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ANALISA INTERAKSI PROTEIN-PROTEIN OTU DEUBIQUITINASE

OTUB1, OTUB2 DAN OTULIN SECARA IN SILICO DAN IN VIVO

ABSTRAK

Dalam era pasca genomik, data proteomik dan interaktomik adalah sumber
penting untuk memahami asas molekul bagi kepelbagaian fungsi sel. Penyelidikan
dalam bidang ini masih berkembang, dan setakat ini sekurang-kurangnya 90% protein
telah beranotasi. Untuk melengkapkan peta proteom dan interaktom, banyak interaksi
lain yang perlu dikenal pasti. Oleh itu, kajian ini bertujuan untuk menyumbang pada
pengembangan data interaktom manusia. Dalam kajian ini memfokuskan pada
interaksi protein-protein (PPI) bagi enzim deubiquitinating (DUBs) dengan
menggunakan beberapa pendekatan in silico dan in vivo. Pertama, Cytoscape versi
3.9.1 telah digunakan untuk membina interaktom DUBs dengan menggunakan data
daripada pangkalan data IMEx dan dianalisis menggunakan pelbagai algoritma teori
graf. Interaktom DUBs terdiri daripada 3,406 nod dan 4,982 edge, manakala
subrangkaian protein kanser yang diekstrak daripada interaktom mendedahkan
bahawa DUBs adalah penting dalam biologi kanser. Dengan ini kajian interaktom
menyimpulkan bahawa, OTUB1 merupakan salah satu protein yang mempunyai ciri
rangkain yang kuat, manakala OTUB2 mempunyai homolog yang hampir sama
dengan OTUBZ, dan OTULIN sebagai ahli keluarga yang terbaru, telah dipilih untuk
penyaringan yis dua-hibrid (Y2H) dengan perpustakaan cDNA manusia yang
diperolehi daripada HEK293. Vektor umpan dan mangsa perpustakaan cDNA dijana
menggunakan teknologi Gateway, di mana gen diklon ke dalam vektor
TOPO/pDONR222 dahulu sebelum diklon ke dalam vektor pDEST32/22. Penjujukan

bagi vektor umpan telah disahkan dan vektor mangsa mempunyai kualiti dan kuantiti

XXVi



yang mencukupi untuk mewakili cDNA manusia dengan jumlah klon 6.8x10° cfu.
Kedua-dua vektor telah ditranformasi ke dalam strain MaV203 S. cerevisiae untuk
penyaringan Y2H dan mengenal pasti protein yang diandaikan berinteraksi.
Penyaringan ini telah mengenal pasti LDHB, FOXM1, ESD, MKRN3, CENPU dan
POU2F1 sebagai interaksi bagi OTUBL, di mana tiga yang pertama telah dilaporkan
pada kajian lain. Untuk menganalisis antara muka yang menjadi pengikat di antara
OTUBL1 dan interaksi yang dikenal pasti dari Y2H, struktur 3D diperolehi sama ada
daripada pangkalan data PDB atau dengan pemodelan homologi. Seterusnya, server
HDOCK digunakan dalam kajian pengedokan molekul untuk meramalkan konformasi
struktur OTUBL yang berinteraksi dengan protein yang dikenal pasti dari Y2H.
Keputusan mengesahkan bahawa OTUBL1 berkedudukan pada konformasi aktif, di
mana heliks oA, o5, a7 dan penghubung a9- 010 terlibat dalam pengikatan dengan
protein yang dikenal pasti dari Y2H. Tambahan pula, kompleks OTUB1:LDHB
mempunyai afiniti pengikatan yang tertinggi dengan AG = -23.7 kcal/mol dan Kp pada
25.0 °C = 4.1x1078 M. Sebagai kesimpulan, analisis rangkaian PPl DUBSs, pengesanan
rakan kongsi interaksi OTUBL1 yang novel dan pencirian kompleks OTUB1 dalam
kajian ini telah memberikan gambaran yang jelas tentang PPl DUBs dan mewujudkan

asas yang kukuh untuk kajian interaksi yang lebih banyak pada masa hadapan.
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IN SILICO AND IN VIVO ANALYSIS OF OTU DEUBIQUITINASES

OTUB1, OTUB2 AND OTULIN PROTEIN-PROTEIN INTERACTIONS

ABSTRACT

In this post-genomic era, proteomic and interactomic data are important
sources for understanding the molecular basis of cell functional diversity. Research in
these fields is still progressing, with at least 90% of proteins annotated so far and many
more interactions to be uncovered to complete the proteome and interactome maps.
The purpose of this study is to contribute to the expansion of human interactome data
by focusing on the deubiquitinating enzymes (DUBS) protein-protein interaction (PPI)
using several in silico and in vivo approaches. First, a DUBs interactome was built on
Cytoscape ver 3.9.1 using data from IMEX database and analysed using various graph
theory algorithms. The DUBs interactome consisted of 3,406 nodes and 4,982 edges,
whereas a cancer protein subnetwork extracted from the interactome revealed that
DUBs are significant in cancer biology. Concluding the interactome study, OTUBI,
one of the proteins with strong network characteristics, along with its closest
homologue OTUB2, and the newest family member OTULIN, were selected for yeast
two-hybrid (Y2H) screening against human cDNA library derived from HEK293.
Y2H bait and cDNA library prey vectors were generated using Gateway technology,
first in donor vector TOPO/pDONR222 before being shuffled into destination vector
pDEST32/22. The bait vector is sequence-verified, and the prey vector is of sufficient
quality and quantity to represent human cDNA with total clones of 6.8x10°8 cfu. Both
vectors were transformed into MaV203 S. cerevisiae strain for Y2H screening to
identify putative interacting proteins. The screening identified LDHB, FOXML1, ESD,

MKRN3, CENPU and POU2F1 as OTUBL interactors, with the first three have already
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been reported elsewhere. To analyse the binding interface between OTUB1 and its
Y2H-identified interactors, the 3D structures were obtained either by directly retrieved
from PDB database or by homology modelling. The HDOCK server was used for
molecular docking studies to predict the structural conformation of OTUB1 in
association with Y?2H-identified interacting proteins. The results confirmed that
OTUBL1 is positioned at the intended active conformation, in which the helices oA, a5,
a7 and the 09-al0 linker involved in binding with the Y2H-identified proteins.
Furthermore, OTUB1:LDHB complex is observed to possess the highest binding
affinity with AG = -23.7 kcal/mol and Kp at 25.0 °C = 4.1x107*® M. To conclude, the
analysis of DUBs PPI network, the detection of OTUBI1’s novel interaction partners
and the characterisation of OTUB1 complexes in this study have given an illuminating
insight on DUBs PPI and established a strong foundation for many more interaction

studies in future.
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CHAPTER 1

INTRODUCTION

1.1  Background of study

Understanding the complex relationship between a cell’s genotype and
phenotype is a major goal of molecular life science research. In order to attain this goal,
omics research has grown in importance, starting with the Human Genome Project that
attempted to sequence and map the genome across human cells. Upon conclusion of
this project, the International Human Genome Sequencing Consortium reported
approximately 20,000 protein-coding genes (Collins et al., 2004), a figure regarded to
be lower than pre-genomic estimations and highlighting the fact that the organism’s
functional diversity is not exactly proportional to the number of protein-coding genes.
In 2010, HUPQO's Human Proteome Project was initiated with the intention of annotating
all proteins encoded by the human genome. It is now in its penultimate stage, with
18,407 (93.2%) of the 19,750 predicted proteins coded in the human genome having
been annotated (Omenn et al., 2022).

However, believing that cell phenotypic information can be deduced after
mapping the entire human protein is erroneous due to the fact that proteins interact with
one another to function. Identification of physical interactions between biological
macromolecules, such as protein-DNA, protein-RNA and protein-protein, is essential
for comprehending the function of gene products as well as the global organisation and
interplay of various molecular machineries within the cell. Thus, the study of molecular
interaction, termed ‘interactomics’, should be considered the pinnacle of omics
research. Interactomics, particularly protein interaction studies, is a powerful tool for
functional characterisation of proteins and provides a fundamental understanding of the

whole proteome. Leveraging protein interactions can infer protein function because for



a protein with unknown function, its function can be determined by looking at its
interaction partner with annotated function, a phrase dubbed ‘guilt by association’.
Currently, nearly 88% of proteins reviewed in UniProt/Swiss-Prot having
interaction data (Dimitrakopoulos et al., 2022). With such a large amount of
information, interactome research has shifted to focus on utilising protein-protein
interaction (PPI) data for novel scientific discoveries such as drug development, while
also identifying novel interaction for newly annotated protein. The study on
interactomics is still ongoing, but it is now focusing on understanding the proteome and
interactome of specific sets of conditions, for example cancer interactome or ubiquitin
pathway interactome, also known as ubiquitome. Ubiquitin pathway is a post-
translational modification of protein that governs practically every function in human
cells. Since its inception in the 1980s, research in the ubiquitin field has advanced
rapidly, and its major role in protein degradation, non-degradative functions and non-
canonical interactions among its components have been extensively explored. A term
called ‘ubiquitomics’ was coined in 2007 to refer to the study of a set of proteins that
are modified by ubiquitin (Tomlinson et al., 2007). The most recent ubiquitin
component to be the subject of interest is the deubiquitinating enzymes (DUBSs), the
enzyme responsible for reversing the ubiquitination process. During the beginning of
our study, there was only one large-scale study of DUBs interactome reported, which
used MS-based analysis and a specifically built software, Comparative Proteomic
Analysis Software Suite (CompPASS) to assign confidence measurements to
interactions from parallel non-reciprocal proteomic datasets (Sowa et al., 2009).
Another DUBs interaction landscape report that adopted MS-based chemoproteomic
approach emerged in the middle of our study, which increased our understanding of

human DUBs and its importance in cell regulation (Pinto-Fernandez et al., 2019).



Since ubiquitination is essential for cell function, its deregulation is always
associated with pathological conditions such as cancer, neurological diseases and
immunological disorders, to name a few. This sparked a great deal of interest in
investigating the therapeutics potential among the ubiquitination components including
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin
ligase (E3), DUB and protease. The E3 and proteases have long been the subject of
pharmaceutical intervention, but little progress has been made in developing DUB
inhibitors, possibly due to a lack of understanding of DUB interactions. Inhibiting an
enzyme, particularly one engaged in many substrates, may have unintended
consequences for other pathways regulated by that enzyme. In fact, many of the early
generation DUB inhibitors were discovered to be multitargeted in retrospect (Altun et
al., 2011; Ritorto et al., 2014). Thus, a complete understanding of that potential DUB’s
interaction network is crucial to avoid perturbation of other cellular functions. More
importantly, structural information is also critical, since three-dimensional (3D)
structure plays an important role in understanding protein activities, determining the
active sites and studying binding interfaces. This kind of analysis provides valuable

information for drug design studies.

1.2 Problem statement

In between the two large-scale studies of DUBs interactome, there are also many
individual studies that have identified physical interactions of certain DUBs and their
interaction partners. A compilation of this information is required, along with a
comprehensive analysis of the network topological behaviour, since a reference map of
DUB:s interactome could provide a deeper, more mechanistic understanding of cellular

functions. Aside from the known interactions, it is also vital to increase the coverage of



the DUBSs interactome, as it is the foundation to enable significant progress in mapping
the complete human protein interactome. This has prompted a need to continue
identifying novel interactions for DUBS, as well as assessing their 3D structure, not only
towards achieving the completeness of human interaction map, but also to enable rapid

development in disease therapeutic intervention targeting DUBs’ PPI.

1.3  Research aims and objectives

The general objective of this study is to analyse, identify and characterise
selected DUBs protein-protein interaction utilising in silico and in vivo approaches. We
intend to expand the coverage of the DUBs interactome and gain insight for DUBs
development as therapeutic drug for (1) the most understudied DUBs and (2) the most
prominent DUBs with the most promising role in diseases. These aims will be achieved

by the specific objectives below:

131 Specific objectives

1) Construct and analyse the DUBs known interactome using a network-based
approach.

2) Establish Y2H bait and prey vectors using Gateway technology.

3) Screen for novel interaction partners of selected DUBs (OTUB1, OTUB2 and
OTULIN) using Y2H.

4) Predict the structural conformation of OTUB1 in complex with interaction

partners detected from Y2H screening.



1.4 Thesis layout
Chapter One contains an introduction to the work, a problem statement, research aims

and objectives, and chapter descriptions.

Chapter Two summarises past research in this topic and provides a brief description of

the proteins and methodologies employed throughout the thesis.

Chapter Three describes the construction and analysis of the DUBs interactome and
its cancer protein subnetwork, with a goal of exploring the interaction pattern and key

proteins and highlight the importance of DUBs in cancer biology.

Chapter Four presents the approach to establish yeast two-hybrid (Y2H)’s bait
expression plasmids containing OTUB1, OTUB2 and OTULIN and prey expression

plasmids containing cDNA library derived from HEK293 cells.

Chapter Five explains the Y2H screening between OTUB1, OTUB2 and OTULIN

against human cDNA library.

Chapter Six describes the protein-protein docking simulation for predicting the
structural conformation of OTUBL in complex with Y2H-identified interacting

partners.

Chapter Seven concludes the study’s findings with future prospectives.



CHAPTER 2

LITERATURE REVIEW

2.1  The ubiquitin system

2.1.1 History of ubiquitin

In the past, the majority of intracellular proteins were considered to be immortal
and long-lived. This notion remained unchallenged until the late 1970s, when
Ciechanover et al., (1978) found a heat-stable, low-molecular-weight protein allegedly
involved in ATP-dependent proteolysis. Two years later, the same research group
discovered that the molecule, now designated as ubiquitin, degraded protein by
covalently attaching to proteolytic substrates in a process called ubiquitination
(Ciechanover et al., 1980). Hershko and colleagues then went on to identify and
characterise the enzymes responsible for attaching ubiquitin to the target protein, named
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin
ligase (E3) (Ciechanover et al., 1982; Hershko et al., 1983, 2000). Meanwhile, the
protease responsible for the destruction of ubiquitin-tagged proteins was identified in
the mid-1980s as a high-molecular-weight protein complex called the proteasome
(Arrigo et al., 1988; Hough et al., 1986, 1987). Since these key discoveries, research
into the function of ubiquitination in dynamic biological processes has accelerated.
Ubiquitin, which debuted as just a protein degradation tag, is now thought to govern
nearly every function in the cells (Hoeller and Dikic, 2009; Nakamura, 2018; Wang and
Wang, 2021), including inflammatory response, endocytic trafficking, transcriptional
regulation, signal transduction, and cell cycle progression (Ashida et al., 2014; Hershko
and Ciechanover, 1998), hence maintaining cell homeostasis and life activities (Deng

et al., 2020).



2.1.2 The ubiquitin molecules

Ubiquitin is a remarkably conserved small protein consisting of 76 amino acids,
with a molecular mass around 8.5 kDa (Figure 2.1) (D’Arcy et al., 2015; Deak and
Boros, 2015; Hegde et al., 2012; Xu and Jaffrey, 2013). The ubiquitin protein is found
in all eukaryotes but appears to be lacking in prokaryotes, such as archaeal and
eubacterial species (Hegde, 2010; Hochstrasser, 2000). Ubiquitin is encoded by four
distinct genes: RPS27A, UBA52, UBC and UBB. The RPS27A and UBA52 are
monomeric ubiquitin-ribosomal fusion genes that expressed one ubiquitin unit fused to
a ribosomal protein, while UBC and UBB are polyubiquitin genes, which harbour 3-4
and 9-10 tandem repeats of ubiquitin coding units, respectively (Baker and Board, 1991,
Finley et al., 1989; Wiborg et al., 1985).

Ubiquitin can occur either free or covalently conjugated to other substrate
proteins in the cytoplasm and nucleus (Chau et al., 1989; Ubiquitination Cascade
Pathway, 2016). Pool of free ubiquitin occurs with exposed diglycine (Gly-Gly) C-
terminus tail whereas conjugated ubiquitin is covalently linked to substrate proteins via
an isopeptide bond between its C-terminus and either substrate protein’s N-terminus or
the g-amino group of a lysine (Lys) residue (Dye and Schulman, 2007). There are seven
Lys residues that functioned as the conjugation sites among the 76 amino acids that
constitute ubiquitin: Lys6, Lys11, Ly27, Lys29, Lys33, Lys48 and Lys63 (Peng et al.,
2003). The ubiquitin protein adopted a compact globular fold of 5-stranded beta-sheet,
a short 310 helix, and a 3.5-turn alpha-helix. The majority of substrate proteins carry
ubiquitin binding domains (UBD) that engage with the hydrophobic patch formed on
the surface of ubiquitin’s beta-sheet by Leu8, 1le44 and Val70 (Randles and Walters,

2018).



Lys-63

Figure 2.1 Ribbon diagram of human ubiquitin with a C-terminal Gly residue
(labelled as C-term), Lys residue (labelled as Lys6, Lys11, Lys27, Lys29, Lys33, Lys48,
and Lys63), and an N-terminal Metl residue (labelled as N-term). The diagram was
adapted from Deédk and Boros, (2015) and modified.

2.1.3 Ubiquitin enzymatic cascade

Protein ubiquitination consists of three main steps: activation, conjugation and
ligation, which are carried out by different enzymes named E1, E2 and E3 that work
sequentially in a cascade. The human genome encodes two E1 (Ubal and Uba6), around
40 E2s, and greater than 600 E3 enzymes (Deshaies and Joazeiro, 2009). During the
ubiquitination process, E1 activates and adenylates the ubiquitin C-terminal Gly residue
by adenosine triphosphate (ATP) hydrolysis, followed by the formation of a thioester
bond between the ubiquitin C-terminal Gly residue and the E1 active site cysteine (Cys)
residue. The activated ubiquitin is then transported from the E1 to the Cys residue of
the E2 by forming a thioester bond in an ATP-dependent reaction. The thioester-linked
ubiquitin is either delivered straight from the E2 to the substrate protein using E3 as a
scaffold, or the E3 first forms a thioester bond with the ubiquitin before transferring the
ubiquitin to the substrate protein (Figure 2.2(A)) (Ashida et al., 2014; Callis, 2014;

D’Arcy et al., 2015).



The ubiquitin can be attached to the substrate protein through three different
attachment modes: monoubiquitination (monoUb), multi-monoubiquitination (multi-
monoUDb) or polyubiquitination (polyUb) (Figure 2.2(B)) (Hegde et al., 2012; Stone,
2016; Ubiquitination Cascade Pathway, 2016). The conjugation of a single ubiquitin to
the substrate protein is referred to as a monoUb, while the attachment of more than one
ubiquitin at multiple sites of the same substrate protein leads to the formation of a multi-
monoUb. The C-terminal Gly residue of the additional ubiquitin can be covalently
linked to any of the seven Lys residues or N-terminal methionine (Metl) residue of the
previous ubiquitin that was already linked on the substrate protein, forming a different
linkage of polyubiquitin or a linear polyubiquitin chain, respectively (Asaoka and Ikeda,
2015; Callis, 2014; D’Arcy et al., 2015; Hegde, 2010; Stone, 2016). The formation of a
mixed or branched polyubiquitin chain is the result of the attachment of two ubiquitins
to two different Lys residues of the ubiquitin that is already attached to the substrate
protein (Ye and Rape, 2009).

The protein that has been tagged with ubiquitin influences the structure and
particular functions of the protein based on the ubiquitin chain topologies, such as
altering the binding partners recruitment, protein interactions activity, trafficking,
localisation, activity and stability (Eletr and Wilkinson, 2014; French et al., 2021;
Pickart and Eddins, 2004; Stone, 2016), thereby regulating different cellular processes
and determining the diversity of downstream consequences to the protein (Callis, 2014;
Liao etal., 2022; Ye and Rape, 2009). Proteins ligated with Lys48-linked polyubiquitin
chains are generally degraded by proteasome (Chau et al., 1989; Hershko and
Ciechanover, 1998; Stone, 2016; Ye and Rape, 2009) while other types of ubiquitin
chains are more typically associated with non-proteolytic functions such as Lys63 that

is commonly destined in signal transduction, endocytosis and DNA repair pathways



(Deng et al., 2000; Haglund and Dikic, 2005; Hofmann and Pickart, 1999; Kawadler
and Yang, 2006; Liao et al., 2022). However, Kimetal., (2007) and Saeki et al., (2009)
demonstrated that the protein with Lys63-linked polyubiquitin chains can also function

as a signal for proteasomal degradation.

214 Reversing ubiquitination

An important aspect of protein ubiquitination is its reversibility, mediated by the
action of a specialised enzyme known as a deubiquitinase or deubiquitinating enzyme
(DUB). DUBs either prevent ubiquitin from attaching to the target protein or cleave the
isopeptide bond between the C-terminal Gly of ubiquitin and the Lys residue of the
substrate protein, thus opposing E3 action and function (D’ Arcy et al., 2015; Isono and

Nagel, 2014; Komander et al., 2009; Liao et al., 2022; Turcu et al., 2009).
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Figure 2.2 The simplified ubiquitination cascade and the diversity of ubiquitinated products. A: Ubiquitin is activated by E1 and transferred to
the Cys residue of E2 before the covalent attachment of ubiquitin to the Lys residue of the substrate protein that mediated by E3. The ligation
process is either directly from the E2 to the substrate protein or sequentially from the E2 to the E3 and then to the substrate protein. The DUBs that
recognise ubiquitinated proteins and remove the ubiquitin tags from the protein. B: The different chain types of ubiquitin modifications: monoUb,
multi-monoUb and polyUb. The illustration was created by BioRender.com.
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2.2 Deubiquitinating enzymes

DUBs are a large family of proteases that act to hydrolyse the covalent bond
between the single ubiquitin or polyubiquitin chains from the substrate. Overall, the
general role of DUBs can be summarised in four main categories: ubiquitin processor,
remover, editor and recycler. When the ubiquitin molecule is expressed by genes
RPS27, UBA52, UBC or UBB, it is created as precursors, which are either precursors
made up of 3-10 single ubiquitin linked together (when produced by UBC and UBB) or
precursors coupled to ribosomal proteins L40 or S27a (in the case of expression by
RPS27 and UBAS2 genes). Here, DUBSs serve as the ubiquitin maturation processors
for the newly expressed ubiquitin (Komander et al., 2009). Next, DUBs can remove
ubiquitin chains attached to substrate protein prior to modulating the substrate protein
activities. The DUBs also operate as ubiquitin chain editors of mixed polyubiquitin
chains by removing one chain linkage type prior to the elongation of a second chain.
The removal and remodelling of the polyubiquitin chains affects the fate of the substrate
protein (Stone, 2016). Additionally, as part of a process known as ubiquitin recycling,
DUBs are in charge of cutting unanchored polyubiquitin chains into free single
ubiquitin, preserving the pool of free ubiquitin (Asaoka and Ikeda, 2015; D’ Arcy et al.,

2015; Eletr and Wilkinson, 2014; Hermanns et al., 2018; Isono and Nagel, 2014).

221 Classification of DUBs

The human genome encodes approximately 101 putative DUBSs, which may be
classified into two major classes: cysteine proteases and metalloproteases. The former
consisted of six families categorised based on their catalytic domains: motifs interacting
with ubiquitin-containing novel DUB family (MINDYs), Machado-Joseph-disease

proteases (MJDs), ovarian tumour proteases (OTUs), ubiquitin carboxy-terminal
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hydrolases (UCHS), ubiquitin-specific proteases (USPs) and the most recently added
zinc finger with UFM1 specific peptidases (ZUFSPs), discovered in 2018 (Hermanns
et al., 2018). Despite the fact that each family has its own distinct folds, the catalytic
triad or diad residues of the diverse family stay neatly superimposed when bound to
ubiquitin (Komander et al., 2008; Komander and Barford, 2008). A histidine (His) side
chain is necessary in cysteine proteases for nucleophilic attack of a Cys residue on
isopeptide bonds. To polarise the His residue, a third residue is usually required, and in
most cysteine protease DUBSs this residue is an aspartate or asparagine. The last family
is JAMM/MPN associated metalloproteases (JAMMSs) that belongs to the
metalloproteases class with zinc residues as active sites (Keusekotten et al., 2013;
Komander et al., 2009; Kwasna et al., 2018; Maurer and Wertz, 2016; Rehman et al.,

2016; Wang and Wang, 2021).

2.2.1(a) OTU deubiquitinase

The human genome encodes 16 DUBs of the OTU family that play critical roles
in signalling cascades such as innate immunity and cell cycle control (Du et al., 2020).
OTU domains can hydrolyse isopeptides even in the absence of aspartate or asparagine
residue needed for polarisation of catalytic histidine (Komander and Barford, 2008).
The first OTU proteins to be recognised as DUBs were OTUBL1 and OTUB2, both
showed the ability to cleave ubiquitin-GFP and tetraubiquitin in vitro (Balakirev et al.,
2003; Borodovsky et al., 2002). Since then, the OTU family has expanded and been
phylogenetically subclassified into the Otubains (OTUB1 and OTUB2), the A20-like
OTUs (OTUD7A, OTUD7B, TNFAIP3, VCPIP1 and ZRANBL1), the OTUDs (OTUD1,
OTUD2, OTUD3, OTUD4, OTUD5, OTUD6A, OTUD6B and ALG13), and the

OTULIN subfamilies (Kayagaki et al., 2007; Keusekotten et al., 2013).
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The OTUs exhibit a striking propensity for cleaving polyubiquitin chains with
particular linkage types, as reviewed by Du et al., (2020). In summary, OTUD2 prefers
Lys11-linked chains while OTUD3 prefers Lys6-linked diubiquitin chains. Meanwhile,
TNFAIP3 prefers to cleave Lys11 and Lys48 chains. ZRANBL is Lys29 and Lys33
specific whereas OTUB1 favours Lys48 linkages, OTUD7A/OTUD7B prefers Lys11
linkages, and OTULIN is Met1 specific (Du et al., 2020). Interestingly, OTUD1's Lys63
specificity depends on its C-terminal UIM domain (Mevissen et al., 2013) while in the
case of ZRANBL1, an Ank (ankyrin repeat) UBD domain is required for its specificity

towards Lys29- and Lys33-linked proteins (Licchesi et al., 2012).

22.1(a)(i) OTUB1

OTU deubiquitinase, ubiquitin aldehyde binding 1 (OTUBL) is a pioneer
member in OTU DUBs with 271 amino acid-length sequence and molecular mass of
31.28 kDa. Two distinct ubiquitin-binding sites are shown in the crystal structure of
OTUBL. During the deubiquitination process, OTUB1 preferentially cleaves the Lys48
polyubiquitin chains using the active centre to catalyse the substrate reaction (Wiener
et al., 2013). OTUBL catalytic domain consisted of three parts: Cys91, His265, and
Asp267. In the absence of ubiquitin, the His265 is located too far to interact directly
with the Cys91 but the His265 moved towards a close proximity with Cys91 in the
presence of ubiquitin (Edelmann et al., 2009).

OTUBL1 has gained a great deal of interest in cancer research. Since its discovery
as a p53 interactor, it has emerged as an essential regulator in disease-related pathways
(Sunetal., 2012). Numerous studies have reported a direct association between OTUB1
and various cancer-related proteins and plays a role in the development of various
malignancies such as glioma, gastric adenocarcinoma and breast, colorectal, lung,

ovarian and prostate cancers (Saldana et al., 2019). For example, OTUBL interacts with
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FOXML1, a transcription factor that promotes cell cycle progression and epithelial-
mesenchymal transition (EMT). In breast cancer, OTUB1 was discovered to reduce the
cytotoxic effects of drug epirubicin by deubiquitinating and stabilising FOXM1, hence
promoting cell proliferation in a manner dependent on the FOXM1 and OTUBL1
deubiquitination activity (Karunarathna et al., 2015). Other than that, OTUBL can also
suppress the ubiquitination of several proteins such as phospho-SMAD2/3 and p53 by
attaching to and blocking the E2 ubiquitin-conjugating enzymes independent of its

catalytic activity (Herhaus et al., 2013; Juang et al., 2012).

2.2.1(a)(iiy OTUB2

OTU deubiquitinase, ubiquitin aldehyde binding 2 (OTUB2) is the closest
structural homologue of OTUBL that does not share similar interaction partners as
OTUBL, due to the lack of N-terminal region that allows OTUBLI to interact with its
substrates (Edelmann et al., 2009). OTUB?2 is also smaller in size, with 234 aa and
molecular mass of 27.21 kDa. Its involvement in cancer is also not comparable to
OTUBL in that it was reported more later and slower than OTUBL1. Nonetheless, its
significance in cancer is becoming more prominent, for instance, it was shown to be
overexpressed in non-small cell lung cancer (NSCLC) and promoted its development
(Lietal., 2019). Elevated expression of OTUB2 was also observed in both liver cancer
tumour tissues and cell lines, indicating a poor prognosis for individuals with liver
cancer (Gu et al., 2020). Furthermore, it was also reported that the suppression of
OTUB2 inhibited the development of papillary thyroid carcinoma (Ma and Sun, 2019).
Other than that, OTUB2 performs various biological functions, including supporting
the DNA repair pathway (Johmura et al., 2016; Kato et al., 2014), and negatively

regulating virus-triggered interferon (IFN) induction pathways and cellular antiviral
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response via interaction with the tumour necrosis factor receptor-associated factor

(TRAF) protein family, TRAF3 and TRAF6 (Li et al., 2010).

2.2.1(a)(iii) OTULIN

OTU deubiquitinase with linear linkage specificity (OTULIN) is a protein
consisting of 352 aa and possesses a molecular weight of approximately 40.26 kDa that
preferentially removes linear (Metl-linked) polyubiquitin chains from substrates and
functions as a regulator of innate immune response and angiogenesis (Hrdinka et al.,
2016; Keusekotten et al., 2013; Rivkin etal., 2013). OTULIN is involved in the negative
regulation of nuclear factor kappa B (NF-xB) signalling (Xu et al., 2018) by
counteracting linear ubiquitin chain assembly complex (LUBAC) and so inhibiting the
activation of NF-xB signalling (Damgaard et al., 2020; Li et al., 2022; Zhao et al.,
2020). Furthermore, OTULIN loss-of-function mutation promotes a severe
autoinflammatory condition referred to as OTULIN-Related Autoinflammation
Syndrome (ORAS) that is normally inhibited by OTULIN-LUBAC interaction in the
absence of mutation (Fiil and Gyrd-Hansen, 2016; Li et al., 2022; Zhou et al., 2016).
Furthermore, Damgaard et al., (2020) discovered that a deficiency in OTULIN caused
spontaneous and progressive steatotic liver disease in an ORAS patient between the age
of 10-13 months. OTULIN deficiency is observed to be the cause of metabolic
alterations, apoptosis and inflammation in the liver, hence, it is considered as an
essential DUB for maintaining liver homeostasis and preventing the development of

liver disease (Damgaard et al., 2020).

2.2.1(b)  Sequence alignment of OTUB1, OTUB2 and OTULIN

Figure 2.3 illustrates the alignment of OTUB1, OTUB2 and OTULIN amino
acid sequences, with the OTU domain highlighted within a boxed region, indicating that

all three proteins are from the same subfamily. Significant differences can be observed,
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especially in the N-terminal region that contribute to varying interaction partners or
binding affinities, potentially influencing the specificity of PPIs. The aligned sequences
show the identical amino acid identity as represented by the asterisk (*), as well as
amino acids with similar properties at specific positions (: and .), indicating that these
regions have similar biochemical properties or functions, thus providing valuable

insights into the roles and relationships of the proteins.

OTULINM MSRGTMPQPEAWPGASCAETPAREAAATARDGGKARASGOPRPEMQCPAEHEEDMYRAAD 15
oreer. 0 - - MAAEEPQ--------- QOKQEPLGSDSEGVYNCLAYDEAIM-AQQD 35
oTuBz e 5]
OTULIN ETEKEXELLIHERGASEPRLSVAPEMDIMDYCKKEWRGNTQKATCMKMGYEEVSQKHTST 128
OTUB1 RIQQ------- EIAVQNPLVS - -ERLELSVL----YKEYAEDDNIYQQK IXDLHKKYSYT 82
oTuB2  --ee--me--- MSETSFNLIS--EKCDILSI----LR-DHPENRIYRRKIEELSKRATAL 42
OTULINM RRVREGDNYCALRATLFQAMSQAVGLPPWLODPELM- - LLPEKLISKYNWIKQWKLGLKFD 178
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OTUB2 RETKGDGNCFYRALGYSYLESLLGKSRETFKFKERVLQTPNDLLAA- - - --- GFEEHKFR 96
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Figure 2.3 Sequence alignment of OTUB1, OTUB2 and OTULIN.

2.2.2 DUBs’ implication on health and diseases

DUBs can regulate protein stability by releasing ubiquitin molecules from
substrate proteins, cancelling signals for protein degradation and other non-proteolytic
activities (Clague et al., 2012; Komander et al., 2009; Sowa et al., 2009; Stone, 2016).
Deconjugation of ubiquitin from ubiquitinated substrates is critical not only in

physiological condition but also in the regulation of numerous cellular events and
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biological processes that underpin the development of disease. DUBs dysregulation or
malfunction has been implicated in diseases such as cancers, immunological diseases
and neurological disorders, usually resulting from aberrant signalling within the cell
(Fraile et al., 2012; Kowalski and Juo, 2012).

Extensive research has elucidated the role of DUBs in the central nervous
system (Ristic et al., 2014; Todi and Paulson, 2011). Oxidative stress and DUB activity
modulation have been specifically associated with certain neurological disorders such
as alzheimer’s disease, parkinson’s disease, and epilepsy (Chakraborty and Ziviani,
2020; Das et al., 2020; Kowalski and Juo, 2012; Paemka et al., 2015). Overexpression
of USP11 increases the risk of alzheimer’s disease in women, which USP11
deubiquitinates microtubule-associated protein tau and decreases proteasomal
degradation of tau, leading in increased tauopathy and vulnerability to alzheimer’s
disease (Paul, 2022). By knocking down USP11 promotes tau clearance while
physically preventing acetylation and decreasing phosphorylation of tau (Yan et al.,
2022). Parkin ubiquitinates mitochondrial components promotes mitochondria turnover
through lysosome-mediated mitophagy, defective mitophagy and the resulting
accumulation of defective mitochondria contribute to enhanced oxidative stress, which
is thought to underlie parkinson’s disease (Hauser and Hastings, 2013; Narendra and
Youle, 2011). DUB that opposes Parkin’s function was identified as USP30, which is
associated with mitochondria and acts as an antagonist of Parkin-mediated mitophagy
(Bingol et al., 2014; Durcan and Fon, 2015). Besides that, USP30 is considered to
counteract the clearance of damaged mitochondria in cases of mitochondrial
dysfunction due to deficiencies in Parkin, leading to a build-up of metabolically and
energetically deficient cells (Bingol et al., 2014). Meanwhile, depletion of USP8 was

observed to delay the translocation of Parkin onto depolarised mitochondria, along with
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a delay in the clearance of mitochondria, and USP8 was discovered to be capable of
removing Lys6-linked ubiquitin chains from Parkin in vitro (Durcan et al., 2014).
USP15 and ATXNS3 have been identified as a Parkin-interacting proteins that colocalise
with mitochondria (Cornelissen et al., 2014) and counteract Parkin autoubiquitination
(Durcan et al., 2012), respectively.

The imbalance between FOXP3 and GATAZ is a significant factor contributing
to the pathogenic alteration in a key component of immune system, regulatory T (Treg)
cells in asthma patients (Chen et al., 2018). Increased expression of USP21 was
discovered and confirmed to regulate the stability of both FOXP3 and GATA3 (Li et
al., 2016; Zhang et al., 2013). USP21 has also been implicated in regulating liver
fibrosis in schistosomiasis patients, indicating its potential role in the Treg cell-
mediated regulation of immune interactions between Schistosoma and its host (Zhang
et al., 2021). Additionally, previous studies have indicated that the depletion of USP21
enhances the immune defense against certain viruses, resulting in reduced viral
replication both in vitro and in vivo (Chen et al., 2017; Fan et al., 2014; Wu et al., 2021).
A20 is a ubiquitin-editing enzyme that has been suggested to limit activation of NF-«xB,
a transcription factor mediating inflammatory and innate immune signalling pathways
by removing the Lys63-linked ubiquitin chains from the ubiquitinated substrates and
then conjugating them to the Lys48-linked polyubiquitin chains to trigger proteasomal
degradation (De et al., 2014; Feoktistova et al., 2020; Hymowitz and Wertz, 2010;
Shembade and Harhaj, 2012). Besides, mutations in several DUBs, including USP18
and A20, have been found to be associated with multiple sclerosis, a chronic
inflammatory demyelinating disease (De Jager et al., 2009; Malhotraetal., 2011, 2013).

Furthermore, DUBs regulate numerous cancer proteins and are the direct

antagonists of many oncogenic or tumour-suppressive E3 ligases (Hoeller and Dikic,
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2009). In the regulation of p53 stability and activity, an E3 ligase MDMZ2 ubiquitinates
and destabilises p53, whereas DUBs OTUB1, USP7 and USP10 deubiquitinated and
stabilised it (Sun et al., 2012). DUB CYLD plays a predominant role in the negative
regulation of the NF-«kB activation, contributing to its tumour suppressor function (Lork
et al., 2017; Sun, 2010). Meanwhile, OTUDS is identified as a negative regulator of
type | IFN production by removing Lys63-linked polyubiquitin chains of tumour
protein TRAF3 (Cho et al., 2021; Kayagaki et al., 2007). Elevated DUB expressions
have been observed in a variety of cancers, such as glioma, endometrial cancer, ovarian
cancer and breast cancer (Sivakumar et al., 2020). In breast cancer, increased expression
levels of COPS5, OTUD6B, UCHL5, USP7 and VCPIP1 were reported (He et al.,
2017). As a result, DUBs are currently in the spotlight as promising therapeutic targets
in diseases ranging from oncology to neurodegeneration (An et al., 2022).

The escalating interest towards DUBS as potential therapeutic targets, especially
in context like cancer, underscores their extensive functional diversity. This diversity
significantly influences the regulation of various biological processes, including cell
cycle control, DNA repair, chromatin remodelling and several signalling pathways that
are frequently altered in cancer (Hussain et al., 2009; Komander et al., 2009; Turcu et
al., 2009). Figure 2.4 shows a visual summary illustrating the diverse roles of several
DUBs (pink ovals) implicated in cancer and involved in distinct cellular pathways. In
the diagram, ubiquitin in green indicates Lys48-linked chains targeting proteins to the
proteasome, whereas ubiquitin in blue corresponds to non-Lys48-linked chains.
Numerous DUBs, including USP7, USP11, USP13, USP19, USP37, USP39, USP44,
USP50 and BAPL1 have important roles in cell cycle progression. Simultaneously,
USP1, USP3, USP11, USP16, USP28, USP47, BRCC3 and OTUBL1 are involved in

DNA damage repair. Besides, USP3, USP7, USP16, USP21, USP22, UCHLS5,
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MYSM1, BAP1l and BRCC3 are participated in chromatin remodelling by
deubiquitinating histones or other chromatin-related substrates. DUBs that play a role
in p53 regulation include USP2, USP4, USP5, USP7, USP10 and USP29, while A20,
OTUD7B, OTUDS5, CYLD, USP2, USP4, USP11, USP15 and USP21 are involved in
NF-kB signalling. USP8, USP18, STAMBP and PSMD?7 interfere in receptor tyrosine
kinase trafficking. Meanwhile, USP4, USP15, USP34 and ZRANBL1 are associated with
Wingless-related integration site (Wnt) signalling. Finally, USP9X, STAMBPL1 and

UCHLS5 play roles in regulating the transforming growth factor-beta (TGF-3) pathway.
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Figure 2.4 Overview of the different roles of several DUBs in cancer. The diagram was adapted from Fraile et al., (2012).
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2.3 Protein-protein interaction

Proteins are complex molecules that were identified as the primary agents of
biological function that determined the phenotype of all organisms (Safari-Alighiarloo
et al., 2014). They play a central role in biological processes and perform essential
functions and regulation throughout the system of human body, including initiating
cell signalling cascades, operating as transporters on the cell membrane, catalysing
biochemical reactions and serving as antibodies, to name a few (Browne et al., 2010;
Jaimovich, 2010; Perkins et al., 2010). In many of these tasks, proteins accomplished
their biological roles through interacting and collaborating with other proteins
(Browne et al., 2018; Ideker and Sharan, 2008; Lage, 2014; Rao et al., 2014; Sarajli¢
et al., 2013; Sevimoglu and Arga, 2014; Vidal, 2005). It has been estimated that over
80% of proteins are not naturally functional in isolated forms but in complexes
(Berggard et al., 2007), in which they have interactions with not only proteins but also
other molecules such as DNA, RNA, chemical or lipid (Gonzalez and Kann, 2012;
Makino and Gojobori, 2007; Pedamallu and Posfai, 2010; Peng et al., 2017; Pratt et
al., 2016; Yu et al., 2020). Therefore, identifying and characterising the full repertoire
of these cellular machinery and the interplay between them is of utmost relevance for
a comprehensive understanding of a living cell functionality (Jaimovich, 2010).

Protein interaction is essentially the study of how proteins work with one
another (Koh et al., 2012) and one of the significances of studying protein interaction
is to deduce the function of protein within the cell (Rao et al., 2014). Phizicky and
Fields, (1995) proposed that unknown protein functionality could be determined by
investigating the interaction of unknown proteins with a known protein target, whose

function is already revealed. This is because the physical interaction between proteins
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is one of the strongest indications of functional association (Bergholdt et al., 2007). In
other words, proteins implicated in the same phenotype are almost certainly belong to
the same functional module (Gandhi et al., 2006).

PPIs can be categorised in several ways based on the differing structural and
functional features (Nooren and Thornton, 2003). They can be homo- or
heterooligomeric, based on the type of their components: obligate or nonobligate,
judged by their stability: transient or permanent, as measured by their binding constant
(Zhang et al., 2009). A particular PPI could be a combination of these three pairs.
Usually, the transient interactions represent signalling pathways whereas permanent
interactions indicate a stable protein complex.

Over the past two decades, the emergence of numerous technologies have
enabled large-scale high-throughput experiments for detecting novel PPI and resulted
in an explosion in the volume of PPI data (Ding and Kihara, 2019). Because visualising
this data in tabular format is increasingly unfeasible, mathematical representations
interactions between proteins PPI are performed in the form of graphs (also more
commonly known as networks), in which proteins are represented as nodes, and edges
that connected the nodes are evidence for functional correlations between the nodes
(Figure 2.5) (Bergholdt et al., 2007; Browne et al., 2010; Lage, 2014; Peng et al., 2017;
Sarajli¢ et al., 2013). The interpretation of PPI networks, usually involving many tools

derived from graph theory, is a key step to understand the represented system.
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