular human parasites.

The primary goal of the platform developed throughout this thesis is to, as much as
possible, provide a complete and reliable study of the PPINs formed by Human, Mtb and
HIV PPIs and their relationships. Taking advantage of SPINET, we were able to list, for the
first time, 81 human proteins that interact with both Mtb and HIV proteins. To characterize
this list of proteins a GO enrichment analysis was performed and 57 significantly enriched
terms were highlighted. The most significantly enriched BP was the activation of innate im-
mune response. This BP was enriched by 5 proteins, the X-ray repair cross-complementing
protein 5 (gene name: XRCCs5; UniprotKB: P13010), X-ray repair cross-complementing pro-
tein 6 (gene name: XRCC6; UniprotKB: P12956), Non-POU domain-containing octamer-
binding protein (gene name: NONO; UniprotKB: Q15233), DNA-dependent protein kinase
catalytic subunit (gene name: PRKDC; UniprotKB: P78527) and Splicing factor, proline
and glutamine-rich (gene name: SFPQ; UniprotKB: P23246). All these proteins play an
important role in the regulation and function of the cGAS-STING pathway of cytosolic
DNA sensing. This pathway has a major role in the mechanisms by which the immune
system detects pathogens. In particular, all the referred proteins have a role in the regu-
lation of DNA virus-mediated innate immune response by assembling into the HDP-RNP
complex, a complex that serves as a platform for IRF3 phosphorylation and subsequent
innate immune response activation through the cGAS-STING pathway [151]. The positive
regulation of telomere maintenance via telomerase was also enriched. This BP is related
to the HIV infection [152, 153]. Telomere activity in HIV infection is complicated because
telomerase possesses a reverse transcriptase that shares homology with HIV reverse tran-
scriptase, suggesting that enzyme processivity is a limiting factor for telomere maintenance
and potentially leading to further shortening telomere length and potentially mimicking
immunosenescence [154]. Regarding CC enrichment, the most significantly enriched term
was the cytosol with 51 proteins being located at this compartment at some moment in the
cell. In the pathway enrichment analysis, pathways involved in other infectious diseases
were enriched including diseases like Chagas disease, hepatitis C, herpes simplex infec-
tion and legionellosis. This suggests that some of these genes and encoding proteins have
central roles in response to several infectious diseases.

Among the 81 identified human proteins that interact with both Mtb and HIV proteins,
none of them has known inhibitors. However, several of these proteins interact directly

with other human proteins that have known inhibitors. In order to better perceive and ana-
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lyze the interactions between these proteins, using the SPINET Visualization and Analysis
tool, a sub-network was created with the human proteins that interact with both Mtb and
HIV proteins, the respective Mtb and HIV proteins and the 60 human proteins with known
inhibitors (Figure 22). In this network, the human protein with the higher number of in-
teractions was the Integrin alpha-4 (gene name: ITGA4; UniprotKB: P13612) interacting
with 42 other human proteins. The Alanine and proline-rich secreted protein Apa (gene
name: apa; UniProtKB - PgWIR7y) interacts with 11 human proteins being the Mtb protein
with most interactions in this sub-network. The HIV proteins were the Gag polyprotein
(gene name: gag; UniProtKB: P14349) interacting with 34 human proteins. By the anal-
ysis of this network, it was possible to identify multiple proteins with known inhibitors
that interact directly with human proteins that interact with both pathogens. For exam-
ple, the Tumor Necrosis Factor (INF) (gene name: TNF; UniprotKB: Po13y5), that has 30
known inhibitors, does not interact directly with any Mtb or HIV protein, however, inter-
acts with three human proteins (Polyubiquitin-C (gene name:UBC; UniProtKB: PoCG48), F-
box/WD repeat-containing protein 11 (gene name: FBXW11; UniProtKB: Q9UKB1) and the
heterogeneous nuclear ribonucleoprotein A1 (gene name: HNRNPA1; UniProtKB: Pog651))
that interact with proteins of both pathogens. TNF inhibitors are commonly used to treat
multiple inflammatory diseases, including rheumatoid arthritis, the seronegative spondy-
loarthropathies, psoriasis, and inflammatory bowel disease [155]. Interestingly, in the case
of TB and AIDS/HIV, the use of TNF inhibitors induce different effects on both diseases.
For example, the use of infliximab, a TNF inhibitor, is associated with an increased risk of
developing active TB [156, 157]. Instead, in the case of AIDS/HIV, some studies showed that
no significant clinical adverse effects were associated with the treatment of HIV-positive pa-
tients with anti-TNF therapy [158, 159]. The identification of proteins like this one could
offer an excellent opportunity in the discovery of target proteins for the reuse of known
drugs used for different purposes and in the identification of potential side effects in the
treatment of patients with AIDS/HIV and or TB.

SPINET’s approach to data integration gives a high coverage of all information on PPI
data available for the Human, Mtb and HIV organisms while maintaining a good reliability
and integrity of the data. This platform can be used as a start point for comprehensive types
of analysis as the information gathered in it offers a high quantity of raw data willing to
be mined. The storage of all these data, not only PPI data but also other types of biological
data in one platform stands as an attractive source of more reliable and complete data,
without the hard and time-consuming task of data and nomenclature mapping required
from the use of data from multiple sources. SPINET also provides a set of tools that allow
an initial analysis and visualization of the relevant data. Thus, the SPINET platform stands
out as one of the most comprehensive PPI data repository storing the largest dataset of PPIs

for the human, Mtb and HIV organisms in the world.
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CONCLUSION

7.1 CONCLUSIONS

Our approach to data integration is based on a data warehousing technology that aggre-
gates data from the major PPI data repositories as well as from other databases containing
different types of biological data, so that it can facilitate high-level analysis, summarization
of information, and extraction of new knowledge hidden in the data. Therefore, SPINET
provides, in a single platform, a complete set of data that is spread over multiple sources
without the hard and time-consuming task of dealing with the huge amount of available
data, the heterogeneity of the data, and the different capabilities of the sources. The low
data overlap found between the different databases allied with the fact that the majority
of these databases do not frequently update their platforms with data generated in recent
studies reinforces the need for initiatives like SPINET.

The presented platform has many differentiating factors that distinguish it from the ex-
isting PPI platforms. SPINET enables the use of both intra and inter-species interactions
allowing the identification of proteins that in the organism network may go unnoticed but
in the network involving multiple organisms can have relevant functions. The use of in-
hibitors data also provides an important resource in the study of potential drug targets.
These targets often occupy a central position in the PPIN and can be easily identified us-
ing the SPINET analysis and visualization tool. In the global network formed by the three
organisms, 81 human proteins were identified, and despite the fact that none of them have
known inhibitors, these proteins interact with many other human proteins that are targeted
by multiple inhibitors. The study of the networks formed by these proteins allied with
information on inhibitors could provide valuable insights in the discovering of new drug
targets using already launched and approved drugs in the fight against the TB and AIDS
diseases.

The major objectives of this thesis were the data collection and curation, development of a
relational database, and the development of an analysis and visualization tool. In summary,
the SPINET platform stands out as an intuitive tool that bridges the gap between experi-



7.2. Prospect for future work

mental and computational biologists providing an easy PPI data accessibility, discovery,
re-use, preservation and, especially, sharing for the Human, Mtb and HIV organisms.

Finally, the tools developed during the course of this thesis are part of a larger project
planned around the SPINET platform held by the evoBiomed group at the Life and Health
Science Research Institute (ICV'S), School of Medicine (EM), University of Minho.

7.2 PROSPECT FOR FUTURE WORK

There are a considerable number of ongoing and future projects that will be implemented
to improve and exploit the SPINET capabilities. The objective is to increase the usefulness

of the platform and to extract knowledge from the data contained in it.

7.2.1  Continue to develop SPINET and add new features to it

The next step is to continue to develop the SPINET platform by turning it into a dynamic
web server. Thus, through a common web browser, any person may request, visualize and
analyze any data contained in the SPINET database.

Some new features to add to the SPINET platform are already being planned:

e Creation of a web form so that PPI data from individual studies can be submitted to
the SPINET database.

e Creation of a module to display the networks in 3D. The use of a 3D layout adds more

available space, making it easier to display and navigate through larger structures.

e Development of a SPINET Representational State Transfer (REST) Service to provide
access to the interaction data in the SPINET database over Hyper Text Transfer Protocol

Secure (HTTPS), programmatically or in a browser.

7.2.2  Keep adding more data

It is of primordial importance to keep the data in the SPINET database updated. Data
generated in recent studies bring important value to the already huge amount of data
stored in the SPINET database as the majority of these data is still not integrated into some
or none of the major public PPI repositories.

It is also important to keep adding data from other inhibitors databases like PubChem
[160] and DrugBank [161], into the SPINET database.
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7.2. Prospect for future work

7.2.3 Data mining

The quantity of valuable insights hidden in the networks formed by PPIs is endless and
willing to be mined. Multiple types of analysis can be performed to extract the maximum
information possible from it. Multiple studies were already performed with smaller net-
works [162, 163, 164] and with the data stored in the SPINET database, they can be done
on a larger scale and with a higher reliability.

The first planned analysis is focused on finding possible human targets by using compu-
tational and statisctical analysis of the networks formed by the three organisms of interest.
Hereafter, in a wet lab context test inhibitors for that human proteins, focusing on host-

directed therapy, and evaluate possible differences on the course of infection.
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